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Foreword 
 
Dear Colleagues, 
 
I am honoured to welcome you to the 18th International Microscopy Congress. The 
International Microscopy Congress is held every four years under the auspices of the 
International Federation of Societies for Microscopy (IFSM) and it is truly the most important 
world microscopy event. This year, we have more 2 700 participants from 68 countries.  
I believe that all of you will use this opportunity not only to advance your research, but also 
to discover the beauties of the city of Prague and its surroundings.  
 
The extensive scientific program consists of 8 plenary lectures, 122 invited and 425 oral 
presentations divided into 58 symposia in 4 specializations – Instrumentation and techniques, 
Materials science, Life sciences, and Interdisciplinary matters. More than 1 760 posters are 
presented in poster sessions. Our rich social program provides wonderful opportunities for 
informal talks and exchanging of experiences. 
 
The success of the congress is due to the many people who have collaborated with us in 

planning and organizing this event. I would like to thank especially the International Scientific 

Program Committee, the International Advisory Board, and the IFSM board for their 

continuous support and guidance in shaping the scientific program. I would like to mention 

also the local organizing committee and the symposia chairs whose sincere commitment and 

exceptional efforts have supported the entire congress. 

The Proceedings of the 18th International Microscopy Congress are presented in the electronic 
version on the USB stick and on the IMC 2014 On-line gate. The USB stick contains all plenary, 
invited and accepted abstracts submitted by the standard deadline. The on-line version 
includes in addition the abstracts submitted as the late poster abstracts. 
 

Yours faithfully,  

 

 

Pavel Hozák 

IMC 2014 chairman 





















































































































































































































Plenary Lectures



Type of presentation: Plenary
IMC-PL-6095 Light Microscopy at the Nanoscale
Cremer C.1,2

1Superresolution Microscopy, Institute of Molecular Biology (IMB), Mainz, Germany, 2Kirchhoff
Institute of Physics (KIP), and Institute of Pharmacy&Molecular Biotechnology (IPMB) University
Heidelberg, Heidelberg, Germany
Email of the presenting author: c.cremer@imb-mainz.de

Novel developments in optical technology and photophysics made it possible to radically
overcome the diffraction limit (ca. 200 nm laterally, 600 nm along the optical axis) of
conventional far-field fluorescence microscopy. Presently, three principal “nanoscopy” families
have been established: “Nanoscopy” based on focused laser beams, like 4Pi-, STED-
(STimulated Emission Depletion)-, and RESOLFT- (Reversible Saturable OpticaL Fluorescence
depletion Transitions) microscopy; nanoscopy based on Structured Illumination Excitation
(SIE), like SMI (Structured Modulated Illumination) microscopy, SIM (Structured Illumination
Microscopy) and PEM (Patterned Excitation Microscopy); and nanoscopy based on various
modes of Localization Microscopy, like PALM (PhotoActivated Localization Microscopy)
and FPALM (Fluorescence Photoactivable Localization Microscopy), GSDIM (Ground State
Depletion Imaging Microscopy), SPDM Spectral Precision Distance/Spatial Position
Determination Microscopy), STORM (STochastic Optical Reconstruction Microscopy) and
dSTORM (direct STORM). These and related far-field light microscopy methods have opened an
avenue to image nanostructures down to single molecule resolution; they made possible to
measure the size of molecule aggregates of few tens of nm diameter and to analyze the
spatial distribution of individual molecules with a light optical resolution down to the few
nanometer range, corresponding to ca. 1/100 of the exciting wavelength. Application examples
obtained by focused, structured, and localization techniques cover a variety of
biostructures, such as membrane complexes, neuronal synapses, cellular protein
distribution, nuclear nanostructures, as well as the “nanoimaging” of individual viruses
and lithographically generated nanostructures. Each of the nanoscopy methods described has
its peculiar advantages; as a whole, they provide a tool set of light microscopy approaches to
the nanoscale and open a wide range of perspectives in Biology, Medicine and the material
sciences. Further improvements are expected to make possible a three-dimensional
lightoptical resolution down to the 1 nm scale. The combination with Electron- and X-ray
microscopy techniques is anticipated to provide further nanostructural insights.
C. Cremer, Optics far Beyond the Diffraction Limit: From Focused Nanoscopy to Spectrally
Assigned Localization Microscopy (2012). In: Springer Handbook of Lasers and Optics, 2nd
edition (F. Träger, Edit.), pp. 1351 – 1389.
C. Cremer, B.R. Masters (2013) Resolution enhancement techniques in microscopy. Eur. Phys.
J. H 38: 281–344.



Type of presentation: Plenary
IMC-PL-6096 Bioimaging at the nanoscale -- Single-molecule and super-resolution
fluorescence microscopy
Zhuang X.1

1Department of Chemistry and Chemical Biology, Department of Physics, Howard Hughes
Medical Institute, Harvard University, Cambridge
Email of the presenting author: zhuang@chemistry.harvard.edu

Dissecting the inner workings of a cell requires imaging methods with molecular specificity,
single-molecule sensitivity, molecular-scale resolution, and dynamic imaging capability such
that molecular interactions inside the cell can be directly visualized. Fluorescence microscopy
is a powerful imaging modality for investigating cells largely owning to its molecular specificity
and dynamic imaging capability. However, the spatial resolution of light microscopy, classically
limited by the diffraction of light to a few hundred nanometers, is substantially larger than
typical molecular length scales in cells. Hence many subcellular structures and dynamics
cannot be resolved by conventional fluorescence microscopy. We developed a super-resolution
fluorescence microscopy method, stochastic optical reconstruction microscopy (STORM), which
breaks the diffraction limit. STORM uses single-molecule imaging and photo-switchable
fluorescent probes to temporally separate the spatially overlapping images of individual
molecules. This approach has allowed multicolor and three-dimensional imaging of living cells
with nanometer-scale resolution and enabled discoveries of novel sub-cellular structures. In
this talk, I will discuss the general concept, recent technological advances and biological
applications of STORM.



Type of presentation: Plenary
IMC-PL-6097 Imaging and Spectroscopy of Individual Atoms in Nanostructured
Materials
Suenaga K.1

1National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan
Email of the presenting author: suenaga-kazu@aist.go.jp

It has remained a challenge for scientists to image and discriminate individual atoms since
Dalton first proposed distinct properties of atoms in his atomic theory. The requirements to
analyze the atomic structures of matter with elemental information are nowadays increasing in
importance of cutting-edge research. An elemental analysis down to the single atom limit was
first demonstrated with the successful detection of a Gd dopant atom in carbon nano-peapods
using a STEM-EELS technique at 100kV [1]. Specimen damage due to the high dose of the
incident electron beam, which is required to isolate the signals from individual atoms, is an
intrinsic problem for such a highly delicate analysis. Furthermore it is important to prevent the
atoms from being kicked out during the observations. In order to reduce the atomic
movements and also to enhance the EELS contrast, a lower accelerating voltage is preferred
for single atom detection by STEM. Sawada et al. designed a new type of aberration corrector
with triple dodecapole elements (the delta system) to reduce the higher-order geometric
astigmatism [2, 3, 4], which is critical for the STEM performance operated at low accelerating
voltages, i.e., 15 to 60 kV. Here, I demonstrate successful single-atom imaging and
spectroscopy in nanostructured materials using STEM together with EELS and/or EDX.
Fig. 1 shows an example for chemical analysis of individual molecules. A carbon nanotube 
encapsulating two different metallofullerenes (La@C82 and Ce@C82) is examined at 30 kV 
operating voltage [5]. The annular dark-field (ADF) image clearly shows the molecular 
structures encapsulated inside the SWNTs (Fig. 1a). Each molecule carries one metal atom, 
appearing in brighter contrast, inside the cage. We can identify these atoms by simultaneous 
EELS. Fig. 1b shows two EELS spectra recorded from two atoms. The EELS spectrum shown in 
green corresponds to the atom indicated by the green arrow. This spectrum is the sum of four 
spectra, each of which had an acquisition time of 0.05 s. The resulting signal-to-noise ratio is 
high enough to isolate the La N-edge. On the other hand, the atom indicated by the blue arrow 
is assigned as Ce. Moreover, its peak position (≈122 eV) fits very well with that for Ce3+ [6]. 
Though the two edges of La N and Ce N overlap severely, we could identify the elements (La: Z 
= 57 and Ce: Z = 58) comprising the two encaged atoms. Fig. 1c shows the ADF image, and 
the elemental mappings for La, Ce, and carbon are shown in Figs. 1d, e, and f, respectively. A 
further comparison of simultaneous EELS and EDX measurement allows us to directly estimate 
the fluorescent yield of single atoms [7, 8]. 
The interrupted periodicities of 2D materials such as graphene, h-BN, and MX2 
(dichalcogenides) are of great interest because they govern the physical/chemical properties. 
Atomic defects, such as a vacancy or impurity/dopant in single-layered materials are 
investigated with atomic precision. A single-layer of MoS2 exhibits interesting physical 
properties. The electrical conductivity of MoS2 can be further modulated by doping, such as Re 
(n-type) and Au (p-type). Typical ADF images of single-layered Re-doped and Au-doped MoS2 
are presented in Fig. 2, respectively. The dopants, Re (Z = 75) and Au (Z = 79), appear in 
brighter contrast in the ADF images than both Mo (Z = 42) and S (Z = 16). Chemical analysis 
by means of EDX was also done to confirm the doping elements [9]. ADF image in the inset of 
Fig. 2(left) clearly shows that Re atoms sit at the Mo sites. The Re dopants are well dispersed 
in MoS2 layers and seldom form clusters on the host material. On the other hand, the Au 
dopants at similar concentration tend to aggregate on the MoS2 surface (Fig. 2 right). The Au 
atoms are indeed mobile under the electron beam [9]. 
A monovacancy in h-BN can be also examined by STEM-EELS (Fig. 3). Core-level spectroscopy 
on the nitrogen atoms in the vicinity of the boron vacancy was carried out [10]. As shown in 
Fig. 3a, a monovacancy is induced at the boron site by the knock-on effect, which can be 
proved by the fact that the darkest contrast appears in the middle of three nitrogen atoms 
showing brighter contrast. A line spectrum is recorded across the VB (boron monovacancy) 
along the yellow arrow. From the line spectrum, three typical spectra for the nitrogen K-edge 
were extracted, with probe positions corresponding to the yellow circles in Fig. 3b. While the 
first and third spectra are quite similar to the one for the sp2-bonded nitrogen atoms in h-BN 
with the known * peak at 401 eV, the second spectrum recorded near the VB indeed shows a 
sharp pre-peak around 392 eV. Although the spectra are rather noisy because of the 
minimized acquisition time, this pre-peak appears at the same energy level in many different 
experiments, and arises reproducibly at other VB sites and represents the lowered LUMO state 
[10]. 
Identification of individual atoms and examination of their electronic properties in materials 
are the ultimate goals of all microscopy-based analytical techniques. It is clear that the 
bonding/electronic states are now accessible from single atoms through EELS fine-structure 
analysis. For example the radical carbon atoms at the graphene edge have been successfully



identified [11, 12, 13]. Moreover the active point defects in 2D materials can now be caught
red-handed [14, 15, 16]. I will also show some of the atomic level observations of alloying
behavior and phase transition phenomenon of 2D materials, that used to be investigated only
by the macroscopic viewpoint [17, 18].

References:
[1] K. Suenaga et al., Science, 290 (2000) 2280-2282
[2] H. Sawada, et al., J. Electron Microscopy, 58 (2009) 341-347
[3] H. Sawada, et al., Ultramicroscopy, 110 (2010) 958-961
[4] T. Sasaki, et al., J. Electron Microscopy, 59 (2010) S7-S13
[5] K. Suenaga, Y. Iizumi and T. Okazaki Eur. Phys. J. Appl. Phys., 54, 33508 (2011).
[6] K. Suenaga et al., Nature Chem., 1 (2010). 415-418
[7] K. Suenaga, et al., Nature Photonics, 6 (2012) 545-548
[8] L. Tizei et al., (in this conference)
[9] Y. C. Lin et al., Adv. Mater., (2014). DOI:10.1002/adma.201304985
[10] K. Suenaga, H. Kobayashi, and M. Koshino, Phys. Rev. Lett., 108 (2012). 075501
[11] K. Suenaga and M. Koshino, Nature 468 (2010) 1088-1090
[12] J. Warner et al., Nano Lett., 13 (2013) 4820-4826
[13] J. H. Warner et al., (unpublished)
[14] K. Suenaga et al., Nature Nanotech., 2, 358-360 (2007).
[15] Z. Liu et al., Nature Commun., 2, 213 (2011).
[16] O. Cretu, Y. C. Lin and K. Suenaga, Nano Lett., 14 (2014) 1064-1068
[17] D. O. Dumcenco et al., Nature Commun. 4 (2013) 1351 (5 pages)
[18] Y. C. Lin et al., Nature Nanotech., in press, (2014).
Acknowledgement: The present research is supported by a JST-CREST and Research
Acceleration Programs. All my colleagues in AIST, Y.C. Lin, O. Cretu, L. Tizei, Z. Liu, M. Koshino,
Y. Sato, and R. Senga, are gratefully acknowledged. Drs. H. Sawada, T. Sasaki, M. Mukai, Y.
Kohno, M. Morishita and K. Kimoto are also acknowledged for the development of dedicated
microscopes.



Fig. 1: Single molecular spectroscopy of mixed peapods
(La@C82 and Ce@C82) at 30 kV[5]. (a) An ADF image with
a rectangle showing where the spectrum image was taken.
(b) Two EELS spectra recorded from two metal atoms. The
atom indicated by the green arrow is assigned as La, and
the other, indicated by the blue arrow, as Ce. (c) ADF
image and (d, e, f) chemical maps for La, Ce, and carbon,
respectively. Scale bar = 1 nm.

Fig. 2: Detection of single dopant atoms in single-layered
MoS2[7]. (Left) An ADF image of Re-doped MoS2. The Re
substitution at Mo site (Re@Mo) is pointed by a green
arrow. (Right) An ADF images of Au-doped MoS2, where an
Au adatom (indicated by a white arrow) located at the
hollow-center (Au-HC). Scale bar = 0.3nm.

Fig. 3: Core-level spectroscopy of monovacancy in h-BN layer [8]. (a) ADF image shows a monovacancy in single-layer
h-BN. Line spectrum was recorded along the yellow line. (b) Schematic presentation (red: nitrogen, blue: boron) of
boron monovacancy. (c) Nitrogen K-edge fine structures extracted from the line-spectrum. Each of the three
corresponds approximately to the probe positions marked in (b). A prominent pre-peak in the nitrogen K-edge can be
found at 392 eV in the spectrum recorded at position 2, i.e., near the boron vacancy site.
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IMC-PL-6098 Electron Tomography for Nanoscale Materials Science
Midgley P.1

1Department of Materials Science and Metallurgy, University of Cambridge, Cambridge, UK
Email of the presenting author: pam33@hermes.cam.ac.uk

The nanoscale complexity of modern materials and devices, be they structural or functional in
design, requires high spatial resolution characterisation in all 3 dimensions. The remarkable
power and flexibility of a modern TEM makes it the ideal tool for such 3D nanoscale imaging
and analysis. Over the past 15 years or so, electron tomography (3D imaging) has grown from
a niche technique to one which is now firmly established as an almost routine tool for the 3D
study of materials. Early electron tomography used many of the ideas and practices
established first in the life sciences. Here, a tilt series of bright-field (BF) images are acquired
by rotating the sample about a single axis and recording images every 1-2°. Typically, in the
electron microscope, the range of sample tilt is limited either by the sample itself (becoming
too thick) or by the objective lens pole piece gap. As such, it is therefore likely that the full tilt
range is not accessible, this leads to a ‘missing wedge’ of information and the reconstructions
suffer from artefacts, especially an elongation parallel to the optic axis. Dual axis tomography
can help in this regard, reducing the missing information through a second tilt series about an
axis mutually perpendicular to the first.
For many materials problems, however, BF images may not be ideal and the introduction of
STEM HAADF tomography offered materials microscopists an imaging mode that, in many
cases, is much more suited for tomography, providing images with greatly reduced diffraction
contrast, with a signal that in most cases varies monotonically with thickness (satisfying the
projection requirement) and providing compositional contrast through the atomic number (Z)
dependence of the high angle (Rutherford-like) scattering [1]. STEM tomography has now
become for many the technique of choice for 3D nanoscale imaging in materials science. Fig. 1
shows two examples of STEM HAADF tomography [2,3]. In Fig. 1(a) we see Ge precipitates
within an Al-rich matrix revealing a wide variety of morphologies and clear orientation
relationships and in (b) the 3D distribution of Ru-Pt catalyst nanoparticles (1-2nm in size)
decorating the surface of a mesoporous silica support – here we see only the external surface.
The colour of the support indicates the surface curvature with a strong preference of the
nanoparticles to be anchored at the ‘saddle points’. STEM tomography (both BF and ADF) has
also been developed for the study of defects (especially dislocations) where the reconstruction
(or 3D representation) of the dislocation resembles a ‘string’ running through space.
Although determination of the 3D morphology of materials at the nanoscale is now essentially
routine, to achieve a high fidelity reconstruction typically ca. 100 images are needed across
the tilt range. For many specimens long acquisition times, and thus extended exposure, can
lead to damage. However, the number of images required in the tilt series can be reduced if
there is prior knowledge about the specimen being reconstructed. Such prior knowledge can
be used within a discrete tomography reconstruction (using the physical discreteness of the
sample) or, perhaps more generally, within a compressed sensing framework where the
primary requirement is that the sample may be described as being ‘sparse’ in some transform
domain [4,5]. This sparsity constraint turns out to be very powerful and high fidelity
reconstructions can be achieved with remarkably few images (in some cases an order of
magnitude reduction compared to conventional reconstructions), see Fig. 2.
Coupling tomography acquisition with analytical techniques, such as EDX and EELS, allows a 
more detailed exploration of the sample’s chemistry as well as its morphology. Early efforts in 
this direction included the use of EFTEM, especially using the low loss regime (where loss 
probability is relatively high), EDX and core-loss EELS. Inevitably, although the speed and 
efficiency of spectrometers has improved greatly over the past few years, the acquisition time 
needed for multi-dimensional ‘spectrum-images’ is considerably higher than a conventional 
image. To keep the total exposure to a reasonable level, fewer images are recorded in the tilt 
series – ideally perhaps only every 10 or 20°. The reduction in data must be compensated by 
an increase in prior knowledge to achieve a high fidelity reconstruction; for such 
‘multi-dimensional microscopy’ [6], compressed sensing offers an important framework to 
achieve this. As an example, Fig. 3(a) shows a composite figure illustrating the localised 
surface plasmon resonances from a silver nanocube. The reconstruction was undertaken on a 
series of spectrum-images recorded about a single tilt axis every 15°. The 4mm symmetry of 
the cube-substrate system was imposed at the reconstruction stage as well as a constraint 
that the reconstruction could be considered as being sparse in a wavelet domain. That 
constraint provided a reconstruction relatively free of artefact even when using few images 
[7]. Interpretation of the reconstruction seen in Fig.3(a) can be made within a quasi-static 
approximation and related back to the potential induced by the electron beam acting back on 
the electron. Mapping electro-magnetic potentials is also possible using electron holography 
and coupled with tomography was able to yield 3D reconstructions of the built-in potential 
near a p-n junction in a silicon device, see Fig. 3(b) [8]. 3D magnetic fields require an



enhanced approach using dual axis geometry to determine all the components of the magnetic
potential A (or induction B). Here, physical constraints (e.g. in the form of Maxwell’s
equations), perhaps again within a compressed sensing framework, could be used to improve a
reconstruction of the electro-magnetic potential.
So, what of the future? The electron tomography community is pushing in many directions.
Atomic resolution tomography has been demonstrated in some cases: by assuming periodicity
within a nanocrystal, the position of an isolated atom in a matrix can be determined and even
the location of atoms around a dislocation core. Synergisitc studies with atom probe
tomography have been demonstrated already and this may, in the future, develop into an
important correlative approach. Mapping physical properties in 3D at the nanoscale continues
to be an exciting prospect. Whilst early work showed this to be feasible, further development is
needed to improve reconstruction quality. Given the almost ubiquitous use now, in
materials-based tomography at least, of iterative techniques (e.g. SIRT, ART, etc) the
conventional projection / back-projection approach could evolve into a more model-based one
incorporating a detailed description of the beam’s interaction with the sample along its
trajectory (e.g. dynamical effects). By iteratively refining an initial model, increased detail
about the sample may be obtainable (e.g. strain, fields, induced charges). Lastly, industry
requires a robust nanoscale metrology technique that provides reliable 3D measurements of
length, porosity, distributions etc. We are still some way in many cases of being able to
provide such data with statistical confidence (i.e. error bars!) on our 3D measurements.
Improved reconstructions, with fewer artefacts, incorporating prior knowledge, should allow
improved and unbiassed segmentation and thus will go a long way to providing a true 3D
nanometrology technique.

References:
[1] P.A. Midgley et al., Chem. Commun. (2001) 907
[2] K. Kaneko et al., Ultramicroscopy 108 (2008) 210
[3] E.P.W. Ward et al., J. Phys. Chem. C 111 (2007) 11501
[4] Z. Saghi et al., Nano Letters 11 (2011) 4666
[5] R. Leary et al., Ultramicroscopy 2013 131 70-91
[6] P.A. Midgley and J.M. Thomas, Angewandte Chemie (2014) DOI: 10.1002/anie.201400625
[7] O. Nicoletti et al., Nature 502 (2013) 80
[8] A. Twitchett-Harrison et al., Nano Letters 7 (2007) 2020
Acknowledgement: The author thanks his many colleagues, past and present, who have
contributed to the work presented here including most recently J.M. Thomas, R. Leary, Z.
Saghi, D. Holland, K. Kaneko, S. Hata, O. Nicoletti, F. de la Peña, C. Ducati. PAM acknowledges
funding from the European Research Council under FP7/2007-2013 / ERC grant agreement
291522-3DIMAGE.



Fig. 1: (a) 3D reconstruction of Ge precipitates in an Al-rich
matrix showing colour-coded to highlight theor different
morpholgy [2]; (b) Ru-Pt catalyst particles (red) shown on a
colour-coded silica surface where the blue regions indicate
positive Gaussian curvature (saddle points) [3].

Fig. 2: (a) Comparison of reconstructions using SIRT and
compressed sensing (CS) codes for an iron oxide
nanoparticle with a concavity; (b) the apparent concavity
volume as a function of projection number [4].

Fig. 3: (a) Colour composite figure indicating five surface plasmon modes on a silver nanoparticle, 100nm in size [7];
(b) Reconstructed electrostatic potential near a p-n junction in a silicon device showing sub-surface carrier depletion
[8].
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IFSM-PL-1670 From Atomic Structure to Properties of Oxides: Applications of
Aberration-corrected Transmission Electron Microscopy
 

Jia C. L.1,2
 
1Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons and Peter Grünberg
Institute, Forschungszentrum Jülich GmbH, Jülich, Germany, 2International Centre for Dielectric
Research, Xi'an Jiaotong University, Xi'an, China
 

Email of the presenting author: c.jia@fz-juelich.de
 
Functional oxides provide an important part of the material basis for multifunctional devices as
a result of their exceptional range of physical properties. These properties, in turn, depend
strongly on the crystal structures, chemical compositions and defect configurations of the
materials, which can be characterized on the atomic scale.
In a high-resolution transmission electron microscope equipped with an aberration corrector,
the spherical aberration coefficient CS of the objective lens can be tuned to either a positive or
a negative value. The use of a negative value of CS combined with an overfocus setting of the
objective lens is used in the negative CS imaging (NCSI) technique [1]. Images obtained using
the NCSI technique show superior atomic column contrast and intensity than corresponding
positive CS images [2], especially for weakly scattering oxygen columns that are in close
proximity to strongly scattering cation columns.
Using the NCSI technique, we have investigated the atomic details near 180° domain walls in
thin films of PbZr0.2Ti0.8O3 [3,4]. The relative displacements of ions have been measured and
on this basis the local polarization across the wall has been calculated. Using this technique we
have studied the atomic structure of LaO-TiO2-type interfaces in epitactic LaAlO3/SrTiO3
heterostructures [5]. The prominent result is the oxygen octahedron rotation and the TiO6
octahedra distortion induced by LaAlO3 in SrTiO3 at the interface. The cation-oxygen
octahedra represent the prominent structural element of perovskites, which can be modified
by distortions, rotations, and particular atomic shifts. Small atomic rearrangements as they are
expected to occur at the interfaces between perovskites of different structure can change
dramatically the electronic system.
We have recently used the NCSI technique to perform quantitative comparisons between
experimental and simulated images on an absolute intensity basis after taking into account
the effects of the modulation transfer function of the camera and additional image spread [6].
This absolute intensity matching approach not only allows atomic column positions and defect
structures to be determined with picometer precision, but also allows the local chemistry and
the three-dimensional morphology of a crystal to be determined on the atomic scale.
Figure 1 shows results obtained from a study of the relationship between the atomic structure
and properties of BiFeO3, a room temperature multiferroic material. In the
rhombohedrally-distorted perovskite unit cell of BiFeO3 (shown in Fig. 1a), characteristic
structural features include relative shifts between the cations and the oxygen anions along the
[111] axis and rotations of oxygen octahedra about the [111] axis, which are related to the
ferroelectric polarization and the antiferromagnetic properties of the material, respectively.
Both the atomic shifts and the rotations of the octahedra can be quantified using the NCSI and
ACM techniques and used to understand the electrical and magnetic properties of the material.
Figure 1b shows an atomic-resolution image of a 109° domain boundary (thick arrow) between
two domains. The use of NCSI conditions and a particular specimen thickness result in the
atomic columns appearing bright on a dark background. The domains in the material can then
be distinguished by measuring the positions of the atomic columns inside individual unit cells.
In Fig. 1(b), the domain above the boundary is oriented along the [110] direction. The O
column positions are shifted upward and downward (Fig. 1c), corresponding to alternating
rotations of octahedra. A corresponding off-centre displacement of Fe with respect to the
middle point of the line connecting two neighbouring (left and right) O positions is visible and
oriented in a downward direction. In this orientation, the [001] component (red arrow) of the
[111] polarization vector can be measured and the octahedron rotation can be revealed. Below
the boundary (Fig. 1d), the domain is viewed along the [1 ̅10] direction. The octahedron
rotation is now not visible due to the overlap of atoms (Fig. 1d). However, the full vector (red
arrow) of the atomic column displacement is now revealed. In this way, the polarization of the
domain can be determined unambiguously.                                                                                  
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Fig. 1: (a) Schematic diagram of the pseudocubic unit cell of BiFeO3. (b) Atomic-resolution image of a 109° domain
wall (thick arrow) separating two domains: the domain above the wall and the magnification in (c) correspond to a
[110] viewing direction, while the domain below the wall and the magnification in (d) correspond to a [1 ̅10] viewing
direction. The red arrows denote the polarization.
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IFSM-PL-1780 Some surprises in electron diffraction physics and imaging.
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The multiple scattering theory on which modern electron microscopy (EM) is based had been
fairly well worked out by about 1960, following work by Bethe, Sturkey, Heidenreich, Hirsch,
Howie, Whelan, Cowley and Moodie and others. Nevertheless many surprises remained in the
ensuing 50 years. For me the most important of these have been i) The finding that multiple
energy-loss effects can be removed from EELS spectra, using earlier work on cosmic ray
showers. ii) The richness of the "point-projection" geometry, championed by Gabor in 1949. In
turn this has produced Ptychography, the theory of STEM lattice imaging for crystals and
low-voltage field-emission point-projection imaging. It is remarkable that coherent overlapping
convergent beam orders provide a solution to the phase problem, an atomic-resolution
"shadow image", Talbot self-imaging, and in-line holography. iii) The discovery of "forbidden"
termination reflections and their value for imaging surfaces and sub-surface dislocations and
kinks. Their monolayer sensitivity is remarkable. iv) The detection of coherent bremstrahlung
tunable X-ray emission lines in STEM EDX. It is remarkable that these lines can be indexed, and
are absent when reflections are forbidden by symmetry. v) The explanation for dynamically
forbidden reflections, which cancel due to symmetry-related paths for all thickness. vi) The
usefulness of electron channelling effects (Alchemi) on EDX for locating foreign atoms in
several fields (turbine blades, mineralogy), previously an academic curiosity. vii) The
achievement of aberration correction. viii) The success of our TEM CCD camera, whose impact
on cryo-em tomography we never anticipated. ix) The surprising sensitivity of low-angle
scattering to atomic bonding, with the zero-order scattering the most sensitive quantity
known. x) The finding that sufficiently short pulses of radiation can outrun radiation damage,
thus breaking the nexus between damage, resolution and particle size if a large number of
particles can be packed into a near delta-function pulse. xi) The information extracted from
ELS spectra, with its unrivalled spatial resolution.
 The changing agenda of EM over this half-century, from the study of bulk defects such as
dislocations, and atomic resolution imaging of interfaces, to nanoscience, cryo-electron and
in-situ microscopy (liquid cells, catalysis) has been fascinating to watch. Recent developments
- atomic resolution imaging with characteristic X-rays, direct injection detectors, sub-Angstrom
resolution, high-resolution imaging in 3D, fast diffraction and imaging - continue to surprise.
References in: High Resolution Electron Microscopy (Spence, 4th ed. 2014) and Electron
Microdiffraction (Spence & Zuo, 1992).
Acknowledgement: To many colleagues and friends over half a century in many countries, and
to the US funding agencies and Arizona State University.
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Cryo-electron microscopy offers a unique capability to determine the 3-D structures of
macromolecular complexes. However, insight into biological activity requires understanding
the structural transitions that the complex of interest undergoes. It is not possible, even in
principle, to visualize the same molecule in successive states as this would involve the
prohibitively difficult task of thawing the specimen, inducing the conformational change,
re-vitrifying and re-locating the molecule. However, dynamics may be addressed by a
statistical approach in which classification techniques are applied to data sets imaging
conformationally mixed populations. Then, provided that there is a basis for ordering the
various conformers in a temporal sequence, the reaction dynamics of the complex may be
described and movies made.
The process of virus maturation is amenable this approach. With many viruses, the precursor
particle undergoes radical structural changes as it matures into an infectious virion. We have
investigated the maturation of bacteriophage HK97 capsid, an icosahedrally symmetric shell
composed of 420 protein subunits, which expands from 45 nm to 55 nm and angularizes as it
matures. These changes in morphology reflect large rotations of the protein subunits and local
remodeling (1), and the pathway proceeds via three metastable intermediates (2). The capsid
of herpes simplex virus, an animal virus, follows a similar pathway, which may be traced to a
capsid protein domain similar in structure to that of HK97, but it passes through many more
intermediates (3). Recently, we have found that bacteriophage phi6, which has a RNA genome
rather than a DNA genome and an entirely different capsid protein fold from HK97, also
undergoes massive subunit rotations and matures via two intermediates (4, 5) – Figure 1.
For this approach to visualization of conformational dynamics, several conditions must be met
(6). The differences between states must be large if differences in the images that arise from
viewing geometry are to be separated from real structural differences. The number of distinct
conformational states must be relatively small. To establish a time-line, one must be able to
induce the reaction of interest on a time-scale of seconds to hours. Notwithstanding, recent
technical advances in automated collection of large data sets, the improved resolution and
signal-to-noise ratio of direct detection cameras, and sophisticated classification techniques
promise to expand the range of applicability.                                                                              
                                                             
References
1. J.F. Conway et al. Science 292: 744-748 (2001)
2. R. Lata et al., Cell 100: 253-263 (2000)
3. J.B. Heymann et al., Nature Struct. Biol. 10, 334-341 (2003)
4. D. Nemecek et al., J. Mol. Biol. 414, 260-271 (2011)
5. D. Nemecek et al., Structure 21, 1384-83 (2013)
6. J.B. Heymann et al., J. Struct. Biol. 147, 291-301 (2004)
 

Acknowledgement: I thank many colleagues, particularly Drs N. Cheng, J.F. Conway, J.B.
Heymann and D. Nemecek. This research has been supported by the intramural research
program of NIAMS/NIH.



 
Fig. 1: Maturation dynamics of bacteriophage phi6 capsid visualized by 4-dimensional cryo-EM. The pathway
progresses through four states: the initially assembled procapsid with its deeply indented facets; two expansion
intermediates with near-planar facets; and the spherical mature nucleocapsid. The capsid is built from 60 P1A/P1B
dimers, where P1A and P1B are chemically identical but conformationally distinct (non-equivalent) protein subunits.
The top row shows renderings of the outer surfaces viewed along a 5-fold symmetry axis. The middle row shows
models of the respective capsids consisting of a pentamer of P1A subunits (blue, green) and surrounding P1B subunits
(red, yellow), viewed from above. The bottom row shows slabs through a portion of the structures, passing through
one vertex (P1A’s blue, P1B’s blue). The procapsid-to-intermediate 1 transition is achieved by rotations of P1B subunits
about the line connecting two 3-fold icosahedral axes. Further expansion to intermediate 2 is achieved by outward
movement of the P1A subunits. The final step to nucleocapsid involves primarily local changes affecting the P1A
subunits. Adapted from reference (5), where movies of the transition are available, courtesy of J.B. Heymann. Scale
bars: 100 Å.
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Recent demands for ultrahigh density magnetic storage technology require the development
of novel recording media with higher magnetocrystalline anisotropy energy (MAE), with the
aim of increasing storage density and reducing a recording noise. For such a purpose, L10-type
CoPt ordered alloy nanoparticles are one of the candidate materials: the hard magnetic
properties of this alloy can be attributed to the tetragonal ordered structure with a high MAE.
Therefore, the atomic ordering and the stability of the ordered phase are the key issues for the
magnetic properties. We hence intend to examine kinetics of ordering in CoPt nanoparticles.
On the other hand, structure and properties of alloy nanoparticles can be tuned as well by
taking advantage of phase separation. For this purpose, we focused on immiscible Co-Au
system. Bimetallic nanoparticles were fabricated by sequential electron-beam depositions of Pt
(or Au), Co and Al2O3 onto NaCl(001) substrates kept at 520-653 K. For CoPt nanoparticles, we
carried out post-deposition annealing for promoting atomic ordering with different cooling
rates. The structure and morphology of the nanoparticles were characterized using
TITAN80-300, JEM-3011, and ARM200F (S)TEM. Figures 1 (a)-(c) and (a’)-(c’) show CS-corrected
HRTEM images of the CoPt nanoparticles with sizes of ~5 nm and ~3 nm in diameter,
respectively. The annealing conditions are as follows: (a, a’) 873 K-1h, slow cooling (1.5 K/min),
(b, b’) 873 K-1h, rapid cooling (110 K/min), and (c, c’) 973 K-1h, rapid cooling. For 5 nm-sized
particles (left panel), clear (110) atomic planes of the L10-ordered structure can be seen. In
contrast, size dependence of the atomic ordering was found in the specimens followed by rapid
cooling: the disordered phase was observed in nanoparticles smaller than 3 nm in diameter.
For example, a nanoparticle shown in Fig. 1(b’) is the disordered phase, characterized by
crossed {200} atomic planes. The population of the disordered particles was found to be 14%
(Fig.1(e)). Thus, this study offers a kinetic explanation for size-dependent atomic ordering, in
addition to the thermodynamic explanation of a reduced stability for the ordered phase in
nanoparticles [1]. Figure 2 (a) shows an SAED pattern of Co-Au nanoparticles. The
cube-on-cube orientation epitaxy is seen between Au and fcc-Co. An example of a
HAADF-STEM image of a Co-Au particle is shown in Fig. 2(b). Formation of core-shell structure
(Au-core) is clearly seen due to the large atomic number difference. As the particle size
reduces (<8 nm), nanoparticles with Au-shell are also formed as shown in Fig. 2(c). It is
expected that smaller sized Au-shell particles have a potential to nanocatalyst applications. [1]
K. Sato et al. Philos. Mag. Lett. 92 (2012) 408.
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Fig. 1: CS-corrected HRTEM images and the corresponding FFT patterns of the CoPt nanoparticles (average alloy
composition: Co-61at%Pt): (a-c) ~5 nm in diameter, (a’-c’) ~3 nm in diameter. (d) a structure model (truncated
octahedron) and a simulated image, (e) particle size range, where the disordered nanoparticles are observed, is
marked in the histogram.
 

 
Fig. 2: (a) SAED pattern of Co-Au nanoparticles (average alloy composition: Co-46at%Au). (b, c) Z-contrast images by
HAADF-STEM for Co-Au nanoparticles with core-shell contrasts: (b) a Au-core particle (D~13 nm), (c) a Au-shell particle
(D~7 nm). It is presumed that the lower surface tension of Au than that of Co is responsible for the Au-shell formation.
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Extensive research in nanoscience is currently devoted to the synthesis and characterization of
complex and anisotropic nanoparticles (NP), with particular focus on low-symmetry NP, patchy
structures as well as hybrid particle assemblies. Anisotropy and increased complexity provide
additional degrees of freedom for tailoring the physical and chemical properties, making such
NP ideal candidates for enhanced chemical, catalytic, and optical applications. In this
contribution, microscopic studies of anisotropic and complex NP are presented which illustrate
the importance of combining advanced TEM and FIB techniques for comprehensive
characterization.
Ge/Si patchy NP formed by gas phase synthesis in a two-stage hot wall reactor [1,2] have been
studied by combining HAADF-STEM, STEM-EELS and HRTEM, as illustrated in Fig. 1. The
microscopic investigations focused on two key questions, namely the accommodation of misfit
(~ 4 %) by defect formation and possible interdiffusion, addressed by HRTEM and STEM/EELS,
respectively. Another experimental aspect is the oxidation of the particle surface which could
be suppressed by transfer via glove box and vacuum transfer holder.
PbSe quantum dots grown on single wall carbon nanotube (SWCNT) bundles for optoelectronic
applications [3] have been studied by combining electron tomography and HRTEM at 80 kV.
During wet-chemical synthesis the PbSe NP grow around the SWCNT bundles as revealed by
the tomogram in Fig. 2a. In combination with HRTEM contributing crystallographic information
(Fig. 2b) a 3D atomistic model is derived (Fig. 2c). By comparison of experimental and
simulated HRTEM images the 3D model of the PbSe NP can be further refined.
Ag nanorods formed by wet chemical synthesis [4] are used to illustrate a new FIB method [5]
which enables site and orientation specific cross-sectioning of anisotropic NP (Fig. 3). By
employing a shadow geometry (Fig. 3b) in which a Si substrate protects the NP from the Ga+
ion beam no protection layer has to be deposited on the NP. Inspection of the NP during milling
enables precise positioning of the final cross section. In the case of the Ag nanorod, HRTEM of
the final cross section nicely reveals the characteristic five-fold twin structure with additional
defects indicating partial strain relaxation (Fig. 3c).
[1] Körmer et al., Crystal Growth & Design 12 (2012), 1330.
[2] Mehringer et al., Journal of Aerosol Science 67 (2013), 119.
[3] Schornbaum et al., Chemistry of Materials, 25 (2013), 2663.
[4] Damm et al., Small 7 (2011), 147.
[5] Vieweg et al., Ultramicroscopy, 113 (2012), 165.
[6] http://www.gmp.ww.uni-erlangen.de/nanoSCULPT.php
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Fig. 1: TEM study of Ge/Si patchy NP produced by gas phase synthesis [2]. a) HAADF-STEM image of aggregated NP
with Si cores (dark) and Ge islands (bright). b) Concentration profiles across an interface (line in a)) from EELS line
scan. c) Map of (111) lattice plane spacing derived from a HRTEM image (not shown) by geometric phase analysis.
 

 
Fig. 2: Morphology and atomic structure of PbSe NP grown on SWCNT bundle [3]. a) Tomogram of PbSe NP. b) HRTEM
image of the same NP in [011] zone axis. c) Atomistic model obtained by filling the 3D volume with the PbSe structure
in correct crystallographic orientation derived from HRTEM. d) HRTEM image simulation based on atomistic model.
 

 
Fig. 3: FIB technique for site and orientation specific sectioning of anisotropic NP [5]. a) TEM image of Ag nanorod with
desired cross section indicated by black rectangle. b) Shadow-FIB geometry used for cross-sectioning without
protection layer. c) HRTEM image of nanorod cross section showing the characteristic five-fold twin structure.
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Access to Rare Earth Elements (REE) and Platinum Group Metals (PGMs) is nowadays
considered a major limiting factor for the development of Green Technologies. Aiming to
contribute to the improvement in the efficient use of such strategic materials in the field of
Heterogeneous Catalysis, novel nanocatalysts, based on ceria (CeO2) are being investigated in
our lab, featuring the following characteristics: low lanthanide contents and a noble-metal free
formulation.
The strategy to synthesize the new materials consists in structuring the ceria component as
nanometer thick surface layers coherently grown onto the surface of a carrier oxide (ZrO2, YSZ,
MgO). The analysis of the Redox properties of this new type of catalysts, which play in fact a
key role in their catalytic performance in a variety of reactions, indicates a large improvement
with respect to materials based on bulk ceria [1]. A better performance is observed both in
H2-reducibility at low temperatures as well as in the stability of the redox response against
aging treatments at very high temperatures.
STEM analysis of these new materials has been key both to check the success in the
nanostructuration targets proposed for their synthesis and, what´s more important, to
understand the behavior observed at macroscopic level in their redox properties. Thus, by
combining experimental HAADF-STEM and HREM images recorded on these materials, Figure
1, with simulated ones, Figure 2, it has been possible to detect the presence of a variety of
nanostructures ranging from isolated, atom-like, Ce-species, up to 3D, well-faceted,
nanoparticles, going through patch or raft-like 2D nano-objects. Such exotic, highly dispersed,
nanostructures pose challenges not only to their detection but also to their ultimate
3D-characterization by Electron-tomography and to the analysis of their chemical nature by
STEM-EELS or STEM-XEDS. All these aspects will be covered during the lecture.
References
[1] D.C. Arias et al., J. Mat. Chem. A., 1 (2013) 4836
 

Acknowledgement: Financial support from MICINN/FEDER IMAGINE (CSD2009-00013) and
FP7-I3 ESTEEM 2 (Grant Agreement 312483) Projects is gratefully acknowledged. Authors
would like to thank the nanocharacterisation platform (PFNC) of CEA-Grenoble for access to
their FEI-Titan3 Ultimate.



 
Fig. 1: (a) HAADF-STEM image of a 2-atomic planes thick CeOx surface structure recorded on a 4% mol. CeO2/MgO
catalyst; (b) HREM view of the same catalyst showing at the same time both highly dispersed, atom-like, Ce-species
and nanosized CeOx-rafts.
 

 
Fig. 2: Structural models (a,c) and HREM simulated images (b,d) of isolated Ce-species (top row) and 1-atom thick CeOx

nano-rafts (lower row) supported on MgO.
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Ternary InGaN alloys have been sought-after for various optoelectronic device applications,
including their prospect as highly efficient phosphor-free white light-emitting diodes (LEDs).
The growth of high quality InGaN epilayers over the entire compositional range, however, faces
a few obstacles impeding the realization of their full visible wavelength range tunability. The
large InN/GaN lattice mismatch can induce a high density of threading dislocations, and the
InGaN miscibility gap leads to inhomogeneity and difficult indium incorporation. Therefore the
determination of composition, in particular quantitative elemental mapping at high spatial
resolution, is imperative to further understanding the formation of III-N heterostructures.
The growth of high quality III-N heteroepitaxy in a nanowire (NW) geometry is a promising
alternative, as shown in the recently developed InGaN/GaN quantum dot (QD) superlattice
towards controlled light emission across the entire visible spectrum [1]. In this work, multiple
InGaN/GaN dot-in-a-wire nanostructures grown on Si(111) substrates by molecular beam
epitaxy were characterized by aberration-corrected scanning transmission electron microscopy
(STEM) to correlate their structural to optical and electrical properties. High-angle annular
dark-field (HAADF) Z-contrast imaging showed that the 10 InGaN QDs are centrally confined
within the active region, embedded between n- and p-doped GaN in the NW LED structure.
Core-loss EELS spectrum imaging is used to evaluate the elemental distribution in the NW
heterostructures. The In-content is quantified using a multiple linear least squares (MLLS)
fitting routine, with combined internal and external reference spectra to fit the N K (399 eV)
and In M4,5 (451 eV, in close proximity to the N K) edges in the spectrum image. A surface plot
of the thickness-corrected In-map clearly illustrates the non-uniformity of InxGa1-xN composition
between the 10 dots (Fig. 1), which has occurred systematically despite the constant growth
conditions of the QDs. Geometric phase analysis (GPA) of corresponding atomic-resolution
STEM images was used to extract the local strain components at the nanoscale. Along the
growth direction (Fig. 2(c)), a direct correlation between a GaN barrier’s strain state and the
amount of In incorporated into the subsequent QD can be deduced. Examining the strain
distribution of the QDs aids to elucidate their formation as governed by the incorporation of In.
In addition, effects of the varying composition on emission wavelength in single NWs using
nm-resolved STEM-cathodoluminescence will also be shown.
[1] Nguyen et al., Nano Lett., 12(3), 1317-1323 (2012)
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Fig. 1: (a) HAADF-STEM image of a NW studied using STEM-EELS spectrum imaging, followed by subsequent MLLS
fitting using combined internal and external reference spectra. (b) Surface plot of the thickness-corrected In-content
map, generated from normalizing the MLLS-fitted In-map with the N-map, showing InxGa1-xN composition ranging
between x=0.12–0.38.
 

 
Fig. 2: (a) MLLS-fitted relative In-content map from EELS with internal references. (b) Corresponding HAADF-STEM
image with its strain maps along the growth (c) and in-plane (d) directions, and dilatation matrix (e). The maps show
that there is a direct correlation between the In-content as highlighted in (a) and the strain along the growth direction
(c).
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To validate the usefulness of in-situ environmental TEM (ETEM) in catalyst chemistry, there
remain several issues to be addressed such as electron irradiation effects, heterogeneity of
real catalysts, temperature and pressure gaps [1]. It is recently shown that these issues in
ETEM observation can be settled in supported gold nanoparticulate catalysts (AuNP catalysts)
and others by quantitative data analyses [2-4]. These quantitative analyses can confirm that
an area of interest under atomic resolution ETEM observation acts as catalyst. Based on the
analyses, we show some recent results that can only be derived by quantitative atomic
resolution ETEM.
We used a prototype ETEM [1] that is equipped with a corrector for the spherical aberration of
the objective lens and was operated at 80, 200 and 300 kV. The basic part of the prototype
ETEM is commercially available as FEI Titan ETEM G2. The sample was Au/CeO2 powder that
has exhibited high catalytic activity for the oxidation of CO even below room temperature.
Details of the samples were already described before [2].
We have studied dynamic structures of AuNP catalysts. The observation proved that
catalytically active AuNPs move reversibly and stepwise by approximately 0.09 nm on CeO2

support surface at room temperature and in a reaction environment (Fig. 1). The lateral
displacements and rotations indicate that AuNPs are loosely bound to oxygen-terminated CeO2.
The AuNPs are likely anchored to oxygen-deficient sites [5]. Observations indicate that the
most probable activation sites in AuNP catalysts, which are the perimeter interfaces between
an AuNP and a support, are not structurally rigid. It is also shown that the surfaces of AuNPs
were structurally reconstructed under reaction conditions, via interactions with CO molecules
[6]. CO molecules were observed on the surfaces of catalysts under reaction conditions (Fig.
2). We present more details on in-situ ETEM observation of the catalysts and others.
References
[1] S. Takeda and H. Yoshida, Microscopy. 62 (2013) 193-203.
[2] T. Uchiyama, H. Yoshida, Y. Kuwauchi, S. Ichikawa, S. Shimada, M. Haruta, and S. Takeda,
Angew. Chem. Int. Ed. 50 (2011) 10157-10160.
[3] Y. Kuwauchi, H. Yoshida, T. Akita, M. Haruta, and S. Takeda, Angew. Chem. Int. Ed. 51
(2012) 7729-7733.
[4] H. Yoshida, K. Matsuura, Y. Kuwauchi, H. Kohno, S. Shimada, M. Haruta, and S. Takeda,
Appl. Phys. Express 4 (2011) 065001/1-3.
[5] Y. Kuwauchi et al., Nano Lett. 13 (2013) 3073-3077.
[6] H. Yoshida, Y. Kuwauchi, J. R. Jinschek, K. Sun, S. Tanaka, M. Kohyama, S. Shimada, M.
Haruta, S. Takeda, Science 335 (2012) 317-319.
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Fig. 1: Stepwise displacement and rotation of a AuNP supported on CeO2 [5]. (a) In-situ observation. Observation time is
indicated. (b) Instantaneous structural models that are depicted in lateral (b) and top (c) views.
 

 
Fig. 2: Glimpse of gas molecules (CO) on the reconstructed surface of a AuNP [6]. In reaction gas in (b), the {100}
facet, indicated by rectangle is structurally reconstructed, while in vacuum in (a) the facet is unreconstructed. Faint
image contrast on the reconstructed facet in (b) can be accounted by adsorbates (CO molecules).
 



Type of presentation: Oral
 

MS-1-O-1802 3D elemental mapping of the atoms in bimetallic nanocrystals
 

Goris B.1, De Backer A.1, Van Aert S.1, Van Tendeloo G.1, Liz-Marzan L. M.2, Bals S.1
 
1EMAT, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerp, Belgium,
2BioNanoPlasmonics Laboratory, CIC biomaGUNE, Paseo de Miram´on 182, 20009 San
Sebastian, Spain
 

Email of the presenting author: bart.goris@uantwerpen.be
 
A three dimensional (3D) characterization of complex heterostructures is required for an
optimized understanding of their properties. For example, it is known that the optical
properties of bimetallic Au@Ag nanostructures are largely determined by the presence of
certain surface facets and interfaces. Furthermore, effects such as alloying or intermixing of
the atoms at the interfaces results in a shift of the plasmon resonances, urging the need for a
thorough 3D study at the atomic scale. [1] Electron tomography is a technique to obtain 3D
reconstructions based on a series of 2D projection images and recently, different approaches
enable a 3D investigation at the atomic scale as well. [2-4]
Here, we apply a tomography approach which is based on compressive sensing to reconstruct
the atomic lattice of Au@Ag bimetallic nanoparticles having important applications in the field
plasmonics. In order to obtain a reliable reconstruction, 5 high resolution HAADF-STEM
projection images are acquired along different orientations of the nanorod and used as an
input for a tomographic reconstruction. More detailed information about the experimental
set-up can be found in [5]. 3D visualizations of the results are illustrated in figure 1, where a
visual distinction can be made between the Au core (yellow) and the surrounding Ag shell
(blue). Figures 1a-c correspond to visualizations where the sample was tilted by 0º, 45º and
90º around the [010] axis, respectively. The resulting Fourier transforms correspond to the
expected symmetry for a fcc crystal structure and the atomic lattice can clearly be recognized
from the visualizations themselves.
Since the reconstruction is based on HAADF-STEM projection images, the intensity of the
reconstructed atoms scales with their atomic weight. Therefore, Ag and Au atoms can be
identified by analysing intensity profiles through the reconstruction. An example of such an
intensity profile is presented in figure 2 which enables the labelling of each atom in the cross
sections presented in figures 2b and 2c to be either Ag or Au. The result is shown in figures 2d
and 2e yielding a correct indexing of the facets composing the interfaces. We conclude that
the interface between the Au core and the Ag shell is sharp, without intermixing and mainly
composed of {520} facets where bevels are observed at the <100> and the <110>
directions. This type of detailed information is crucial to understand and optimize the physical
properties of these materials. [6]
[1] M.B. Cortie and A.M. McDonagh, Chemical Reviews 11 (2011) 3713-3735
[2] S. Van Aert et al., Nature 470 (2011) 374-377
[3] M.C. Scott et al., Nature 483 (2012) 444-447
[4] B. Goris et al., Nature Materials 11 (2012) 930-935
[5] B. Goris et al., Nano Letters 13 (2013) 4236-4241
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Fig. 1: (a-c) 3D renderings of the reconstruction viewed along different directions where the sample was tilted around
the [010] axis for 0º, 45º and 90º. The atoms in the Au core are rendered yellow whereas the surrounding Ag shell is
shown in blue. The Fourier transforms of these projected views correspond to a fcc crystal lattice.
 

 
Fig. 2: (a) Three orthogonal slices through the reconstruction show the structure of the nanorod. (b,c) Detailed view of
the slices through the reconstruction. An intensity profile is acquired along the direction indicated by the white
rectangle in (b). (d,e) Slices corresponding to (b) and (c), in which each Au atom is indicated by a yellow circle.
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Carbon (e.g. carbon nanotube and graphene) supported metal nano-structured catalysts with
superior performance has drawn considerable attentions in heterogeneous catalysis.[1]

However, “metal-carbon support interaction” is much less understood. For instance, it is not
clear that how to tune metal-carbon support interaction for preparing the supported metal
nanoparticles with optimal morphologies and structures, stabilizing the chemical environment
in interfacial area of metal and supports, and keeping the catalytic performance in severe
conditions. Advanced techniques in transmission electron microscopy (TEM) are powerful
research tools for probing the metal-carbon support interaction. It can provide the fine
surface/interface structures at atomic and sub-electron-volt level, such as defects, location of
doped atoms, coordination state, functional group species and electronic structures.[2-3] Here,
selected several examples will be demonstrated in this presentation. Figure 1 shows typical
high angle annular dark field- scanning TEM (HAADF-STEM) image of Pd rings on oxygen
functionalized carbon nanotube (O-CNT) and the schematic representation of the formation of
Pd rings on O-CNT. Metal–support interactions between Pd nanoparticles (NPs) and
functionalized CNTs were established for controlling the metal-size distribution. Thermal
detrapping permits nanosized Pd to possess similar dynamics as generated carbonaceous
species under electron irradiation and results in a carbon metal hybrid structure with Pd rings
on the edges of the nanobead.[4] Figure 2 shows the surface/interface changes of Pd supported
on L-CNT (a) and H-CNT (b) after one hour of Suzuki–Miyaura reactions. Corresponding to the
commonly reported high reactivity in homogeneous catalysis, carbon–carbon couplings with
high efficiency can be achieved on supported Pd NPs by improving surface functionalization
and the dispersibility of the catalyst. Such a system offers opportunities for characterizing
surface catalysis with atomic precision, which is crucial for detecting dynamic changes on
catalytically active species and understanding catalysis pathways.[5]

Reference
[1] D.S. Su, S. Perathoner, G. Centi, Chem. Rev. 2013, 113, 5782-5816.
[2] B. Zhang, D.S. Su, C.R. Physique 2014, in press (DOI: 10.1016/j.crhy.2013.11.001).
[3] L. Shao, B. Zhang, W. Zhang, D. Teschner, F. Girgsdies, R. Schlögl, D.S. Su, Chem. Eur. J.
2012, 18, 14962-14966.
[4] B. Zhang, L. Shao, W. Zhang, D.S. Su, ChemCatChem 2013, 5, 2581-2585.
[5] L. Shao, B. Zhang, W. Zhang, S.Y. Hong, R. Schlögl, D.S. Su, Angew. Chem. Int. Ed. 2013,
52, 2114-2117.
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Fig. 1: a) HAADF-STEM image of Pd rings/O-CNT. Schematic representation of the formation of Pd rings on O-CNT: b)
Morphology of Pd/O-CNT in the initial stage. c) Coupled with heating (red ribbons, bottom), the electron-beam induces
a significant rearrangement in the Pd NPs. The Pd rings are formed at the borders of the irradiated areas.[4]

 

 
Fig. 2: HRTEM images after 1 hour catalysis of: a) a Pd NP on L-CNTs, b) a Pd NP on H-CNTs. CNTs annealed at 700 oC
have more defects than CNTs annealed at 1500 oC, HNO3 treatment introduced a high functionalization (H-CNTs) on
defective CNTs and a low functionalization (L-CNTs) on graphitized CNTs.[5]
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Because of their large proportion of surface atoms and favourable chemical activity, metallic
nanoparticles are used to catalyse a wide range of technologically important reactions.
However, many utilise expensive or rare metals, leading to the desire to account for their
content and efficiency at the atomic scale. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF STEM) proves a powerful tool here, with
readily interpretable mass-thickness, or Z, contrast images facilitating analysis on an atomic
column by column basis. In this work, pure platinum nanoparticles were imaged, such that the
image intensity depends on the sample thickness. High-resolution images were recorded using
a JEOL-ARM200F whose ADF detector was also calibrated to allow the data to be expressed in
units of ‘fractional beam-current’ [1] (E = 200kV, convergence and detector angles of 27 and
69–279mrad).
After magnification calibration, the raw data (Fig 1, left) and the detector efficiency scan were
passed to the in-house ‘Absolute Integrator’ software. This software automatically identifies
the image peak-positions, normalises the data to units of fractional beam-current, performs a
locally adaptive background subtraction (to account for the amorphous carbon-black support),
divides the image into Voronoi cells and integrates the signal at each atomic column to yield a
map of the absolute scattering cross-sections [2] (Fig 1, right). Comparing these with
simulation (multi-slice, 30 phonon runs), the number of atoms per column was identified and a
provisional three-dimensional (3D) model was built. Owing to the beam-sensitivity of the
particles and the desire for high-throughput analysis, tomography was not possible; instead to
obtain the likely z-positions an energy minimisation was performed.
Columns in the starting model were positioned symmetrically about the mid-plane (z = 0) with
x-y positions taken from the peak-finding results. The model contained 238 atomic columns
with 1656 atoms in total, was 11 atoms high at it thickest, and was assumed to contain no
vacancies. This was then energetically relaxed using a modified Lennard-Jones potential; Fig 2
(left) represents the result after around 3½ hours.
From this 3D model the number of nearest-neighbours were calculated and used to
colour-code the visualisation. A histogram of these coordination numbers (Fig 2, right) then
directly indicates the ratios of the various crystal facets. This ability to observe the relative
areas of surface facets opens new possibilities for surface science on an individual particle
level and for exploring this in relation to catalytic performance.
[1] Lebeau & Stemmer, Ultramicroscopy 108 (2008) 1653–8
[2] E et al., Ultramicroscopy 133 (2013) 109–19
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Fig. 1: HAADF image of [110] oriented pure platinum nanoparticle (left) and the associated scattering cross-section
analysis for each resolvable atomic column (right).
 

 
Fig. 2: Relaxed three-dimensional structure of the nanoparticle with colour indicating the nearest-neighbour
coordination (left) and accompanying histogram analysis indicating ratios of faceting types.
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Monochromated valence electron energy-loss spectroscopy (VEELS) has been used to study
the plasmon energy (Ep) from strained GaN quantum wells (QWs) embedded in AlN matrix [1].
The QWs were grown by molecular beam epitaxy. The width of the studied wells was 4, 3, and
2 nm, respectively, separated by a 30 nm thick AlN layer (Fig.1). EFTEM data were recorded in
the Zeiss SESAM microscope [2] between 17 and 26 eV using a 0.3 eV energy slit. A Gaussian
function was fitted to the volume plasmon peak at each image pixel. After integration parallel
to the QW the plasmon energy profile is obtained (Fig.2). Plasmon energies are plotted in Fig.3
(red symbols) versus the inverse square of the well width. It shows a distinct blue-shift of the
plasmon peak position with decreasing QW width. In order to take account of the influence of
the AlN/GaN interfaces, we solved the relativistic expressions for the begrenzungs effect given
by Bolton et al. [3] and Moreau et al. [4]. The interfaces induce an apparent blue shift of the
plasmon with decreasing layer width. However, after correction of this shift the dependence of
Ep on QW width is still marked (Fig.3, blue symbols). In a second step we considered the
influence of the compressive strain of the GaN layers. Such strain is also known to cause a blue
shift of the plasmon [5]. Because the critical thickness is about 3 nm the 2-nm- and 3-nm-QWs
are completely strained whereas the strain relaxation in the 4-nm-QW is about 0.12 % [6].
Assuming a square-root dependence of the plasmon energy on unit-cell volume, we corrected
the measured data (Fig.3, green symbols). The resulting data show reasonably well a linear
trend which is consistent with the concept of quantum confinement. Thus, the use of
high-resolution valence electron imaging offers the possibility to distinguish the interplay of
different confined properties in strained GaN QWs, which is very promising for understanding
and exploiting bandgap engineering of nowadays sophisticated devices.
[1] M. Benaissa et al.: Appl. Phys. Lett. 103 (2013) 021901.
[2] C. T. Koch et al.: Microsc. Microanal. 12 (2006) 506.
[3] J. P. R. Bolton and M. Chen: J. Phys.: Cond. Matter 7 (1995) 3389.
[4] P. Moreau et al.: Phys. Rev. B 56 (1997) 6774.
[5] J. Palisaitis et al.: Phys. Rev. B 84 (2011) 245301.
[6] B. Damilano et al.: Appl. Phys. Lett. 75 (1999) 962.
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Fig. 1: STEM bright-field image showing a set of 3 GaN quantum wells with nominal widths of 4 nm, 3 nm, and 2 nm,
respectively, separated by 30 nm-thick AlN barrier layers.
 

 
Fig. 2: Volume plasmon energy profile across the three GaN quantum wells.
 

 
Fig. 3: As-measured plasmon energies as a function of the QW width (red). Blue symbols are data after correction for
interface effects, green symbols after correction of strain effects. The dashed line is a linear fit to the final data.
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Metallic nanoparticles have attracted more and more interest in recent years as they exhibit
completely new physical and chemical properties compared to bulk materials. Over the years
numerous synthesis methods, mostly based on wet chemical processes, pyrolysis or
evaporation have been developed. In contrast, the nanoparticles used for our investigations
were synthesized by using superfluid helium nanodroplets (composed of 103 to 106 helium
atoms) at around 0.4 K under ultra-high vacuum (UHV) conditions.1 This approach provides
exceptional advantages over conventional methods like sequential addition of a wide range of
materials.
Thus, nanoparticles can be synthesized with any composition and different structures, with
extremely high purity, which cannot be achieved by other known methods. Figure 1 shows a
schematic of the synthesis facility.2 Knowledge of the morphology, dimension and composition
of the produced particles are not only essential for understanding their physical and chemical
properties, but also for optimizing the synthesis parameters. By using a probe corrected,
monochromated FEI Titan3 60-300 equipped with a Super-X detector (EDX) and a Gatan
Quantum energy filter we performed analytical high resolution STEM (HR-STEM) in order to
characterize metal nanoparticles with respect to their morphology and chemistry.  The
HR-STEM investigation of Ag nanoparticles on 3 nm carbon (prepared by the He-droplet
method) reveals very small Ag clusters (3-6 nm in size) exhibiting a decahedral structure.
Furthermore, bimetallic clusters with a gold-silver core-shell structure were synthesized. STEM
images (a and b in Fig. 3) of a AuAg particle reveal that it grew from single spherical particles
inside the He droplet. Elemental analysis of the nanoparticles by EELS and EDX clearly showed
that Ag and Au, which were added to the droplet sequentially, are not alloyed. The elemental
distribution of this particle is shown in images f and g of Fig. 3.
Finally, the nano-optical properties of these metallic clusters will be studied via low-loss EELS
measurements in the plasmon regime, which depend on their size, structure and morphology.3,
4 In order to quantify the influence of the underlying substrate, we will also compare
conventional carbon films with mechanical exfoliated monolayer substrates (graphene and
hexagonal boron nitride).
References:
1. P. Thaler et al., J. Chem. Phys. 140, 44326 (2014).
2. A. Volk et al., J. Chem. Phys. 138, 214312 (2013).
3. F.-P. Schmidt et al., Nano Lett. 12, 5780 (2012).
4. B. Schaffer et al., Micron 40, 269 (2009)
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Fig. 1: The helium droplets (blue) are produced in the source (1) by evaporation. After passing the skimmer (2) they
collide with atoms or molecules (red) evaporated by the thermal evaporator (3). The particles congregate in the center
of the droplet and finally land on the target (4) (e.g. a TEM-grid)
 

 
Fig. 2: HR-STEM images (a: HAADF, b: BF) of a silver nanoparticle on a 3 nm amorphous carbon film with decahedral
morphology
 

 
Fig. 3: a: HAADF image of the AuAg core-shell particle; b: STEM BF image showing that the particle grew from single
spherical particles; c-d: EDX elemental maps for Au (c) and Ag (d); e: EELS Ag map (calculated via MLLS fitting); f-g:
RGB maps illustrating the elemental core-shell distribution with data from (c) and (e) in (f) and from (c) and (d) in (g)
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Nano-scale modification of materials received wide research interest, recently. Most of the
techniques for the fabrication of ordered nanostructures suffer from low throughput and high
costs. Here we report a fast and cheap method to prepare ordered nanopatterns directly, or to
prepare masks and imprint molds for nanolithography.
This applies a template of a monolayer of hexagonally self-assembled silica nanospheres
(Langmuir-Blodgett (LB)). The sample surface is treated with a single UV laser (l=248 nm)
pulse through the LB film. According to our simulations the nanospheres of the LB film focus
the laser light as individual lenses [Fig. 1 (a)]. This provides an array of highly intense spots for
the fabrication.
RF and DC magnetron sputtered amorphous AlOx layers, as potential masks, were subjected to
laser patterning. Structure, morphology and optical properties of the films were characterized
by Atomic Force- (AFM), Transmission Electron Microscopy (TEM) and Ellipsometry.
The intensity distribution of the laser spot was mapped by means of a GaP UV photodiode. The
distribution is Gaussian-like, as it is shown in Fig. 1 (b). For a reasonably uniform exposure the
inner part of the spot, marked with rectangle, was chosen for the treatment.
According to the Selected Area Electron Diffraction (SAED) and TEM results the RF and DC
magnetron sputtered layers are fully amorphous [Fig. 2 (a)] and contain Al nanocrystals (nc-Al)
embedded in an amorphous AlOx matrix [Fig. 2 (b)], respectively. Ellipsometry revealed that
the absorption coefficient (α) of the nc-Al/AlOx layers is about 3 times higher than that of the
fully amorphous layers.
The formation of the observed patterns was revealed by AFM and cross sectional (X) TEM. A
wide, shallow pit of ~210 nm diameter obtained in the fully amorphous AlOx can be seen in
the XTEM image [Fig. 3 (a)]. It is suggested to form by a volume decrease caused by the
implosion of nanovoids due to the intense electromagnetic field and shock wave of the UV
laser pulse. An AFM image of the pattern of these pits is shown in Fig 3 (b).
Fig. 4 (a) – (c) illustrates the formation of the patterns, at different laser energies, within the
nc-Al/AlOx film: (a) shows a formed hillock that contains separate, small bubbles indicating
moderate energy impact. An increase of the local energy is suggested to ignite plasma and
gas release blowing up large bubbles (b). Further energy increase causes the burst of the
bubble forming a crater in the layer (c). This refers to a series of holes observed by AFM in Fig.
4 (d) that is typical for the patterned nc-Al/AlOx film.
Our results show that by applying silica nanosphere LB films and carefully controlled UV laser
pulses masks can be fabricated suitable for nanopatterning various thin films.
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Fig. 1: (a) The simulated lateral intensity distribution right
beneath the LB film. White circles mark the nanospheres of
the film. (b) The measured intensity distribution map of the
UV laser spot. The black rectangle shows the
quasi-homogenous area that had been chosen for
patterning.
 

 
Fig. 2: Plan view dark field TEM images of the RF sputtered
layers (a) and the DC sputtered layers (b). The insets are
the Selected Area Electron Diffraction (SAED) of the
samples. Inset in (a) represents an amorphous diffraction
pattern, while additional rings of nanocrystalline Al can be
realized in the SAED in (b).
 

 
Fig. 3: (a) The cross-sectional TEM image of a pit fabricated
in the fully amorphous AlOx layer. (b) An AFM image (about
10 µm x 10 µm) of the ordered pattern of the obtained pits.
 

 
Fig. 4: (a) – (c): Pattern formation in the nc-Al/AlOx layer.
Moderate local intensity forms a hillock (a). Bubble on a
sample treated with higher fluence (b). Sample treated
with even higher intensity: a burst bubble (crater) is
created (c). Insets: EELS elemental maps of O (red), Si
(green) and Al (blue). (d): Typical AFM image of the pattern
obtained.
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A large variety of single- and multi-component nanocrystals (NCs) can now be synthesized and
integrated into nanocrystal superlattices.1,2 These superstructures and their components have
a limited thermal and temporal stability, though, which often hampers their application as
functional devices. On the other hand, temperature-induced reconstructions can also reveal
opportunities to manipulate properties and access new types of nanostructures.3-5 In-situ
atomically resolved monitoring of nanomaterials provides insight into the temperature induced
evolution of the individual NC constituents within these superstructures at the atomic level.6

Here, we investigate the effect of temperature annealing on 2D square and hexagonal arrays
of FexO/CoFe2O4 core/shell NCs (Figure 1) as a model for many complex oxides by in-situ
heating in a transmission electron microscope (TEM). The FexO core has a rock salt structure
with some cation deficiencies (x = 0.83-0.95)7 and the lattice constant varies between 0.4255
nm and 0.4294 nm, depending on the oxidation state.7 The CoFe2O4 shell has a spinel crystal
structure (lattice constant 0.846 nm).8 Both structures have a face centered cubic (FCC)
oxygen sublattice with a lattice mismatch of only 3 %.7 Both cubic and spherical NCs undergo a
core-shell reconfiguration at a temperature of approximately 300 ⁰C, whereby the FexO core
material segregates at the exterior of the CoFe2O4 shell, forming ‘snowman’-like particles
(asymmetric dumbbells) with a small FexO domain attached to a larger CoFe2O4 domain (Figure
2). During reconfiguration, the core volume is filled by the CoFe2O4 shell material. Upon
continued annealing, the segregated FexO domains form bridges between the CoFe2O4

domains, followed by coalescence of all domains resulting in loss of ordering in the 2D arrays.
Annealed FexO domains contain Co traces as well (Figure 3).
[1] Redl, F.X. et al. Nature 2003, 423, 968–971.
[2] Talapin, D.V. et al. Nature 2009, 461, 964–967.
[3] van Huis, M.A. et al. Nano Letters 2011, 11, 4555–4561.
[4] Figuerola, A. et al. Nano Letters 2010, 10, 3028–3036.
[5] De Trizio, L. et al. ACS Nano 2013, 7, 3997–4005.
[6] van Huis, M.A. et al. Advanced Materials 2009, 21, 4992–4995.
[7] Pichon, B.P. et al. Chemistry of Materials 2011, 23, 2886–2900.
[8] Song, Q. & Zhang, Z.J. Journal of the American Chemical Society 2004, 126, 6164–6168.
* Yalcin, A.O. et al. Nanotechnology 2014, 25, 055601.
† This work has appeared on the journal cover (Nanotechnology Volume 25, Issue 5) as the
featured article (http://ej.iop.org/pdf/nano/vol25/na2505-webcover.pdf).
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Fig. 1: TEM images of different types of 2D arrays. a) cubic FexO/CoFe2O4 core/shell NCs forming a square 2D array.
Inset figure was taken with an objective aperture inserted (diffraction contrast). Core-shell contrast is observed better
in this way. b) Spherical FexO/CoFe2O4 core/shell NCs array forming a hexagonal 2D array.
 

 
Fig. 2: TEM images of FexO/CoFe2O4 ‘initially’ core/shell NC arrays; a) cubic NCs at 335 ⁰C, and b) spherical NCs at 360
⁰C. The insets in the images were taken when the objective aperture was inserted (diffraction contrast). The (200)
spacing of FexO is 0.21 nm, and (220) and (311) spacings of CoFe2O4 are 0.3 nm and 0.255 nm respectively.
 

 
Fig. 3: Energy filtered TEM Co-mapping of initially spherical NCs. Figure 3a is the zero-loss image and Figure 3b is the
corresponding Co map. The dotted lines were used to clarify different domains. Arrows show the FexO domain with Co
presence.
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Controlling nanowire morphology in bottom-up synthesis and allowing the assembly of
nanowires on planar substrates is of tremendous importance for device applications in
electronics, photonics, sensing and energy conversion. To date, there has however been only
limited success in reliably achieving these goals, hindering both the fundamental
understanding of the growth mechanism and the integration of nanowires in real-world
technologies. In this work, we will show the impact of transmission electron microscopy (TEM)
on this domain, as an extremely versatile and powerful technique.
Novel dual-metal Au-Cu alloy nanoparticles were used as a catalyst for tin-doped indium oxide
(ITO) nanowire growth. The enhanced mobility of the catalyst nanoparticles (NPs) enables in
situ seeded growth of branched ITO nanowires (NWs). The dynamically tuned chemical
potentials in the catalyst NPs selectively stabilize a rare cubic indium-tin-oxide phase (ISO),
forming epitaxial heterojunctions within individual NW branches. This methodology of selecting
phases and forming compositionally abrupt axial heterojunctions in NWs departs from the
conventional synthesis routes, giving unprecedented freedom to navigate phase diagrams and
promising novel nanomaterials and devices [1]
Here we report that growth of planar, vertical and randomly oriented ITO nanowires can be
realized on yttria-stabilized zirconia (YSZ) substrates via the vapor-liquid-solid (VLS)
mechanism, by simply regulating the growth conditions, in particular the growth temperature.
[2]. TEM and reciprocal space mapping experiments reveal the indispensable role of
substrate-nanowire epitaxy in the growth of oriented planar and vertical nanowires at high
temperatures, whereas randomly oriented nanowires without epitaxy grow at lower
temperature. Further control of the orientation, symmetry and shape of the nanowires was
achieved through use of YSZ substrates with (110) and (111), in addition to (001) surfaces.
Based on these insights, we succeeded in growing regular arrays of planar ITO nanowires from
patterned catalyst nanoparticles. Overall, our discovery of unprecedented orientation control in
ITO nanowires advances the general VLS synthesis, providing a robust epitaxy-based approach
towards rational synthesis of nanowires.
[1] –J.Gao, O.I.Lebedev, S.Turner, Y.F. Li, Y.H.Lu, Y.P.Feng, P.Boullay, W.Prellier, G.Van
Tendeloo, T.Wu Nano Letters 12 (2012) 275-280
[2] - Y. Shen, S. Turner, P. Yang, G. Van Tendeloo, O. I. Lebedev, T. Wu Nature Communications
(Submitted) (2014)
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Fig. 1: (a) Low-magnification STEM-HAADF image of the in-plane nanowires and (b) corresponding SAED pattern (c) GPA
patterns along [100] and [010] directions. (d) HR STEM-HAADF cross-section image of ITO nanowire and (e) image of
the tri-junctions of the ITO, YSZ and Au particle. (f) STEM-ABF image of ITO / YSZ interface with overlayed structural
model
 

 
Fig. 2: ) Low magnification ADF STEM (top) and BF TEM(bottom) images of off-plane ITO NWs, (b) - high resolution
HAADF-STEM image of the ITO-YSZ interface, (c) ABF-STEM image of the top part of an ITO NW. Notice the presence of
the ISO phase.
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Colloidal core-shell crystals of II-IV semiconductors are one of the most extensively researched
systems in nanoscience. CdSe@CdS nanoparticles are investigated due to their size dependent
optical properties and although they have been known for the last two decades, even today
new fabrication routes are still explored to improve their optical properties. While reports on
the optical properties of single particles are available, the quantitative characterization of
atomic order on a single particle level and the growth mechanism that resulted in that specific
rearrangement, are still generally missing. The majority of characterization procedures are
performed on ensembles that average properties and may hinder the understanding of
fundamental aspects in the colloidal synthesis.
Moreover, atomic resolution analysis, which has emerged with aberration corrected
instruments, have mainly provided analysis of few particles per sample. It is now, due to the
Cc correction that offers superior resolutions in low voltages that the atomic ordering can be
achieved on a routine basis to deliver new statistical data. The application of the low voltage
reduces the rate of radiation damage so that both surface and bulk structure. We follow the
growth process of the CdSe nanoparticles and the formation of the CdS shell covering them.
For the first time, statistical atomic-scale information on dozens of individual nanoparticles is
correlated with ensemble measurement data.
Previous research showed a proof of concept of determining the polarity and faceting of the
nanoparticles by both TEM and HAADF STEM. The assignment of polarity to individual particles
gives detailed understanding of when and where stacking faults form, and the new knowledge
can be merged with the known kinetics of the reaction. The Cd- terminated edge, where
growth is slower, produces more stacking faults or preserves more of the disorder of the
original nucleus. The Se edge, which is the fast growing edge, produces almost a perfect W
structure. Upon the deposition of the shell, the core is further annealed and stacking faults
concentrate at both edges of the particle. However, the annealed sections may acquire larger
fractions of the pressure induced ZB symmetry which is quite rare in the pure CdSe
nanoparticles.
This analysis shows that high resolution electron microscopy can serve as a routine tool to
understand growth kinetics and it may also be applied to the growth of other hybrid
nanoparticle structures where kinetic procedures determine the interfaces nature and
properties.



 
Fig. 1: Phase image of exit-plane wavefunctions reconstructed from through-focus series. (a) CdSe cores and (b)
CdSe@CdS core shell particle. The wavefunctions were Fourier filtered to eliminate the background pattern of the
periodic hexagonal graphene support film.
 

 
Fig. 2: Atomistic models of three possible stacking fault sequences, altering between Wurtzite (W) and Zinc Blende (ZB)
crystal structures. Cd in violet, S/Se in green.(right) Overlay of the atomistic models on a phase image of a CdSe@CdS
core-shell particle exhibiting the three possible atomic stacking fault configurations. (left)
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Proton exchange membrane fuel cells (PEMFCs) are promising energy conversion devices for
transport and stationary applications. Pt nanoparticles are currently used as the catalyst in the
anode and cathode of the fuel cell, respectively. However, alloys of Pt with base metals are
being investigated to replace Pt on the cathode as a way to improve the efficiency of the fuel
cell, and reduce cost [1].
In this work Pt-Ni nanoparticles were de-alloyed by acid leaching to produce 5.8 nm size Pt.8Ni
catalyst nanoparticles. In order to better understand the relationship between the elemental
distribution and the nanoparticle shape and structure, the nanoparticles were characterized by
aberration-corrected scanning transmission electron microscopy (STEM), using high-angle
annular dark-field (HAADF) imaging [2]. The Pt and Ni compositional distribution of the
de-alloyed nanoparticles was investigated using EDS mapping in STEM mode. In order to better
understand the three dimensional shape of the nanoparticles and the carbon support, 3-D
electron tomography of the nanoparticles was performed in a JEOL JEM ARM 200F. A total of 61
STEM images were collected over a tilt range of -60 to +60 degrees, with a 2° tilting step. The
final tilt series was aligned, reconstructed and visualized using Inspect 3D and Amira 4.1,
respectively.
Figure 1 shows two aberration-corrected HAADF STEM images of the de-alloyed Pt0.8Ni
nanoparticles projected along the [110] beam direction. Although most of the particles exhibit
a truncated octahedron shape (Fig. 1a), there are also some particles with long {111} facets
(Fig. 1b). The absence of superlattice reflections in the FFTs (insets of Figs 1a and 1b) shows
that Pt and Ni are in solid solution, forming a face-centered cubic structure. However, as shown
in Figures 1c and 1d, the nanoparticles exhibit regions of bright and dark contrast, which
indicate that the composition of Pt and Ni is not uniform throughout the particle. This
heterogeneous distribution among the various particles is a result of the de-alloying process.
Moreover, although most of the particles are a Pt-Ni solid solution, there are also some
particles exhibiting {100} supperlattice reflections in the FFTs, indicating a partially ordered
structure (Figs 1e and 1f). In addition, Pt seems to segregate to the surface of the
nanoparticles, as confirmed by EDS Mapping (Fig. 2). Finally, 3-D electron tomography
confirms that most of the particles exhibit a truncated octahedron shape (Fig. 3).
References
[1] S. C. Ball et al. ECS Transactions, 11(1) (2007), p.1267.
[2] S. Chen, et al. J. Phy. Chem. C. 113(3) (2009), p.1109.
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Fig. 1: (a) and (b) Aberration corrected HAADF images of Pt0.8Ni nanoparticles and corresponding FFTs (insets). (c) and
(d) normalized intensities across the nanoparticle (along the red line). (e) and (f) Aberration corrected HAADF images of
the nanoparticles with supperlattice reflections in FFTs (insets).
 

 
Fig. 2: HAADF STEM image and EDS mapping of Pt0.8Ni
nanoparticles
 

 
Fig. 3: 3D reconstructed image of the Pt0.8Ni nanoparticles
 



Type of presentation: Oral
 

MS-1-O-2588 High Spatial/Energy Resolution Cathodoluminescene Spectroscopy: A
Powerful Tool for Profound Characterization of the Physical Properties of the
Advanced Nanostructures
 

FU X.1, FU Q.1, HAN X.1, LIU C.1, ZHANG J.1, LIAO Z.1, YU D.1
 
1Department of Physics, State Key Laboratory for Mesoscopic Physics, Peking University, and
Collaborative Innovation Center of Quantum Matter, Beijing 100871, P. R. China
 

Email of the presenting author: yudp@pku.edu.cn
 
   High special/energy resolution cathodoluminescence (CL) spectroscopy is now becoming
more and more important in investigations of the optical properties of the low-dimensional
structures. Two representative examples of the application of the CL in study were
summarized in this presentation as follows:
   Elastic engineering strain has been regarded as a low-cost and continuous variable manner
for altering the physical and chemical properties of materials, and it becomes even more
important at low-dimensionality because at micro/nanoscale, materials/structures can usually
bear exceptionally high elastic strains before failure. The elastic strain effects are therefore
greatly “magnified” in micro/nanoscale structures and should be of great potential in the
design of functional devices. The purpose of this presentation is to present a summary of our
recently progresses in the energy band engineering of elastically strained ZnO
micro/nanowires. First, we present the electronic and mechanical coupling effect in bent ZnO
nanowires. Second, we summary the bending strain gradient effect on the near-band-edge
(NBE) emission photon energy of bent ZnO micro/nanowires. Third, we show that the strain can
induce exciton fine-structure splitting and shift in ZnO microwire. Related publications are
presented in Figure 1.
   Surface plasmon polaritons (SPPs) show great potential for application in future nanoscale
photonic systems due to the strong field confinement at the nanoscale, intensive local field
enhancement, and interplay between strongly localized and propagating SPPs. A template
stripping method combined with PMMA as a template was successfully developed to create
extraordinarily smooth metal nanostructures with a desirable feature size and morphology for
plasmonics and metamaterials. The advantages of this method, including the high resolution,
precipitous top-to bottom profile with a high aspect ratio, and three-dimensional
characteristics, make it very suitable for the fabrication of plasmonic structures. The confined
modes of surface plasmon polaritons in these nanocavities have been investigated and imaged
by using cathodoluminescence spectroscopy, which has been turned out to be a powerful
means to characterize the resonant SPPs modes confined in metal nanocavities. The mode of
the out-of-plane field components of surface plasmon polaritons dominates the experimental
mode patterns, indicating that the electron beam locally excites the out-of-plane field
component of surface plasmon polaritons.
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Fig. 1: Recent publications of CL spectroscopy summarized in the first part of the presentations demonstrating the
advantages compared to the conventional optical methods.
 

 
Fig. 2: Publications related to the second part of the presentations via CL for characterization of the SPP modes
confined in metal nanocavities, which is impossible to do it via other optical approaches.
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Titanates are suitable for many applications such as oxygen sensing and tunable high
temperature superconducting microwave filters. The potential advantages of the
nanostructured forms have been scarcely explored compared to other oxides. We report on
the structural and electrical properties of individual iron-doped strontium titanate nanotubes
(Fe:SrTiO3). The Fe:SrTiO3 nanotubes were assessed for the first time, showing high stability
and reproducibility [1].
Fe:SrTiO3 nanotubes were synthesized using sol-gel electrophoretic deposition (EPD) technique
[2]. The Fe:SrTiO3 sol, where 2 mol% of Ti was replaced by Fe, was deposited into the anodic
alumina template while a potential was applied between the AAO/Al working electrode and Pt
counter electrode. After the deposition samples were annealed at 700 °C for 1 h with
subsequent template removal. Resulting Fe:SrTiO3 nanotubes were characterized by electron
microscopy techniques. To study electrical properties, Fe:SrTiO3 nanotube devices were
fabricated by focused ion beam nanolithography techniques [3].
Obtained Fe:SrTiO3 nanotubes with lengths between 5 and 10 µm and diameters of
approximately 200 nm were polycrystalline, dense and made up of cubic grains ranging
between 10 and 20 nm in size (Figure 1). Their chemical composition explored by
Energy-dispersive X-ray (EDX) analysis showed the presence of Sr, Ti and Fe; and confirmed
that Fe was effectively incorporated into the perovskite structure.
For the electrical characterization the prototype device was formed by integration of individual
Fe:SrTiO3 nanotubes into simple circuit architecture and the electrical resistivity of approx. 35
ohm∙cm was calculated (Figure 2). This value was significantly lower than the values for
intrinsic bulk SrTiO3 samples due to the presence of Fe. This result opens the door to the future
synthesis of Fe:SrTiO3 nanotubes suitable for monitoring small trace level of oxygen.
Furthermore, some devices were tested as UV-detectors with the final aim to explore the
optoelectronics characteristics and validate their suitability for device integration. The dynamic
behavior of the photoresponse obtained with a single Fe:SrTiO3 nanotube as a function of
different UV photon fluxes is shown in Figure 3. Repeatable and reversible responses were
found in all cases, demonstrating that our devices are nice proof-of concept systems showing
that an Fe:SrTiO3 nanotube can be used as a UV photodetector.
References:
1. K. Zagar et al., J. Mat. Chem. Phys. 141 (2013), p. 9.
2. K. Zagar et al., Nanotechnology 21 (2010) p. 375605.
3. F. Hernandez-Ramirez et al., Chem. Phys. 11 (2009), p. 7105.
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Fig. 1: (a) Bright-field image of a uniformly shaped and polycrystalline Fe:SrTiO3 nanotube. (b) Higher-magnification
bright-field TEM image of polycrystalline Fe:SrTiO3 nanotube with grain sizes in the range from 10 to 20 nm.
 

 
Fig. 2: (a) Fe:SrTiO3 nanotube electrically contacted in 2-probe configuration using FIB lithography. (b) I-V curve of the
contacted Fe:SrTiO3 nanotube. An ohmic response is found at room temperature and open air atmosphere.
 

 
Fig. 3: (a) Photoresponse Iph of a Fe:SrTiO3 nanotube as function of different UV photon intensities (b) Dynamic response
of Iph as function of different UV photon fluxes.
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Precise control over III-V compound semiconductor nanowires (NWs) growth is crucial for the
fabrication of advanced nanoscale electronic and optoelectronic devices. Core-shell
GaAs/AlGaAs NWs were grown on Si (111) by plasma assisted molecular beam epitaxy
(PAMBE). Initially, the NWs were grown via the vapor-liquid-solid mechanism, using Ga droplets
as catalyst, for 20 min. Subsequently, the Ga droplets were removed by exposing the NWs to
As flux and growth continued for another 40 min, varying the fluxes of the Al, Ga, and As, in
order to form an AlGaAs shell around the GaAs initial core.
The structural features of the NWs were characterized by transmission electron microscopy
(TEM) methods. TEM observations and selected area diffraction analysis showed that NWs are
zinc-blende (ZB) single crystals grown epitaxially along the [111] direction normal to the Si
substrate, despite the presence of a 1-3 nm thick amorphous SiO2 layer on the Si surface.
Simultaneously, an interfacial GaAs layer is formed between the NWs, comprising large
epitaxial and {111} twin related crystals [Fig. 1(a)]. The emanation point of the NWs is located
on small heavily twinned GaAs crystals [Fig 1(b)], which evolve into NWs and finally, through
the growth process usually merge with the GaAs crystals of the interfacial layer. In addition,
“parasitic” NWs emerging from either the interface, or the original NWs were observed along
the inclined <111> and/or the <100> directions. Mirror twins normal to the [111] growth
direction can be observed throughout the length of the NWs [Fig. 1(c)]. In fact, NWs grow for
several micrometers under a continuous succession of mirror twins. No wurtzite structure was
observed.
The weak absorption contrast of high-resolution TEM (HRTEM) in conjunction with the minimal
difference of the AlGaAs and GaAs lattice parameters turn HRTEM images unsuitable for
visualizing the core-shell structure. Hence, the chemically sensitive 200 reflection for mass
contrast TEM imaging [Fig. 1(d)], in addition to annular dark-field (ADF) scanning TEM (STEM)
imaging [Fig. 1(e)], were used. These revealed the core-shell configuration of the NWs, where
the AlGaAs shell spans from one half to 2/3 of the projected diameter of the NWs ranging from
80 nm to 180 nm. Furthermore, energy dispersive X-ray (EDX) analysis confirmed the
core-shell morphology of the NWs and was used to estimate the NW shell composition.
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Fig. 1: (a) TEM image, taken off the [1-10] zone axis, showing the NWs morphology. (b) A NW emerging from a small
defected GaAs crystal. (c) HRTEM image, along the [1-10] direction, where mirror twins are depicted by arrows. The
amorphous shell is attributed to oxidation. (d)&(e) TEM and ADF STEM images revealing the GaAs/AlGaAs core-shell
structure.
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The highly promising optical, catalytic and electronic properties of gold nanoparticles,
particularly nanorods, have made them a major area of research in recent years. In
plasmonics, the light absorption and scattering properties of biocompatible Au nanorods make
them effective biosensors, whilst their tuneable aspect ratio allows the localised surface
plasmon resonant (LSPR) frequency to be shifted into the biologically transparent near
infra-red range, opening up potential applications within drug delivery and photothermal
hyperthermia treatments [1].
Gold nanorods are typically synthesised via a seed-mediated approach, in which silver ions and
halides are used as surfactants [2]. There is currently little agreement on a mechanism for
anisotropic growth, and few insights into the fundamental symmetry breaking event that is a
prerequisite for shape anisotropy. The question remains as to what causes an essentially
spherical seed particle, with a cubic lattice, to develop a preferential growth direction? Here we
present an aberration corrected electron microscopy study of nanoparticles at the embryonic
stages of growth to provide direct atomic scale insights into the onset of anisotropy.
Seed particles were found to be predominantly single crystal. Overgrowth of these seeds with
and without the presence of silver ions is shown in figure 1; clearly revealing that it is the
crucial addition of Ag+ that induces symmetry breaking. This event occurs at particle diameters
of between 4-6 nm, and only for single crystal structures. We suggest a mechanism for
symmetry breaking in which Ag stabilises small {110} truncations in the seed particle
structure. The various stages of anisotropic growth are described in figure 2, in which particle
size and morphology are characterised at regular intervals during nanorod synthesis. After the
initial symmetry breaking event, rapid growth along the rod axis results in a variety of particle
sizes. Nano-dumbbells are formed after several minutes, corresponding to a maximum redshift
in the longitudinal LSPR frequency. Reduced growth in the length direction cause the dumbbell
to transition to a nanorod morphology, with a subsequent blueshift in LSPR.
These observations are consistent with a silver under-potential deposition mechanism, and we
discuss this and possible synergistic effects of AgBr complexing as driving forces for
anisotropic growth. Precise understanding of the growth mechanism and resulting
structure-property relationships of nanoparticles should allow for high yields of particles with
size, shape and crystal surfaces tailored to a variety of potential applications.
References
[1] S. Abalde-Cela et al. J. R. Soc. Interface. 2010, 7, 435
[2] S. E. Lohse and C. J. Murphy. Chem. Mater. 2013. 25, 1250
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Fig. 1: Standard seed particles (left), overgrown seeds (centre) and seed particles overgrown in the presence of Ag ions
(right).
 

 
Fig. 2: The stages of seed mediated Au nanorod growth after 0, 2, 20 and 60 minutes, with corresponding UV-Vis
spectra.
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We examine InP/ZnS nanocrystals (NCs), with possible core-shell or alloyed structures [1][2].
As InP and ZnS are both cubic and have very similar lattice constants, their compounds are
difficult to distinguish using high-resolution transmission electron microscopy (TEM). This
information is important, since the presence of a ZnS shell is essential in reducing surface
recombination but also prevent oxidation of the InP [3].
Scanning TEM and electron energy-electron spectroscopy (EELS) were performed at 80 kV, in
order to quantify the distribution of In- and Zn-containing compounds in individual NCs and
their oxidation states after oxidation of the NCs in an oxygen/argon plasma to simulate aging
process. Data analysis involved spectral unmixing using vertex component analysis (VCA)
[4][5], in order to improve the signal-to-noise ratios of In and Zn elemental maps and to
extract spectral signatures at the O K edge.
Figures 1a and b show conventional background-subtracted elemental maps measured for the
In M5,4 and Zn L3,2 edges. VCA was applied over the energy range 850-1100 eV. A spectral
component corresponding to the Zn L3,2 edge can be identified. The corresponding map (Fig.
1e) is similar to Fig. 1b but less noisy. Surprisingly, an abondance map corresponding to In is
also obtained over this energy range, where no In edge is present. This signal originates from
the background of the In M3 edge (678 eV) and is similar to Fig. 1a, which was extracted at the
In M5,4 edge.
Figure 2 shows results obtained using VCA over the energy range 450-600 eV. Of the three
extracted components, component 1 corresponds to an In signal. The abundance map
associated with this component is similar to the In maps as a result of the presence of the In
M5,4 edge in this energy range. More interestingly, the O K edge shows a shoulder at ~533eV.
This shoulder is in a similar position but is less intense than the first peak in an In2O3 reference
spectrum, suggesting that the NCs are partially oxidised. Although a clear signature of the
oxidation of ZnS is not observed, oxidation of the In could be explained by the presence of
either an incomplete ZnS shell or a ZnS layer that oxidized during the plasma treatment.
Our results show that a thin ZnS shell does not protect InP from oxidation sufficiently well for
long-term applications. Our use of the VCA algorithm allows the oxidation of In in sub-5-nm
InP/ZnS NCs to be identified with much greater confidence than using conventional
background-subtraction methods.
[1] H. Borchert et al. Nano Lett. 2 (2002) 151; [2] K. Huang et al. ACSNano 4 (2010) 4799; [3] J.
Jasinski et al. Solid State Commun. 141 (2007) 624; [4] M. Duchamp et al. Appl. Phys. Lett. 102
(2013) 133902; [5] C. Boothroyd et al. Ultramicroscopy, in press (2014)
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Fig. 1: (a, b) Background-subtracted elemental maps corresponding to the In M5,4 and Zn L3,2 edges; (d, e) Corresponding
maps obtained by applying VCA over the energy range 850-1100 eV. (c) Spectra extracted from the spectrum image at
the positions marked in (a); (f) Spectral components associated with the maps shown in (d, e)
 

 
Fig. 2: Spectral components extracted over the energy range 450-600 eV, which includes the In M5,4 and O K edges. The
corresponding abundance maps are shown on the right. A reference In2O3 spectrum is also shown. The scale bar is 15
nm.
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Recent intense research and development activities in graphene have regained strong
research interest in its related two dimensional (2D) counterparts, especially BN and transition
metal dichalcogenides (TMDCs), with MoS2 under the focus. The idea has been fortified again
that in addition to composition and structure dimensionality also plays a very important role in
determining the fundamental properties due to quantum confinement effect. These materials
possess exotic properties that are absent in their bulk forms. For MoS2, understanding its edge
and defect configuration at atomic level is critical for realizing its application potentials as
electronic devices and catalysis, as it affects the electronic band structure of MoS2 and the
catalytic behavior.
Here we employ a probe Cs corrected Titan scanning transmission electron microscope (STEM)
operated at 80 kV to study the defect and edge structure of monolayer MoS2. Z-contrast STEM
technique is used to differentiate between Mo and S atom columns, with Mo showing brighter
contrast and S showing darker contrast. Vacancies with different size are found in our study,
ranging from mono vacancy to large triangular-shaped vacancies. Fig. 1 shows a
triangular-shaped vacancy with a lateral length of 3 unit cells, revealing Mo-terminated Klein
edge. Mo-terminated zigzag edge is found in a bigger triangular-shaped vacancy with a lateral
length of 4 unit cells, as shown in Fig. 2. The results suggest that S atoms are easier than Mo
atoms to be removed under electron beam illumination and Mo-terminated edge is the most
often found type. We also find in our experiment that when a nano-ribbons is formed, one side
of it is Klein edge, and the other side is zigzag, where removed Mo atoms tend to be absorbed.
Based on this observation we believe that for catalysis application, zigzag edge should also be
the preferred absorption site for noble catalytic atoms. Dislocation pairs are also found in this
study with atomic resolution (Fig. 3) and the Burgers vector is also defined (Fig. 4); it is a
60-degree dislocation.
With no doubt the capability of unambiguously identifying defect and edge configuration at
atomic level will facilitate process optimization for realizing the promising applications of MoS2
and its related TMDCs.



 
Fig. 1: Atomic resolution defect configuration of
triangular-shaped vacancies with the lateral length of three
unit cell and Mo-terminated Klein edge.
 

 
Fig. 2: Atomic resolution defect configuration of
triangular-shaped vacancies with the lateral length of four
unit cell and Mo-terminated zigzag edge
 

 
Fig. 3: Dislocation pairs in MoS2 Monolayer.
 

 
Fig. 4: Dislocation in Figure 3 with Burgers vector identified
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The development of new methodologies is needed for precise measurement of concentration
and localization of different species insmall objects like nanowires(NWs). Transmission Electron
Microscopy (TEM) and Atom Probe Tomography (APT) are two major techniques which give
complementary informations at atomic scale.
This work deals with post-growth repartition of the gold used as catalyst during Molecular
Beam Epitaxy (MBE) growth of silicon NWs. Electron microscopy analysis was performed using
Scanning Transmission Electron Microscopy - High Angle Annular Dark Field (STEM-HAADF),
electron tomography, and Energy-dispersive X-ray spectroscopy (EDS) to collect
complementary information on morphology, structure and chemistry. Atom probe tomography
has ability for both 3D imaging and chemical composition measurements at the atomic scale.
The two techniques were used to characterize the same samples containing silicon nanowires
deposited by MBE.
We observed in STEM-HAADF that the NWs have a hexagonal (only {112} faces) and/or
dodecagonal section ({112} and {110} faces) and present a 'saw-tooth' faceting on one over
two {112} faces (cf. Figure 1 a) and b)).
We found that gold clusters are spread on the surfaces of the NWs, but no gold was observed
in the NW bulk. Furthermore, the gold coverage is uneven on the different faces of the NW. Its
repartition is very homogeneous on the ‘flat’ {112} faces. But, when the {112} saw-tooth
faceting is present, the gold spreads preferentially on the {113} facets, rather than on the
{111} facets (cf. Figure 1 c)) [1].
A rough estimation considering that gold clusters are hemispherical allowedus to estimate that
{113} facets are covered by 3 to 6ML of gold which is largely higher than coverage found in
literature [2].
The three dimensional distribution of Au has been determined in the volume and on the
surface of the Si NW also by APT. These results show no gold detection in the bulk of the NW
(Figure 2), which is in good agreement with previous studies [3]. Moreover, Au clusters
detected on the Si-NW surface by APT are in accordance with TEM measurements.
An investigation of the interfacial region between catalyst and silicon nanowire has also been
done using EDS mapping and APT. Both techniques indicate that a silicon oxide layer was
formed between the gold catalyst and the Si NW. In addition, ATP measurements showed the
presence of a SiAu alloy layer containing less than 1% gold underneath the catalyst droplet.
[1] T. David et al., Journal of Crystal Growth, 383, 151-157 (2013)
[2] C. Wiethoff et al., Nano Letters 8, 3065-3068(2008)
[3] J.E. Allen et al., Nature Nanotechnology 3, 168-73 (2008)



 
Fig. 1: Tomography STEM-HAADF showing the different facets and the repartition of gold on them
 

 
Fig. 2: STEM-HAADF / EDS mapping versus APT at the Au/Si interface
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The development of materials science at the nanoscale questions the characterization
techniques on their ability to describe small objects, either individually or as large assemblies.
Transmission electron microscopy (TEM) appears as one of the techniques able to provide
quantitative results using imaging, spectroscopic or diffraction methods. Aiming the structure,
size and phase analysis of nanoparticles, a TEM approach would ideally combine these
methods at the nanometer scale but analyses on individual particles are not ideal if one wants
a representative statistical analysis.
Another approach would be based on the quantitative analysis of electron diffraction
intensities similarly to what is done in X-ray Powder Diffraction (XPD). Selected Area Electron
Diffraction patterns of an assembly of nanoparticles exhibit ring patterns analogous to those
from XPD, hereafter called Electron Powder Diffraction patterns (EPD). Phase identification and
structure refinement of such powder diffraction patterns can be reached by search-match
routines followed by Rietveld analysis [1-2] or PDF (Pair Distribution Function) [3-4] methods.
Besides the phase identification and structure refinement issue, we will show that the average
size and shape of the crystallites (Fig. 1) as well as quantitative texture analysis (Fig. 2) can be
obtained from EPD [5]. Using Rietveld analysis within the Combined Analysis methodology,
almost routine analyses of nanoparticles in the form of powders and thin films can be
achieved. Complementary measurements can be added, for instance Energy Dispersive X-ray
Spectroscopy in order to constrain the refinements in cases for which elemental variations are
of matter, and PDF, in order to quantify even amorphous structures [3,6].
This reciprocal space approach allows a fast access to statistically meaningful information
about the average size and shape of an assembly of nanoparticles (agglomerated or not). It is
thus very complementary to direct imaging of isolated nanoparticles. Fast and insensitive to
sample drift, this approach shall be advantageously used for gaining quantitative information
from in-situ environmental studies of dynamic processes involving nanoparticles.
[1] T.E. Weirich, M. Winterer, S. Seifried, H. Hahn and H. Fuess, Ultramicroscopy 81 (2000) 263.
[2] A.M. Tonejc, I. Djerdj and A. Tonejc, Mat. Sci. Eng. C 19 (2002) 85.
[3] T. Takagi, T. Ohkubo, Y. Hirotsu, B.S. Murty, K. Hono and D. Shindo, App. Phys. Lett. 79
(2001) 485.
[4] A.M.M. Abeykoon, C.D. Malliakas, P. Juhás, E.S. Božin, M.G. Kanatzidis, S.J.L. Billinge, Z.
Kristallogr. 227 (2012) 248.
[5] P. Boullay, L. Lutterotti, D. Chateigner and L. Sicard, Acta Cryst. A (2014) in press.
[6] D.J.H. Cockayne and D.R. McKenzie, Acta Cryst. A 44 (1988) 870.
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Fig. 1: a) Mn3O4 nanoparticle’s aggregates. Associated EPD in b) and 1D plot in c) representing the full integration
along the Debye rings. The profile is fitted (Rw=2.06% and RBragg=1.55%) considering the sample contribution and
compared with XPD in d). e) TEM bright field image of isolated particles. f) Average size and shape of the Mn3O4
nanoparticles.
 

 
Fig. 2: a) EPD for 2 extreme and 0° sample tilts obtained on a Pt thin film deposited on a Si single crystal substrate. b)
corresponding 1D patterns using Dh = 10° and for h = 180°. c) 2D plots for the 35 1D-patterns of each 2D pattern in
a). Experimental data (bottom) and fits (up) are represented, Pawley pattern matching. Square root intensity scales.
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From sunscreen to optoelectronics, sensors, catalysis and drug delivery, nanometer-scale
particles play an important role in a rapidly growing range of applications. An important
example of the commercial application of nanoparticles is in the field of catalysis. By
maximising the surface area of catalytic metals through the use of nanoparticles, catalytic
reactivity can be greatly enhanced and the selectivity strongly influenced. Bi- or multimetallic
particles offer even greater scope for fine-tuning.
To better understand their catalytic performance, one must gain a detailed understanding of
the size, shape, composition and, most importantly, the arrangement of atoms within and on
the surface of the particles. While some atomic scale information on the structure of
nanoparticles has long been accessible through electron microscopy [1], identifying the
chemical nature and 3D location of the individual atoms remains a challenge using such
techniques.
The potential for APT to provide microstructural information for catalysis is well-recognized,
and experiments on nanoparticles have proven to be promising, but experimentally
challenging [2,3]. Here, we demonstrate how high-resolution atom probe tomography (APT)
can be used to quantitatively determine the three-dimensional distribution of atoms within a
Au@Ag core-shell nanoparticle with a resolution of +/- 0.5 nm. Specifically, we will describe
several major advances in atom probe techniques in recent years that are specifically suited to
the study of nanoparticles. These include new specimen preparation techniques that overcome
the conventional barrier to the study of nanoparticles by atom probe, and recent advances in
the available methods to extract information about the segregation of atoms to three
dimensional surfaces that allow mapping of the distribution of the shell species in core-shell
particles.
By using these new tools, we reveal that the elements in the Au@Ag nanoparticles are not
evenly distributed across the surface and that this distribution is related to the surface
morphology and residues from the particle synthesis. Access to this type of information is a
revolutionary step forward for the rational design of nanoparticles.
References:
[1] Kiely, C., Electron microscopy: New views of catalysts. Nature Materials, 2010. 9: p.
296-297.
[2] Xiang, Y., et al., Long-chain terminal alcohols through catalytic CO hydrogenation. Journal
of the American Chemical Society, 2013. 135(19): p. 7114-7117.
[3] Tedsree, K., et al., Hydrogen production from formic acid decomposition at room
temperature using a Ag-Pd core-shell nanocatalyst. Nat. Nano, 2011. 6(5): p. 302-307.
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Segregation is an important physical phenomenon in alloy materials and has significant
influences on the physical and chemical properties. In particular, segregation at the surface or
subsurface can drastically change the molecular adsorption properties of alloy surfaces and
thus becomes a promising way to design highly active catalysts.1 Atomic understanding of
segregation effect in nanoscale alloy catalyst particles is therefore crucial yet still challenging
for future catalyst designs.
In this talk, we will highlight some of our recent works on understanding and controlling nano
segregation effect in advanced Pt alloy catalysts for fuel cell technologies.2-5 We demonstrate
how alloy composition (Fig. 1), particle size (Fig. 2), and particle shape (Fig.3) can result in
different segregation behaviors in Pt alloy nanoparticles and thus drastically influence their
catalytic activity and stability. Focus will be placed on the atomic imaging of nano segregation
by using state-of-the-art aberration-corrected scanning transmission electron microscopy
(STEM) and electron energy loss spectroscopy (EELS) and in situ experiments. In particular, by
using STEM-EELS elemental profile/mapping, we revealed novel compositional segregation
patterns in PtxNi1-x core-shell nanoparticles, showing an unexpected Ni-segregated inner shells
depending on the bulk alloy composition (Fig. 1).2 Furthermore, we discovered a distinctly
different compositional segregation in octahedral PtxNi1-x nanoparticles, which featured a
surprising Pt segregation at the edges/corners and Ni segregation at the facets (Fig. 3).4 We
explored the physical origin for these distinct segregation behaviors and their impact on the
catalytic activities and stability for fuel cell reactions. This will be further complemented by
in-situ STEM-EELS experiments to study the structural and compositional evolution of Pt alloy
nanoparticles during nanoparticle synthesis, post thermal annealing, and solution-phase
electrocatalysis, shedding important light for catalyst designs with desired segregation
patterns and chemical properties.
References:
(1)Stamenkovic, V. R. et al. Science 2007, 315, 493-497. (2)Gan, L., Heggen, M., Rudi, S. &
Strasser, P. Nano Lett 2012, 12, 5423-5430. (3)Gan, L., Heggen, M., O'Malley, R., Theobald, B.
& Strasser, P. Nano Lett 2013, 13, 1131-1138. (4)Cui, C., Gan, L., Heggen, M., Rudi, S. &
Strasser, P. Nature Mater 2013, 12, 765-771. (5)Gan, L., Cui, C., Rudi, S. & Strasser, P. Top
Catal 2014, 57, 236-244.
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Fig. 1: Figure 1. Aberration-corrected STEM-EELS elemental profiles of dealloyed PtNi (a, d), PtNi3 (b, e) and PtNi5 (c, f)
core-shell NPs, showing near-surface Ni-rich inner shells.2

 

 
Fig. 2: Figure 2. STEM images and EELS line profiles of size-selected spherical PtNi3 catalyst after stability test.
Nanoporous particles formed at larger sizes (ca. 10 nm) and, consequently, lower near-surface Ni content as well as
larger Pt shell thickness.3

 

 
Fig. 3: Figure 3. EELS elemental mapping of octahedral PtNi1.5 nanoparticles along (a) <110> direction and (b) <100>
direction, showing that Pt segregated at the edges and corners whereas Ni segregated at the facets. (c) The revealed
structural model. 4
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Photocatalysts have potential applications for solar fuel generation either through water
splitting or CO2 reduction. It is now recognized that atomic level in situ observations are critical
for understanding the structure-reactivity in photocatalysts in the presence of reactant and
product species and during in-situ light illumination. TiO2 is a promising photocatalyst used for
self-cleaning, pollutants degradation and water splitting etc. Metal particle co-catalysts such as
Pt are coupled to the semiconductor to provide chemically active sites and attract excited
electrons preventing charge recombination. Herein we use TiO2 as a model material to develop
in situ photocatalytic experimental methodology and explore structure changes of
metal/semiconductor photocatalysts. We employ a modified ETEM with a broadband light
source to study the behavior of metal particles on TiO2 semiconductor surfaces under
photoreaction conditions.
Well defined anatase nanoparticles were prepared following a hydrothermal method. Metal
co-catalysts such as Pt, Ag and Cu were loaded onto the anatase nanobars using methods such
as dry impregnation, photo-deposition and sputtering. An FEI Tecnai F20 ETEM was modified to
allow samples to be illuminated with light with intensity up to 10 suns [1]. In situ analysis was
performed tracking structure changes in photocatalytic vapor phase water splitting reactions.
Ex-situ experiments were performed to compare or confirm in-situ observations under
exposure to a 450W xenon lamp with a mirror reflecting 360nm to 460nm light. TEM images
for ex-situ experiments were taken from an FEI aberration corrected Titan TEM.
The initial anatase particles shown in Figure 1a appear crystalline on the surface and the
surface is smooth and atomically abrupt. Figure 1b shows a crystal after 40 hrs exposure to
water and light without prior exposure to the electron beam. When the titania is exposed to
light and water vapor, the initially crystalline surface converts to an amorphous phase one to
two monolayers thick [2]. 5% wt Pt particles were loaded onto anatase nanoparticles and well
dispersed through proper heat treatment. Figure 2a also shows initial Pt on TiO2 materials.
After exposure to a xenon lamp in liquid water for 6hrs, Pt particles show significant sintering
as shown in Figure 2b. Pt/TiO2 sample shows significant surface disordering (Figure 2b). In-situ
experiments were performed to study the evolution of the Pt sintering, TiO2 surface roughening
and the Pt/TiO2 interface changes. Other metal co-catalysts will also be discussed in the
presentation.
References:
[1]. Miller, B.K.; Crozier, P.A. Microscopy and Microanalysis 2013, 19, 461-469
[2]. Zhang, L.; Miller, B. and Crozier P. A. Nano Lett. 2013 13 (2), 679–684
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Fig. 1: a) Initial anatase crystal at 150°C without exposure to water or light. b) After 40 hrs in 1 Torr H2O, 12 hrs light
exposure.
 

 
Fig. 2: a) Initial 5%wt Pt on anatase particles, b)after ex-situ 6hrs exposure to 360nm-460nm light in liquid water; (with
insertions low magnification images).
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Supported metal catalysts, in particular zeolites and oxide supported noble metals, are widely
applied in industrial processes, such as petroleum refining, automobile exhaust conversion and
petrochemical conversion. A crucial challenge in studying these catalysts lies in structural
nonuniformity, which hinders the tuning of catalytic properties for control of selectivity and
activity. In this work, we report investigation of supported metal catalysts with small, uniform
structures on highly crystalline supports to gain a fundamental understanding of supported
catalysts. Here we present direct measurements of such catalysts, using aberration-corrected
scanning transmission electron microscopy (STEM) at atomic resolution with single atom
sensitivity. STEM is well-suited for characterizing these catalysts, as the high atomic number
difference between the support and the supported metal provides a strong contrast in the
STEM images. Quantitative analysis was performed on metal sizes, shapes and their bonding
locations within the cavities of zeolite structures, which is essential in studying
structure-property relationship. Our results also demonstrated that STEM technique is a very
powerful when complemented by extended X-ray absorption fine structure and infrared
spectroscopies for identification of ligands, determination of metal-metal distances and
coordination number.
High electron-dose (105-108 e-/A2) STEM imaging was applied for these highly beam sensitive
materials, with images taken quickly before significant destruction or modification of of
structures. High signal-to-noise ratio for this approach provides the advantage of easy image
interpretation. Results of characterization of a range of supported heavy metals, including
iridium, platinum and rhodium supported on various zeolites will be presented. Zeolites were
chosen as the support material because of their wide applications in industry and their high
degrees of crystallinity, which provide well-defined structures for imaging. Our results
demonstrated high contrast of the STEM images characterizing these catalysts, which is
unattainable from previous studies, as exemplified by Figure 1 showing mononuclear iridium
species supported on zeolite Y. Detailed determination of the configuration of the metal
species in the structure and the interaction between these metal complexes and the ligands,
including the support, will be presented.
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Fig. 1: Aberration-corrected HAADF-STEM image of zeolite Y supported iridium species. Bright features encircled are
examples of iridium species, mostly mononuclear complexes.
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Microscopic measurements of Si thin films and nanostructures can provide interesting insights
for their applications, e.g., for an operation of corresponding solar cells. This was the case for
amorphous and microcrystalline Si films, but also for structures of polycrystalline Si on glass.
Radial junctions based on silicon nanowires (SiNWs) are an example of modern nanostructured
solar cell designs with excellent light trapping and efficient photogenerated charge collection.
A single pump-down process used to prepare a randomly grown matrix of SiNWs and
conformal p-i-n radial junctions led to cells with efficiencies over 8% [1]. Considerable
influence of irregularities in SiNWs lengths, orientations, shapes and mutual interaction on the
photovoltaic action can be expected. Direct measurement of these effects requires
microscopic measurements of photoresponse. This is possible using atomic force microscopy
(AFM) with conductive cantilever which serves as a contact to individual radial junctions [2]. At
the same time the cantilever can measure the local nanomechanical properties, including local
stiffness of the wires, which can only sustain contact forces up to ~1 nN. Resulting
conductivity maps show substantial variation of the local electronic properties. The AFM tip
cannot reach deeper into the SiNWs matrix and correlation with scanning electron microscopy
of the identical nanowires was sought in order to identify the reason for conductivity
variations. The results are discussed in terms of random photodiode arrays connected in
parallel with overall performance limited by weak diodes.
[1] S. Misra et al., Sol. Energy Mat. Sol Cells. 118 (2013) 90–95.
[2] A. Fejfar et al., Sol. Energy Mat. Sol. Cells. (2013) 228–234.
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Fig. 1: SEM view of the radial junction solar cells based on
Si nanowires (top) and scheme of the conductive AFM
characterization (bottom).
 

 
Fig. 2: Map of local current observed by C-AFM within 5x5
micrometers area (top) and local current superposed on
the topography (bottom).
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TEM aberration correctors now allow for structures to be investigated at atomic resolution with
high contrast, which could greatly benefit in-situ observations of physical, chemical and
biological phenomena. Recently, in-situ TEM observations of the growth of nanoparticles in
liquids revealed new phenomena during the formation of colloidal inorganic particles, but the
relatively thick SiN windows and even the liquid material trapped inside degrades TEM
resolution and SNR [1]. The growth mechanisms of such materials could greatly benefit from
high-resolution characterization although such experiments were difficult due to thick SiN
windows. Graphene sheets have been successfully used as a single-atom thick substrate for
high-contrast HR-TEM imaging, and its high flexibility, mechanical strength and impermeability
allows the encapsulation of liquid under TEM vacuum conditions [2-3]. We introduce a type of
liquid cell using graphene sheets to entrap a colloidal growth solution for in-situ HR-TEM
imaging.
Graphene liquid cells (GLC) were created by superimposing two graphene sheets grown on
separate grids. A Pt growth solution is pipetted on top of the opposing graphene substrates.
The Pt growth solution intercalates between the graphene sheets and stays trapped after
drying in air. Figure 1 shows a low-magnification TEM image of the encapsulated solution and
an illustration of the GLC. For in-situ experiments, pockets of Pt-growth material are first
identified using a low electron dose at low magnification. The electron dose is increased to 103
– 104 A/m2 at high magnification to reduce the Pt precursor and begin nanocrystal growth. We
observed growth and coalescence of colloidal Pt nanoparticles at atomic resolution at 3.85 fps
using TEAM I at 80keV and a Gatan US1000 CCD camera. The combination of a 2 atom thick
membrane to contain a small amount of liquid and the chromatic aberration corrector (C-COR)
provide unprecedented resolution during Pt nanoparticle growth.
Resolution and SNR are sufficient to image atomic columns, facets and twins of individual
nanoparticles in each movie frame. Figure 2A) and B) show particle coalescence resulting in a
FCC single crystal and a twinned FCC crystal, respectively. The twin structure remains for the
duration of our observations.
Liquid encapsulated between graphene sheets provides an ideal in-situ system to study
nanoparticle growth and coalescence with atomic resolution. The technique can be readily
applied to study a diverse range of systems in-situ in a HR-TEM.
References:
[1] H. Zheng et al, Science 324, 1309 (2009)
[2] Z. Lee et al., Nano Lett. 9, 3365 (2009)
[3] J.M. Yuk et al., Nano Lett. 11, 3290 (2011)
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Fig. 1: Low resolution TEM image of a 100 nm diameter liquid pocket and illustrations of a graphene liquid cell.
 

 
Fig. 2: Growth of Pt nanoparticles via coalescence along <111> directions imaged by HR-TEM in a GLC with relative
times from the start of the reaction. A) Two particles coalesce to form a FCC single crystal. B) Two particles form a
twinned nanocrystal as indicated in the included FFT pattern. 2 nm scale bars.
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Catalyst deactivation is a major challenge for the catalysis community. The proposed
mechanisms of catalyst deactivation include sintering, re-oxidation of metal components and
surface reconstruction and mechanical deactivation through attrition. The bimetallic RuFe
system has been investigated and employed as an interesting alternative catalyst in many
applications. [1]
In this work we show results on the determination of morphological changes of an alloyed (1:1)
RuFe/TiO2 (6% m/m) catalyst. This material was prepared by impregnating the TiO2 support
with a solution of Ru3+ and Fe3+ and subsequently drying the suspension in a rotatory
evaporator. The material was oxidized in ambient atmosphere at 600C for 2 h and then
thermally processed in a H2-rich atmosphere at 400C for 1 h. The as prepared catalyst was
used in the hydrogenation of dimethyl adipate in a Parr reactor at 250C and 50 atm of H2 for
15h. After the reaction, the catalyst was recovered and analyzed by TEM and XED-SI. The
images and spectroscopic information shown here are representative of a detailed
investigation of this system.
Figure 1 shows bright field (BF-TEM) images of RuFe particles deposited on the surface of TiO2
support. The as prepared bimetallic nanoparticles appear as dispersed dark hemispheres. A
marked morphological change is observed in the catalyst after the reaction: in Fig. 1-A, small
dark particles are seen embedded in an irregular shaped gray matrix. The inset in B show
fragmented particles in detail.
In Figure 2, BF-TEM images and XED-SI chemical maps of the as prepared catalyst show
correlated distributions of Fe and Ru, which is evidence of the formation of a RuFe solid
solution. After the reaction, the Fe content is distributed throughout the gray matrix observed
in Fig. 1 and Ru is concentrated at positions associated with the small dark gray particles seen
in BF.
The decrease in the catalytic performance observed during the reaction can be attributed to
the change in the distribution of metallic domains within individual particles. The initial
morphology of the hemispherical RuFe solid solution particles changes to Ru-rich particles
embedded into a matrix of iron oxide. This morphological description will provide new
arguments to the understanding of the observed catalytic performance.
1. Nikolaos E. Tsakoumis, Magnus Rønning, Øyvind Borg, Erling Rytter, Anders Holmen,
Catalysis Today 154 (2010) 162-182.
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Fig. 1: BF-TEM images of RuFe particles deposited on the
surface of TiO2 support. The as prepared bimetallic
nanoparticles appear as dispersed dark hemispheres. A
marked morphological change is observed after the
reaction: in A, small dark particles are seen embedded in
an irregular shaped gray matrix. The inset in B show
fragmented particles in detail.
 

 
Fig. 2: XED-SI chemical maps of the as prepared catalyst
show correlated distributions of Fe and Ru, which is
evidence of the formation of a RuFe solid solution. After the
reaction, the Fe content is distributed throughout the
observed gray matrix (Fig. 1) and Ru is concentrated at
positions associated with the small dark gray particles seen
in BF.
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Semiconductor photocatalysts have been extensively studied for the removal of organic
compounds in waste water using solar energy [1, 2]. In this work, we demonstrate a novel
plasmonic photocatalyst silver/silver chloride nanohybrids on the titanate thin film obtained via
a facile and cost-effective approach [3, 4], which involves the following steps. Firstly, the
sodium titanate thin film is prepared using a traditional hydrothermal method at 200 oC for 6h.
Secondly, the Na+ ions in the interlayer of the titanate is replaced by Ag+ ions through an
ion-exchange process. Then the obtained silver titanate readily reacts with HCl vapor to form
the AgCl particles on the titanate thin films. Finally, the visible-light-driven plasmonic
photocatalyst Ag/AgCl/titanate is obtained by partially reducing the Ag+ ions from the AgCl
particles with the aid of Xe lamp illumination.
Typical FESEM and TEM images of the titanate film and the AgCl/titanate film are shown in Fig.
1 and Fig. 2 respectively. The as-prepared titanate film shows porous honeycomb-like features
(Fig. 1a). Each honeycomb consists of 3~6 sided walls, inside which intertwined titanate
nanowires are present. The diameter of a single nanowire is in the range from 40 to 50 nm.
The X-ray diffraction pattern from the titanate film is shown in Fig. 1b, and the peaks are
indexed as coming from orthorhombic titanate phase Na2Ti2O5. After the reaction with HCl, new
peaks corresponding to the cubic AgCl phase are observed. Electron microscopy studies
indicate that the dense AgCl nanoparticles are uniformly distributed on the surface of each
titanate nanowire without agglomeration (Fig. 1c and 1d), and the particles size is around 50
nm (Fig. 2b). Fig. 3 shows that the as-prepared Ag/AgCl/titanate film photocatalyst exhibites
higher activity in the visible region of the solar spectrum for the degradation of phenol
solution, while the titanate thin film shows negligible activity for the phenol removal. This
room-temperature synthesis route could be easily extended to prepare various solar light
responsive semiconductors via metal ion exchange and gas reaction process for photocatalytic
applications.
References
[1] X.C. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J.M. Carlsson, K. Domen, M.
Antonietti, Nat. Mater. 8 (2009) 76-80.
[2] X. Chen, S.S. Mao, Chem. Rev. 107 (2007) 2891-2959.
[3] Y. X. Tang, V. P. Subramaniam, T. H. Lau, Y. K. Lai, D. G. Gong, P. D. Kanhere, Y. H. Cheng,
Z. Chen, Z. L. Dong, Appl. Catal. B: Environ., 106 (2011) 577.
[4] Y. X. Tang, Z. L. Jiang, J. Y. Deng, D. G. Gong, Y. K. Lai, H. T. Tay, I. T. K. Joo, T. H. Lau, Z. L.
Dong, Z. Chen, ACS Appl. Mat. Interfaces, 4(2012) 438.
 

Acknowledgement: The authors thank the Environment and Water Industry Programme Office
(EWI) under the National Research Foundation of Singapore (grant MEWR651/06/160) for the
financial support.



 
Fig. 1: (a) FESEM image of the as-prepared titanate thin film showing honeycomb-like structure, (b) X-ray diffraction
patterns of titanate film and AgCl/titanate film, (c) FESEM image showing the morphologies of the AgCl/titanate film,
and (d) FESEM image showing uniform distribution of AgCl nanoparticles on titanate nanowire surface.
 

 
Fig. 2: The TEM images of (a) titanate nanowires, and (b) AgCl/titanate nanowires. The samples are obtained from the
titanate film and AgCl/titanate film via ultrasonic treatment in water.
 

 
Fig. 3: Comparison of photocatalytic activityof titanate film and Ag/AgCl/titanate film samples for the
photocatalyticdecomposition of phenol in water under the visible light illumination. Thelight intensity is around 115
mW/cm2.
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Molecular sieves are open-framework materials that can separate a mixture of different
molecules on the basis of molecular size and shape. Among them zeolite beta  is     one of the
most important with numerous industrial uses as a result of its structure of polymorphs  and a
large pore openings of 7 Å.  It is formed by the intergrowth of two or three polymorphs (A, B
and C) related by a combination of different stacking planes.  Searching for new framework
topologies in such materials, with specific chemical and physical properties, a method to
obtain different proportions of polymorphs has been employed in order to control the
microstructure and chemistry on an atomic scale, therefore electron microscopy
characterization is essential to directly analyze these structures.  Hydrothermal synthesis was
used as crystallization method. The syntheses of intergrowths are based on the combination of
different concentrations of   the organic template (TEAOH) and different silica/alumina
ratios.     High resolution Scanning and Transmission Electron Microscopy, electron diffraction
and X-ray powder diffraction techniques have been used for characterizing the structures.  To
identified the different polymorphs the Multislice method was used to generate HRTEM images
with specific crystallographic orientation for different focal and thickness series, using  the
software Cerius2 and  the proportion of intergrowths was calculated by fitting the XRD data to
the simulated patterns using DIFFaX,  a software design to calculate stacking defects in
zeolites.
The mechanisms behind the formation of different proportions of polymorphs depended
strongly on the synthesis parameters studied.  Although, most of the authors reported that the
proportion of polymorphs in beta is 60%B-40%A, in the present work it was found this
proportion fluctuates with the crystallization time for the different synthesis conditions
employed, the lowest (51%B) and the highest (68%B) content of polymorph B was obtained
for   SiO2/Al2O3 = 100 and TEA2O/ SiO2 =0.27 and 0.75 respectively. Therefore, it seems that
high template content stabilizes polymorph B. Fig. 1 shows   HRTEM images for these samples.
Electron microscopy was an essential technique to understand the mechanism of formation of
these materials and to understand their structure. The complementary use of all the
microscopy techniques provided a wealth of unique information for the extensive
characterization of these solids.



 
Fig. 1: Fig. 1 HRTEM images for beta zeolites obtained with different synthesis conditions: a., b. SiO2/Al2O3 =100, 
TEA2O/ SiO2 =0.27,  2d. c., d. SiO2/Al2O3 =100, TEA2O/ SiO2 =0.75, 12d.
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The impact of zeolites as catalyst for refining processes has been mainly associated to the
regular distribution of channels and cavities that determines the distribution of product species
on terms of geometry and size. In the search of new structures with new topologies, the
controlled synthesis of zeolites with stacking defects forming intergrowth structures looks very
promising.
The nature and distribution of intergrowth structures, and recurrently defect structures, like
twins, as well as new types of structural imperfections can have a dramatic effect on the
catalytic performance of these materials, due to the formation of new cavities in the
intersections, resulting in new product distribution.
The structural disorder and its correlation with the catalytic activity have not been very well
studied, neither the controlled synthesis of structural disorder. This is the fundamental base for
the controlled design of microporous materials of disorder structures.
In the present work, the effect of different of intergrowths domain distribution of MFI/MEL and
the presence of defect structures, on the catalytic performance of these materials has been
studied using of n-decane hydroconversion as a model reaction.
The synthesis of the intergrowths of MFI/MEL was carried out by the combination of TBA and
TPA organic molecules, TBA first added to colloidal silica solution and after 2 h of agitation TPA
was incorporated, and hydrothermal treatment was followed at 150C and 90 C, obtaining
proportions of 80MFI/20MEL and 70MFI/30MEL respectively.
The amount of intergrowth formation was determined by XRD, by fitting the experimental
patterns to simulated patterns of intergrowth structures generated using the software DIFFaX.
The resulting distribution of products for MEL and 70MFI/30MEL and 80MFI/20MEL (Fig.1),
clearly indicates that a new configuration of channels and cavities is present, forming larger
cavities at the intersections that allows an increased amount of bulky products (di-branched)
to be obtained. HRTEM was an essential technique to comprehend this behavior. For the
intergrowth materials, a random distribution of intergrowths domains and numerous defects
are present: vacancies, pore coalescence, that were responsible for the product distribution
obtained in the catalytic reaction. (Fig.2). While the MEL presents more ordered and
homogeneous structure (Fig. 3)
In this work, it was shown that the properties of a catalyst are governed by its microstructure
and chemistry on an atomic scale, and electron microscopy methods were essential to directly
analyze these properties.



 
Fig. 1: Fig. 1 Distribution of di-branched and mono-branched products reached at maximum isomerization in the
catalytic reaction
 

 
Fig. 2: Fig. 2 HRTEM image of intergrowth 20%MEL/80%MFI
 

 
Fig. 3: Fig. 3 HRTEM image of MEL
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SBA-15 and SBA-16 exhibiting arrangements of mesopores, have received particular attention
for applications involving selective host-guest interactions or diffusion of large molecules.
SBA-15, prepared with the triblock copolymer PEO20PPO70PEO20 (Pluronic P123), consists of a
mono-dimensional channel system distributed in a two-dimensional hexagonal structure.
SBA-16 consists of two non-interpenetrating three dimensional
channel systems with spherical mesoporous cage-like cavities connected through windows.
A good understanding of how the synthesis conditions of these materials affect the meso- and
macro-structure characteristics is important for their applications, since it allows to control 
their properties.
In the present work the effect of variation of different synthesis conditions in the structure of
both materials have been systematically investigated.
The synthesis was carried out in acidic medium from the triblock copolymers surfactants
Pluronic F127 (EO106PO70EO106) and Pluronic P123 (PEO20PPO70PEO20) to obtain SBA16
and SBA 15, respectively  and TEOS was used as silica source. The synthesis parameters
studied were temperature (70 to 110 ̊C), time (24 to 72 hours) and agitation. 
The synthesis carried out using Pluronic 123, resulted in an increase in pore diameter with
temperature and time, from 5.6 nm at 70C, 24h to 8.3 nm at 110C, 72h and therefore  a
decreases in mesoporous area and increase in  pore volume. It was observed that the
microporosity was lost at high temperatures, and the mesoporous wall thickness decreases.
On the other hand, the synthesis carried out with Pluronic 127 showed a very small variation
in  pore size with temperature and time. However, the mesoporous area increased, and the
microporosity decreased with temperature showing some disorder on mesoporous
arrangement at 100C, as it is observed by HRTEM.
Fig 1 shows HRTEM images of mesoporous materials SBA 15 synthesized at 90 °C, 48h and Fig
2 and 3 SBA 16 synthesized for 48h at 90 and 110 C, respectively, showing the disorder
structure obtained at high temperatures.
 

Acknowledgement: Saidi Duno, Paola Patete, Edgar Cañizales for TEM facilities, Lisbeth Lozada
for TEM sample preparation.



 
Fig. 1: SBA-15 synthesized with F123 at 90°C, 48h
 

 
Fig. 2: SBA 16 synthesized with F127 at 90°C, 48h.
 

 
Fig. 3: SBA 16 synthesized with F127 at 110°C, 48h.
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The plasmonic characteristics of metals like Au or Ag dramatically change with particle size.
The increased light absorption of nanoparticles (NPs) moreover depends on the wavelength
and is maximized when the electrons in the conduction band are in their resonance state.
Relaxation processes turn this oscillation energy into phonons, with an efficiency that depends
on various parameters such as the particle size, shape and aggregation [1]. The thereby
generated heat can be utilized for various applications, including cancer treatment. If Au NPs
are selectively taken up by cancer cells, they can be activated photothermally by laser
irradiation and the resulting heat can destroy these cells [2]. Here we report on the electron
microscopy characterization of hybrid agglomerates (50 - 100 nm in diameter) consisting of
SiO2-coated Fe2O3 and Au nanoparticles that show promising plasmonic and superparamagnetic
properties [3]. This hybrid material was synthesized by enclosed flame spray pyrolysis, a very
flexible and scalable technology [4].
TEM images (Figure 1) confirm that the Au/Fe2O3 NPs are indeed coated by an amorphous SiO2

shell which is ca. 2.5. nm thick here. The dark disks correspond to Au NPs with diameters
between 10 – 40 nm, while the Fe2O3 NPs appear gray similar to the silica layer which encloses
both types of NPs. The crystalline Au and Fe2O3 NPs furthermore show some lattice planes.
STEM is employed for detailed characterization of these aggregates (Figure 2). In the
HAADF-STEM (Z contrast) image, bright disks correspond to the Au NPs whereas faint gray
areas indicate the presence of the less heavy scatterers (i. e., Fe2O3 and SiO2), as additionally
confirmed by EDXS analysis of small areas (Figure 3a) and EDXS mapping (Figure 3b,c). Note
that the crystalline Fe2O3 NPs are also detectable as areas showing lattice fringes in the
PC-STEM image (Figure 2b) [5].
These results reveal that the Au and Fe2O3 NPs are predominantly located next to each other
forming Janus-, or dumbbell-like nanoaggregates and that they are encapsulates by SiO2. The
comprehensive characterization of the aggregates is important as the distance between the Au
NPs determines the plasmonic interparticle coupling and this distance can be finely tuned by
closely controlling the SiO2 shell thickness [3].
[1] P. K Jain et al. Accounts Chem. Res. 41 (2008) 1578.
[2] L. R. Hirsch et al., Proc. Natl. Acad. Sci. USA, 100 (2003) 3549.
[3] G. A. Sotiriou et al., Adv. Funct. Mater., 2014, http://dx.doi.org/10.1002/adfm.201303416.
[4] A. Teleki et al., Sens. Actuators, B, Chem. 119 (2006) 683; A. Teleki et al., Langmuir 24
(2008) 12553; G. A. Sotiriou et al., Adv. Funct. Mater. 20 (2010) 4250.
[5] F. Krumeich et al., Micron 49 (2013) 1.
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Fig. 1: TEM images of silica-coated Au-Fe2O3 aggregates revealing the coating of the Au and Fe2O3 NPs by an amorphous
silica layer (microscope: Tecnai F30 (FEI), FEG, operated at 300 kV).
 

 
Fig. 2: HAADF-STEM (Z contrast) (a) and PC-STEM (phase-contrast) (b) images of the silica-coated Au-Fe2O3 aggregates
(microscope: HD2700CS (Hitachi) with probe corrector (CEOS), cold FEG, operated at 200 kV).
 

 
Fig. 3: HAADF-STEM images (a,b) with the results of EDXS measurements of the indicated areas in (a) and EDXS
elemental mapping (c) of (b). Au: green; Fe: blue; Si: red. (microscope: HD2700CS (Hitachi) with EDX spectrometer
(EDAX Gemini system)).
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Nanoparticles exhibit specific structural and optical properties which are different from those
of the corresponding bulk materials. The lattice softening is one of the specific properties
originated from the shallow interatomic potential. On the other hand, localized plasmon in
metallic nanoparticles is recently focused on the optical properties. The electric field induced
by the localized plasmon may interact with the lattice vibration and enhance the lattice
softening.
We confirmed in our previous research that a lattice accommodation takes place in a
two-phase nanoparticle which has a lattice misfit. The lattice accommodation is induced not
only on the interface between the two phases but also all over the nanoparticle. In such a
lattice-accommodated two-phase nanoparticle, if only one phase is resonantly excited by the
localized plasmon using well-defined photo-illumination, that is, the electron-phonon
interaction is induced in the only one phase, how will the accommodated lattice behave to
photo-illumination ?
In the present work, photo-induced lattice accommodation in Ag/Cu composite nanoparticles
has been studies in situ by laser-coupled TEM with a double source evaporator, in order to see
an electron-phonon interaction in the nanoparticles.
Fig. 1(a) shows a BFI of Ag/Cu composite nanoparticles and the corresponding DFI taken from
Ag 111 reflection. Two kinds of morphologies are observed as shown schematically in the
figure. One is core-shell structure (type A), and the other is particle-connected structure with a
planer interface (type B). The amount of type A is larger than that of type B. Fig. 1(b) shows
electron diffraction profiles from the nanoparticles before, during and after photo-illumination
with the energy of 2.3 eV. All the diffractions are identified as Debye-Scherrer rings of the fcc
silver and copper. The lattice constant of copper with and without photo-illumination are 0.370
and 0.366 nm, respectively. The changes in the lattice constant take place reversibly. The fact
that no changes in the lattice constant are induced by photo-illumination in pure silver or
copper nanoparticles denies an effect by the thermal expansion.
It was evident that photo-induced lattice accommodation takes place in Ag/Cu composite
nanoparticles. Photo-illumination with the energy of 2.3 eV resonantly enhances the localized
plasmon with the energy of approximately 2.0 eV in copper nanoparticles. An enhancement of
the local electric field in copper nanoparticles may induce the lattice vibration and the
subsequent lattice softening in the copper core region. Consequently, it is considered that the
lattice of the silver shell accommodated by the copper core is relaxed to increase toward the
lattice constant close to that of pure silver.



 
Fig. 1: (a)A BFI of Ag/Cu composite nanoparticles and the corresponding DFI taken from Ag 111 reflection. (b)Electron
diffraction profiles from the nanoparticles before, during and after photo-illumination.
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Diesel oxidation catalysts (DOCS) reduce the amount of pollutants emitted by diesel
automobiles. It is well known that CO, NOx, hydrocarbons and soot are harmful to the
environment (1). DOCs generally use nanoscale Pt nanoparticles supported on a γ-Al2O3
wash-coat which is held on a macro-scale monolithic structure in the car’s exhaust. Figure 1
shows a diagram of this type of structure. Pt is expensive and rare so it is a necessity to
reduce the amount of Pt used in DOCs but also improve their long-term stability. One solution
is to add Pd to Pt (1, 2). In addition to sintering, constituent atomic species in bimetallic
nanoparticles can segregate over time. There are no detailed studies into this aging
mechanism from real commercial DOCs. Here, we describe the aging mechanisms of a 57,000
km road aged bimetallic-DOC (PtPd-Al2O3) with HAADF-STEM (3).
A double aberration corrected JEOL 2200FS with Thermo Scientific Si(Li) window EDX was used
(3). The specimens were prepared by first slicing and crushing monolith channels. The debris
from this process was suspended in ethanol before being despotised onto a holey-C film Cu
TEM grid (3). A fresh, unused monolith and the 57,000 km aged variant were supplied. Despite
being used in a real automobile, there were no major issues with contamination in
HAADF-STEM or HRTEM with the aged variant.
HAADF-STEM is ideally suited to image the DOC material due to the large difference in atomic
number between the nanoparticles and the support. The nanoparticles were found to have
grown by almost 400 % when comparing the aged DOC to the fresh DOC. The nanoparticles in
the fresh DOC were 2.50 nm in diameter on average and 11.00 nm in the aged variant. In
general, rounded surfaces of the nanoparticles are present in the fresh DOC. In the aged DOC,
the rounded surfaces remain in the majority but the proportion of faceted nanoparticles had
increased. Furthermore, HAADF-STEM and EDX was able to show that intensity variations in a
minority of the nanoparticle images were attributed to the segregation of Pt and Pd (3). Pd was
found at the edge of large segregated nanoparticles as predicted by theory (4). In some cases,
the Pt/Pd appeared to form bands within the nanoparticles suggesting partial segregation
which has not been observed from a commercial DOC before.
References
1. M. V. Twigg, Catal Today 117, 407 (2006).
2. A. Russell, W. S. Epling, Catal Rev 53, 337 (2011).
3. M. R. Ward, T. Hyde, E. D. Boyes, P. L. Gai, Chemcatchem 4, 1622 (Oct, 2012).
4. A. B. Shah et al., Nano Lett 13, 1840 (Apr, 2013).
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Fig. 1: Structure of a DOC monolith (a) inside exhaust, (b) magnified view of the monolith channels and (c) magnified
view of the wash-coat (Al2O3) and nanoparticles
 

 
Fig. 2: Typical HAADF-STEM images of the (a) fresh and (b) road aged DOC showing Pt-Pd nanoparticles
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Mesoporous silica nanoparticles present a wide range of applications, amongst which is an
attractive means of delivery for pharmaceuticals within the body. Utilising the high internal
surface area, tunable size and low toxicity of these nanomaterials, drugs may be targeted to
sites within the body, yielded improvements over conventional treatment methodologies. In
this study we have investigated the suitability of a number of different mesoporous silica
nanoparticle structures for carrying a drug cargo [1]. Nanoparticles were characterised in
terms of their physical parameters; size, surface area, internal pore size and structure.
Additionally these were compared to properties specific to successful application in drug
delivery; namely the loading and unloading profiles for a model therapeutic, and also the
response of nanoparticles to conditions similar to those found inside the body. This data allows
an informed decision to be made on the optimum nanoparticle structures required to maximise
cargo capacity and optimise temporal control of the unloading. Controlled capping of the pores
was also found to improve on the drug delivery capability.
Figure one shows SEM and TEM images of three of the classes of mesoporous silica
nanoparticles investigated in the present study. These were named hexagonal mesoporous
silica nanoparticles (a,b), blackberry-like mesoporous silica nanoparticles (c,d), and finally
chrysanthemum-like mesoporous silica nanoparticles (e,f) on the basis of their structures.
Overall the hexagonal particles were found to be ideally suited to drug delivery following
confirmation of the properties described above. High-resolution TEM and tilt-series
HAADF-STEM were used to fully characterise the internal pore structure and arrangement
within these nanoparticles. Importantly this was found to be ordered with pore channels that
were continuous throughout the volume of the nanoparticles, contributing to the high cargo
carrying potential and efficient unloading profile.
[1] X. Huang, N.P. Young, H.E. Townley, Nanotechnology and nanomaterials 4 (2014) 1. DOI:
10.5772/58290



 
Fig. 1: A range of mesoporous silica nanoparticles imaged via SEM and TEM. Hexagonal (a) and (b), blackberry-like (c)
and (d) and chrysanthemum-like (e) and (f).
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N2O has been widely recognized as a hazardous greenhouse gas exhibiting 300 times higher
Global Warming Potential compared to CO2, as well as an ozone layer destruction contributor.
One of its major sources is fossil fuels and biomass combustion and, consequently, several
methodologies have been considered towards its end-of-pipe emission control. Catalytic
decomposition represents the most promising method, due to lower energy demand and cost.
Currently, Ir-based catalysts have gained considerable interest as promising alternatives for
de-N2O process. Enhancement of the Ir active phase intrinsic features via support-mediated
promotional effects comprises the subject of the present study. In particular, the effect of
Ce0.8La0.2O1.9-modified γ-Al2O3 support (AlCeLa) on the Ir nanostructural characteristics and its
de-N2O activity is investigated, using a combination of electron microscopy (TEM, HRTEM) and
image analysis methods.
The morphology of the unmodified 0.5 wt% Ir/γ-Al2O3 sample is depicted in Fig. 1. IrO2 catalyst
adopts both a medium-size (up to 70 nm), crystalline rectangular particle morphology (a), as
evidenced by the Selected Area Diffraction (SAD) pattern in (b), and a smaller and disordered
particles one (c), densely aggregated on top of γ-Al2O3. Supporting Ir on AlCeLa results in the
exclusive formation of larger size, highly crystalline IrO2 particles, as illustrated in Fig. 2(a) and
(b), although the Ir loading is identical in both catalysts. The particles’ mean size is up to 500
nm in Ir/AlCeLa. Their high crystalline quality is presented in Fig. 3(a), where the edge of a IrO2

particle is shown, viewed along its [001] zone axis. Measurements of the lattice spacings
resolved in the image resulted in d110=0.317 nm and d200=0.223 nm, in good agreement with
their theoretical values. This is further confirmed by the Geometric Phase Analysis (GPA)
results in Fig. 3(b). The strain map reveals a uniform distribution, even at the surface crystal
edges, where any contamination by impurity elements or crystal defects formation may be
more pronounced. Strain leaps, white arrowed in Fig. 3, were only measured at regions of
crystal misorientations due to particle inclination.
The superior structural quality of Ir/AlCeLa catalyst was reflected in its outstanding ~100% and
90% N2O conversion records, in the absence and presence of O2, respectively. This is most
probably a result of the trend of oxygen, formed by N2O decomposition, to desorb more easily
from highly crystalline, clear IrO2 surfaces rather than from defected cites, mainly present in
disordered, poorly crystalline small Ir particles. This inevitably leads to higher N2O
decomposition activity in the former case, rendering Ir/AlCeLa a highly efficient de-N2O
catalyst.
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Fig. 1: (a) and (c) TEM images from the Ir/γ-Al2O3 catalyst,
revealing the two distinct morphologies; (b) typical SAD
pattern from the area in (a). Reflections attributed to
IrO2 are denoted in (b).
 

 
Fig. 2: (a) TEM image and (b) [001] SAD pattern of a typical
IrO2 particle in the Ir/AlCeLa catalyst. The difference in size
and crystallinity is outlined.
 

 
Fig. 3: (a) HRTEM image, viewed along [001] and corresponding GPA strain map (b) from the edge of an IrO2 particle in
the Ir/AlCeLa catalyst. A uniform distribution of strain is illustrated; peaks are only observed at regions of crystal
inclination, as shown by the strain profile inset in (b).
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The growth of III/V material on Si substrates opens a wide field of new applications and devices
[1]. The initial stages of the nucleation and especially the type of element (III or V) it is started
with may have a crucial impact on the interface structure and therefore a device´s
performance [2]. In this study Ga was deposited on Si substrates without the presence of
group V elements to investigate the processes occurring during these early stages of growth.
The samples were grown via metal organic vapor phase epitaxy in an AIX 200 GFR reactor. To
investigate the impact on the morphology two different precursors, triethylgallium and
trimethylgallium, were used and the growth temperature was varied between 400 and 500°C.
Electron transparent samples were prepared along an <110> axis of the silicon by
conventional mechanical grinding and final ion milling in a Gatan PIPS. The samples were
characterized in a double C S-corrected JEOL JEM 2200 FS scanning transmission electron
microscope (STEM) operating under high angle annular dark field (HAADF) conditions resulting
in Z-contrast.
On the surface of the Si Ga droplets form which can be identified in HAADF images by their
bright contrast, due to the higher atomic number of Ga with respect to Si (Fig. 1). The number
of droplets clearly scales with amount of supplied precursor during the growth. Moreover, the
droplets are not only confined to the surface but penetrate into the Si forming a pyramidal
structure with boundaries on {111} lattice planes. Complementary energy dispersive X-ray
measurements confirm that these pyramids contain Ga. The observed morphology can be
explained by the fact that the liquid Ga etches the Si at the growth temperature. By addition of
a precursor for group V after the Ga deposition, crystallization of the droplets can be enforced.
Therefore, the droplets can serve as nucleation sites for the growth of low dimensional
materials like nanowires.
This contribution will show how HAADF STEM can be used to investigate etching processes on
an atomic scale.
References
[1] Liebich et al., Appl. Phys. Lett. 99, 071109 (2011).
[2] Volz et al., J. Cryst. Growth 315, 37 (2011).
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Fig. 1: High resolution HAADF image of Ga droplet formed on the Si surface. The droplet penetrates into the Si and is
framed by boundaries on {111} lattice planes which are indicated by broken lines.
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The surface plasmon resonances are the collective oscillation of the conduction electrons of a
metal excited by an electromagnetic radiation. During the last decade, plasmonic properties of
metal nanoparticles have been attracted great interest owing to their potential applications in
different fields such as electronics, photonics, biotechnology and Raman spectroscopy.
Characteristics of the surface plasmon resonances, hence plasmonic properties, are known to
be affected by the small modifications in size, shape and composition of the nanostructures,
therefore it is essential to be able to directly correlate the surface plasmon resonances with
the structural properties at the nanoscale. In this study, we have obtained the in-plane 2D
distribution of the surface plasmonic resonances of hollow AuAg nanostructures [1], by means
of low loss electron energy loss spectroscopy (EELS) in an aberration corrected scanning
transmission electron microscope (STEM), equipped with a monochromator, with sub-eV and
sub-nanometer resolutions. The studied complex nanoparticles are nanoengineered from solid
Ag cubes to different hollow AuAg nanostructures such as nanoframes and multi walled
nanoboxes [1]. We have investigated the local plasmonic property modulations on each
nanostructure and correlated them their structural features. We have also correlated the
obtained experimental results with models performed in the frame of discrete dipole
approximation.
[1] E. González, J. Arbiol, V. F. Puntes, Science, 334, 1377 (2011).
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Fig. 1: Figure 1: (a) background substracted EEL spectra extracted from the selected areas in the inset EELS SI. (b) is
the plasmon energy map between 1.9 and 2.4 eV and (c) shows plasmon intensity maps between 1.8 and 3 eV with
0.2 eV windows (please note that the intensities are normalized for all maps).
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During the last decades major efforts have been put on developing effective methods for
production of nanocellulose for different applications, including paper and composite
applications (Siro and Plackett, 2010). Depending on the pre-treatment nanocellulose materials
may contain various structural components (Chinga-Carrasco 2011), which emphasizes the
complexity of the material structure.
The varieties of nanocellulose materials, their multiscale characteristics and the complexity of
the formed structures require assessments at several scales. Presently there are none
technique capable of assessing all the structural components of nanocelluloses. A combination
of complementary methods is required. Several methods may be applied, e.g. laser
profilometry (LP), field-emission scanning electron microscopy (FESEM), scaning transmission
electron microscopy (STEM) and atomic force microscopy (AFM). Such methods cover a wide
range of structural sizes and characteristics.
The purpose of the study was to explore the structural characteristics of nanocelluloses
prepared from unbleached and bleached Pinus radiata pulp fibre and assess the effect of
chemical pre-treatments on their morphologies.
The topography and morphology of films were assessed with optical devices (Fig. 1), LP (Fig. 2)
and AFM (Fig. 3), which exemplify the multiscale characteristics of the material. The results
confirm that unbleached P. radiata pulp fibres tend to fibrillate easier compared to the
corresponding bleached pulp fibres. The chemical pre-treatment had a larger effect on the
bleached pulp fibres, compared to the unbleached pulp (Chinga-Carrasco et al., 2012). The
chemically pre-treated nanocelluloses contain a major fraction of nanofibrils with diameters
less than 20 nm. We conclude that a complex structure such as nanocellulose from wood
requires various complementary microscopy techniques for assessing the various structures
encountered in the material.
References
Siró I, Plackett D: Microfibrillated cellulose and new nanocomposite materials: a review.
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Chinga-Carrasco, G., 2011. Cellulose fibres, nanofibrils and microfibrils: the mor-phological
sequence of MFC components from a plant physiology and fibre technology point of view.
Nanoscale Research Letters 6, 417.
Chinga-Carrasco, G., Kuznetsova, N., Garaeva, M., Galiullina, G., Kostochko, A., Leirset, I.,
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Fig. 1: Optical image. The dark threats exemplify the
millimeter-sized residual fibres.
 

 
Fig. 2: Laser profilometry topography image showing
residual fibers and fibers fragments. The calibration and
scale bars are given in micrometers.
 

 
Fig. 3: AFM image, exemplifying the cellulose nanofibrils. The calibration and scale bars are given in nanometers
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Fabrication of cobalt nanoparticles using Passiflora tripartita var. mollissima fruit extract is an
ecofriendly approach; produces various sizes and morphologies, including spherical, hexagonal
and triangular. The P. tripartita fruit, known in Ecuador as “taxo & tumbo” belongs to the
Passifloraceae plant family comprises around 530 species originated from temperate and
tropical South America. Two different sonication conditions were employed for the synthesis of
the cobalt nanoparticles and their growth recorded, in order to analyze the effect of the
phytochemical synthesis and the ultrasonic irradiation on the morphology and size of the final
product. The synthesized nanoparticles were characterized by U.V.-Vis, Dynamic Light
Scattering, Transmission Electron Microscopy (TEM) with Selected Area Electron Diffraction
(SAED) and X-ray diffraction. TEM analysis showed polydispersed nanoparticles with size
ranges from 110 nm to 10 nm at different time interval and ultrasonic irradiation power. The
X-ray diffraction analysis revealed the face-centered cubic geometry and SAED confirmed
partial crystalline or amorphous nature of cobalt nanoparticles. Infrared spectrum
measurements were carried out to hypothesize the possible biomolecules (flavonoid C &
O-glycosides) responsible for stabilization the cobalt nanoparticles using P. tripartita. This
simple, ecofriendly, and significantly low-cost protocol can be employed at ease and
compatibility for pharmaceutical and biomedical applications.
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Fig. 1: Cobalt nanoparticles at different sonication conditions
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Nanocomposite films composed of Ag nanoparticules (NP) within a TiOx matrix present
photochromic properties [1]. The permanent or reversible changes of color occurring under
illumination by UV/visible lasers rely on the control of the localized surface plasmon resonance
(SPR) of Ag NP. They result from the tuning of the NP size/shape distribution through
photo-activated redox reactions occurring specifically with the TiOx matrix.
The morphology of Ag:TiOx nanocomposite is investigated by high-angle annular dark-field
HAADF-STEM, structural informations are obtained by energy filtered electron diffraction
(EFED) coupled with electron energy loss spectroscopy (EELS). Samples grown under different
deposition conditions (TiOx thickness, O2 pressure in the chamber, ...) are investigated.
For TiOx grown under a metallic sputtering mode (low oxygen pressure), the STEM images
reveal an homogeneous distribution of Ag nanoparticles with a rather large size distribution
and various shapes. Their cristallinity is assessed by energy filtered electron diffraction. The
porosity of the TiOx matrix is revealed by the HAADF images. Whereas the diffraction pattern
of TiOx would suggest an amorphous structure the ELNES recorded on the O K and Ti L23
edges suggest the presence of a short range ordering of theTiO6 octaedra. The change of
growing mode (under higher oxygen pressure) for TiOx, produces dramatic changes in the
morphology of the nanocomposite: the Ag particles, if still present, have not been clearly
resolved.
The influence of the thickness of the TiOx capping layer is investigated as well. It reveals that a
threshold thickness exists below which the samples become sensitive to the electron beam,
which promote morphological changes of the nanoparticles.
The morphological and structural insights are further compared with in-situ reflectance
measurements [2].
References
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Herein we present results about the obtaining, characterization and formation mechanism of
nano-branched free standing gold foils. Dendritic and nano-branched gold foils have potential
applications as SERS active substrates in sensing.[1] Foils were prepared by a facile wet
chemical synthesis method using gold salt and a reducing agent derived from the
formaldehyde molecule. The overall method is cost-effective and allows for a facile transfer to
a wide range of substrates for different sensing applications. As example, we have achieved
the transfer of the nano-branched gold foil to paper, glass and silicon wafers.
In Figure 1(A) we show a low magnification TEM image of one of the obtained foils, it is clear
the nano-branched structure displayed by the gold foil. This structure looks convenient for the
flowing of liquids or gases through the large openings between the branches; this opens a wide
field of versatile applications. Figure 1(B) shows the branches in more detail; they are formed
by polycrystalline gold with multiple grain boundaries and twinning planes. The presence of
those defects is a direct consequence of the foil formation mechanism.
In order to understand the formation mechanism, and the origin of the final structure of the
foils, we have conducted electron microscopy studies over samples removed from the reaction
vessel at different reaction times. These studies allow us to propose a multi-step formation
mechanism. The first step is the reduction of the gold followed by the immediate formation of
small gold nanoparticles or clusters in the reaction medium. These nanoparticles migrate to
the liquid surface where the foil starts to develop due to an aggregation process. The
arrangement in branches and gaps are due to a particular disposition of the particles along the
aggregation process.
[1] Y. Wang, M. Becker, L. Wang, J.Liu, R. Scholz, J. Peng, U.h Gösele, S. Christiansen, D. H. Kim,
and M. Steinhart, Nano Letters 2009 9 (6), 2384-2389



 
Fig. 1: (A) Low magnification TEM image of the nano-branched gold foil. (B) TEM image showing the grain boundaries
and defects of the branches.
 



Type of presentation: Poster
 

MS-1-P-1779 In-situ observation of morphological changes of gold nanorods under
near infrared pulsed laser irradiation
 

Matsumura S.1, Sumimoto N.1, Yamamoto T.1, Yasuda K.1, Niidome Y.2
 
1Department of Applied Quantum Physics and Nuclear Engineering, Kyushu University,
Fukuoka, Japan, 2Department of Chemistry and Bioscience, Kagoshima University, Kagoshima,
890-8580, Japan
 

Email of the presenting author: syo@nucl.kyushu-u.ac.jp
 
The controllable optical properties of metal nanoparticles have been an active research field
because of their potential technological applications. Gold nanorods are ultrafine particles
20?150 nm in length and 5?20 nm in diameter. Their anisotropic shape gives rise to a surface
plasmon (SP) absorption band corresponding to the longitudinal SP mode along the long axis in
the near infrared region, in addition to a SP band for the transverse mode in the visible light
region. The characteristic wavelength of the former SP mode is controlled by the aspect ratio
of the rods. The longitudinal SP band is usually much more pronounced than the transverse SP
band, and it is exploited for potential technological applications unique to gold nanorods. When
irradiated with pulsed laser light, gold nanorods are deformed into different shapes, such as
spheres, Φ-shape and elongated rods. Qualitatively, such deformations are considered to result
from heating due to light absorption. However, the deformation behavior of gold nanorods
remains largely unknown because most of the experiments have been performed ex-situ in
irradiated aqueous solution. Recently, we erected a pulsed laser-light illumination system
attached to a high-voltage electron microscope (HVEM) to observe light-induced behaviors of
nano objects. In the present study, we observe in-situ the structural transformation in gold
nanorods induced by irradiation. The JEM-1300NEF HVEM was operated at an accelerating
voltage of 1250 kV, and laser pulses of λ= 1064 nm with 6-8 ns duration were simultaneously
illuminated.
Figure 1 reveals a sequential structural change in gold nanorods irradiated by 0, 1, and 7 laser
pulses at 310 J/m2/pulse. One may notice that most of the gold nanorods have transformed
their shape after a single laser pulse. However, additional laser pulses induce little further
change in the nanorods, as shown in Fig. 1 (c). This attenuation of deformability can be
explained in terms of the blue shift of the longitudinal SP band with the decrease of aspect
ratio. HRTEM imaging reveals that the outer deformation is accompanied by total atomic
restructuring in the nanorod interiors, involving generation and annihilation of planar defects,
as shown in Fig. 2.
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Fig. 1: In-situ observation of gold nanorods irradiated with
laser pulses at 310 J/m2/pulse. Before irradiation (a), after 1
pulse (b), and after 7 pulses (c).
 

 
Fig. 2: HRTEM images of a gold nanorod before laser
irradiation (a), after exposure to 1 pulse (b) and 2 pulses
(c). Laser intensity is 425 J/m2/pulse.
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The knowledge of the position and the chemical identification of atoms at non-periodic sites in
nanostructured catalysts is essential for the understanding of their catalytic functionality and
can eventually lead to rational materials design. In the field of oil refining, transport fuels with
ultra-low sulfur contents are produced by catalytic hydrodesulfurization (HDS) processes that
rely on nanocrystalline MoS2–based catalysts.1 The HDS activity of MoS2 nanocrystals can be
significantly promoted by transition metals such as Co and this catalytic activity enhancement
is commonly attributed to the so-called “Co-Mo-S” phase, having Co located at the edges of
the Mo plane of the MoS2 nanocrystals.2 However, detailed structural information regarding the
Co promoter for the industrial catalysts is lacking.3
Recent advances in high-resolution (scanning) transmission electron microscopy ((S)TEM)
imaging have opened up the possibility to study industrial-style MoS2 nanocatalysts with
atomic-level resolution and sensitivity.4 By means of high-resolution TEM and high-angle
annular dark-field (HAADF) STEM, the elemental distribution in unpromoted single-layer MoS2

nanocrystals was resolved5 and allowed for a distinction of the edge terminations.6 A
combination of aberration-corrected HAADF imaging and electron energy-loss spectroscopy
(EELS) is a promising approach for atomic chemical analysis; however, few characterizations
have been possible owning to experimental challenges, such as the fine balance between
interpretable signals and electron beam damage.
Here, we employed atomic-resolved HAADF-STEM and EELS at low primary electron energy to
obtain the first site-specific identification of single-atom Co promoter and the associated S
reconstruction in doped single-layer MoS2 nanocrystals (Fig. 1). Interestingly, single-atom Fe
contaminants were unambiguously identified, competing with Co for the same sites at the
S-edge. The present analytical capability of pinpointing local stoichiometry atom-by-atom with
one atomic number sensitivity could be highly beneficial for improving the accuracy of the
knowledge on complex nanostructures.
1 F. Besenbacher, et al., Catalysis Today 130, 86 (2008).
2 H. Topsøe, et al., Hydrotreating Catalysis (Springer, 1996).
3 O. Sorensen, et al., Applied Catalysis 13, 363 (1985).
4 C. O. Girit, et al., Science 323, 1705 (2009).
5 C. Kisielowski, et al., Angewandte Chemie, International Edition 49, 2708 (2010).
6 L. P. Hansen, et al., Angewandte Chemie, International Edition 50, 10153 (2011).
7 Y. Zhu, et al., (2014) submitted.
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Fig. 1: Fig. 1. a) High-resolution HAADF image of the S-edge of a monolayer Co-Mo-S nanocrystal. Corresponding EEL
elemental maps of b) the combination of Mo (blue) and Co (red) and c) of S (yellow). d) Sum of EEL spectra, integrated
over a 3 x 3 pixel window (probe size). f) Industrial-style Co-Mo-S ball model, with a side view of the Co-promoted
S-edge.7
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Nowadays, measurement and control systems for pollutant and toxic gas emissions gain
increasing importance in the frame of sustainable development. Although gas sensors devices
are widely commercialized, they still suffer from drawbacks like lack of selectivity and stability.
Parameters like time of reaction, time of recovery, reproducibility, working temperature,
should also be considered. To overcome some of these disadvantages, nanostructured
materials are investigated. The detection function of the sensing material is dependant of a
high surface to volume ratio, but also to the exposed crystallographic facets. Nanoparticles
present high surface to volume ratio, but tend to agglomerate. One way to overcome to some
extent this phenomenon is to build hierarchical and hollow oxide nanostructures [1]. The
transduction function of the sensing material is more linked to the composition and structure.
It should be possible to tailor the reactivity and sensitivity of the sensing materials by
controlling their composition, their structure, phase, shape, size, and size distribution [2].
Hence, we were interested in studying cobalt ferrites as nanoparticles or thin films for
applications in gas sensors. The cobalt ferrite (CoFe2O4) attracts considerable attention due to
its good chemical stability, mechanical hardness, magnetic behavior and catalytic activity
[3-4].
Octahedron-like nanoparticles of CoFe2O4 were synthesised using a hydrothermal technique.
Several microscopy techniques like SEM, conventional TEM coupled with EDS, high resolution
TEM, environmental TEM, were carried out in order to understand the mechanisms involved in
the growth of the grains and their reaction under gas. The particles have an octahedral shape,
with sizes around 20 nm (Figure 1). Samples were observed in a TEM under 1mbar gas
pressure and were submitted to H2 -O2 cycles, at ambient temperature. The {111} facets
became more rounded under oxygen (Figure 2). Before that, the {100} facets extended which
led to truncated octahedra. The same phenomenon was already observed in case of metallic
nanoparticles [5].
References
[1] J.-H. Lee, Sensors and Actuators B 140 (2009) 319–336
[2] C. Wang, L. Yin , L. Zhang, D. Xiang and R. Gao, Sensors 2010, 10, 2088-2106
[3] D.S. Mathew, R.S. Juang, Chem. Eng. J. 129 (2007) 51–65.
[4] L. Ajroudi,S. Villain,V. Madigou,N. Mliki,Ch. Leroux, J. Cryst. Growth 312 (2010) 2465–2471.
[5] M. Cabié, S. Giorgio, C.R Henry, M. Rosa Axet, K Philippot, B. Chaudret,J. Phys. Chem. C 114
2160-2163, 2010
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Fig. 1: The same CoFe2O4 nanoparticle viewed along a [110] direction, and viewed along a [111] direction after tilting,
along with a drawing of the octahedron projection.
 

 
Fig. 2: Evolution of one CoFe2O4 nanoparticle under O2.
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Copper sulphides (Cu2-xS) and related nanocrystals are promising candidates in optoelectronics
device, due to their intrinsic p-type doping and tunability of their band-gap with stoichiometry.
In particular, the covellite structure (CuS) has one third of the Cu atoms in triangular
coordination and two thirds of Cu atoms in tetrahedral coordination. At the same time, two
thirds of S atoms form disulfide groups and one third are single sulfide ions.(1) At the
tetrahedral sites, the Cu atoms are bound to the S atoms of the disulfide bonds. These
different sites can be resolved in HRTEM (here we use negative C3 imaging conditions) or Exit
Wave reconstructions (EWR) from side views (as [100] or [210] orientations) of Cu1.1S
nanocrystals (see Figure 1). Indeed, at opportune values of defocus ΔZ, the S-S disulfide layers
connected appear bright in the image, permitting to directly visualize them.
Our group demonstrated how the evolution from Cu1.1S (covellite type) to Cu2S (chalcocite) was
accompanied by the red-shifting of the localized surface plasmon resonance (LSPR) generated
by free holes generated in the valence band (and with a dominant in-plane mode).(2) The
resonance gradually disappears as the Cu2S stoichiometry is reached (i.e. no copper
deficiencies left). These states seem then to be linked to the disulfide bonds present of the CuS
covellite structure (see Figure 1). In general, we expect by adding Mx+ atoms, the following
transformation:
Cu1.1S + γMx+ + γe- → Cu1.1MγS ,
in which S(-1) is reduced to S(-2), possibly by breaking the S-S bonds, and the metal keeps its
(x+) oxidation state. In this presentation we focus on Pd(II) doped CuS nanocrystals
synthesized by chemical methods. Pd is added by using Palladium(II)-acetylacetonate plus
ascorbic acid. We see how by increasing the amount of Pd atoms, the CuS structure is
progressively lost, as the number of disulfide layers is gradually reduced, as can be seen from
the HRTEM images (see Figure 2). Consequently, the density of holes in the valence band is
lowered and the plasmon resonance is consequently red-shifted and reduced.
This is indeed a demonstration of the tunability of the LSPR with the amount of metal atoms in
Covellite type nanocrystals.
[1] Pattrick R.A.D. et al. Geochim. Cosmochim. Acta, 1997, 61 (10), pp. 2023–2036
[2] Xie Y. et al. J. Am. Chem. Soc., 2013, 135 (46), pp. 17630–17637
 

Acknowledgement: European Union FP7/2007-2013 Grant Agreement 240111 (ERC Grant
NANO-ARCH) and European Union FP7 Grant Agreement 312483 - ESTEEM2 (Integrated
Infrastructure Initiative–I3).



 
Fig. 1: a) EWR phase together with the experimental image (ΔZ = -34 nm, C3 = -26 um) and the simulated image from
[210] side view of a CuS nanodisk. At about -30/+20 nm defocus the intensity is transferred to the planes with Cu-S in
tetrahedral coordination, giving a direct visualization of S disulfur planes (see the intensity profile in b).
 

 
Fig. 2: The nanocrystals maintain their hexagonal shape while adding Pd metal atoms. However, the number of S-S
layers is progressively reduced as Pd increases, as well as the LSPR is reduced in intensity and red shifted.
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Recent studies on the fluorescence emission of fluorophores located nearby metallic
nanostructures allowed the observation of peculiar phenomena such as modification of
radiative transition rates, enhancement of emission quantum yield, or directional emission.
The mentioned effects are induced by coupling between emitter dipole and surface plasmon
polariton excitations. Controlling these interactions with ordered metal nanostructures
bearing well-defined plasmon modes offers the means for advancing applications requiring
e.g., an enhanced emission, improved photostability, or larger FRET distances.
Here we discuss our studies of Surface Enhanced Fluorescence (SEF) on metal-coated
colloidal uni-axial arrays. These hybrid plasmonic-photonic crystals were obtained
by colloidal convective self-assembly (CSA) on DVD templates and metal film evaporation [1].
Their morphology is resolved by electron microscopy and atomic force microscopy (see Figure
1),
while their polarization-sensitive optical response is evidenced by transmission and
reflectivity micro-spectroscopy. SEF of fluorophores adsorbed on top of a spacing layer
are studied by both steady-state and time-resolved fluorescence. Furthermore, fluorescence
lifetime imaging (FLIM) is performed to highlight the correlations between topography / optical
response / SEF. These results on fluorescence emission enhancement, plasmon-controlled
emission
polarization, lifetime modification and imaging can be of interest both fundamentally, for
better understanding of plasmon-coupled emission, but also from the application point of view,
for the
design of sensors or other light-emitting devices.
[1] V. Saracut, M. Giloan, M. Gabor, S. Astilean, C. Farcau, ACS Appl. Mat. Interf. 2013, 5, 1362.
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Fig. 1: AFM image of the hybrid plasmonic-photonic crystal consisting of gold half-shells onto polystyrene microsphere
linear arrays.
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Electron microscopy (SEM and TEM) is a powerful tool for the characterization of a wide range
of solid catalysts. Both microscope types give direct evidence of the morphology, chemical
composition and crystalline structure in the different scales (micrometer to nanometer). The
improvements of the instruments in the spatial resolution, energy resolution, efficiency of the
detectors and data collection, has improved very much the quality of the obtained results and
the silicon dispersion on gamma alumina particles used for the preparation of MoS2-based
(hydrodesulfurization) HDS catalysts shows these new capabilities.
MoS2-base/Al2O3 HDS catalysts are widely used to remove sulphur from hard-to-desulfurize
compounds such as 4,6-dimethyldibenzothiophene. Their catalytic performance is directly
related to the dispersion of the MoS2 structure and the current scientific research is focused on
achieving higher dispersion of Co-Mo-S active catalytic sites. In this work, we add silicon atoms
on the surface of the alumina particles to modify their acidic properties and increase the
dispersion of the Co-Mo-S structure. The Si atoms were aggregated to tri-lobular extruded of
alumina by an incipient wet process using a silicon solution. Subsequently, the extruded were
calcined and characterized by SEM and TEM.
The concentration of O, Al and Si in the sample, obtained by EDXS, was 46.90, 49.74 and 3.36
wt% in average, respectively. This chemical quantification indicates that the Si was integrated
as SiO2 in the sample to a concentration around 7.2 %. The silicon permeation in the extruded
was revealed by a composition study through the cross section of extruded. The result
obtained is shown in Figure 1. A homogeneous concentration of silicon inside the extruded is
observed. Therefore, this sample was the strongest candidate to impregnate the active phases
(P, Co and Mo). Their dispersion was evidenced by concentration profiles (Figure 1) and
chemical mapping, see Figure 2. Homogeneous dispersion of Co and Mo is appreciated in both
results. However, the dispersion silicon was heterogeneous. This sample was subsequently
sulfided to produce the Co-Mo-S structures. The result obtained is illustrated in Figure 3. MoS2

structures fully dispersed on the Al2O3-7. 2%SiO2 surface in HRTEM images is observed.
Therefore, from these first results, the presence of SiO2 on gamma-alumina contributes to the
formation of the MoS2 structures. However, still it is necessary improve the spreading of silicon
in the extruded.
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Fig. 1: Concentration profiles in the tri-lobular extruded. Before impregnation (Si graph) and after impregnation (Co, Mo
and P graphs).
 

 
Fig. 2: Chemical mapping of Si, Co and Mo in the tri-lobular
extruded after impregnation.
 

 
Fig. 3: HRTEM image showing the MoS2 structures on the
Al2O3-7.2%SiO2 surface.
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Current severe environmental legislations constrain a strong decrease of sulfur concentration
in fuels. Thus, the improvement of hydrotreating catalysts is of major importance.
Co-promoted MoS2 based catalysts supported on alumina are known to be industrially used in
the selective gasoline hydrodesulfurization (HDS) process. The challenge is to increase the
selectivity of these catalysts. Catalyst performance (in particular selectivity) is suspected to be
related to the local structure (ie 2D morphology) of the active phase, composed of MoS2

nanolayers promoted by cobalt. The equilibrium morphology is usually well predicted by
theoretical approaches based on density functional theory (DFT) [1,2]. For since, it has also
been visualized in model materials supported on gold or graphite by STM [3] and HAADF-STEM
[4].
For that study, we observed MoS2 and CoMoS industrial catalysts, supported on delta-alumina
by HAADF-STEM using a JEOL TEM 2100F with a Cs-corrected condenser. MoS2 and CoMoS
catalysts were prepared by incipient wetness impregnation and sulfided under pure H2S at
atmospheric pressure, either at 550°C or 700°C.
In MoS2 catalyst sulfided at 550°C, nanolayers present mainly a truncated triangle shape, in
good accordance with DFT predictions [1]. Nevertheless, the morphologies are quite irregular :
some nanolayers present a more isotropic shape. Some clusters are also observed. In MoS2

catalyst sulfided at 700°C (Fig 1), nanolayers are larger, well crystallized and morphologies are
more homogeneous : mainly truncated triangles and some isotropic multi-facetted slabs.
CoMoS catalyst sulfided at 500°C present mainly hexagonal or irregular shape. No truncated
triangle morphology is present. Some clusters are present. In addition, slabs are more stacked
and aggregated than in non-promoted catalyst. At higher sulfidation temperature (Fig 2), the
morphology of the nanolayers is homogeneous : all slabs are large, well crystallized, isotropic
with many edges. No cluster is present. This observation is attributed to a combined effect of
temperature and promoter edge decoration impacting the resulting 2D morphologies of CoMoS
slabs [2].
In conclusion, this study highlights that HR-HAADF-STEM is a powerful technique to observe
MoS2 nanolayers, even supported on alumina in industrial catalysts. In perspective of this work,
changes of 2D morphology of nanolayers will be correlated to selectivity measured by catalytic
tests.
[1] H. Schweiger, P. Raybaud, G. Kresse, H. Toulhoat. J. Catal. 207, 76-87 (2002).
[2] E. Krebs, B. Silvi, P. Raybaud. Catal. Today 130, 160-169 (2008).
[3] J. V. Lauritsen et al. Journal of Catalysis 197, 1–5 (2001)
[4] L. P. Hansen et al., Angew. Chem. Int. Ed. 2011, 50, 10153-10156
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Fig. 1: MoS2/alumina catalyst sulfided at 700°C under pure H2S
 

 
Fig. 2: CoMoS/alumina sulfided at 700°C under pure H2S
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GaN nanorods are considered as promising building blocks for the realization of novel high
performance light-emitting diodes due to their superior structural perfection. Ordered arrays of
uniform GaN nanorods and axial (In,Ga)N/GaN heterostructures were achieved on Ti masked
GaN (0001) templates by selective area growth using plasma-assisted molecular beam
epitaxy. Here, we will report on the unexpected observation of polarity inversions accidentally
found in those nanorods that we have analyzed by convergent beam electron diffraction and
electron energy-loss spectroscopy (EELS). The inversion domains (IDs) with diameter of less
than 10 nm cross the entire nanorod and originate at the homo-junction bounded by a stacking
faults-like planar defect. Lattice imaging based on high-resolution transmission electron
microscopy (TEM) is applied to determine an extra (0002) lattice plane in connection with this
basal plane ID boundary. Spatially resolved EELS measurements reveal the presence of Ti
impurities, which is possibly responsible for the formation of planar defects and the associated
polarity inversion. In order to prove this assumption, to clarify the Ti lattice site occupation on
the GaN (0002) plane and to explain the polarity inversion effect, we have performed
first-principles total-energy calculations within the framework of density functional theory
(DFT). They show that Ti monolayer adsorption on the GaN basal plane generates an
energetically favorable atomic configuration that contains a planar defect resulting in a
polarity inversion. The calculations perfectly match with the TEM observations. The influence of
the polarity on the growth of axial (In,Ga)N nanorods is further discussed in detail.
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Catalysis on the nanoscale plays an important role on the one hand in terms of an enormous
increase of efficiency/transformation rate on the other in the formation of defined
nanostructures and functionalized materials. In both the morphologic properties of the catalyst
plays an important role as well as the metal specific chemical properties. The possibility of
controlled regulation and adaption of these parameters will lead to maximum gain and highest
selectivity in chemical reactions and tap the full potential of catalysis in industry and the
development of novel nanostructures. However neither the catalytic mechanisms are
understood on an atomic level nor is there systematic studies on a fundamental base to
understand why different metal type deviate in their applicability.
In our experiments we perform atomically resolved in-situ imaging of chemical reactions
between d-elemental metals and a carbon environment inside SWNTs by means of
aberration-corrected high-resolution transmission electron microscopy (HRTEM). The
experiments aim to fundamentally understand and compare the catalytic properties of
different catalysts by variation of a large range of transition-metals in equivalent experiments.
This enables a detailed study of the processes essentially characterizing the aptitude and
applications of the different metals, such as formation of metastable transient structures,
formation of ordered carbon networks in different morphologies, annealing and reorganization
processes and ability to assimilate carbon source material. Moreover the investigations allow a
study of intermediates and the underlying chemical properties of Pi- and Sigma- bonding,
metal-cohesive forces and solubility of carbon in metal.
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Due to its distinctive physical properties, chemical stability, bio-compatibility, non-toxicity and
low cost, titanium dioxide (TiO2) is of great interest for a wide range of applications [1], [2]. The
great potential of TiO2 nanostructures is obvious, but the desired physical and chemical
properties of the materials will only be reached if a complete understanding of the relation
between the activity and the structure of the materials has been obtained. In order to perform
a detailed characterization of such nanostructures, transmission electron microscopy (TEM) is
an ideal tool. Not only structural, but also chemical and electronic information can nowadays
be obtained, even atomic column by atomic column [3], [4]. Nevertheless, one should take into
account that conventional TEM images are only two-dimensional (2D) projections of
three-dimensional (3D) objects. Therefore, TEM has been expanded to 3D, which is referred to
as "electron tomography".
Hereby, we present results from different TEM characterization techniques to investigate the
effects of annealing in helium environment on the structure of TiO2 layers deposited onto
carbon nanosheets (CNSs) using atomic layer deposition (ALD). Using monochromated
STEM-EELS, areas with TiO2 in anatase and amorphous form have been identified. From these
maps, it is observed that the coating is mostly in anatase form, and there is only a low amount
of amorphous TiO2 after annealing (see Fig 1). The graphite distribution map additionally
indicated the presence of graphite throughout the layer. To investigate the 3-D structure of the
material, HAADF-STEM electron tomography was applied (see Fig 2). The volume renderings
proved both the homogeneity of the ALD coating throughout the CNSs layer, and the porosity
of the complete film.
[1] A. Fujishima and K. Honda, Nature 238, 37 - 38 (1972).
[2] A. Kay and M. Grätzel, Solar Energy Materials and Solar Cells 44, (1996).
[3] K. W. Urban, Nature Materials 8, 260 - 262 (2009).
[4] D. A. Muller, Nature Materials 8, 263 - 270 (2009).
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Fig. 1: HAADF-STEM image of the sample. Colored elemental STEM-EELS map with (B) anatase-TiO2 (red) and (D)
graphite (green) is embedded. The amorphous-TiO2 elemental map is given in (C).
 

 
Fig. 2: Visualizations of the 3-D reconstruction of the sample depicted along different orientations are given in (A) and
(B). A slice (orthoslice) through the 3-D reconstruction is presented in (C).
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Multiple twinning is widespread in both natural and synthesis matter. The two types of multiple
twinning, lamellar and cyclic, have attracted much attention due to their unique structures and
properties. Lamellar twinning was shown to give a combination of high strength and toughness
in copper [1], and highest creep resistance in titanium aluminide alloys [2]. Cyclic twinning, as
another type of multiple twinning, occurs in an even wider range of materials, including not
only inorganic small particles and thin films, but also proteins and virus [3]. The fivefold
twinning is the most common form for multiple cyclic twinning [3].
The fivefold twinning has also attracted attention from the viewpoint of symmetry, which is an
important concept in modern science. In fact, the fivefold rotational symmetry is geometrically
forbidden in periodic crystals, although widely found in quasicrystals. Due to the geometrical
imcompatibility, the fivefold twins have to be strained relative to the single-crystalline
counterpart. Various models for the strain distribution have been proposed, including the linear
homogeneous strain, angular and radial homogeneous strain, and the inhomogeneous strain
models.
In this work, the atomic structure of the fivefold twins in diamond and silicon have been
investigated by combining aberration-corrected transmission electron microscopy and
first-principles calculations. In contrast to the strain distribution in metallic systems, which has
small inhomogeneity, the strain in the fivefold twins of semiconductors depends significantly
on the Pugh’s ratio of shear modulus to bulk modulus. For diamond with very high Pugh’s ratio,
the strain is highly concentrated at the twin boundaries. Correspondingly, the frontier orbitals
are located at the surfaces, in contrast to the case of silicon, where the frontier orbitals are
close to the center.
References:
1. L. Lu et al., Science 304, 422 (2004).
2. F. Appel, and R. Wagner, Mater. Sci. Eng. R. 22, 187 (1998).
3. H. Hofmeister, Cryst. Res. Techno. 33, 3 (1998).
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Fig. 1: (a) Aberration-corrected TEM image of and (b) strain distribution in diamond five-fold twins.
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Titania nanosheets [1] are two-dimensional single crystals of a titanium oxide with a thickness
of one titanium or two oxygen atoms (Fig. 1a), and they show attractive material properties,
such as photocatalytic reactions. The titania nanosheets are synthesized from a layered
titanate K0.8Ti1.73Li0.27O4 through a soft chemical procedure (i.e., delamination), and the atomic
arrangement of Ti-O layers in the parent crystal are basically preserved in the titania
nanosheets. The nanosheets have the composition of Ti0.87O2, including cation vacancies at
Li-substituted Ti sites of the parent crystal. In general, atomic vacancies affect the stability of
crystal structures and material properties; therefore, it is important to reveal the atomic
structure around Ti vacancies and their distribution in the nanosheets.
The observation of atomically thin materials requires not only high spatial resolution but also
high sensitivity and low irradiation damage. We found that oxide nanosheets are substantially
beam-sensitive, in contrast to a graphene and related materials. For instance we reported the
topotactic reduction of a Ti0.87O2 nanosheet to Ti2O3 nanosheet [2].
We performed low-voltage and low-dose TEM observation using Titan3 at 80 kV with an image
corrector (CEOS, CETCOR) and a monochromator, whose energy spread is 0.1 eV (FWHM).
Attainable information limit under this condition was found to be 90 pm [3]. Figure 1b shows a
high-resolution TEM image observed under underfocused condition [4]. The TEM image shows
several bright areas as indicated by arrows, and we integrated these portions of the TEM
image contrast (Fig. 2a). Based on the experimental results we constructed Ti vacancy
structure models, and the atomic positions were optimized using first-principles calculation
(the CASTEP code) as shown in Fig. 2b. The multislice simulation result based on the model
successfully reproduces the experimental result (see Fig. 2c), and we found that the two
oxygen atoms near the Ti vacancy are considered to be desorbed during the TEM observation
[4].
[1] T. Sasaki, et al., J. Am. Chem. Soc. 118 (1996) 8329. [2] M. Ohwada, et al., J. Phys. Chem.
Lett. 2 (2011) 1820. [3] K. Kimoto, et al., Ultramicrosc. 134 (2013) 86. [4] M. Ohwada, et al.,
Scientific Reports 3 (2013) 2801.
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Fig. 1: A crystal structure model of Ti0.87O2 nanosheet (a), and a high-resolution TEM image of a Ti0.87O2 nanosheet. The
TEM image is observed under underfocused condition. White arrows in Fig. 1b indicate several bright areas, suggesting
Ti vacancies.
 

 
Fig. 2: (a) Experimental TEM image which is obtained as an average of the portions in Fig. 1b. (b) The atomic
arrangement near the Ti vacancy optimized using the first-principles calculation. (c) The multislice simulation of a TEM
image based on the optimized structure model.
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Localized surface plasmon resonances (LSPR) exhibited by plasmonic nanoparticles (PNPs)
depend on PNP size, shape, distribution, and on the refractive index of the surrounding matrix.
In this regard, efforts are undertaken to elucidate and control these parameters depending on
growth conditions and post-growth treatment.
The structural properties of AlN thin films containing Ag PNPs were studied using TEM/HRTEM
methods, and the results were correlated to the optical response. Magnetron sputtering (MS)
was employed to deposit initially AlN:Ag multilayers with either amorphous (a-AlN) or
nanocrystalline wurtzite-structured matrix (w-AlN) [1]. In one set of samples (series A), laser
annealing (LA) using up to 700 mJ/pulse at 193 nm was employed in order to photomodulate
the PNPs. In a second sample series (series B), flash thermal annealing (TA) was applied
sequentially after MS deposition of each Ag layer, followed by LA in order to tailor the final
microstructure.
In sample series A, LA dissolved the multilayer structure up to approximately half of its initial
thickness, as shown in Figs. 1(a) and 1(b). This influence was more intense in the a-AlN case.
Sample series B comprised just four 3 nm thick Ag interlayers embedded between AlN layers of
12 nm nominal thickness. TA led to complete structural reorganization resulting in dissolution
of the layers and to a rather homogenous PNP distribution in the a-AlN case [Fig. 2(a)]. In the
w-AlN case, an inhomogeneous PNP distribution was obtained, as larger PNPs were confined
into two zones, one close to the substrate and one close to the surface. After LA, the
homogenous PNP dispersion was destroyed in the a-AlN case, and larger PNPs were created
[Fig. 2(b)]. For the w-AlN matrix, the PNP-zone close to the substrate was not dissolved, but
still an improved PNP arrangement was obtained.
PNP enlargement by LA was described as an Ostwald ripening phenomenon. Larger PNPs were
found close to the film surface, due to the enhanced Ag surface diffusivity. TA promoted Ag
segregation, leading to even larger PNPs. The w-AlN crystallinity appeared almost unaffected,
due to the strong ionic character of the atomic bond. Crystallinity was found to limit PNP
enlargement as shown in Fig. 3, due to the resistance of the lattice to deformation. Overall it
was demonstrated that controlled annealing processes can be employed to modulate the LSPR
signal depending on the initial structure of the samples, as well as on the matrix crystallinity.
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Fig. 1: Cross sectional bright field (BF) TEM overall images of multilayer a-AlN:Ag nanocomposites. (a) The
nanocomposite prior to LA, comprising twenty Ag layers of 3 nm thickness with a 7 nm periodicity. (b) The
nanocomposite after LA showing dissolution of the top half layers and ripening of PNPs.
 

 
Fig. 2: Cross sectional BF TEM overall images of a-AlN:Ag nanocomposites (a) after combined MS-growth plus
sequential TA, and (b) after post-growth LA of the sample.
 

 
Fig. 3: HRTEM image showing Ag PNPs embedded in nanocrystalline w-AlN following LA treatment. Ag{111} and
AlN{01.0} d-spacings are indicated.
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Neuroendocrine tumors as are pheochromocytomas are dangerous tumors that require
consideration in a large number of patients. Currently, the biochemical diagnosis of
neuroendocrine tumors is based on plasma or urinary measurement of the direct secretory
products of the adrenomedullary-sympathetic system or their metabolites, specifically
catecholamines or their metanephrine derivatives. However, the techniques used for analysis
of plasma free metanephrines, i.e. high-performance liquid chromatography (HPLC) or HPLC
coupled with mass-spectrometry, are technically-demanding and time consuming which limit
their availability [1]. Nano-biosensors based on colloidal gold or silver nanoparticles have
proved their applicability for the accurate detection of tumor markers using Surface-Enhanced
Raman Scattering (SERS) technique [2]. Recently special interest has been devoted to a type
of biosensing platform made of individual gold nanoparticles (AuNPs) over gold films. This
structure showed an increased sensitivity compared to self-assembled Au nanoparticles on
other solid substrates [3], which was attributed to the additional electric field enhancement by
the electromagnetic coupling between the nanoparticles and their supporting metal films.
In the present work we demonstrate a simple, fast and low-cost method for deposition of Au
nanoparticles onto flat Au films with the aim of creating a SERS sensing platform with good
enhancement and high signal reproducibility. Gold nanoparticles of tunable size and shape
were synthesized by simple or seed mediated growth method. The structure and surface
morphology of the nanoparticle-film sandwiched structure was characterized by scanning
electron microscopy (SEM), atomic force microscopy (AFM), and UV–vis spectroscopy.
Methanephrine metabolite was dropped into the sandwich structure and the SERS
enhancement as a function of the deposited particle properties was measured using for
excitation three laser lines (532, 633 and 785 nm). The obtained results demonstrate that the
resultant Au-nanoparticle film exhibit noticeable SERS amplification of the adsorbed metabolite
and can be used in the design of efficient, stable SERS-active substrates for the detection and
identification of specific tumor markers.
References:
1. M. Procopiou, H. Finney, S.A. Akker, S.L. Chew, W.M. Drake, J. Burrin, A.B. Grossma, Eur J
Endocrinol. 2009 ,161,131-40.
2. H. Hwang, H. Chon, J. Choo, J.-K. Park, Anal. Chem., 2010, 82, 7603-7610.
3. C.L. Du, C.J. Du, Y.M. You, C.J. He, J. Luo, D.N. Shi, Plasmonics, 2012, 7,475-478.
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The self-organized gold nanostructures on Ge(001) surface are currently of special interest due
to their applications for mono-molecular electronic devices [1,2]. The understanding of
electrical as well as physical properties of the system is of great importance.
The Ge(001) substrate samples were cleaned to achieve atomically flat terraces by low
energetic ions bombardment and by annealing. Next, 6 ML of Au was deposited by the
Molecular Beam Epitaxy in room temperature. Later, the sample was post-annealed to
temperature from 473 K to 770 K. The gold self-organizes to create island structures on Ge
surface as depicted in Figure 1.
The morphology of Au/Ge(001) samples was measured for different post-annealing
temperatures with SEM FEI Quanta 3D FEG. The island surface density and their sizes were
measured providing the information on surface diffusion effects. The autocorrelation analysis
shows that there exists preferred island orientation along crystallographic directions on the
substrate surface.
Cross sections from the Au/Ge(001) samples were prepared using FIB technique for
transmission electron microscopy measurements conducted with TEM FEI Tecnai Osiris 200 kV
equipped with Super-X EDX detector. The TEM measurements show that some island are
submerged in germanium substrate. The chemical composition of the islands was mapped by
the STEM/EDS measurements. This uncovered core/shell structure of the islands, with
germanium shell on top. The crystalline nature was first studied by Selected Area Electron
Diffraction (SAED) diffraction and Dark Field imaging. Later, detailed investigations were
performed by Nano Beam Diffraction (NBD) measurements in STEM micro-Probe. This showed
differences in crystalline structure of the islands.
The electron microscopy gives the possibility to fully study the creation dynamics and to
completely characterize the fabricated nanostructures. Surface diffusion effects are
investigated by the SEM as well as effects of diffusion processes into the bulk Ge crystal are
measured by the TEM cross sections. This gives the unique scientific possibilities to fully
investigate the evolution of the self-organized systems. The results and used experimental
techniques will be discussed.
[1] C. Joachim et. al., Nature 408, 2000
[2] M. Wojtaszek et. al., Advances in Atom and Single Molecule Machines, Vol.1, 2012
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Fig. 1: Self-organized gold island grown on Ge(001) surface, In center: TEM image of cross section through the gold
island, Top: SEM secondary electron image shows the gold islands on the germanium surface.
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Platinum alloy nanoparticles find application in the field of electrocatalysis and gas phase
reaction catalysis. The activity and stability of the catalyst
nanoparticles depend on the exposed crystal facets. Hence, the shape changes of the catalyst
nanoparticles affect their surface properties like adsorption of gases and
hence the catalytic activity. Shapes assumed by the particles can be either kinetic or
thermodynamic. If the particles are equilibrated under fixed conditions of
temperature, pressure, volume and composition, they attain their thermodynamic or
equilibrium shape which is given by the Wulff construction. While the shape changes
with temperature has been studied for monometallic particles, there are very few studies on
alloy nanoparticles. In particular, the shape changes associated with
changes in ordering of nanopartciles has not been investigated.
We have chosen a class of bimetallic A50B50 type alloy system which undergoes order to
disorder phase transformation with the increase of temperature. The equilibrium
shape changes of the alloy systems having a varied range of heat of mixing across the
transition from B2 ordered to A2 disordered structure and L1o ordered to A1
disordered structure have been studied theoretically. Shape change in terms of change in the
area of the exposed facet was observed with changing degree of order in
the alloy system (Figure 1).
Experimentally equilibrium shape changes have been observed for PtCu system which
undergoes transformation from ordered rhombohedral structure to disordered cubic
structure using in-situ heating techniques in transmission electron microscope (TEM). The
system has been designed such that the alloy nanoparticles nucleated on the
MgO cubes appear edge-on on the face of the cube when tilted to its [001] zone axis and the
shapes of the equilibrated alloy particles at different temperatures
implying different order parameters have been imaged at high resolution. The facet lengths of
the equilibrated particles were observed to change monotonically with
decreasing order parameter that corresponds to the facet area change observed in the
theoretical study (Figure 3).
The equilibrium shape change with the degree of order in an alloy system has been observed
for the first time and its implication is immense, not only in terms of its
fundamental basis but also in terms of the application of the alloy particles undergoing
order-disorder phase transformation where the property of equilibrium shape
change with degree of order could be exploited in the field of catalysis.
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Fig. 1: Figure 1. Theoretically derived equilibrium shapes for B2 ordered to A2 disordered phase transition wherein the
relative area of 110 and 100 facets vary with decreasing order parameter. The effect of different heat of mixing is also
shown in this figure.
 

 
Fig. 2: Figure 2. (a) Low magnification image of MgO cubes with PtCu alloy nanoparticles nucleated on the cubes. (b)
and (c) faceted ordered alloy nanoparticles appearing edge-on on MgO substrate.
 

 
Fig. 3: Figure 3. PtCu alloy nanoparticle on MgO substrate equilibrated at three different temperatures showing
changes in the facet length in two-dimensional projection which translates to facet area change in the
three-dimensional particle.
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The use of Pt-based electrocatalyst for methanol and formic acid oxidation reactions suffers
from coarsening and deactivation of catalyst due to adsorption of CO. In this context, alloying
Pt with a non-noble element has been shown to reduce the poisoning effect of CO significantly.
Also,the presence of a conducting catalyst support can inhibit the catalyst coarsening without
compromising the facile electron transfer. In this work, we report a microwave-based wet
chemical approach for alloying Pt nanoparticles with Bi on a reduced graphitic oxide (RGO)
support, which enhances the stability of the catalyst. Furthermore, we illustrate a way to
improve the electron transfer by increasing the conductivity of the support through nitrogen
functionalization of RGO. This wet-chemically synthesized graphitic oxide sheets facilitated the
doping of the nitrogen at a very low temperature compared to the other reported physical
processes, which can be attributed to the numerous localized defects in the GO sheets.
Detailed transmission electron microscopy has been applied to understand the underlying
mechanism in order to engineer the composition and morphology of the catalyst alloy
nanoparticles. Our study also suggests that the alloying happens by nucleation of Bi on
pre-formed Pt nanoparticles. Furthermore, the lower melting point of bismuth and its higher
diffusivity facilitates the formation of intermetallic PtBi structure at such a low temperature.
Thus, a microstructure-based thorough mechanistic understanding of the catalyst fabrication
presented in this work imparts a control over shape, size and composition of the catalyst.
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Fig. 1: Fig1. (a) LM and (b) HRTEM images of Pt nanoparticles, (c) PtBi alloy nanoparticles on RGO support; (d) SAED
showing PtBi phase; (e) BF image of Pt NPs on NGO support; (f) shows the corresponding DF image; (g) LM and (h)
HRTEM showing ordered PtBi phase over NGO support
 

 
Fig. 2: Fig.2: (a) High resolution XPS spectrum of Pt4f and
(b) Bi4f from fabricated catalyst; (c) quantification shows a
1:1 atomic ratio of Bi and Pt
 

 
Fig. 3: Fig.3: Schematic showing the MW-based mechanism
of selective heterogeneous nucleation for fabrication of
alloy catalyst on support
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Crystals nucleating homogeneously tend to adopt their
equilibrium shapes to minimise the barrier for
nucleation. For heterogeneous nucleation on a substrate,
the Wulff shape of the crystal itself is translated,
rotated and truncated by the substrate. The orientation
and level of truncation determimes the volume of the
so-called Winterbottom shape. We have calculated the
preferred orientation of heterogeneous nucleation on an
amorphous (isotropic) substrate by assuming that the
wetting of the solid nucleus on the substrate is
constant for the different orientations of nucleation.
Under the given conditions, the preferred orientation of
nucleation is the one for which the exposed volume of
the crystal on the substrate is minimum, as for such an
orientation the nucleation barrier is the minimum.
Theoretical calculations for obtaining minimum energy
Winterbottom shapes of nuclei of FCC metal at their
preferred orientations for a range of wetting conditions
have been done and the results are shown in Figure 1.
Experimentally, we have attempted to estimate the
orientation of nucleation of few hundreds of FCC metal
nuclei in order to statistically conclude the preferred
direction of orientation of heterogeneous nucleation on
an amorphous carbon substrate. Precession Electron
Diffraction (PED) technique is being used to scan over
regions containing a good number of nuclei and obtain an
orientation map from which the nucleation orientation of
the metal nuclei is to be determined.
Very fine nuclei of Au or Pt nanoparticles have been
nucleated on functionalized amorphous Carbon coated
Copper grid by microwave reduction of the precursor
salts in ethylene glycol medium. Electron diffraction
pattern obtained from such fine nuclei do not contain
enough number of spots for a reliable indexing of the
pattern using standard diffraction patterns for the
particular metal. So, the orientation map obtained from
the sample has a very low reliability index. For
optimization of conditions to obtain reliable
orientation mapping, PED scan on homogeneously nucleated
Au particles of around 8 nm diameter [inset of Figure 2
(a)] have been carried out and the resulting orientation
map has been shown in Figure 2(b). Here the 8 nm
particles could be resolved properly, as can be seen in
the virtual bright field image of the scanned area in
Figure 2(a) but the reliability index is poor because of
the polycrystalline nature of the Au nanoparticles.
Results on the nucleation texture of different
nanoparticles will be presented with detailed analysis
of the suitable microscopy conditions required for the
same.
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Fig. 1: Figure 1. Preferred orientation of nucleus of FCC crystal heterogeneously nucleating on amorphous substrate at
different wetting condition defined by Δs. Δs is related to the difference in the subtrate-vapour and substrate-particle
interfacial energy.
 

 
Fig. 2: Figure 2. (a) Virtual bright field image of the Au nanoparticles on amorphous Carbon generated after the PED
scan, inset showing a low magnification image of the area scanned, (b) Orientation map, different colours designating
definite directions of the crystals in the scanned area.
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Bimetallic catalyst nanoparticles for hydrogen fuel cell applications contain less Pt and exhibit
higher catalytic activity than pure Pt particles.1 We have analysed Pt/Ir alloy particles which
have shown improved resistance to CO poisoning. In order to understand these systems
further it is necessary to examine their 3-dimensional atomic structure. Quantification of
annular dark-field scanning transmission electron microscope images uses atomic resolution
images as data sets for extracting composition and thickness information. Calculating the
scattering cross-section (CS) of each atomic column provides robustness to many experimental
parameters2 providing greater flexibility when imaging such challenging samples.
An automated code3 carries out detector normalisation,4 peak finding, background subtraction
and column wise integration making it now possible to analyse and compare many particles.
The measured CSs are assigned to atom counts through comparison with a simulation library.
Simulations were carried out using the QEP μSTEM software matching experimental conditions
of a 300kV microscope,5 with detector angles 34.9-190mrad and a probe convergence angle of
20.2mrad, with 30 phonon configurations. Due to their proximity in atomic number Pt and Ir
are indistinguishable below 14 atoms thickness, Figure 1. Above 15 atoms the CS trend of each
species begins to diverge; this is also the thickness where the accuracy of the atom-count
assignments is greater than ±1 atoms making the error too large for accurate counting. Armed
with the number of atoms within each column and their x-y coordinates, we can reconstruct
the 3-dimensional structure from a single experimental image by assuming no vacancies and
minimising surface steps.
To validate the experimental nanoparticle structure, the theoretical Wulff shape for a Pt/Ir alloy
particle, was constructed using the Wulffman code,6 Figure 2, and orientated to a comparable
viewing direction. The energies of the different alloy surface facets were assumed to be a
linear combination of the pure elements.7 The considerable similarity between experiment and
the Wulff shape demonstrates the accuracy of the atom counting results. Deviations can be
explained by the quantised nature of such small length scale facets and the surface steps
which are thought to be critical for catalytic activity.
1 Z Liu et al, Catalysis Review 55 (2013), p255-88
2 H E et al, Ultramicroscopy 133 (2013), p109-119
3 The Absolute Integrator code is free for academic use from www.lewysjones.com/software/
4 J M LeBeau et al, Nano Letters 10 (2010), p4405-8
5 B D Forbes et al, Physical Review B 82, (2010) 104103
6 A R Roosen et al, Computational Materials Science 11 (1998) p16-26
7 B D Todd and R M Lynden-Bell, Surface Science 281 (1993), p191-206
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Fig. 1: Simulated library of the scattering cross-section of a pure Pt or Ir crystal with increasing sample thickness. With
only 1 atomic number between Pt and Ir they are indistinguishable below 14 atoms. However, the elements have
different channelling lengths; this produces a deviation at much higher atom counts.
 

 
Fig. 2: Reconstruction of an experimental Pt/Ir particle, left, and equivalent Wulff plot, right. The Wulff plot has been
orientated to similar orientation for comparison, (111) faces are purple (with the close packed hexagonal arrangement
in the hard sphere model), (100) faces are blue (with square arrangement), and the (110) faces are red.
 



Type of presentation: Poster
 

MS-1-P-2226 Mixed FeOx-CeO2-x nanomaterials for chemical looping characterized by
transmission electron microscopy and spatially resolved EELS
 

Turner S.1, Meledina M.1, Galvita V.2, Poelman H.2, Marin G. B.2, Van Tendeloo G.1
 
1EMAT, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerp, Belgium, 2Laboratory for
Chemical Technology, Ghent University, Technologiepark 914, 9052 Ghent, Belgium
 

Email of the presenting author: stuart.turner@uantwerpen.be
 
Mixed FeOx-CeO2-x nanomaterials are promising candidates for use as oxygen storage materials
in the production of H2 by chemical looping. The technology of chemical looping is based on
periodic reduction/re-oxidation cycles of metal oxides, designed to convert hydrocarbons to
hydrogen with a quality that exceeds the requirements of all types of fuel cells.1,2 In this work,
a series of mixed FeOx-CeO2-x with varying Fe/Ce content are characterized using a combination
of advanced imaging techniques and spatially resolved EELS, in order to characterize the
presence and nature of the constituting components. The oxide materials are studied
throughout the oxidation/reduction cycle, paying special attention the morphology and surface
features of the FeOx/CeO2-x material.
Low iron content materials (e.g. 5wt.% FeOx/CeO2-x) typically consist of ceria nanoparticles with
sizes ranging from approximately 20 to 60 nm. Electron diffraction and imaging show no
evidence for the presence of a separate Fe2O3 (or FeOx) phase in this material. The ceria
nanoparticles do show the presence of nanometer-sized voids, which have previously been
observed in nanosized ceria. Spatially resolved EELS maps show that both voids and ceria
surfaces are decorated with isolated Fe atoms, and that the surface atoms of the ceria
nanoparticles and the voids are in a reduced state compared to bulk CeO2.3 Particular attention
has been paid to possible changes in the oxidation state and clustering of these Fe species
upon oxidation and reduction. The high iron content materials consist of α-Fe2O3 nanoparticles
decorated by significantly smaller ceria nanoparticles. In these samples, both structural and
valency changes at the FeOx/CeO2-x interface upon cycling have been studied in detail.
1) V. Galvita et al., Topics in Catalysis 2011, 54, 907.
2) V. Galvita et al., Ind. Eng. Chem. Res. 2013, 52, 8416
3) S. Turner et al. Nanoscale, 2011, 3, 3385
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Fig. 1: (a) Overview HAADF-STEM image of a 5wt.% FeOx–CeO2-x sample. (b) HR-HAADF-STEM showing strong faceting
and the presence of voids. (c) Overview HAADF-STEM image and corresponding EELS maps: the Fe is enriched at the
ceria surface and within the voids.
 

 
Fig. 2: (a) High resolution EELS references for Ce4+ and Ce3+. (b) Overview HAADF-STEM image and (c) Ce3+/Ce4+ map
showing surface reduction in the ceria nanoparticles. (d) HAADF-STEM image of the surface of a ceria nanoparticle with
(e) corresponding EELS spectra from the surface (black spectrum) and near-surface (blue spectrum) regions.
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The ongoing request for innovative semiconductor devices for opto-electronics motivates the
growth of low-dimensional objects such as nanowires or nanorods. The realization of designed
heterostructures  based on axial or radial symmetry depends on the nanorod's shape, i.e. on
its surface facets, and growth conditions. The understanding of the physical properties of the
resulting low-dimensional heterostructures necessitates the detailed three-dimensional (3D)
microstructure information. Consequently, there is a demand to further establish transmission
electron tomography as a feasible tool in materials science – especially for nanoscale
semiconductor heterostructures – along with the challenging site specific preparation of
adequate samples.
The investigation of inclined GaN nanowires grown on a non-polar (11-22) GaN template with
(In,Ga)N insertions at the top by scanning transmission electron microscopy (STEM)
tomography is presented in this work. The objects' geometrical arrangement (Fig. 1b) requires
a sophisticated sample preparation technique in a dual-beam device comprising a scanning
electron microscope (SEM) and a focused ion beam (FIB). On the one hand, the technique
allows to isolate the target within an electron transparent lamella (Fig. 1a). On the other hand,
the positioning of the lamella realized by the incorporated  micromanipulator and the versatile
sample stage enables the chemical sensitive high-angle annular dark field (HAADF) STEM
imaging along a <11-20> direction (Fig. 1c) that is not straight forwardly available in
conventionally prepared samples. The mounting of the sample with its [0001] orientation along
the tilt axis will be discussed.
To access the complex morphology (facets, layer thickness, In content) of (In,Ga)N insertions
in the GaN based objects, a HAADF STEM tilt series has been acquired over a tilt range of 165°.
The 3D reconstruction reveals the shape (Fig. 2a) and the anisotropic occurrence of (In,Ga)N
insertions in layers parallel to the facets of the object (Fig. 2b). The isosurface rendered
volume shows that the object is limited by the hexagonal m- and rplanes as well as a rough
cap parallel to the c-plane. The r-planes close to the substrate normal are only weakly
developed whereas the other four are clearly formed. The cross-sections through the
reconstructed 3D volume show high abundance of In in red color whereas the parts dominated
by green belong to the GaN core and shell.
This study demonstrates the unique access to complex three-dimensional morphological and
chemical information of nanoscale semiconductor heterostructures by HAADF STEM
tomography. The requirement of a sophisticated sample preparation technique has to be
underlined.
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Fig. 1: (a) The SEM image represents the target object within the lamella suitable for tomography. (b) The schematic of
the target object illustrates its special geometry which challenges TEM sample preparation. (c) The HAADF STEM image
exhibits the lamella in cross-section. The white arrow in image (a) and (c) marks the object that is presented in Fig 2.
 

 
Fig. 2: (a) Isosurface representation of the three-dimensionally reconstructed object along the direction perpendicular
to the substrate and the view onto a (1-100) side facet. (b) The cutaway of a cube from the object (schematic) offers
the view onto three ortho-slices parallel to low indexed lattice planes providing chemical information.
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The synthesis of hybrid nanoobjects containing a metallic magnetic core and a shell
constituted by a noble metal is highly desirable because of their potential use in the fields of
electronics, optics, catalysis, biology and medicine. In these nanoparticles, the magnetic core
provides the possibility to manipulate the nanoparticle by a magnetic field and the noble metal
shell offers protection from oxidation, a surface for functionalization by biomolecules and
depending on the metal core additional properties (catalytic, plasmonic etc). In this context, Co
anisotropic nanoobjects such as nanorods and nanowires are of special interest for applications
in which hard magnetic materials are required. However the development of a continuous shell
of a noble metal around Co nanoparticles is a challenge due to incomplete covering by the
noble metal. We will describe new hybrid Co-metal core-shell nanorods of different shell
composition and thicknesses. The growth of a complete shell is accomplished by introduction
of a buffer layer between Co and the noble metal, compatible with the two otherwise
immiscible materials. The complete shell protects the Co nanorods from oxidation, as
demonstrated by HRTEM (Fig.1) and EDS (Fig.2) analysis and corroborated by the magnetic
measurements. These results prove that the magnetic properties of Co, which are very
sensitive to oxidation, are stable after exposition of the nanorods to the air for several weeks.
Furthermore when the metal shell is thick, it can provide oxidation protection of the Co-core in
aqueous solutions for prolonged periods of time. After ligand exchange these nanorods can be
transferred from organic solvents into aqueous solutions.
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Fig. 1: Core-shell nanorod HREM
 

 
Fig. 2: Core-shell nanorod STEM-EDS
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A major challenge of modern nanoscience is the need for a detailed knowledge of the chemical
composition of novel materials on the nanometer scale. This challenge can be addressed by
applying analytical methods to the transmission electron microscopy (TEM). In particular
electron energy loss spectroscopy (EELS) opens a wide field of opportunities. Peaks at
characteristic core edge energies in EEL spectra of a selected sample area provide information
on the presence of certain chemical elements. Beyond that, the fine structure and the
chemical shift of the observed core edges provide insights in the composition on an atomic
level.[1]

Our work focuses on the characterization of copper nanoparticles generated by pulsed laser
ablation of µm-sized powders in organic liquids.[2] The study of different copper precursors
points to a reductive step during the synthesis of the copper nanoparticles. In order to
investigate the formation mechanism in detail, a profound knowledge of the oxidation state of
the copper atoms in the resulting particles is mandatory.
Oxidized copper shows distinct features, so called “white lines”, at the copper L2,3 edge in the
EEL spectra. These white lines originate from energy losses through transitions of 2p electrons
to empty 3d orbitals. As the 3d orbitals are completely filled for metallic copper the white lines
are suppressed. Thus the occurrence of white lines can be used to determine the oxidation
state of copper atoms.[3]

With this approach we can show, that the choice of the precursor not only determines the
structural by also the chemical properties of the resulting copper nanoparticles. These findings
are complemented by elemental maps obtained by energy filtered transmission electron
microscopy (EFTEM). The variation of the precursor powder and the investigation of the
resulting nanoparticles by EELS and EFTEM leads to a concept for the particle formation
mechanism which will be presented.
References
[1] R. F. Egerton, Electron Energy-Loss Spectroscopy in the Electron Microscope, 3rd ed.;
Springer: New York, Dordrecht, Heidelberg, London, 2011.
[2] C. A. Schaumberg, M. Wollgarten, K. Rademann, J. Phys. Chem., submitted.
[3] D. Shindo, K. Hiraga, A.-P. Tsai, A. Chiba, J. Electron Microsc., 42, 48-50 (1993).



 
Fig. 1: TEM images (left) and EEL spectra (right) of nanoparticles generated by laser ablation of CuO powder (top) and
Cu3N powder (bottom). The TEM images show the filter entrance aperture used to record the EEL spectra. Thus, the
EELS intensity originates solely from the depicted area.
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Focused Electron Beam Induced Deposition (FEBID) is a versatile direct write tool for the
fabrication of functional (3D) nanostructures. FEBID uses gaseous precursor which adsorb and
diffuse on the surface where they get locally decomposed by a finely focused electron beam.
Although many different application concepts have been demonstrates, final applicability
depends strongly on predictable morphologies and defined deposit chemistries. Both demands
require locally constant precursor coverage which leads to constant ratios between available
precursor molecules and potentially dissociation electrons species which is denoted as working
regime. What seems to be straightforward turns out to be very complicated when dimensions
approaches the nanoscale where local working regimes are influenced by a number of
variables like directional gas flux effects, deposit related barriers hindering ideal diffusion or
geometrical shadowing effects, comprehensively discussed in this contribution. As starting
point it will be demonstrated how patterning directions relates to the directional gas flux,
caused by the geometrical arrangement of the gas injection system. It is found that volume
growth rates (VGR) can vary by more than 50 % for different patterning orientations which
significantly complicates the predictable deposit volumes (Fig. 2). Furthermore, it is shown how
the chemistry changes along with the VGR which has strong implications on final
functionalities. To demonstrate these effects in a comprehensive way, a new patterning
strategy is introduced which visualize morphological and chemical effects within one deposit.
Based on these experiments a model is derived which fully explains the observations taking
directional adsorption, surface diffusion and local replenishment effects into account as well.
The experiments are complemented by finite difference simulations and numeric calculations
in well agreement and support the proposed dynamic model of laterally varying working
regimes. In order to investigate the tunability of the regime situation, the accessible process
parameters during deposition are systematically varied. It is demonstrated how constant
working regimes can be established (Fig. 1) which provide both, predictable morphologies and
laterally constant chemistries as indispensably required for potential applications. In summary
the study demonstrates the nanoscale implications of molecular gas and surface dynamics on
final deposit volumes and chemistries. Furthermore, it is also shown how stable conditions can
be achieved by a careful setup of the deposition process which is essential for further steps
toward industry related FEBID application.
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Fig. 1: 3D AFM height images of FEBID structures fabricated with spiral out patterning strategy and constant electron
doses. Unbalanced process parameters (1 ms dwell times) lead to disruption of the morphology (a) in contrast to
balanced conditions b) (100 µs dwell times) as effect of indicated directional gas flux component.
 

 
Fig. 2: lateral variations of segment heights (red) and chemistry by means of C / Pt ratios (blue) for a disrupted deposit
(Fig. 1a). Each patterning point has been patterned only once which demonstrates the strong implications of the
directional gas flux effects.
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Luminescence of luminophores localized in a close proximity of plasmonic nanoparticles (NPs)
such as Au or Ag are known to be completely or at least partially quenched [1]. However, in
the case of larger distances from the metal surface a luminescence enhancement may be
observed [2]. In order to investigate nanoparticle-luminophore distance effects, we focused our
attention on reproducible preparation of homogeneous and well-defined model samples.
We studied systems with gold as well as silver NPs prepared by different techniques. The first
set of samples were [substrate–AuNPs–spacer–luminophore] systems differing by AuNPs
morphology. The substrates were microscopic cover glasses with constant thickness
(specimens for fluorescence lifetime imaging microscopy, FLIM) and carbon-coated copper
grids (specimens for TEM, controls). AuNPs were sputter-coated on the substrate; their
morphology was controlled by sputtering time and subsequent thermal treatment. The spacer
layer was created by thermal evaporation of carbon. The testing luminophores were widely
used quantum dots and Ru(II) tris(2,2’-bipyridine); those were both sprayed and drop
deposited onto the sample. The second set of samples comprised
[substrate–AgNPs–luminophore] systems. In this case the AgNPs were prepared chemically by
reduction of silver nitrate by hydroxylamine hydrochloride and in a form of a single aggregate
deposited onto microscopic cover glass [3]. The testing luminophore /Ru(II) tris(2,2’-bipyridine)
was drop deposited. The luminescent signal was measured immediately after deposition.
The size and the shape of Au and Ag nanoparticles were monitored by TEM and FEGSEM. We
demonstrated that the combination of sputter coating and thermal treatment could yield NPs
ranging from 5 nm up to several mm. The average size of the AgNPs was ~30 nm. The
presence and homogeneity of luminophore on the surface was verified by TEM and EDX.
Preliminary FLIM experiments of the systems with AuNPs showed quite inhomogeneous
distribution of fluorescence lifetimes. Parallel TEM investigations suggested that the
luminophores were deposited in multiple layers. Therefore, the different distances of
luminophores from different layers might explain the observed distribution of FLIM signal. In
the case of Ag NPs systems and drop deposition of luminophore, the surface-enhanced
luminescence was observed.
References: [1] Geddes CD et al., Fluoresc. 2002, 12, 121., [2] Lakowicz JR, Anal. Biochem.
2001, 298, 1., [3] Sutrova, V. bachelor thesis, PřF UK, Praha 2013.
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Fig. 1: TEM images of sputtered and thermally treated AuNPs (ts = sputtering time, thermal treatment: 450 °C/15 min).
 

 
Fig. 2: Fluorescence lifetime images and elastic scattered light images of AuNP/C/QD 510 system (A, B) and
AgNP/Ru(bpy)3 system (C, D).
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Gold nanowires of molecular scale dimension are of fundamental as well as technological
interest owing to their tunable electrical transport characteristics leading to ballistic
conduction. This implies single electron sensitivity making them potentially active material for
catalysis and molecule sensing. This demands a large scale production of the wires in pristine
form for applicability and a detailed atomic structure study to interprete their properties
different from the bulk. Although the chemical synthesis route has been reported and electrical
transport studies have been carried out recently on the single crystal 2 nm gold wires of large
aspect ratio (approx. 500 or more), the structural investigation is not done so far. HRTEM
combined with image simulation and exit wave reconstruction can provide information on the
local atomic structure, however, with aberration corrected microscopes and advanced
analytical methods one can analyse the structure with picometer precision. This method is
limited to atomically thin samples. Quantitative HAADF-STEM is a technique to analyse the
structure of even few tens of nanometer thick samples and it allows us to determine atom
positions in the lattice and determine elemental composition of the atomic columns. Aberration
corrected electron microscopy, therefore, combined with advanced quantification methods is a
state of the art technique to extract information atom-by-atom 1. Here we present our
investigation on these ultrafine gold nanowires to determine their atomic structure by low dose
aberration corrected high resolution (S)TEM. Quantification reveals patterned strain in the
crystals which increases at the surface layer of atoms and that the wires are faceted with
irregular atomic scale surface steps 2. These structural aspects can be related to their unique
electrical features and makes them potential candidates for catalysis and sensorics. Besides,
from the HRSTEM image, atom counts in the atomic columns in viewing direction is obtained
and a 3D visualization of the wire atomic structure could also be deduced. Further, we looked
into the atom dynamics due to interaction with the electron beam at higher dose which gives
an insight to its mechanical behaviour and stability. Figure 1. provides an overview of the
lattice strain and the atom counting analysis.

1 G. V. Tendeloo et al. Adv. Mater. 24, 5655-5675 (2012)
2 P. Kundu et al. ACS Nano 8, 599-606 (2014)
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Fig. 1: (a) Aberration corrected HRTEM of 2 nm thin wire in [11 ̅0] zone (b) magnified view of the selected wire portion
analyzed showing displacement of atomic columns (marked by arrows). (c) High resolution HAADF-STEM image (false
color) of the wire analyzed for determining the atom counts in the columns in the [11 ̅0] zone direction as in (d).
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SiO2 based metal nanoparticle hybrids form an important class of material which finds
application in catalysis, sensors and biotechnology. Although several protocols exist for
synthesizing these hybrids, the complete understanding of the morphology, composition and
distribution of the heterounits in three dimensions is lacking. Conventional imaging techniques
like SEM and TEM gives information on the size, external/surface morphology and partially on
the shape of the nanostructure, but it can be misleading for detailed understanding of the
internal distribution and structural composition of the hybrid with a 3D shape. However, these
are important factors governing their functionalities like catalytic activity, stability, sensitivity,
plasmonic behavior etc. Also, thermal stability of such hybrids are important to be investigated
and only few studies are reported on that. Here we present a simple wet chemical route to
obtain extremely stable Au nanoparticles (5 – 10 nm) decorated SiO2 spheres without using any
external linkers. We investigated the composition by STEM-EDX and 3D ordering of the
heterounits of the hybrid using STEM tomography. It reveals presence of Au nanoparticles
exclusively on the surface of the SiO2 spheres and not inside the matrix. The same
characterization method has been used for understanding the mechanism of formation of the
hybrid, intermediate nanostructures resulted in course of reaction. This study reveals that the
hybrid formation is mediated by self-assembling of Au nanoparticles due to the presence of
oleyl amine and (3-mercaptopropyl) trimethoxysilane (MPTMS) on the Au surface and a
formation mechanism of the hybrid is deduced. Thermal stability test is performed and change
in morphology is studied by tomography which reveals an excellent stability of the structure up
to 400oC beyond which the Au particles starts migrating from the surface of the SiO2 sphere
into the matrix. However, no significant coarsening of the particles are observed. These kind of
structural changes can have significant impact on physical properties or their functional
behavior related to surface activity. This also implies low mobility of the Au particles on the
SiO2 surface which is advantageous for several applications 1. The method being general could
be used for making similar SiO2 based hybrid to stabilize metal nanoparticles.

1 P. Kundu et al. Angewandte Chemie Int. Ed. DOI: 10.1002/anie.201309288
 

Acknowledgement: Funding from the European Community’s Seventh Framework Program ERC
grant N°246791 – COUNTATOMS, COLOURATOMS, as well as from the IAP 7/05 Programme
initiated by the Belgian Science Policy Office is acknowledged. Funding from Department of
Science and Technology (DST) is also acknowledged.



 
Fig. 1: A schematic description of formation of the Au-SiO2 hybrid, where the Au nanoparticles anchor only to the
surface of SiO2, via Au nanoparticle self-assembly; however, on heating to higher temperature (400 oC) the Au particles
migrate inside the matrix but not aggregate on the SiO2 surface. This confirms a good thermal stability of the hybrid.
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Ultrathin Au nanowires are potential candidate for catalysis, sensing, plasmonic and biological
applications. Most of these applications require a clean interface for better performance.
Fragility on polar solvent cleaning and hydrophobicity due to the associated linkers limit the
use of the nanowires in their as-synthesized form. We have developed a strategy for growth of
these nanowires directly on substrates (Figure 1) that imparts stability to the wires. The study
on growth and mechanism of nanowire formation on substrates has been carried out using
electron microscopy (SEM & TEM) and other techniques.
Poor thermal stability limits the use of these nanowires to low temperature applications only.
Hence, for high temperature applications proper packaging of the nanowires is required. A
simple wet-chemical method has been developed to coat these nanowires with mesoporous
SiO2 (Figure-2) and TiO2 coatings. The SiO2 layer thickness could be controlled very easily by
this method by varying the reaction time. Coating thickness of a few nanometers could be
obtained. In-situ TEM thermal stability studies have been carried out on the SiO2 coated
nanowires. Figure 3 shows the TEM images of the nanowires as the temperature is increased
over a period of 4-5 hours. Bare nanowires had been drop-casted on the same grid for
comparison. The non-coated nanowires (marked in red) break into nanoparticles at very low
temperature as shown in the set of images. Coated nanowires became segmented at similar
temperatures but the segments show remarkable stability at high temperature (5530C) for long
times.
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Fig. 1: TEM image showing ultrathin Au nanowires grown on
Carbon support.
 

 
Fig. 2: Au nanowires with a thin layer of SiO2 coated to
enhance thermal stabilty. Inset shows a thicker coating of
SiO2 on the nanowires.
 

 
Fig. 3: In-situ TEM heating experiment reveals that SiO2 coated Au nanowires are stable at a temperature of 5530C
whereas the drop-casted bare Au nanowires break (marked in red).
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Cation exchange is the process by which the cation in a compound is replaced by another
cation from a suitable precursor. It is very difficult to replace any cation by Au, since the high
electron affinity of Au leads to reduction of the precursor to form metallic Au rather than
undergoing cation exchange. The competition between cation-exchange and reduction is not
well understood. For the case of Au or other elements, one of the processes may be dominant
over the other depending on the choice of system and the experimental conditions. Knowing
the criterion and having a rational understanding of the process is essential for rational
synthesis of heterostructures. In our study, we show that cation exchange is unexpectedly
dominant over reduction for the case of CdS-Au.
Bright-field TEM imaging (Figure 1) reveals the presence of small, faceted particles of Au on
the CdS nanorods. However, on careful observation it shows the formation of more particles
under the electron beam. When the concentration of the Au precursor is low, most of the Au2Sx

(x=1 & 3) formed as a result of cation-exchange is on the surface, which on exposure to the
electron beam leads to the formation of faceted Au particles. In the case of a higher precursor
concentration, the beam effects are highly accentuated as the Au2Sx is present across the
depths of the sample which results in shortening of the nanorods; in some cases along with the
formation of Au nanoparticles. Energy dispersive X-Ray mapping in STEM mode (Figure 2)
clearly depicts the change taking place due to beam irradiation. The HAADF-STEM image in
Figure 3a further shows three different regions of contrast. Careful investigation of the high
magnification STEM images (Figure 3b) reveals the presence of the cubic Au2S phase which
confirms that cation-exchange indeed takes place under the reaction conditions.
Thermodynamic calculations have been carried out to understand the experimental
observation that paves the way for better predictability of the viable product for various
systems under different reaction conditions.
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Fig. 1: Bright field TEM image showing Au attached to CdS
nanorods.
 

 
Fig. 2: More of such Au nanoparticles form under the
electron beam as is evident from the HAADF-STEM image
and the corresponding EDS map.
 

 
Fig. 3: (a) At high magnification we observe three different regions of contrast as marked by the blue dotted line. (b)
Atomic resolution imaging clearly shows the Au2S and CdS domains.
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Electron microscopy provides a highly versatile platform for the characterization of supported
metal nanoparticles for heterogeneous catalysis. With both high spatial resolution as well as
spectroscopic capabilities, the EM platform can characterize materials in detail. Recent
developments include high solid angle EDX detectors, which can rapidly acquire
high-resolution elemental maps, and micro electro-mechanical systems (MEMS) based heating
holders that can heat samples at very high rates with only little spatial drift. With the addition
of environmental capabilities, the microscope can even probe samples under reactive
environments.
It is impractical to use all techniques and modification on a single instrument. Hence, in order
to obtain the complete picture of catalyst samples, several platforms can be employed.
A recent trend in catalysis is the use of materials that have been engineered at an atomic
level. In particular, Density Functional Theory (DFT) can be used to computationally screen for
new materials. These are often multi-metal alloys, which add new functionality and can reduce
the amount of precious metals. Such samples can be size selectively produced either by
physical routes, e.g. time of flight mass selection or chemical synthesis e.g. micelle
encapsulation. Whereas these approaches may not be technically applicable for large-scale
synthesis, they provide a valuable route for gaining fundamental knowledge.
Here, we show findings from three different systems used in three different reactions. Namely
Pt-Y for oxygen electroreduction to H2O, Pd-Hg for electrochemical synthesis of hydrogen
peroxide and ruthenium based catalyst used for methanation [1-3]. With these examples, we
illustrate two principle points of nanoparticle functionality: composition and shape.
In the case of the bimetallic catalysts, the elemental distribution in the nanoparticles is of
fundamental interest: Do they form a core-shell system or do form an evenly distributed
mixture/alloy? Using a high solid angle EDX detector, elemental maps can be efficiently
collected and the elemental distribution monitored. Such verification is essential to understand
the working principle of the catalyst.
Ruthenium nanoclusters can be used for methanation of carbon monoxide, a reaction used to
clean up feed gas for e.g. proton exchange fuel cells (PEM). As-synthesized, the Ru particles
assumed high surface-area raspberry-like shapes. However, after treatment under conditions
relevant for the methanation reaction, the particles adopted more spherical shapes.
[1] F. Masini et al. J. Catal. 308 (2013) 282
[2] S. Siahrostami et al. Nature Materials 12 (2013) 1137
[3] A. Verdaguer-Casadevall et al. Nano Letters 13, dx.doi.org/10.1021/nl500037x



 
Fig. 1: a) STEM micrograph of a nanoparticle and b-d) corresponding Y, Pt and combined X-Ray elemental maps.
 

 
Fig. 2: a) STEM micrograph of a nanoparticle and b-d) corresponding Hg, Pd and combined X-Ray elemental maps.
 

 
Fig. 3: Ruthenium nanoparticle imaged under different conditions relevant for the methanation reaction. a) Room
temperature, vacuum; b) 427°C, vacuum; c) 427°C, 230 Pa 1:10 CO/H2.
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Nanoparticles play an increasingly important role in catalysis. At the nanoscale, stoichiometry
and the thermodynamic stability of different crystallographic facets may be modified as
compared to the bulk, which is one of the reasons for their increased importance.
Understanding activity and selectivity of nanoparticle catalysts requires detailed
understanding of catalytic reactions at the atomic scale. An important step towards this goal is
to obtain accurate atomic structures of catalytic nanoparticles and especially of their surface
and immediate subsurface regions.
Aberration-corrected high resolution transmission electron microscopy (HRTEM) is a well suited
tool for studying atomic structures of such particles. Quantitative analysis of the electron exit
wave obtained from the experimental series of images with different focus can in principle
provide some additional information on the three-dimensional structure.
In the present work we test an enhanced approach to quantitative exit wave restoration from
the focal series of HRTEM images obtained for ceria nanoparticles. The existing linear exit
wave restoration codes are based on the assumption that the sample under investigation is a
weak-phase object. This approximation applied to a general object can result in an incorrect
restoration. A more general approach is to reconstruct the exit wave by minimising the sum of
squared differences between the simulated and experimental images where both the
amplitude and the phase of the exit wave can be restored accurately. We suggest using the
exit wave reconstructed by the linear approach as an initial approximation for this more
general reconstruction. The successful restoration using the suggested method is dependent
on knowing accurate aberration parameters of the microscope, especially the focus range and
the focal step, and accurate image alignment in the experimental focal series. These are not
routinely available from the actual experimental conditions. The suggested approach employs
refinement of the exit wave together with both the aberration parameters and the image
alignment in a single refinement cycle. The resulting exit wave is compared with exit wave
obtained by theoretical multislice simulations and with the exit wave obtained by linear
restoration software. We also investigate the origin of the increased contrast at the edges of
the nanoparticles seen in the reconstructed phase, examining whether it is a consequence of
adsorbed light species or a manifestation of electrostatic surface potential.
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Fig. 1: Global-refinement exit wave restoration algorithm implemented in the present study.
 

 
Fig. 2: Reconstructed electron exit wave amplitude a) and phase b) of ceria nanoparticles. Note the bright contrast at
the edges of the nanoparticles in the phase image.
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Gold exhibits characteristic catalytic properties when Au nano-particles are supported on the
metal oxides [1,2]. It has been reported that catalytic properties depending on the kind of the
metal oxide supports are observed for various catalytic reactions. For example, high catalytic
activity is observed in the low temperature CO oxidation when TiO2 was used as support and
high catalytic activity for water-gas-shift reaction at low temperature was observed when the
CeO2 is used as support [3]. The origin of the catalytic properties of Au catalysts is not clear
yet although it is suggested that the interface between the small Au particle and the metal
oxide support act as active sites [4,5]. In order to clarify the relation between the fine structure
and the catalytic properties at the Au-metal oxide interface, we have carried out the structure
analyses on the small Au particle supported on TiO2, NiO and CeO2 with a transmission electron
microscopy (TEM) and annular dark field scanning transmission electron microscopy
(ADF-STEM) [6,7]. In this experiment, the basic structure of Au nano-particles supported on
Fe2O3 was observed in atomic scale by HRTEM and STEM.
Au/Fe2O3 catalysts were prepared by solid grinding method using organogold complex [8] and
deposition precipitation (DP) method. γ-Fe2O3 fine particle (Nanophase Tech. Corp.) which has
spinel structure was used for support. The catalysts were calcined at 573K for 4 hours in air.
The observations were carried out by using aberration corrected TEM/STEM (FEI Titan3 G2
60-300). Accelerating voltage for the observation was 300kV.
Figure 1 shows typical ADF-STEM images of Au/γ-Fe2O3 catalyst prepared by DP method. Small
Au particles of approximately 2-10 nm in diameter are deposited on theγ-Fe2O3 support.
Theγ-Fe2O3 support crystal exhibit polyhedral shape with low index facets such as {111},
{100}. Figure 2 shows profile-view HRTEM images of Au particles onγ-Fe2O3 (111). The incident
electron beam direction was adjusted alongγ-Fe2O3 [1-10] zone axis. Gold particles tend to be
deposited on theγ-Fe2O3 surface with the preferential orientation relationships of
(111)[1-10]Au//(111)[1-10]γ-Fe2O3 or (111)[-110]Au // (111)[1-10]γ-Fe2O3 for theγ-Fe2O3 (111)
surface. The high resolution STEM observations were also carried out for the Au/γ-Fe2O3

interface.
References
[1] M. Haruta et al., Chem. Lett., (1987) 405.
[2] M. Haruta, Catal. Today 36(1997)153.
[3] H. Sakurai et al., Appl. Catal. A: General 291 (2005)179.
[4] T. Fujitani et al., Angew. Chem. Int. Ed. 48(2009) 9515.
[5] T. Fujitani et al., Angew. Chem. Int. Ed. 50(2011)10144.
[6] T. Akita et al., Surf. Interface Anal.40, (2008)1760.
[7] T. Akita et al., J Mater Sci. 43(2008)3917.
[8] T.Ishida et al., Chem. Eur. J. 14 (2008) 8456.
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Fig. 1: FIG. 1. Typical ADF-STEM image of Au/γ-Fe2O3 catalyst.
 

 
Fig. 2: FIG. 2. HRTEM image of Au onγ-Fe2O3 substrate.
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Ensembles of nanoparticles possess collective properties that are dissimilar to those
demonstrated by the individual particles and self-assembly has emerged as a powerful means
by which the structure and properties of inorganic nanoparticle arrays can be manipulated.. In
order to aid in the resolution of the keenly contested debate between proponents of the
fibrillation model and those of the electrostatic forces interaction model the structure formed
by monolayers of PbS colloidal nanocrystals was investigated using high-resolution spherical
aberration corrected TEM, high-resolution electron holography and energy filtered TEM [1,2].
By employing this suite of techniques it could be observed that the truncated octahedrally
shaped nanoparticles form 2D close-packed layers interconnected by organic fibrils of oleic
acid which are partially mineralised by PbS. These bridges, whose diameters are between 0.3
and 2 nm, keep the face to face orientation of the nanoparticles fixed, thus preventing them
from assuming an arbitrary orientation. The complex and textured structure of the monolayer
assembly is caused by the habit of the truncated octahedral PbS nanoparticles bearing angles
close to ideal values of 54° and 71° between their {100} and {111} faces. By means of
electron holography, approximately 10-15 fibrillar interconnections between neighbouring
particles in the as-prepared films have been observed. Each nanoparticle is surrounded by six
other individuals. At least two or three organic “linkages” are formed between the particles
and connect to a nearest neighbour. Most of the organic connections can be mineralised
successively by PbS during careful annealing. By using this bottom-up technique access to
length scales of sub-nanometer dimensions, presently not accessible to top-down techniques
can be attained. This type of isolated but yet interconnected structure formed by the inorganic
bridges, represents an ideal “isolated but connected” structure that preserves the effects of
quantum confinement present within the individual nanoparticles whilst at the same time
having the potential to provide high electron mobility throughout the extended structure.
[1] P. Simon, E. Rosseeva, I.A. Baburin, L. Liebscher, S.G. Hickey, R. Cardoso-Gil, A. Eychmüller,
R. Kniep, W. Carrillo-Cabrera, Angew. Chem. Int. Ed. 2012, 51, 10776-10781.
[2] P. Simon, L. Bahrig, I.A. Baburin, P. Formanek, F. Röder, J. Sickmann, S.G. Hickey, A.
Eychmüller, H. Lichte, R. Kniep, E. Rosseeva, Adv. Mater. 2014 DOI: 10.1002/adma.201305667



 
Fig. 1: 3D representation of the phase image retrieved from
the electron hologram. Color code corresponds to 4 nm
height from green to blue. The bridging organic fibrils
appear yellow.
   

Fig. 2: 2D representation of phase image. The PbS
nanoparticles and the interconnecting sub-nanometer oleic
acid fibrils appear bright in the phase image.
 

 
Fig. 3: (a) Cs-corrected HR-TEM image of two nanoparticles
interconnected by a PbS bridge. The PbS bridge (red arrow)
has a diameter of 0.3 nm and a length of 1.5 nm. The
periodicity along the bridge corresponds to 0.3 nm which is
equivalent to the (200) lattice plane of PbS. (b) Digitally
zoomed area.
 

 
Fig. 4: Idealized model of isolated but interconnected PbS
nanoparticles.
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Ni base nanoparticles (NPs) are characterized under low dose conditions in TEM mode. These
nanoparticles are mainly designed to act as catalysts in energy devices. Ni, NiO and Pt@NiO
nanoparticles are investigated. Particularly the use of Nio@Pt for solar cells (artificial
photosynthesis) is attractive, namely the hydrogen evolution center, while NiO has been tested
as a catalyst for the oxygen evolution center. Consequently an atomic characterization of the
involved nanocrystals is of particular importance. Here, transmission electron microscopy is
used with the objective to determine nature, shape and atomic distribution of Pt for different
loadings (0-16 at.%) on a Ni core basis. In all cases the electron dose rate has been kept in the
range 20-150 e-/Å2s in order to avoid surface rearrangement by interaction with the electron
beam. The TEAM 05 (80 KeV) has been used together with focal series reconstruction (EWR) to
recover both phase and amplitude images that provide information of the spacing and the
chemical nature of the corresponding atomic columns. Two procedures have been used for
synthesis of nanoparticles. One of them produces Ni and the other NiO-NPs. NiO NPs are then
covered with different loadings of Pt in order to create incomplete core shell structures but
with superior catalytic activity. Figure 1 shows phase images of Ni NPs, their size varies from 1
to 7 nm and can agglomerate most likely due to their magnetic characteristics. The dose rate
used to acquire the experimental images is 30 e-/Å2s. Figure 1b shows experimental images of
NiO NPs acquired with a dose rate of 120 e-/Å2s, their average size is around 1.5 nm. During
processing Pt is deposited on NiO particles and a typical example is given in the phase images
shown in Figs. 2a-b, the dose rate is around 55 e-/Å2s and the Pt coverage is nominally 8 at. %.
The nanoparticles have mostly irregular shapes. There is a negligible particle transformation
due to the weak interaction with the electron beam. These NPs are nevertheless susceptible to
alteration in shape and structure as a consequence of electron beam sample interaction. An
example is given in the phase images shown Figs. 3 a-c. In these cases, the dose rate has
been increased from 55 e-/Å2s (Fig. 3a) to 300 e-/Å2S (Fig 3b) and 1400 e-/Å2s (Fig. 3c). The
particle under observation initially losses atoms that apparently redeposit on the carbon
support and migrate (partially) to form a new crystal. The selected NP becomes bicrystalline at
the end of this experiment that clearly shows the need to use a proper electron dosage for
observation and the possible large influence of thermal effects. Phase images have been used
for simulation in order to determine the Pt coverage.
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Fig. 1: Figure 1. (a) Phase image of Ni nanoparticles and (b) Experimental image of NiO nanoparticles at a dose rate of
150 e-/A2s.
 

 
Fig. 2: Fig. 2. Phase images of NiO nanoparticles with a Pt coverage of 8 at.%. and taken with a dose rate of 55 e-/Å2s.
 

 
Fig. 3: Fig. 3. Phase images of NiO nanoparticle with an 8 at. % Pt coverage. (a) Dose rate of 55 e-/Å2s. (b) Dose rate of
300 e-/Å2s and (e) Dose rate of 1400 e-/Å2s.
 



Type of presentation: Poster
 

MS-1-P-2562 Localization microscopy (SPDM) facilitates high precision control of
lithographically produced nanostructures
 

Grab A. L.1, Hagmann M.2, Dahint R.1, Cremer C.2,3
 
1Angewandte physikalische Chemie, Im Neuenheimer Feld 253, 69120 Heidelberg, Germany,
2Kirchhoff-Institute for Physics, Im Neuenheimer Feld 227, 69120 Heidelberg, Germany ,
3Institute of Molecular Biology, Ackermannweg 4, 55128 Mainz, Germany
 

Email of the presenting author: martin.hagmann@kip.uni-heidelberg.de
 
In numerous fields, the development of innovative technologies requires a refinement and
miniaturization of existing systems resulting in an increasing requirement for process friendly
quality and dimension control for industry. Localization microscopy (SPDM) provides a precise
control of nanostructures, which are indispensable for example for optronics, biosensing
applications, manufacturing of electrical elements, biomedical applications, environmental
issues, flow profiles in air or water and self-cleaning surfaces.
The principle of this "superresolution microscopy" technique is the use of "point-like" objects
carrying different spectral signatures (e.g. fluorescent dyes different in absorption and/or
emission spectra; fluorescent dyes with different life-times; time dependence of luminescence,
reversible bleaching behaviour, etc.).
Using a lithographic approach, highly regular nanostructures have been generated and marked
with Alexa 647 dyes. The spatial organization of the dyes on nanostructured surfaces
consisting of interconnected cubes has been averagely localized down to 6 nm using
localization microscopy. Herewith we illustrate two aspects: The application potential of
localization microscopy as an integrated process for quality control in addition to the absolute
spatial calibration of Spectral Precision Distance Microscopy (SPDM).
The findings will be important in the field of product control for industrial applications and
long-term fluorescence imaging and calibration for most super-resolution fluorescence
microscopes in general. As SPDM improves the optical resolution compared to standard
fluorescence microscopy, structure dimensions and the excellent quality of the lithographical
grating were resolved beyond the Abbe limit with high precision.
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Nanometer sized objects are attracting large attention nowadays due to their breakthrough
mechanical properties such as high hardness, crack propagation resistance and high elastic
limit in comparison to the bulk of their counterparts [1]. In situ TEM nanoindentation is a
particularly well suited technique for the mechanical testing of nano-sized objects. Images of
the deforming sample and force-displacement curves can simultaneously be acquired. The
challenge remains in the identification of the material mechanical behavior, namely the
constitutive law with the intrinsic parameters – Young modulus, yield strength, Poisson ratio –
as well as the understanding of the deformation mechanism.In this study, we propose an
innovative method for a complete mechanical analysis of nanoparticles in the size range [30
nm-300 nm]. This protocol consists in coupling of in situ TEM nano-compression tests of
isolated nanoparticles, image analysis and mechanical simulations. After the experiments, the
load–real displacements curves are measured by Digital Image Correlation. Then a constitutive
law is obtained through an inverse Finite Elements simulation. The determination of a
constitutive law includes the determination of the material intrinsic parameters such as Young
modulus, Yield stress, hardening coefficient, and stress at fracture.In this presentation, the
method will be presented through the analysis of transition alumina nanoparticles. It will be
shown that such ceramic nanoparticles can undergo large plastic deformation, which is not
observed in the bulk (Fig1). The parameters of the constitutive law will be discussed in the
light of the literature, and especially the work from K. Zeng et al. [1]. They showed that the
electron beam, during in situ TEM nano-compression tests of silica nanoparticles, creates
structural and bonding defects throughout the entire sample and facilitates the plasticity of the
nanoparticles.The deformation mechanisms will be investigated through performed
compression experiments in a Diamond Anvil Cell, at room temperature and in the absence of
electron beam. We will present the results obtained from HRTEM observations of thin foils
extracted from samples compacted at various uniaxial pressures. We will show that plastic
deformation occurs also in this case (Fig2). Moreover, the appearance of a nanoparticle
preferential orientation will be evidenced (Fig3). This point will be discussed in function of the
possible slip systems. Finally, we will demonstrate that such HRTEM analysis gives interesting
pieces of information, which permit to better understand how the nanoparticles behave and
deform during the in situ experiments.
[1] Kraft et al. Annual Review of Materials Research,2010.
[2] K. Zheng et al. Nature Communications, 2010.
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Fig. 1: TEM in situ nano-compression force-displacement curve. The simulations using DIC-FE (red) or the analytical
method (blue). A good agreement is found for both simulations with the experiment, especially for the DIC-FE method
which takes into account the plastic regime, contrary to the analytical method which is valid only in the elastic domain.
 

 
Fig. 2: (Left) TEM image revealing the plastic deformation of transition alumina nanoparticle compacted in a DAC at 5
GPa uniaxial pressure. (Right) TEM image of compacted transition alumina in DAC at 20 GPa. It reveals the oriented
crystallographic texture with respect to the compression axis.
 

 
Fig. 3: (a) HRTEM image of the FIB thin foil of a zone of contact between two alumina nanoparticles. (b) Fourier
Transform of the dotted zone of the deformed particle.
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Nanometer-sized objects are attracting large attention nowadays due to their breakthrough
mechanical properties such as high hardness, crack propagation resistance and high elastic
limit in comparison of the bulk state of the studied material [1].
Moreover, these nano-objects exhibit large plastic deformation under high load; this was not
expected for certain materials and especially for ceramics. Large numbers of studies nowadays
are dedicated to plastic deformation of Metals at the nano-scale, and few are reported on
ceramics [2, 3].
The origin of this plastic deformation is still not very well defined. Mechanisms proposed are
size dependent, and link this behavior to dislocations nucleation at surfaces and slipping on
certain planes depending on the crystal orientation with respect to the solicitation direction.
Another mechanism proposed is the mechanical twining via full dislocations dissociations into
partial Shockley dislocations that glide on a slipping plane (the denser) of the crystal.
A protocol consisting of in situ TEM nano-compression tests of isolated nanoparticles coupled
with data processing by Finite Elements and Molecular Dynamics simulations has been
developed [2], and applied to the study of spherical alumina nanoparticles. Identification of
deformation mechanisms remains quite difficult since the orientation of the nanoparticle on
the substrate prior to compression is not controlled.
In this study, we will present in situ TEM nano-compression experiments on MgO nanocubes.
The main advantage of studying such nanocubes lies in the fact that their crystallographic
orientation with respect to the indenter tip is fully known. It will be shown that MgO can
undergo large plastic deformation, more than 50%, without any fracture. Then, we will propose
a mechanical behavior law from the analysis of the images and curves followed by Finite
Elements simulation. Finally, deformation mechanisms will be identified from the comparison
between the contrasts in the images and Molecular Dynamics simulations [4].
[1] Kraft et al. Annual Review of Materials Research (2010) 40:293-317
[2] Calvie et al. Journal of the European Ceramic Society (2012) 32:2067-71
[3] Korte et al. Acta Materialia (2011) 59:7241-54
[4] Amodeo et al. Acta Materialia (2011) 59:2291-2301



 
Fig. 1: 100 nm edge size, MgO Nanocube before compression in situ in TEM
 

 
Fig. 2: 100 nm edge size, MgO Nanocube After compression in situ in TEM
 

 
Fig. 3: Stress-strain curve Obtained from Load-Real displacements curve of the nanocube compressed in situ
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Monodisperse metal nanoparticles (NPs) with high activity and selectivity are among the most
important catalytic materials. However, the intrinsic process to obtain well-dispersed metal
NPs with tunable high density (ranging from 1013 to 1016 m-2) and thermal stability is not yet
well understood. Herein, the preparation of metal NPs with tunable areal density from layered
double hydroxide (LDH) precursors in which the metal cations were pre-dispersed at an atomic
scale was explored. Large quantities of mesopores induced by the Kirkendall effect were
formed on the as-calcined layered double oxide (LDO) flakes. The O atoms bonded with Fe3+

cations were easily to be extracted at a temperature higher than 750 oC, which greatly
increased the mobility of Fe. Consequently, coalescence of the reduced Fe atoms into large
NPs enhanced the Kirkendall effect, leading to the formation of monodisperse embedded Fe
NPs on the porous LDO flakes. The flake morphology of LDHs was well preserved, and the areal
density of Fe NPs on the LDO flakes can be well controlled through adjusting the Fe content in
the LDH precursor. With higher Fe loading, larger Fe NPs with higher areal density were
available. When the areal density was increased from 0.039 to 0.55, and to 2.1 × 1015 m-2, the
Fe NPs embedded on the LDO flakes exhibited good catalytic performance for the growth of
entangled carbon nanotubes (CNTs), aligned CNTs, and double helical CNTs, respectively. This
work provides not only new insights on the chemical evolution of monodisperse NPs from an
atomic metal-dispersed precursor, but also a general route to obtain tunable NPs as
heterogeneous catalysts for chemical and material production.
References:
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Fig. 1: STEM image of Fe distributed on LDO flakes.
 

 
Fig. 2: (a) Entangled CNTs grown on LDH-I, (b) aligned CNTs grown on LDH-III, and (c) double helical aligned CNTs
grown on LDH-V. (d) The phase diagram of CNTs grown on flat/flake substrates with different catalyst densities and
sizes.[1]
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Nanocrystalline pure or doped ceria is an important material widely used in various fields of
technology, including optics, microelectronics and catalysis. Doping of ceria with transition
metal ions enhances its property and improves the thermal stability of nanocrystalline ceria
against sintering. It has been established that catalytic activity of ceria nanoparticles depends
strongly on their morphology: nanoparticles with cube or rod morphology, exposing {1 0 0}
planes at the surface, are desirable for catalytic reactions of CO and soot combustion [1,2].
In this work mixed Ce1−xLnxO2−y (Ln=Gd, Er) oxides were synthesized by the hydrothermal
treatment [3,4]. Two modifications of the hydrothermal treatment – classical and microwave
assisted – were applied. The effect of the amount of dopant and the synthesis method on the
phase composition and morphology of the of lanthanide oxides was studied by SEM-EDS,
EBSD, TEM, XRD and Raman spectroscopy.
By classical hydrothermal treatment, for low doping level, nanocubes of the mixed Ce-Ln oxide
with fluorite structure and bimodal size distribution (small 5-20 nm and much bigger 50-80 nm)
were formed (Fig.1), while at higher doping (x > 0.3 ) rod-like particles of Ln hydroxide were
also observed. Using of microwave radiation enabled the synthesis of the nanocubes of the
mixed oxides at significantly shorter time, but the resulting materials is different: over broad
range of Ln contents (0.05 <x< 0.5) particles with nanorod and nanocube morphology were
obtained (Fig.2). TEM show that smallest particles with low doping level, which could not be
characterized by SEM, contains mostly regular cube shape particles, though there is a fraction
of small particles having rounded corners (Fig.3). SAED pattern contain sharp rings that can be
assigned to fluorite structure of ceria. Particle size distribution is very broad and bimodal.
EBSD combined with EDS was used to analyze the structure and composition of unusual, large
oxide nanocubes (50 – 80 nm) appearing in the samples (Fig.4). It appeared that the
nanocubes of the mixed Ce-Ln oxide have fluorite type structure of CeO2 and are single
crystals but not aggregates of smaller crystallites.
[1] X.W. Liu, et.al., J. Am. Chem. Soc. 131 (2009) 3140–3141;
[2] K.B. Zhou, X. Wang, X.M. Sun, Q. Peng, Y.D. Li, J. Catal. 229 (2005) 206–212;
[3] H.X. Mai, L.D. Sun, Y.W. Zhang, R. Si, W. Feng, H.P. Zhang, H.C. Liu, C.H. Yan, J. Phys.
Chem. B 109 (2005) 24380–24385.;
[4] Z. Wang, Q. Wang, Y. Liao, G. Shen, X. Gong, N. Han, H. Liu, Y. Chen, ChemPhysChem., 12
(2011) 2763–2770
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Fig. 1: SEM image from Ce0.95Er0.05O2−y (classical
hydrothermal treatment)
 

 
Fig. 2: SEM image from Ce0.95Er0.05O2−y (microwave assisted
hydrothermal treatment)
 

 
Fig. 3: TEM image and SAED pattern from Ce0.95Er0.05O2−y

(classical hydrothermal treatment)
 

 
Fig. 4: EBSD indexed pattern from single nanocube of
Ce0.95Er0.05O2−y
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In this work we report on the structure characteristics of Cu2S nano-crystals and the fractal
features in crystal growth.
The Cu2S crystals were produced by using a carbon-coated TEM copper grid added with a few
drops of dispersed Graphene loaded with sulfur nano-particles in ethanol. When the solution is
dried, a variety of well-constructed tine crystals were observed near the copper bars in
microscope, which were mostly dendrites as shown in Figure 1a, similar to the observation by
Q Han[1]. The diffraction patterns obtained from different dendrites all showed a 6-fold
symmetry, as shown in Fig.1b, which can be indexed with hexagonal Cu2S[2]. No other phases
or amorphous copper sulfide, as reported in [1], were observed.
Actually the crystallized dendrites exhibit a porous feature since they are composed of
numerous nano-crystals in size of few nanometers, as indicated in dark-field scanning TEM
images, an example presented in Figure2a. An interesting question is the diffraction pattern
from a large area of a dendrite having a number of branches, see in Fig.1a, show a simple
[001] pattern that means all nano-crystals are so well oriented that not only along the C-axis,
but also the atomic arrangement of those c-planes are aligned in 3o of rotation with respect to
each other, see the Fig.1b. That implies hundreds or even thousands of copper sulfide
nano-particles bonded together porously could behave as a single crystal, rather than a
randomly arranged one.
Of the well-oriented nano-crystals the produced copper-sulfide crystals present interesting
self-similarity morphologies, the dendrites like a leaf, a fern, or even a mountain top, some of
them We calculated the fractal dimensions using the box-counting method [3] on the
nano-crystals and the Matlab codes designed by San Pedro [4]. The fractal dimension of a
typicl Cu2S-dentride, as shown in Figure 3a is 1.8623, while the ideal value is 2.
[References]
[1] Qiaofeng Han, Shanshan Sun, Jiansheng Li and XinWang, Nanotechnology 22 (2011)
155607 .
[2] Cava. R.J., Reidinger. F., Wuensch. B.J., Solid State Ionics, 5 (1981) 501.
[3] G. Hartvigsen, The Analysis of Leaf Shape Using Fractal Geometry. The American Biology
Teacher. 62 (2000) 664.
[4] S. San Pedro, Fractal Dimensions of Leaf Shapes, Math 614-Sp2009 Web site:
http://www.math.tamu.edu/~mpilant/math614/StudentFinalProjects/SanPedro_Final.pdf
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Fig. 1: Figure 1. (a) Dendrites observed on Cu-bars of thin carbon film coated copper grids; (b) the corresponding
electron diffraction pattern from the selected area circled in (a) indicating a [001] oriented Cu2S and the C-plane of
different branches are well-aligned within 3o in rotation respectively.
 

 
Fig. 2: Figure 2. An enlarged image from a portion of a dendrite obtained in dark field scanning TEM mode (Z-contrast
imaging) exhibits a porous structure composed of nano- Cu2S-crystals (bright dots) in size of 5±1 nm and different size
of holes (black dots).
 

 
Fig. 3: Figure 3. Cu2 Nano-crystal growth produces a variety of fragmented self-similar shapes similar to leafs, ferns, or
other plants, a typical example shown in (a). After the fractal dimension analysis, the grayscale image (a) became a
binary image (b) with a threshold of 190, estimated from the slope of the test-fit line as show in (c).
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Zeolite supported metal catalysts are widely used while the electron beam sensitive zeolite
makes the characterization of the catalysts using electron microscope (EM) difficult. In this
contribution, a sacrificial-zeolite specimen preparation (SZSP) technique is developed for the
EM analysis of the catalyst. The metal particles are transferred from the zeolite support to the
deposited nanocarbon generated in the metal catalyzed hydrocarbon reaction. SAPO-34 zeolite
with Al2O3 binder supported Pt catalyst is employed as the model catalyst. Pt catalyzed
propane dehydrogenation reaction is carried out to deposit the nanocarbon overlayer which
the Pt particles are transferred to as the new support for EM observation. The original catalyst,
the deposited nanocarbon and the Pt particles on the new support are characterized by
scanning electron microscope (SEM), transmission electron microscope (TEM-EDXS),
thermogravimetry/differential thermal analysis (TG-DTA), Raman spectrometry, scanning
transmission electron microscope (STEM-EDXS). The coke deposited on SAPO-34 and Al2O3 are
of different morphologies and structures. The as-observed distribution of Pt particles on the
new support suggests enrichment of Pt on SAPO-34. The shape and size of the Pt particles as
well as the strong Pt-SAPO-34 interaction are directly observed. The shape and size of the Pt
particles as well as the mechanism of SMSI between Pt and the original support are directly
observed. This offers a novel route to monitor the metal size and the interaction between the
metal and support, which shed a light on the mystery science of heterogeneous catalyst and
provide new insights on the relationship among the structure, active site, and reactivity.
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Magnesium oxide can be used in a wide range of applications covering, for instance, a catalyst
in organic chemistry, an adsorbent for a variety of toxic substances, and as a refractory
material. There are many routes for preparation of MgO particles but the smallest crystallite
size is usually obtained via sol-gel techniques. Here, we present an innovative method for
production of magnesium oxide nanoparticles and their microstructure characterization by
scanning and transmission electron microscopy (SEM and TEM). MgO can be prepared via a
reaction between magnesium (Mg) and methanol (CH3OH) that can be described as
Mg + 2CH3OH → Mg(OCH3)2 + H2            (1)
where the final products are magnesium methoxide Mg(OCH3)2 and hydrogen H2. This reaction,
however, practically does not occur at ambient temperatures and must be accelerated either
by catalyst or by heating at higher pressures in reflux apparatus. The most common catalyst
used is iodine. Although iodine is essential for nutrition, due to its toxicity in elemental form,
higher price and problematic manipulation, this element introduces an obstacle for use. Very
recently, it was shown that the reaction (1) can be significantly accelerated by Zn in solid
solution of Mg. Final product Mg(OCH3)2 is a valuable precursor for production of
nanocrystalline MgO (particle size ~5 nm) by simple thermal decomposition (400°C/2h), see
Fig. 1.
Beside SEM and TEM, we employed a set of additional experimental techniques such as, mass
spectroscopy combined with thermogravimetry, differential scanning calorimetry (DSC) and
BET surface area analysis for thorough characterization of MgO nanoparticles prepared by
thermal decomposition of Mg(OCH3)2.
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Fig. 1: Fig.1: SEM image of MgO powder (left) and high resolution TEM image of MgO particles (right).
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We present a structural characterization of inclined GaN nanowires (NWs) on r-plane sapphire
grown by plasma-assisted molecular beam epitaxy (PAMBE) under nitrogen rich conditions and
after excessive substrate nitridation. The NW size and density were dependent on the
nitridation conditions. Photoluminescence measurements of these NWs showed excellent
crystal quality and strong emission even at room temperature.
The NWs were grown along the c-axis and subtended a 61o angle to the r-plane sapphire
substrate as shown in the TEM image of Fig.1, where the two growth variants are also
observed. A rough and discontinuous nonpolar a-plane GaN thin film was formed between the
NWs. By combining TEM observations in cross-section and plan view geometries, the
crystallographic model of the NWs was constructed. CBED was employed in order to identify
the polarity of the NWs. Using HRTEM, the growth origin of the NWs was elucidated.
It was found that the sapphire nitridation pre-treatment enhances substrate roughness forming
a stepped surface which provides facets for the nucleation of semipolar nanocrystals [1,2].
These nanocrystals evolve into NWs under N-rich rich growth conditions. Moiré fringes
observed close to the interface confirm the presence of such interfacial areas. Analysis of the
Moiré fringes along with Bragg filtering of the HRTEM images were performed for the
identification of the NW nucleation sites. Geometrical phase analysis (GPA) was also employed
at the points of emanation of the NWs since different phases like AlN formation or sapphire
protrusions could promote the initial nucleation of the NWs. It was found that the NWs were
either grown on semipolar GaN nanocrystals (as shown in Figures 2 and 3) or directly on
sapphire steps. No other phase was identified at the growth origin of the NWs.
HRTEM image analysis was also performed at the grain boundaries between the nonpolar
a-plane GaN matrix and the NWs in order to identify the accommodation mechanism between
the two orientations. The orientation relationship between the two corresponds to a 90o
<1210> rotation which ensures high coincident symmetry. Energetically favourable grain
boundaries comprised flat terraces with disconnections being introduced between them in
order to accommodate the misfit [3].
[1] J. Smalc-Koziorowska et al., Appl. Phys. Lett. 93, 021910 (2008)
[2] J. Smalc-Koziorowska et al., J. Appl. Phys. 107, 073525 (2010)
[3] J. Kioseoglou et al., J. Appl. Phys. 111, 033507 (2012)
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Fig. 1: CTEM image of the inclined GaN NWs viewed along the [1101]Al2O3 zone axis. Between the NWs, a rough thin
film of nonpolar a-plane GaN is formed
 

 
Fig. 2: HRTEM image of a NW grown between two nonpolar a-plane GaN crystals (n-GaN). In the point of emanation of
the NW a small semipolar crystallite (s-GaN) is identified
 

 
Fig. 3: HRTEM image showing the nucleation site of a thin NW. The base of the NW is surrounded by semipolar GaN
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Heterogeneous catalysis, which impacts the worldwide economy and sustainability due to its
ubiquitous role in energy production, depends sensitively on the nano-sized 3-dimensional
structural habits of nanoparticles (NPs) and their physicochemical structural sensitivity to the
environment. Very small metal clusters can exhibit patterns of reactivity and catalytic activity
that are dramatically distinct, and sometimes completely opposite, than behaviors seen with
larger clusters. It therefore remains a significant need in research to fundamentally understand
and predict the local structure and stability of catalytic materials that can be specifically
tailored by design and optimized for an application in technology. Our focus is on the
development of integrated characterization and modeling tools and their applications
appropriate for carrying out detailed studies on metallic nanoscale clusters comprised of a few
to as many as 100 metal atoms. Two state of the art methodologies, synchrotron X-ray
absorption fine-structure (XAFS) and quantitative scanning transmission electron microscopy
(STEM) methodologies are used and specially designed for determining the 3D structure and
structural habits, both individually and as an ensemble, critical for understanding metallic
nanoclusters. The experimental work is integrated with theoretical calculations. It is now clear
that the structural dynamics of small metallic clusters is actually quite complex. For example,
we have shown that the structures of Pt NPs may be both ordered and disordered (Fig 1),
depending on its size, support and adsorbates where theoretical simulations predicted and
corraborated all of the experimental data (Fig 2). While bulk amorphous Pt is unstable, its
existence in NPs is a manifestation of their mesoscopic nature. To bridge the
theory-experiment gap, we are producing model Pt/γ-Al2O3 systems using oxidation of
NiAl(110) to form a thin film of single crystal γ-Al2O3. To bridge the complexity gap, we are
developing an universal environmental cell that is compatible currently with synchrotron XAFS
and environmental TEM.
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Fig. 1: FS-HRTEM images and histograms of Pt NP structures on gamma-Al2O3:(a-c) Disordered NPs < 2nm and (d)
ordered 1.2 nm NP, magnified in (e) and its FFT in (f). Histogram of ordered and disordered NPs and on g-Al2O3 (g).
Fraction of ordered NPs vs. size (h) for g-Al2O3, with a transition zone of 1.1-2.5 nm.
 

 
Fig. 2: Relative DFT energy change for Pt37 in different structural motifs and chemical environments. Electron gain
(loss) in yellow (red)] of the lowest-energy structures on C and γ-Al2O3 with(out) H are indicated. Spheres of dark
(light) blue show the Pt (H) atoms, and magenta show support atoms.
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Solid state reaction between highly dispersed CeO2 and alumina provides to crystalline CeAlO3

formation. In normal conditions cerium aluminate crystallizes in the cubic crystal system and
its structure can be described in space group Pm-3m (221). This presentation reports results of
studies on formation and structure of CeAlO3 in CeO2-Al2O3 system (Ce:Al = 1:10). Samples were
prepared by simple impregnation technique from aqueous solution of cerium nitrate.
As-prepared samples were dried and pre-heated at 550 oC in static air. Next, CeO2-Al2O3

samples were calcined at temperatures from 850 to 1100 oC in hydrogen flow. Morphological
and structural changes upon heat treatment in the reducing atmosphere at evaluated
temperatures were studied by HRTEM, XRD and XPS methods. Unexpected, hexagonal phase
of CeAlO3 was observed on XRD patterns (see fig. 1) for samples after thermal treatment at
lower temperatures (~850 oC). Increasing of heating temperature up to 1000-1100 oC provided
to conventional cubic CeAlO3 crystallization (see fig. 1). Moreover, new hexagonal phases of
CeAlO3 have been found on HRTEM and SAED images recorded for studied samples (see insets
in fig. 1). Depending on the hydrogen purity (concentration of residual oxygen), thereby
Ce3+/Ce4+ concentration in cerium aluminate structure, two kind of hexagonal CeAlO3 phases
could be formed. It would seem that in case heating CeO2-Al2O3 system in hydrogen flow at low
purity, part of Ce4+-ions has not been reduced. As it was found on XRD patterns, formed
hexagonal phases are differed in a and b lattice parameters, where c parameter remains
stable. Additional, clearly visible differ between samples heated at 850 oC in hydrogen flow
(pure and oxygen polluted) was in color of both samples. First of them was gray and second
one was dirty-yellow, what could be the proof for presence of Ce4+ ions in sample.
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Fig. 1:  XRD patterns and HRTEM images (in sets) obtained for samples heated at 850 oC in hydrogen flow (A) pure, (B)
oxygen polluted and (C) at 1100 oC.
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Aerobic catalytic oxidation has been appreciated in view of its application in green chemistry in
contrast to non-catalytic methods. By controlling the synthesis methodology, the structures of
nanocatalysts can be designed towards specific activity and selectivity for the reaction of
interest. Recent developments in analytic electron microscopy techniques have enabled the
structure and chemistry of individual catalyst particles to be resolved at sub-nanometer
resolution. In this presentation, we will focus on two activated carbon (AC) supported Ru-Au
bimetallic catalysts synthesized by sequential deposition following a two-step procedure [1] to
correlate the elemental distributions and surface decoration with the activity and selectivity of
the catalysts.
For Ru@(Au/AC), Ru(III) was reduced with H2 at 80 °C in the presence of preformed Au/AC.
Au@(Ru/AC) was prepared by depositing PVA stabilized Au nanoparticles onto a commercial
Ru/AC. The catalysts were examined in an image aberration corrected FEI Titan 80-300
electron microscope with conventional EDX detector as well as in a probe aberration corrected
Titan 80-200 with in column Super-X EDX detector.
Spectrum imaging with probe corrected STEM and Super-X EDX detector offers high spatial
resolution and the opportunity to resolve the components by multivariate analysis before
changing the structure during electron beam irradiation. In Fig. 1a, components containing Au
and Ru are displayed, forming an Au core-Ru shell structure in the case of Ru@(Au/AC). The
high resolution HAADF STEM image in Fig. 1b shows two Au particles with Ru clusters (lower
intensity) situated on their surface. In the case of Au@(Ru/AC), we obtained a more
inhomogeneous distribution, with the presence of small Ru particles and larger bimetallic
particles, as seen in Fig. 2b. Interestingly, the bimetallic particles, as shown e.g. in Fig. 2a, is
also composed of an Au core and Ru shell. Both catalysts were tested in oxidation of n-octanol
in toluene and oxidation of glycerol in water, respectively. Ru@(Au/AC) shows almost no
activity in the former case but is highly active for the latter; while Au@(Ru/AC) behaves in the
contrary, being very active for oxidation of n-octanol but shows only limited activity in glycerol
oxidation. The TEM results and catalytic tests therefore suggests that Ru is the main active
phase in oxidation of aliphatic alcohols and the addition of Au has a detrimental effect on the
Ru particles on it. But this Au core-Ru shell structure leads to distinctly enhaced activity in
oxidation of water soluable and highly hydrophilic polyols [2].
Reference
[1] D. Wang, A. Villa, F. Porta, D. Su, L. Prati, Chem. Commun. (2006) 1956.
[2] L. Prati, F. Porta, D. Wang, A. Villa, Catal. Sci. Technol. 1 (2011) 1624.



 
Fig. 1: a) Component maps by multivariate analysis, with red for Au and green for Ru, and b) HAADF STEM image of
bimetallic particles showing Ru situated on Au core for the Ru@(Au/AC) catalyst.
 

 
Fig. 2: a) Components maps by multivariate analysis, with red for Au and green for Ru, and b) HAADF STEM image of
segregated small Ru particles together with big bimetallic particles for the Au@(Ru/AC) catalyst.
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Zinc oxide is a wide band-gap, n-type semiconductor and also an important material in
understanding fundamental optical physics. However, only few research groups utilized ZnO
material as a support to do the catalysis researches because of its inertness. Herein, we
prepare a new type of ZnO material, namely twin-brush ZnO (TB-ZnO) mesocrystals, which
were as a novel support for gold. Gold nanoparticles were deposited on TB-ZnO by means of a
modified DP method, forming Au/TB-ZnO catalyst. The catalytic activity of Au/TB-ZnO in CO
oxidation was examined from -50 oC to 30 oC (Fig. 1), showing an extraordinary performance in
comparison with conventional Au/ZnO catalysts.
To unravel the origin of the outstanding catalysis, the catalyst was characterized using
aberration-corrected canning transmission electron microscope (Cs-corrected STEM),
high-resolution transmission electron microscopy (HRTEM), X-ray absorption spectroscopy
(XAS) and FTIR study of adsorbed CO. Through the analysis of Cs-corrected STEM (Fig. 2) and
the refined data from EXAFS (not shown here), it is definitely realized that a number of zinc
sites of ZnO sub-lattice were substituted by gold. This unexpected phenomenon was also
supported by theoretical calculation. With DFT calculations (4×4×3 ZnO model), it is found
that when Zn vacancies exist in the TB-ZnO support, gold atoms can not only diffuse into ZnO
but tend to aggregate instead of random dispersion (white arrows in Fig. 2). When the catalyst
was treated at 200 oC and further underwent a series of CO reactions, the substituted gold
would segregate from interior, resulting in the formation of 2 nm AuNPs in size (Fig. 3). For the
analysis of CO adsorption on AuNPs, there are three types of gold species on the support
surface, including Au0, Au+ and Au3+. It is significant that the substitution of gold into the ZnO
lattice was observed for the first time and further contributes an extraordinary activity in CO
oxidation. Consequently, through several examination results, it can be realized that
outstanding activity is apparently originated from high active gold atoms and ca. 2 nm gold
nanoparticles. This synthetic approach of Au/TB-ZnO can open up a new opportunity to design
an excellent catalyst with a finely-controlled particle size.



 
Fig. 1: CO conversion of Au/TB-ZnO catalysts as a function
of low-temperature from -50 oC to 30 oC. The activity
revealed at -10 oC was 0.13 molCO•(molAu•s)-1.
 

 
Fig. 2: Aberration-corrected HAADF-STEM image of
O2-pretreated Au/TB-ZnO catalyst at 200 oC. (The insert is
the Fourier transformed result from the corresponding
image.)
 

 
Fig. 3: The HRTEM image from ultramicrotome slice of Au/TB-ZnO with O2 pretreatment underwent a series of CO
oxidation reactions ramping from -20 oC to 90 oC.
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Production of nanostructures, especially 3D branched architectures with controlled morphology
and size, has been the focus of research in the recent years. One of such materials that can be
grown in complex branched morphologies is rutile (TiO2). While being applicable in variety of
applications,1 rutile is known to be prone to twinning, which can be exploited as a basic
structural element for growing branched structures.2 Branched structures of rutile-type TiO2 are
obtained in an acidic medium with the use of metalorganic Ti-precursor. Several nucleation
mechanisms have been proposed in the literature, however the true nature of branching is yet
to be explained.3-5 Several synthesis routes have been tested to study twinning of rutile.
Following the synthesis pathway suggested by Tomita et al. (2006),3 1st generation of twinning
was obtained. Briefly, titanium powder was dissolved in H2O2 and NH3, to produce titanium
oxyhydroxide. This was followed by a ligand exchange reaction with glycolic acid, to form
Ti-glycolato complex, which was hydrothermally treated at 200 °C for 1-24 hours to obtain
nanocrystalline rutile. 2nd generation of twins was obtained by a subsequent hydrothermal
treatment of already existing twins by the addition of Ti-butoxide in strongly acidic medium.
Another approach, following Zhou et al. (2011),4 yielded 2nd generation of twins in a single
synthesis step. Two generations of twinning were obtained through hydrothermal synthesis in
acidic medium. As precursor, Ti-butoxide was used and dissolved in 7-10M HCl aqueous
solution. The syntheses were conducted at different temperatures and processing times.
Morphology and composition of the products were characterized by SEM and TEM. The first
route yielded clusters of twinned rutile crystals (Fig. 1). Electron diffraction study of twin
relations indicated that the products are composed of (101) and (301) twins, with the
characteristic angles of 114° and 55°, respectively.2 The second synthesis route led to
formation of complex-branched structures, with abundant twinning and other types of
intergrowths (Fig. 2a). Unlike in the first synthesis route, the rutile crystals here are composed
of numerous parallel rutile fibers lined along the crystallographic c-axis (Fig. 2b and 2c). In
crystals that are oriented along the c-axis inherent porosity can be observed, which might be a
consequence of imperfect fiber alignment. Further, the presence of anatase phase, as
suggested by several authors,5 could not be confirmed, nevertheless some unidentified
reflections that could correspond to this TiO2 phase are observed in electron diffraction
patterns (Fig. 2d). Pores and imperfect alignment of the fibers indicate the possible mechanism
of rutile formation and branching.
 

Acknowledgement: 1. C. Cheng, H.J. Fan, Nano Today 7 (2012) 327-343.
2. N. Daneu, H. Schmidt, A. Rečnik, W. Mader, Am. Mineral. 92 (2007) 1789-1799.
3. K. Tomita, V. Petrykin, M. Kobayashi, et al., Angewandte Chemie 45 (2006) 2378-2381.
4. W. Zhou, X. Liu, J. Cui, D. Liu, J. Li, , et al., CrystEngComm 13 (2011) 4557-4563.
5. D. Li, F. Soberanis, J. Fu, et al., Crystal growth & Design 13 (2013) 422-428.



 
Fig. 1: (a) {101} and {301} twins of rutile obtained from Ti-glycolato complex, (b) TEM image of (301) twin. Fig. 2: (a)
Rutiles synthesized from Ti-butoxide. (b) Fibrous rutiles coinciding in twin-type orientations. (c) Close-up of rutile
roughly aligned fibers. (d) Single rutile fiber in [001] projection. Diffraction rings mainly correspond to rutile.
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Zinc-blende structured Au catalysed epitaxial III-V semiconductor nanowires prefer to grow
along the [111]B direction featuring approximately hexagonal cross sections with side-wall
facets dominated by six {112} planes or six {110} planes. In contrast, only a hand-full of
studies in non-Au catalysed 1-D nanostructure growth have been reported up to date. In this
study, by using Ag as catalysts, we demonstrate to grow 1-D InAs nanobelts grown along
<112>B directions. Through detailed electron microscopy characterizations, the growth
mechanism of these InAs nanobelts is explored.
Commercially available 40nm Ag nanoparticles were used to grow epitaxial 1D InAs
nanostructures on GaAs (111)B substrate in a MOCVD reactor. The growth was carried out using
trimethylindium and arsine as the group III and group V precursors, respectively. A growth
temperature of 500°C and a V-III ratio of 2.9 were selected as the key growth parameters.
Fig. 1a is an overview SEM image and shows the general morphology of as-grown Ag-catalyzed
1-D nanostructures. From the enlarged SEM image (Fig. 1b), inclined nanostructures show
belt-like morphology. Fig. 1c is a side-view SEM image of a typical nanobelt, from which the
inclined angle of the nanobelt is measured as ~70° (when the electron beam is parallel to a
<110> direction and perpendicular to the inclined nanobelts), so that its axial direction can be
crystallographically determined to be along <112>B directions. It is of interest to note that
"steps" can be found on the top facets of the nanobelt, whereas the bottom surface is
relatively smooth. Fig. 1d and e are SEM images of a typical nanobelt viewed from top-view
and edge-on view, respectively. As can be seen from the top view (Fig. 1d), the nanobelt is
tapered. When the nanobelt is viewed along its axial direction (Fig. 1e, ~20° tilt), the sidewall
facets of the nanobelt shows a rectangular shape with two short {110} facets and two long
facets developed from {111} planes. The top facet contains many surface "steps" consistent
with other SEM observations.
By using a number of TEM techniques, the structure, sidewall facets, chemical composition,
planner defects and nanobelt/catalyst interface of the as-grown nanobelts are investigated in
detail, from which a growth schematic of Ag-catalyzed InAs nanobelt is proposed and shown in
Fig. 2. During Ag catalyzed 1-D nanostructure growth, the catalyst promotes two processes: (1)
collects group III growth material and (2) transports the growth material to the growth front of
the nanostructure and nucleates the growth. It is believed that the formation of the “steps”
and the planer defects is closely related to the In concentration in the catalyst during the
nanobelt growth.
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Fig. 1: (a) SEM overview of the Ag-catalysed InAs nanostructures. (b) SEM image of a typical nanobelt. (c) Side-view of
a typical nanobelt. (d) and (e) a typical nanowire viewed when the beam is perpendicular to the substrate and parallel
to the nanobelt axial direction.
 

 
Fig. 2: Schematic illustration of the “step” and defect formation. Perturbations in In concentration introduces new
facets during the nanobelt growth.
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Hydrated tungsten oxide WO3 0.33H2O has been studied extensively due to its electronic and
optoelectronic properties, it has has an enormous potential application ranging from
condensed-matter physics to solid-state chemistry [1], such as photo-electrochemical energy
conversion, gas sensors, photocatalysis, lithium-ion batteries, solar cells [2]. Tremendous effort
has been dedicated to the synthesis, solid solution mechanism and property investigation of
W1-xMox O3 0.33H2O over the past years. This material showed improved electrochromic, gas
sensing, catalytic, lithium ion transport, and photocatalytic properties [3] when compared with
their single oxide WO3 and MoO3. Recently, Zhou et al. were capable of modulate the band
gaps of the W1-xMox O3 0.33H2O materials with different Mo/W ratio values [4]. We synthesized a
series of W1-xMoxO3 0.33H2O nano/microstructures with controlled stoichiometry (x = 0, 0.25,
0.50, 0.75). With gradual increase of Mo content, we narrowed the band gap from 2.61 to 2.10
eV. This result is better than Zhou et al. but in our case, we use friendly to the environment
chemical precursors such as ammonium heptamolybdate and ammonium metatungstate
instead of metal powders.
Figure 1a shows a SEM image for orthorhombic WO3 • 0.33H2O, the particles have an average
length and wide of 100 and 50 nm respectively. Figure 1b is a bright field TEM image and inset
is the SAED pattern for the W75Mo25O3 0.33H2O compound, the diffraction spots were to the
orthorhombic structure and it has [3,0,-1] zone axis, which is a single crystal. Figure 1c
corresponds to TEM image of solid solution W50Mo50O3 0.33H2O and its corresponding SAED
pattern which indexed to orthorhombic structure too, with [2,-1,0] zone axis, this pattern was
from a particle labeled with Z1. In the case of this compound, there is different size of particles
which measurements are 160nm length and 80nm width. Figure 1d shows SEM image of the
compound W25Mo75O3 • 0.33H2O. It can be notice hexagonal flake-like particles with lengths of
∼150nm and widths of ∼70nm.
We were able to measure and characterize our compounds with advanced microscope
techniques such as SEM and TEM getting information about structure by SAED patterns where
we were capable to index all spots and determine the zone axis and figure out all crystalline
path growths of these type materials.
References
1. Zheng HD, Ou JZ, Strano MS, Kaner RB, Mitchell A, Kalantarzadeh K (2011) Adv Funct Mater
21:2175.
2. Turyan I, Krasovec UO, Orel B, Saraidorov T, Reisfeld R, Mandler D (2000) Adv Mater 12:330.
3. Baeck, S. H.; Jaramillo, T. F.; Jeong, D. H.; McFarland, E. W. Chem. Commun. 2004, 390–391.
4. Zhou, L.; Zhu, J.; Yu, M.; Huang, X.; Li, Z.; Wang, Y.; Yu, C. J. Phys. Chem. C 2010, 114,
20947−20954.



 
Fig. 1: FIG. 1 SEM, TEM and SAED images of W1-xMoxO3 • 0.33H2O (x = 0, 0.25, 0.50, 0.75) nano/microstructures
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Semiconductor heterostructures with suitable band alignment which can promote charge
separation is interesting for various applications in electronics and optoelectronics. Chemical
synthesis methods are developed for obtaining complex nanostructures including
semiconductor hybrids of few nanometers sizes leading to quantum confinement and resultant
unique properties. The assembly of such structures on substrates as thin films can facilitate its
characterization and further applications. In this work, heterostructures consisting of ZnS rods
and CdS dots with sequential alignment synthesized by wet chemical synthesis is investigated
in this direction. Ultrathin superlattice nanowires of ZnS-CdS were developed into monolayer
thin films on SiO2/Si substrates using Langmuir-Blodgett (LB) technique. The various aspects of
the assembly are investigated. The morphology of the film and the orientation of the
nanowires in the LB film were studied by microscopy techniques including Scanning Electron
Microscopy, Transmission Electron Microscopy and Atomic Force Microscopy. Due to the sub 2
nm size of the nanowires, Transmission Electron Microscope is mandatory to observe the
alignment of the individual nanowires and also to observe the components of the hetero-
nanowire. Transfer of the Langmuir-Blodgett film on to Cu grids facilitates the observation of
the film under TEM.
The electrical characterization of such sub 2-nm wires is challenging as the fabrication of
electrical contacts is nontrivial. A nanoplatform where the electrodes with a spacing of ~ 50
nm fabricated using lithography and Focussed Ion Beam technique was developed for this
purpose. The LB film was deposited onto the substrate with such prefabricated electrodes. The
electrical and optical properties of the LB films are presented.
Thus the present work investigates the role of microscopy techniques in characterizing LB films
of nanomaterials and also attempts to bridge the gap between wet chemical synthesis of
semiconductor nanowires and their device fabrication.
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Fig. 1: SEM image of Langmuir-Blodgett film of ZnS-CdS
heterowires
 

 
Fig. 2: AFM image of Langmuir-Blodgett film of ZnS-CdS on
SiO2/Si substrate
 

 
Fig. 3: TEM bright field and high resolution images of the ZnS-CdS Langmuir-Blodgett film transferred to Cu grid
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Colloidal crystalline supraparticles, which are self-assembled from size- and morphology-
controlled nanoparticles, can exhibit many different interesting meta-materials properties,
while still having a size in the colloidal domain and thus the possibility with a second
self-assembly step to form other interesting structures. An example is colloidal crystal lattices
with Bragg-reflections for visible light. In research aimed at making colloidal crystalline
supraparticles by having monodisperse spherical nano- (and micron-sized) colloids crystallize
in slowly evaporating oil emulsion droplets, we discovered icosahedral symmetry in the
resulting dried colloidal crystals for particle number less than ~100,000. Subsequent computer
simulations confirmed the icosahedral symmetry even in the absence of any attractions and
thus are entropically favored over the face-centered-cubic (FCC) crystal structure that is stable
in the bulk.1

We also extended the spherical confinement method to a binary particle system and an
anisotropic rod-like particle system. For instance, 6.2 nm Au nanocrystals and 22.0 nm
FexO/CoFe2O4 nanocrystals were used to synthesize binary supraballs. CdSe/CdS quantum rods
can also self-assemble into supraballs. By tuning the concentration of the nanocrystals,
supraballs with different structures and sizes can be obtained. After freeze drying, the
structure of the supraballs was studied with high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) and secondary electron scanning
transmission electron microscopy (SE STEM). Work is in progress to study the structures of the
more complex supraballs by HAADF STEM tomography.
Reference
(1) Bart de Nijs et al. submitted.



 
Fig. 1: SE STEM image of supraballs with
rhombicosidodecahedron structure made from 6.0 nm
FexO/CoFe2O4. (Scale bar 50 nm)
 

 
Fig. 2: HAADF STEM image of binary supraballs made from
6.2 nm Au and 22.0 nm FexO/CoFe2O4. (Scale bar 50 nm)
 

 
Fig. 3: SE STEM image of binary supraballs made from 6.2
nm Au and 22.0 nm FexO/CoFe2O4. (Scale bar 50 nm)
 

 
Fig. 4: HAADF STEM image of supraballs made from
CdSe/CdS quantum rods. (L=53.2 nm, D=4.1 nm) (Scale
bar 50 nm)
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There has been an increasing interest in polycrystalline materials with nanometric grain size.
These materials may be produced through thin film technology1, electrodeposition or severe
plastic deformation. The grain size is the most basic microstructural parameter that is usually
described in a sample. Some properties may be predicted directly from the grain size, but as to
nanomaterials, they have called for the revision of some concepts2. One of the most common
ways of characterizing the grain size at a TEM is through dark field images. As the diffraction
contrast obtained in bright field does not allow a proper description of the microstructure, the
objective aperture is used for illuminating grains within a determined range of crystallographic
orientations given by the size of the objective aperture used. In this work we have used this
approach and then we have compared to the microstructures obtained through nanodiffraction
mapping. Cu thin films were deposited over an oxidized Si(100) substrate through DC
magnetron sputtering with a 5mTorr Ar plasma. The substrates were positioned at 10cm from
a Cu target. Four different currents were used for the deposition: 30, 75, 100 and 125mA.
Depositon times were calibrated to obtain 100nm thin films. TEM analysis was performed at a
Jeol 2100F equipment with Nanomegas ASTAR nanodiffraction mapping system. Dark field
images were obtained from each sample, which resulted in the grain mean size of 89, 22, 20
and 15nm respectively for the 30, 75, 100 and 125mA samples. Fig. 1 presents a bright field
image and a dark field image from the 100 mA sample. The grain size estimation through dark
field images or even from bright field images may lead to serious misinterpretation of the
results. Using a 30μm objective aperture the crystal orientation deviation is much greater than
the 15o commonly used for defining a grain; on the other side using a 5μm aperture almost
only one grain is measured per picture. Using nanodiffraction mapping we have obtained 7, 16,
15 and 17nm as grain mean size, respectively. Fig. 2 presents an orientation map and an Index
map from 100mA sample at which it is possible to notice the distinct (100) and (110) textures.
This is the reason for the poor distinction between neighbor grains. It is also clear there are
some larger grains that seem to have grown at the expense of their smaller neighbors. These
larger grains have a different orientation from the predominant texture. The use of
nanodiffraction mapping at the TEM not only gives a better evaluation of the grain size but also
gives much more information about the microstructure.
References
1 – Hodge, A.M. et al. Materials Science and Engineering A 429 (2006) 272–276.
2 – MEYERS, M. A. et al. JOM, April (2006) 41-48.
 

Acknowledgement: The authors thank to CAPES, CNPQ and FINEP for financial support of this
work.



 
Fig. 1: Fig. 1 – (a) Bright field image and (b) dark field image from sample 100 mA obtained with 5 μm objective
aperture.
 

 
Fig. 2: Fig. 2 – (a) orientation map ((001) – red, (101) – green and (111) – blue color reference), (b) reliability map and
index map from 100 mA sample.
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The nanostructural properties and strain state of In(Ga)As quantum dots (QDs), embedded in
GaAs (211)B by plasma-assisted molecular beam epitaxy (PAMBE), such as shape and
dimensions, existence of associated dislocations, thickness of the wetting layer and the
possibility of interdiffusion or segregation phenomena in the QDs, were investigated by
high-resolution and scanning transmission electron microscopy (HRTEM-STEM) methods.
HRTEM imaging showed that the wetting layer thickness does not exceed 2 monolayers.
Moreover, the embedded QDs are not associated with any linear defects, suggesting fully
strained and optically active nanostructures. However, the shape and dimensions of QDs
cannot be precisely extracted, due to the dark strain contrast surrounding the QDs.
Conversely, STEM annular bright-field (ABF) imaging revealed that In(Ga)As QDs are elongated
along the [-111] direction [Fig. 1(a)].
Quantitative measurements of the local strain in the QDs from HRTEM images have been
performed, by the geometrical phase analysis (GPA). GPA is used to determine the strain field
in a HRTEM image with respect to a reference region. The GPA lattice strain eg = (α –
αGaAs)/αGaAs, α being the in-plane or the out-of-plane strained values of In(Ga)As QDs, is defined
relative to the unstrained GaAs underlayer corresponding values, which was taken as
reference. GPA measurements using a g/2 mask, showed that the in-plane strain approximates
0, implying a fully registered heterostructure at the interface, as also illustrated in the HRTEM
images of two individual QDs in Figs. 1(b) and (c). Assuming a biaxial strain state of the QDs,
the corresponding GPA strain surface plots of two QDs along the growth direction are also
shown. The quantitative analysis of the InxGa(1-x)As QDs on GaAs resulted in chemical
composition maps of the investigated QDs. The In content was found to vary from 52% at the
base of the QDs to almost 100% at the apex area [Figs. 1(b) and (c)], implying possible Ga
segregation in the initial stages of QD growth and formation of an InGaAs alloy. However, since
the QDs are entirely embedded in GaAs, possible influence from the matrix cannot be
excluded.
Moreover, the samples were analyzed by energy dispersive X-ray (EDX) spectroscopy in order
to estimate the chemical composition on the InAs QDs in comparison to the quantitative GPA
measurements.
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Fig. 1: (a) ABF STEM image depicting the embedded InAs QDs. (b) & (c) HRTEM images of embedded InAs QD along the
[0-11] zon eaxis and the corresponding GPA strain surface plots along the growth direction.
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The potential of InGaN alloys to generate light emission in the UV to IR range makes them an
ideal choice for light emitting diodes (LED) covering the whole visible range and beyond. LEDs
based on self-assembled nanocolumns (NCs) with InGaN/GaN disks constitute an alternative to
conventional LED planar devices which major limitation is a strong reduction in efficiency at
high current injection [1]. However, the efficiency and reliability of LEDs based on
self-assembled NCs are hindered by a strong dispersion of electrical characteristics among
individual nanoLED. Polychromatic emission derives from an inhomogeneous distribution of
indium concentration, changes in the NCs geometry and the inherent tendency of InGaN alloys
to develop composition fluctuations as a function of the polarity of the growth crystallographic
planes [2]. The recent development of selective area growth of NCs by molecular beam
epitaxy has allowed the achieving of highly homogeneous and controllable GaN/InGaN NCs
with improved crystalline quality and higher control over the indium distribution [3].
In this work, we present results on the characterization of blue, green and yellow LEDs based
on ordered NCs with InGaN active layers (figure 1). The detailed structural characterization of
the nanostructures has been performed by scanning transmission electron microscopy (STEM)
carried out on an aberration-corrected JEOL-JEMARM200 microscope [4]. High crystal quality of
the NCs is set by the analysis of atomically-resolved high angle annular dark field (HAADF)
images, while the polarity determination of the semiconductor NCs is followed by locating the
nitrogen atomic columns in annular bright field (ABF) images (figure 2). The indium distribution
within the InGaN disks is studied by EDS elemental mapping, confirming homogeneity of the
InGaN layers. The optical response is evaluated from the analysis of electroluminescence
spectra.
[1] E. Kioupakis, P. Rinke, K. T. Delaney, C. G. Van de Walle, Appl. Phys. Lett. 98, (2011),
161107.
[2] A. L. Bavencove, G. Tourbot, J. Garcia, Y. Desieres, P. Gilet, F. Levy, B. Andre, B. Gayral, B.
Daudin, and L. S. Dang, Nanotechnology,22, (2011), 345705.
[3] S. Albert, A. Bengoechea-Encabo, M. A. Sanchez-Garcia, X. Kong, A. Trampert, E. Calleja,
Nanotechnology 24, (2013), 175303.
[4] Y. Li, L. Zhang, A. Torres-Pardo, J.M. González-Calbet, Y. Ma, P. Oleynikov, O.Terasaki, S.
Asahina, M. Shima, D. Cha, L. Zhao, K. Takanabe, J. Kubota, K. Domen, Nature
Communications, 4, (2013), 2566.
 

Acknowledgement: Authors acknowledge financial support by the Spanish projects
MAT2011-23068 and CSD2009-00013. Research by A.T.P. has been supported by PICATA
postdoctoral fellowship CEI Moncloa.



 
Fig. 1: (a) Cross-sectional SEM images of a representative sample. (b) Top view SEM picture. (c) Low magnification TEM
image of GaN/InGaN nanocolumn.
 

 
Fig. 2: (a) Schematic draw of [010] GaN structure with wurzite-type structure. (b) Atomically resolved High Angle
annular Dark Field (HAADF) image and (c) corresponding Annular Bright Field (ABF) image revealing the Ga and N
atomic columns on the wurzite-type structure.
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Si-based quantum dots (QDs) have received intensive studied in the past decade because of
their light emitting properties. Most Si-based QDs are fabricated to be embedded in silicon
dioxide. Here we show that amorphous SiOx QDs can be embedded within single crystalline
diamond. A SiOx film was deposited on a 2 mm (111) single crystal diamond substrate by
sputtering. The sample was then treated with hydrogen plasma to form QDs, followed by
microwave plasma chemical vapor deposition (CVD) of homoepitaxial diamond. Cross-sectional
TEM specimens in diamond <110> orientation were prepared by focused ion beam. TEM/STEM
observation was carried out in a JEOL ARM200F microscope with STEM annular dark field (ADF)
image resolution of ~ 0.8 Å.
Figures 1(a) and (b) show typical STEM BF and ADF images, respectively, in which Si-based
QDs are seen in dark and bright contrast. The size of the QDs is ~ 2-6 nm. The QDs covered
with CVD diamond can be observed in the HRTEM image (Fig. 2 ). It can be seen that lattice
fringes continuously cross over the areas of the QDs, illustrating diamond homoepitaxy. The
atomically resolved STEM-ADF image in Fig. 3 shows a QD (~ 2 nm size) in very bright contrast
superimposed with diamond atomic columns, indicating that the QD is amorphous and
embedded in single crystalline diamond. Furthermore, only Si, O, and C peaks are detected in
x-ray EDS measurements on those QDs, suggesting that the QDs are SiOx (x ~ 0.6). Also,
photoluminescence measurements show light emitting wavelength at a peak > 520 nm.
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Fig. 1: (a) STEM-BF and (b) STEM-ADF images obtained from an interfacial region.
 

 
Fig. 2: HRTEM image showing diamond lattice fringes.
 

 
Fig. 3: STEM-ADF image in atomic resolution showing SiOx QDs in diamond.
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The continuing development of aberration-corrected high-resolution transmission electron
microscopy (HRTEM) led to the possibility to study the structure of specimens at the atomic
scale in great detail and with highest precision [1]. Besides the determination of these static
structural information, dynamic changes of the specimen, e.g., due to the impact of the
imaging electron beam, are often observed in (scanning) TEM [2], in particular when working
at high doses that are frequently mandatory to investigate the structural and chemical
properties. Such dynamic phenomena which are mostly related to unwanted radiation damage
[3], may also occur spontaneously without the electron beam and are most easily observable
on surfaces. It is, however, still an open question whether the observed atomic surface
diffusion, which is the main underlying mechanism of most of these processes, can be solely
ascribed to the physical properties of the material, or if and to which extent it is rather
promoted by the impact of the imaging electron beam.
Recently, a HRTEM method was introduced that allows for the quantitative estimation of the
surface diffusion coefficient, and it was shown that this method can be used to quantify the
surface self-diffusion on Au nanoparticles [4]. The method is based on the analysis of temporal
fluctuations in the occupancy of surface atomic columns.
Thus in the present study, the motion of atoms at the surfaces of Pt nanoparticles is
characterized by means of aberration-corrected HRTEM with the resolution of individual atomic
columns. Fig. 1 shows six out of 31 example images of a Pt nanoparticle on a holey amorphous
carbon film supported by a copper grid. It can be seen that during the time delay of 0.8 s
between the acquisition of two images, some atom columns are emptied while other
neighboring columns are filled. Even though atoms are indistinguishable and only a
two-dimensional projection of the three dimensional diffusion can be registered in the TEM, the
applied method is capable of a quantitative estimation of the diffusion coefficient from the
temporal sequence of HRTEM images.
The coefficient of the surface self-diffusion of Pt as derived with this novel approach turns out
to be in very good agreement with the results of both experimental [5] and theoretical [6]
studies.
[1] Urban, K.W., Science 321 (2008), p. 506 - 510.
[2] Bals, S. et al., Nature Communications 3 (2012), 897.
[3] Egerton, R. et al., Micron 35 (2004), p. 399 - 409.
[4] Surrey, A. et al., Nano Letters 12 (2012), p. 6071 - 6077.
[5] Bassett, D., Webber, P., Surface Science 70 (1978), p. 520 - 531.
[6] Feibelman, P.J., Physical Review Letters 81 (1998), p. 168 - 171.



 
Fig. 1: Temporal series of images of a Pt particle. The delay between two subsequent images is 0.8 s. “o”/”e” =
occupied/empty atomic column. From left to right, the culumn occupation changes as follows: turquois: o, o, o, o, e, e;
white: o, o, e, e, e, e; green: e, e, o, o, e, e; blue: o, o, e, e, o, e; yellow: o, o, o, o, o, e; red: e, o, e, o, e, o.
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Gold catalysts exhibit high catalytic activity for low temperature CO oxidation [1]. It has been
reported that active site is interface between Au and metal oxide supports [2]. Activation of
oxygen at the interface seems to be important step for the CO oxidation reaction. While CO
molecules are adsorbed on Au surface, the oxygen seems to be activated at the interface
between Au and metal oxide support. Details of mechanism of whole reaction is not clarified
yet. On the other hand, addition of Ag also improves the activity of Au catalysts [3,4]. It is
significant to investigate the mechanism of improvement of the activity by adding Ag in order
to study the general mechanism of oxygen activation for low temperature oxidation. In this
study, Au-Ag bimetallic catalyst was prepared by solid grinding method [5], and fine structure
of Au-Ag bimetallic catalysts was investigated by aberration corrected TEM/STEM. The
distribution of Au and Ag in one nanoparticle was also investigated by EDS.
Au-Ag bimetallic catalysts was prepared by simultaneous solid grinding method using Me2Au
(acac: acetylacetonate) and Ag (acac). Au and Ag precursor and supports was physically mixed
for 20min in Ar atmosphere. Subsequently, the catalysts were calcined at 300°C for 4 hours in
air. Catalytic activity was measured by using a fixed bed reactor and a standard gas containing
1 vol.% CO in air. The structure of Au-Ag bimetallic catalysts was observed by aberration
corrected TEM/STEM (FEI Titan3 G2 60-300). EDS measurement was carried out by high
sensitive EDS system, Super-X (Bruker) equipped with 4-silicon drift detectors (SDD).
Figure 1 indicates catalytic activity for CO oxidation of Au/SiO2 and Au-Ag/SiO2 catalysts. It is
clearly confirmed that the catalytic activity of Au/SiO2 is improved by addition of Ag. This effect
is prominent for inert supports such as SiO2 and Al2O3. Figure 2 shows ADF-STEM image of
Au-Ag/SiO2 catalyst. Nanoparticles with the diameter of 2-10nm are well dispersed on the SiO2

support by solid grinding method. Elemental maps by EDS were carried out and both Au and
Ag signal was detected from most nanoparticles. This is indicating that the Au-Ag bimetallic
nanoparticles are formed by simple mixing of individual organic complexes of Au and Ag by
solid grinding method.
References
1. M. Haruta, T. Kobayashi, H. Sano , N.Yamada, Chem. Lett. (1987) 405.
2. T. Fujitani, I. Nakamura, Angew. Chem. Int. Edit. 50 (2011) 10144.
3. A.Q. Wang, J.H. Liu, S.D. Lin, T.S. Lin, C.Y. Mou, J. Catal. 233 (2005) 186.
4. Y. Iizuka, T. Miyamae, T. Miura, M. Okumura, M. Daté, M. Haruta, J. Catal. 262 (2009) 280.
5. T. Ishida, M. Nagaoka, T. Akita, M. Haruta, Chem. Eur. J. 14 (2008) 8456.
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Fig. 1: Catalytic activity for CO oxidation of Au/SiO2 and Au-Ag/SiO2 catalysts. SV: 20000mLh-1g-cat.-1
 

 
Fig. 2: ADF-STEM image of Au-Ag/SiO2 catalyst.
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There is a big interest in realizing TEM experiments beyond the ~ 20 mbar pressure regime
that can be achieved by ETEM. This is possible using a nanoreactor concept, in which the gas is
enclosed along the beam direction by two very thin membranes of for instance SiN (1). With
this approach Yokosawa (2) showed that pressures up to 4.5 bar are obtainable. An obvious
question in this approach is what kind of resolution can be obtained, given that the resolution
limit is now no longer set by the electron microscopes, provided these are equipped with
aberration correctors. In the approaches reported by Creemer and Yokosawa gas tubes
embedded in the TEM holder were used to lead gas to the nanoreactor and this requires a
sophisticated gas supply system. Such a system of gas inlet and outlet and gas regulation
could be hazardous for both the TEM and the TEM-user if there exists a leakage.
Here we present a new type of gas holder, which we will call a static gas holder, which has also
two windows but no dynamic gas supply system (figure 1). Instead, the holder has a separable
tip, which contains an airtight chamber that can store gas with volume of 1.5 to 10 cubic
millimeter. Gas is loaded in or pumped out through a valve in the tip (see figure 1). Similar to
the dynamic nanoreactor, it consists of two silicon chips, which have a low stress 400 nm thick
SiN membrane of for instance 400 um x 400 um. One of the two membranes contains a Pt
heater spiral and both of the membranes contain with 5-20 small thin SiN membranes
“windows” with thickness of 10-20 nm. The windows of the top and bottom chip have to be
aligned to be overlapping, such that a sample on top of one of the windows can be
investigated by transmission electron microscopy. In this system, the temperature can be
changed within a second over for instance 100°C with low specimen drift. Since the gas
volume is very small, no harm to the gun part of the TEM when there is a sudden release of all
gas inside the nanoreactor and the tip. An obstacle for high-resolution imaging can be the
contamination in the system, which can originate from sample, chips, gases, O-rings etc. We
demonstrate that when contamination is minimized, the resolution of the system can reach the
resolution limitation of the microscope at gas pressures of e.g. oxygen of at least 0.6 bar
(figure 2 and figure 3).
1. J.F. Creemer, S. Helveg, G.H. Hoveling, S. Ullmann, A.M. Molenbroek, P.M. Sarro, H.W.
Zandbergen, Ultramicroscopy 108 (2008) 993– 998.
2. Tadahiro Yokosawa, Tuncay Alan, Gregory Pandraud, Bernard Dam, and Henny Zandbergen
Ultramicroscopy 112(2012)47–52.
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Fig. 1:  (a) Image of the static gas holder and an enlarged view of the tip part. (b) Cross sectional sketch of the holder
tip disassembled and assembled onto the holder.
 

 
Fig. 2: (a) PdOx nanoparticles in O2 with pressure of 0.645 bar at 500 °C. (b) FFT of image (a), the white circle is 1 Å.
The triangle indicates a diffraction spot with a d-spacing of 0.88 Å.
 

 
Fig. 3: Pd nanoparticles in H2 with a pressure of 0.52 bar at 200 °C. (b) FFT of image (a), the white circle is 1 Å. The
triangle indicates a diffraction spot with a d-spacing of 0.85 Å.
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Core-shell nanowires (NWs) are an ingenious discovery of interfacial nanoengineering that
comprises structural characteristics, which cannot be reproduced by any kind of epitaxial
growth. This stems from the fact that core-shell NWs tolerate a larger lattice mismatch without
interfacial defects than other heterostructures, thus offering a wider area of band-gaps with
several potential optoelectronic applications. It is established that wurtzite NWs grown along
the polar direction are bounded by the {10-10} m-planes. As a result, core-shell NWs comprise
non-polar {10-10} interfaces between the core and the shell.
The structural properties of core-double shell (GaN/AlN/GaN) NWs, grown by plasma-assisted
molecular beam epitaxy (PAMBE) on Si(111), were explored by transmission electron
microscopy (TEM) methods. GaN NWs were grown on a thin AlN nucleation layer (3 nm) for 3h,
with intermediate AlN spacers (10-15 nm thick) deposited at 1h and 2h growth time [Fig. 1(a)].
High-resolution TEM (HRTEM) imaging revealed the core-double shell morphology with an AlN
shell of 0.7-1 nm thick, and a GaN shell varying from 1.6 to 2.7 nm [Fig. 1(b)]. Line profiles of
HRTEM images along the growth axis showed that this particular configuration imposes the
c-lattice constant of the AlN shell to be adapted to the c-lattice constant of the GaN core.
Therefore, a full elastic accommodation of the AlN on GaN is established, considering the
absence of misfit dislocations (MDs) from the interface.
The strain state of NWs was evaluated by geometrical phase analysis (GPA). A gradual
relaxation of the AlN spacers was observed from the GaN/AlN interfaces towards the center of
the spacer for the a-lattice parameter as illustrated in Fig. 1(c), without the presence of MDs.
The corresponding FFT is shown in Fig. 1(e). The GPA strain map of the AlN spacer/GaN along
the growth direction and the corresponding line profile are shown in Figs. 1(d&f). Regarding
the AlN shell, the GPA lattice strain along the growth direction was estimated near zero,
verifying the HRTEM observations on the full lattice registration. Considering the very small
thickness of the shell, the average in-plane lattice constant approximates pseudomorphic
growth. This implies that the AlN shell deviates from the biaxial strain state. Moreover, the GaN
shell exhibits the relaxed lattice constant values in both in-plane and out-of-plane directions. It
seems that the core-shell configuration of the NWs induces strain fields, which may be
exploited in band-gap engineering.
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Fig. 1: (a)TEM image illustrating the NWs morphology along with their schematic model. Black arrows denote the AlN
spacers (b) HRTEM image depicting the double shell-core configuration (c) In-plane GPA phase image of the AlN/GaN
and (e) the corresponding FFT (d)&(f) GPA strain map of the AlN/GaN along the growth direction and the corresponding
line profile
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Self-assembled GaN nanowires (NWs) were grown by plasma-assisted molecular beam epitaxy
(PAMBE) on Si(111) substrates. Treatment of the substrate surface is critical for NWs growth,
as well as their morphological features and crystal quality, and hence their optical properties.
To this end, a transmission electron microscopy (TEM) study was performed, to compare the
spontaneous nucleation of GaN NWs, when they grow on bare Si, with or without nitridation of
the surface, and when they grow on top of an AlN nucleation layer (NL) of varying thickness.
Direct GaN growth on bare Si without nitridation resulted in a high density of tilted GaN NWs,
grown on a thin amorphous SixNy layer due to the inevitable interaction of the active N species
with the Si surface. NW tilting is attributed to the roughness of the SixNy layer, following the
roughness of a stepped Si surface. Indeed, high-resolution TEM (HRTEM) images revealed that
tilted NWs nucleated on SixNy just over Si surface steps. When the surface was intentionally
nitridated, prior to NWs growth, axial alignment of NWs substantially improved, owing to the
formation of a thicker SixNy at the GaN/Si interface, which accommodated any Si surface steps
(Fig. 1). Moreover, wurtzite GaN crystalline remnants detected on SixNy might have functioned
as potential NW nuclei at the onset of NW growth. Besides the axial inclination of GaN NWs
from the growth direction, plan-view observations showed, occasionally, a ~3o in-plane rotation
between GaN and Si. We constructed the interfacial atomistic models of a GaN NW epitaxially
grown on Si, and a NW where the (0001) planes of GaN were rotated about 3o relative to the
(111) planes of Si. In both cases, the GaN/Si superlattice unit cell exhibits a hexagonal shape.
In order to optimize the Si surface treatment, an AlN NL with thickness ranging from 2 nm to
20 nm was used, either as-grown or annealed under active N, i.e., nitridated. In contrast to the
previous cases, the amorphous SixNy layer was eliminated from the interface allowing improved
alignment and crystal quality of the GaN NWs. When using a 2 nm thick AlN nitridated NL, GaN
islands appeared along with GaN NWs (Fig. 2). Conversely, a compact faceted GaN layer with
sparse GaN NWs was observed over a 20 nm thick AlN NL. The latter also emerged when the 2
nm AlN NL was not nitridated, however in this case a significantly higher density of NWs was
observed (Fig. 3). Therefore, at the initial stages of NL growth, AlN forms 3D islands, which
during annealing evolve into a compact 2D AlN NL affecting the morphology of the NWs and
the GaN faceted domains.
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Fig. 1: (a) TEM image, near the [11-20]GaN zone axis (z.a.), showing the morphology of GaN NWs grown on nitridated Si.
(b) HRTEM image of the GaN/Si interface, along the [ 11-20]GaN z.a., with GaN crystalline remnants (black arrows) on top
of the amorphous SixNy layer.
 

 
Fig. 2: (a) TEM image, off the [11-20]GaN z.a., depicting the improved alignment of NWs, when they grow on top of 2 nm
AlN nitridated NL. (b) HRTEM image of the GaN/AlN/Si interface, along the [11-20]GaN z. a., showing the solid AlN NL.
 

 
Fig. 3: (a) TEM image, near the [11-20]GaN z.a., depicting a compact faceted GaN layer when the 2 nm AlN NL was not
nitridated. (b) HRTEM image, along the [11-20]GaN z.a., showing the formation of AlN 3D islands.
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In the present work, HAADF STEM and XEDS studies were performed in a TITAN 80-50 and a
JEOL 2010F microscopes on a series of supported AuRu bimetallic catalysts. In microscopy
studies of such complex systems, conclusions are usually drawn about the composition of the
particles having analyzed a limited number of them, but rarely estimations are done to know
whether the set of chosen particles are representative of the catalyst at a macroscopic level.
The results have highlighted the difficulty to characterize the composition of bimetallic
systems with particles of varying sizes and metal contents. Despite the technical issues related
to STEM mode accompanied with XEDS of very small particles, at least 80 particles of each
catalyst were analyzed (Fig 1). All catalysts presented a large fraction of monometallic
particles, and a variable amount of particles displaying XEDS signals corresponding to the two
metals. XEDS analyses showed that the particles within the small size range were
predominantly Ru rich, larger particles were found to be Au and also entities containing both
Au and Ru were detected. Based on the models reported by Van Hardeveld et al. [Surf. Sci.
1969, (2), 189] for fcc (Au) and hcp (Ru) crystallites, the precise relationship between the
particle size and the total amounts of atoms was calculated. We estimated the number of Au
and Ru atoms in each particle present in the particle size-composition diagrams (Fig 1). For
1:2AuRuCZ, instead of the atomic ratio 1Au:2.4Ru measured by ICP, a ratio 1Au:0.25Ru was
estimated. The discrepancy may result from the lack of representativeness of microanalysis of
individual particles, which caused underestimations of the amount of smaller particles, richer
in Ru than the larger (> 5 nm) particles. This hypothesis is supported by the results of XPS
analysis showing a relationship 1Au:14Ru corresponding to a presence on the surface of the
catalyst of a large number small particles of Ru versus a more aggregated state of Au, given
that studies by HAADF-STEM electron tomography have excluded encapsulation phenomena of
the metallic phase on the support. An unbiased confirmation of the presence and weight of
each particle type can be performed by high resolution XEDS maps (Fig 2), where an
aggregate containing a large number of small particles of Ru and an only Au particle of about
30 nm can be seen. In summary, bimetallic AuRu catalysts can be rather non-uniform and can
show variation in particle size and composition, due to limited miscibility of the metal
components. Catalytic tests showed that bimetallic catalysts were more active than pure Au
and Ru catalysts for octanol oxidation, suggesting that Au-Ru interaction, albeit limited,
increase the specific activity with respect to the pure components.
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Fig. 1: Particle size-composition diagrams and relative contribution by particles at a given metal composition for
AuRuCZ catalysts
 

 
Fig. 2: HAADF-STEM image and XEDS elemental distribution maps (Ce-L, Ru-K, Zr-L and Au-L) recorded on the 1:2
AuRuCZ catalysts. Also is presented an overlay map of the Au, Ru and Ce chemical distribution
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Metal organic frameworks offer diverse chemistry as metal-medicine. In these complexes, the
metal serves to coordinate the organic ligands. The direct use of metal complexes sometimes
is restricted due to lethal side effects. To overcome their disadvantages, solid lipid
nanoparticles (SLNs) have been introduced as an alternative drug delivery systems. They carry
anticancer compounds with different physiochemical characteristics, higher drug stability,
improved pharmacokinetics and controlled drug release. In this study, we synthesized
bimetallic Zn(II) complex, [Zn(bipy)2(C6H5)2CHCO2)](ClO4)(bipy), with the reaction of
bifunctional 2,2′-bipyridine (bipy) and diphenyl acetic acid (C6H5)2CHCO2H). SLNs formulation
prepared by hot homogenization methods and characterized by Zeta Sizer, NMR (Nuclear
Magnetic Resonance) and SEM (Scanning Electron Microscopy). In conclusion, SLNs of Zn(II)
complex have good stability at -16.5 mV and average particle size around 230 nm. We
determined chemical structure as 3D by using XRD. In addition, NMR spectras were carried out
tween 80, complex and complex loaded SLN formulations and these spectra compared with
each other. According to NMR spectra, both difference in chemical shifts and new peaks were
not observed for complex loaded SLN and plasebo SLN. Moreover,  the particle size of Zn (II)
complex-SLN formulations was also supported by using SEM. In general, the Zn (II)
complex-SLN formulations were spherical shape and uniform in particle size. 
Keywords: Zn, Solid lipid nanoparticles (SLN), Scanning Electron Microscopy (SEM), XRD.



 
Fig. 1: Figure 1. Sem photo of Zn(II) complex-SLNs formulation.
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The light emission spectra of individual Au nanoparticles induced by a scanning tunnelling
microscope (STM) have been investigated. At the same time the nanoparticles were
characterized by STM measurements. Two-dimensional ensembles of tunnel-coupled Au
nanoparticles were prepared by thermal evaporation onto a native oxide silicon wafer in
ultrahigh vacuum (10-10 mbar). We present the experimental evidence of photon emission from
Au nanoparticles excited with W tip in the tunnel (tip voltage lower than 5 V) and field emission
modes (tip voltage higher than 5 V). In the first case the tunnel current has inelastic
component that is used for the tip-induced plasmon excitation. The photon emission that
corresponds to them is characterized by a maximum at 1.62 eV. In the second case the photon
emission spectrum is more complicated. The photon emission spectrum for Au nanoparticle
obtained after subtraction of photon emission from the substrate (the native oxide silicon
wafer) is characterized by peaks at 2.22 and 1.45 eV connected with the Mie plasmon and the
density of unoccupied states above the Fermi level, relatively. The low-energy peak at 1.45 eV
has not been discussed in literature. It was more pronounced then in other publications most
likely due to more blunt W tip in our experiment and consequently larger applied voltage (the
Au nanoparticle size was a few nanometers in all cases). The use of an STM in the field
emission mode with the light signal detection allows implementing of low-energy
electron-photon spectroscopy (inverse photoemission spectroscopy).



Type of presentation: Poster
 

MS-1-P-3142 A complete TEM study of microstructural changes within bifunctional
refining catalysts at different stages of their preparation
 

Moldovan S.1, Grillet N.2, 1, Florea I.3, 1, Danilina N.4, Minoux D.4, Ersen O.1
 
1Institut de Physique et Chimie des Materiaux de Strasbourg, UMR 7504 CNRS, 23 rue du
Loess, 67034 Strasbourg, France, 2Institut Materiaux Microelectronique Nanosciences de
Provence, UMR 7334 CNRS, Campus de St Jérôme, 13397 Marseille, France, 3Ecole
Polytechnique, Route de Saclay, 91128 Palaiseau, France, 4Total Petrochemicals Research
Feluy, Zoning Industriel, Zone C, 7181 Feluy, Belgium
 

Email of the presenting author: simona.moldovan@ipcms.unistra.fr
 
Owing to their exceptional properties the bifunctional catalysts are widely employed for
processing of heavy oils and are generally composed of an active cracking matrix, a binder
and an active (de)hydrogenation function. The actual study focuses on the morphological
evolution of bifunctional refining catalysts consisting of a zeolite, an alumina binder and metal
sulfides. Three general steps schematized in Figure 1 are considered for the preparation of the
catalysts: the extrusion of the zeolite by using alumina as binder, impregnation with Ni and Mo
salts and sulfidation to obtain the active metal sulfide phase. The morphology of the zeolite
grains is originally marked by spherical mesopores and channels, as well as micropores. The
extrusion with alumina does not change fundamentally the zeolite 3D porous structure, but
fixes the alumina grains on the zeolite crystals surfaces. The needle-like shaped geometry of
the alumina grains contribute to the built-up of a novel porous structure on the zeolite grain
surface, without a considerable modification of the accessibility to the zeolite porous structure.
The impregnation with Ni and Mo salts leads to a new nanometric architecture, such that one
identifies large and small nanoparticles (NPs) within both the zeolite grain and the embedding
alumina matrix. A combined analysis evidenced that on the zeolite grains, the small NPs (mean
size: 5 nm) are Ni-dominated, whilst the bigger NPs are Mo-rich. One cannot exclude that Mo
can appear as small particles and/or as atomic clusters. The zeolite grain morphology and
pores size delimit the NPs location: the small NPs will access the micropores, whereas the big
ones will be placed exclusively on the mesopores and the channels rims. Though the Mo was
predominantly found in the large particles, one cannot exclude that Mo-rich NPs, atoms and/or
atomic clusters would penetrate the zeolite grain anchored to the micropores rims. Most of
particles deposited on the alumina grains are in Mo, but small amounts of Ni have been also
identified. The sulfidation treatment is expected to induce at a structural level the formation of
metal sulfide slabs. Indeed, they have been identified mostly on the alumina grains, but also
within the zeolite pores inner rims. These finding backups our observations on the presence of
Mo NPs in the zeolite pore after impregnation. The electron tomography stressed the slabs
location as against the zeolite pores: the metal sulfide slabs do not locate only on the inner
mesopores, but also decorate the micropores rims. New 3D core-shell structures were
identified in the inner zeolite mesopores: the core is most probably the Ni sulfide, whereas the
shell is constituted by MoS2 slabs disposed around the core but not always in contact with it.



 
Fig. 1: Figure 1. General steps followed for preparation of bifunctional refining catalysts.
 

 
Fig. 2: Figure 2. Micrographs acquired under different modes showing the evolution of the zeolite with the preparation
steps: A. Slice and model of the zeolite; B. EFTEM image and slice of the extruded zeolite; C. Slices of the TEM and
STEM volumes of the impregnated specimen; D. STEM-HAADF micrograph and section corresponding to sulfided
specimen.
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Synthesis of ZnO/ZnS heterostructures in thermodynamic conditions generally results in the
wurtzite (WZ) structure of the ZnS component because its WZ phase is thermodynamically
more stable than its zinc blende (ZB) phase. In this report, we demonstrate for the first time
the preparation of ZnO/ZnS coaxial nanocables composed of single crystalline ZB structured
ZnS epitaxially grown on the WZ ZnO nanorod via a two-step thermal evaporation method. The
deposition temperature is believed to play a crucial role in determining the crystalline phase of
ZnS. Through a systematical structural analysis, the ZnO core and the ZnS shell are found to
have an orientation relation of (0002) WZ ZnO//(002) ZB ZnS and [01-10] WZ ZnO//[2-20] ZB
ZnS. Observation of the coaxial nanocables in cross-section reveals the formation of voids
between the ZnO core and ZnS shell during the coating process, which is probably associated
with the nanoscale Kirkendall effect known to result in porosity. Furthermore, by immersing
the ZnO/ZnS nanocable heterojunctions in an acetic acid solution to etch away the inner ZnO
cores, hexagonal shaped ZnS nanotubes orientated along the [001] direction of ZB structure
were also achieved for the first time. Finally, the optical property of the hollow ZnS tubes was
investigated. It was found that the tubes can give a strong green emission which may originate
from some self-activated centers, vacancy states, interstitial states or structural defects.
However, for those tubes with residual ZnO located on tops, they showed much lower emission
intensity due to the type-II band alignment of ZnO/ZnS heterojunction that can efficiently
decrease the recombination of the electron-hole pairs in both ZnO and ZnS. Our study gives
some insights on the controlled fabrication of 1D semiconductors with desired morphology,
structure and composition and the as-synthesized WZ ZnO/ZB ZnS coaxial nanocables and ZB
ZnS nanotubes provide ideal candidates for the study of optoelectronics of II-VI
semiconductors at the nanoscale.
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Fig. 1:  (a) TEM image of the nanocables’ cross-sections; (b) HRTEM image and (c) reconstructed structure from (b),
cyan: ZnO, red: ZnS; (d) FFT of (b); (e-f) Enlarged HRTEM image recorded from regions of i and ii of (b); (g) HAADF
image as well as elemental mapping ; (h-i) EDX data corresponding to spots A and B, respectively.
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Methanol is one of the most important petrochemical molecules. It is considered as a
prospective sustainable synthetic fuel obtained by the catalytic hydrogenation of CO2.[1]
Industrial relevant catalysts are mainly composed of Cu (>50 mol%)/ZnO in combination with a
structural promoter, such as Al2O3 (<10 %).[2] The presence of ZnO drastically increases the
intrinsic activity of Cu-based catalysts. This Cu-ZnO synergy can be explained by the
appearance of strong metal support interaction (SMSI) upon reduction in hydrogen.[3] The
nature of the SMSI effect is versatile and can be expressed by electronic or morphological
changes. In the former case an electron transfer from the support to the metal can occur,
whereas for the latter situation a migration of the partially reduced oxide over the metal
particle arises.
For model systems this migration has already been proposed in one of the early studies of
Cu-ZnO synergy[4] and has recently been identified as metastable graphitic ZnO by IR
measurements.[5]
Here we present experimental evidence for the presence of this metastable graphitic ZnO
overlayer on Cu nanoparticles in an industrially relevant Cu/ZnO/Al2O3 catalyst for methanol
synthesis. Direct structural imaging and elemental mapping in the transmission electron
microscope show the formation of a layered ZnO overgrowth during reduction (Fig 1).
The results demonstrate a step further towards a complete understanding of the synergistic
effects in Cu-ZnO based catalyst for methanol synthesis.
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Fig. 1: A) Representative TEM micrograph of the reduced catalyst that shows the graphitic overlayer. B) The
corresponding energy filtered TEM map of the O K edge indicates a core-shell structure. C) Scanning TEM image of
Cu/ZnO/Al2O3. The inset denotes electron energy loss spectra of the Cu L2,3 and Zn L2,3 edge of one single Cu
nanoparticle (see ROI).
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Among the different ZnO nanostructures, nanowires (NWs) are of particular interest for
applications: they are envisioned as possible future building blocks for nanoelectronics [1] due
to their well-defined geometry and possibly enhanced electronic transport properties, coupled
with size-dependent piezoelectric response [2]. It is of great importance to understand how the
electronic transport behavior of the NWs is influenced by morphology and crystalline structure
on one side, and by the particular approach adopted for the implementation of electrical
contacts at the nanoscale on the other side. Electrical measurements on single NWs have been
reported in literature, with resistivity values ranging over many orders of magnitude ([3,4]),
depending on the synthesis techniques, morphology, crystalline structure and defects, type of
electrical nanocontacts, ambient conditions and experimental set-up. Therefore, work still
needs to be done in order to gain fundamental understanding of the electrical properties of
single ZnO NWs and their relationship with synthesis and structure.
In this work we report on the structural, morphological and electrical characterizations of ZnO
NWs by means of Field Emission Scanning Electron Microscopy (FESEM), Transmission Electron
Microscopy (TEM) and two-probe I-V measurements performed in-situ by the dual-beam
FIB-FESEM system. The ZnO NWs were grown by low-pressure chemical vapor deposition
(LPCVD) on Si wafers. The morphology of the samples was initially characterized by FESEM: the
aspect ratio and the homogeneity of the cross-section along the whole NWs were evaluated.
High-resolution TEM characterization shows that the NWs are wurtzite single crystals and they
are oriented along the [001] crystalline direction. In order to perform electrical measurements,
the NWs were detached from the Si substrates, ultrasonically dispersed in ethanol and then
transferred onto SiO2 substrates for the subsequent preparation of metallic contacts.
FIB-induced deposition of Pt pads from a gas precursor (methylcyclopentadienyl-trimethyl
platinum) was carried out and two-probe measurements were performed in the dual-beam
chamber by direct contact of two micromanipulators on the deposited Pt contacts. In the case
of NWs with suitable length (> 4 µm), the deposition of more than two contacts was
considered to perform transmission line measurements in order to gain information about the
contact resistance.
1. Z.L. Wang, Material Science and Engineering R 64 (2009), 33-71
2. H.D. Espinosa et al., Advanced Materials 24 (2012), 4656-4675
3. E. Schlenker et al., Nanotechnology 19 (2008), 365707
4. Jr-Hau He et al., Nanoscale 4 (2012), 3399
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The studies on scandium doped TiO2 photocatalyst nanocrystallites are still limited in the
iterature. We select Sc-doped process as an effective method to control the surface structure
of TiO2 by generation of defects into TiO2 lattice. Characterization of structures at atomic
resolution was performed by aberration-corrected JEM-ARM200CF microscope allows for 68 pm
spatial resolution. Z-contrast STEM images were collected using HAADF detector. EELS was
acquire atomic-scale maps of the chemical composition and assess the local bonding and Ti
valence. This is the first example of a Ti-Sc-O system demonstrated that the substitution of Sc
for Ti results in changes in photocatalytic activity due to the preferred occupancy of Sc atoms
and its effects on the anatase lattice. The changes of both the lattice parameters and surface
morphology are related to the chemical bonding between Ti and Sc cations and oxygen atoms,
and species formed at the surface with respect to oxygen deficiencies.The highest activity was
observed in TiO2-Sc 4.18 at.%. The photocatalytic activity of the Sc doped TiO2 strongly
depends on Sc concentration and particle size of both the dopant ion and TiO2 matrix. A
general view of the Sc-doped anatase is shown in Fig. 1. The well-known spherical morphology
of TiO2 is established. Detailed atomic scale analysis performed with STEM-HAADF detector
shows composites with core-shell structure (Fig.2a). High resolution Z-contrast images
demonstrates that the scandium ion dispersed into TiO2 nanoparticle and its concentration in
the shell regions is higher and formed scandium-rich regions where Sc3+ replace Ti3+ and
mixed oxygen vacancy generated composite (Ti3+xTi4+1-x)O2-x is developed. Therefore, the
Sc ion can be caused defects by introducing oxygen vacancies in the lattice of TiO2. Two
different crystallographic regions can be recognized based on the intensity and the atomic
column symmetry. The border region has much larger intensity. This contrast is explained
mainly by the effect of the strain field presented in the TiO2@Sc interface (Fig.2b,c and Fig.
3.). HAADF find out that the lattice parameters of the doped TiO2 samples begin to be larger
than pure TiO2. We suppose that during nano-crystal growth, the method by which solutions of
reacting components are mixed and the intensity of their stirring can influence the
precipitation and the physical characteristics of the product. The precipitation of Sc-doped
TiO2 results from mixing of two liquids on microscale level. The mixture consists of entirely
segregated parts with different local concentration. In such an way a molecular diffusion
occurs to form crystals where the inner TiO2 core has a different composition from the outer
shell
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Fig. 1: HRTM and HAADF images of Sc doped TiO2
 

 
Fig. 2: Atomi scale HAADF images of TiO2@Sc core-shell and interfaces
 

 
Fig. 3: ABF images and EELS of grain boundaries
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During the last few years has been a great interest to develop new functional nanomaterials
for diverse applications, including areas such as semiconductors, optical devices,
photo-electrochemistry, among others [1]. It is well known that the formation of nanoparticles
is highly sensitive to different the reaction conditions. Particularly, the control of shape and
size of the nanoparticles are parameters of major importance for the different applications
where they are used. One of the main physicochemical parameters that control the final size
and shape of nanoparticles is the pH [2], resulting in the formation of Ag nanoparticles of
different morphologies depending on precursors concentration at different pH values.
Silver nanoparticles (AgNP) have been subject of several studies due to their diverse
applications; however, it has been observed that when AgNP are synthesized in aqueous
solutions they might suffer oxidation that could derive in loss of activity[3].
In this work, we studied the oxidation of AgNP obtained in aqueous solutions, by employing a
so-called "green" method for the production of nanoparticles, with especial focus on the
characterization of forms and structures of AgNP. The method employed here is at room
temperature, using synthetic tannins as principal reducing reagents and AgNO3 as precursor in
aqueous solution. During the reactions, the pH was modified by using NaOH solutions at low
concentrations, obtaining different sizes and shapes of AgNP. The mixtures were subjected to
ultrasonic treatment, centrifugation and drying. This straightforward method has proven its
effectiveness in the reduction of metal nanoparticles on earlier work by our group [4].
It was observed that exist a critical stable size, after it AgNP have tendency to oxidize.
Advanced analytical electron microscopy characterization will be employed to determinate the
critical size and the final structure, shape, atomic arrangement and chemical composition of
the AgNP produced by this method.
References:
[1] L.A.Botello et al., Ingenierías, Octubre – Diciembre 2007, Vol. X, N°. 37
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Gamma alumina is widely used as a support material for industrial catalysts such as refining
petrochemicals or Fischer-Tropsch processes. Boehmite, Aluminum oxihydroxide (AlOOH), is
the precursor to Gamma-alumina (γ-Al2O3) in the manufacturing process[1].The
transformation from boehmite to gamma alumina is critical to the understanding of the
structure of gamma alumina, thus has been widely studied [2]. The removal of water from the
structure creates a metastable gamma phase with a structure that gets classified as tetragonal
or cubic depending on the choice of unit cell [2]. The changes to the structure and surface area
during this transformation are still not very well understood. One of the problems with studying
boehmite using transmission electron microscopy (TEM) is the electron beam sensitivity of
boehmite. Boehmite transforms to gamma alumina if observed at ambient temperatures in the
TEM even under low beam dose conditions. Here, Cryo-TEM has been used to slow down the
transformation under the beam in-situ as the sample de-hydrates and forms gamma alumina.
The main aim of the study was to observe changes in the shape and form of the
nanocrystalline material after it has transformed to gamma alumina. The properties of gamma
alumina is what determines the diffusion rates and sintering behaviour of Platinum group
metals (PGM’s)in most of the current auto catalysts. The study was carried out using a Gatan
Cryo holder at -184C in a FEI Tecnai F20 Twin lens configuration S/TEM. The boehmite sample
was dispersed on a holey carbon coated Cu-grid and put into the cryo-holder and the
microscope before cooling. Some ice formation was observed at some parts of the sample as
boehmite itself contains some excess water. A sequence of images was acquired as function of
time together with diffraction patterns to confirm the structural transformation. A sequence of
diffraction patterns diffraction patterns of boehmite and gamma alumina are shown in Figure 1
where the rings formed have been identified using JEMS software. The difference is quite stark
in the way the pattern goes as the boehmite is orthorhombic and gamma alumina is pseudo
cubic or tetragonal structure. The characterisation of the diffractions patterns shown together
with the calculated spacings on the diffraction patterns in figure 1.
Figure 2 shows the sequence of in-situ images from boehmite to gamma alumina, the only
driving force for the transformation being the electron beam. Images were acquired in
sequence together with the diffraction patterns at regular intervals. The images shows that the
shape of the crystallites remain the same after the transformations has taken place. However
there is a slight, in shrinkage in the size of the particles around 10-15% after the
transformation.
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Fig. 1: Figure 1. Series of diffraction patterns at different
time intervals showing the transformation from boehmite
to gamma alumina under the electron beam. The
calculated diffraction patterns from boehmite and gamma
alumina are shown for comparison
 

 
Fig. 2: Figure 2. Series of in-situ images taken at various
time intervals from the same area that diffraction patterns
were taken in figure. Transformation from boehmite to
gamma alumina transformation does not cause drastic
change in the crystal shape but a 10-15% reduction in size.
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In the last years it has been much interest on the synthesis of bimetallic or core/shell
nanoparticles since these systems present novel properties different from the monometallic
particles of the same elements. Even more, the properties can be tuned by varying the way of
mixing the elements. In systems where a magnetic core as iron oxide is covered by a noble
metal shell (Ag, Au or Pt), the magnetic properties and the efficient adsorption of molecules
and optical properties of the shell can be exploited for numerous applications in fields as
biomedicine, biotechnology or catalysis. Also, a metallic shell can modify the surface of the
magnetic cores and provide them of extra stability against aggregation or oxidation. However,
to achieve novel characteristics, control of the size and thickness of the shell must be reached,
since all of these could generate loss of their intrinsic properties.
Many reports on the synthesis of iron oxide core and gold shell can be found and several
methods have been reported to control the nanoparticle size and the phase. Nevertheless, few
works have been developed on the structure and shape of the magnetic seeds, and the final
structure and morphology of this core/shell system. The study of the chemical composition,
internal structure, size and morphology is of great interest given that the properties of these
systems depend on these parameters. For instance, the interphase effect between the two
materials can yield to an enhancement of the catalytic activity or in the magnetic moment of
the total particle [1,2].
In this work, a tannin-assisted method for the synthesis of core/shell nanoparticles (iron
oxide/gold) is carried out. This method has been effective for the production of iron oxide
particles with a narrow size distribution [3]. The final structure and morphology are determined
by high resolution transmission electron microscopy. This work attempt to contribute to the
understanding of all these factors have on the novel properties of oxide core/metal shell
nanoparticles.
References:
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Semiconductor quantum dots have optoelectronic properties that attract and justify the efforts
of many research teams around the world. However the production of high efficiency
optoelectronic devices depends on a fine control of the morphology, density, size, shape,
uniformity and chemical composition of these nanostructures. Several techniques to induce a
localized growth of QDs can be combined with modern growth techniques in an attempt to
control the precursor’s nucleation on the substrate surface. One of techniques employed in this
process is the Focused Ion Beam Microscopy (FIB) [1,2]. In this technique a gallium ion beam is
used to create localized surface defects that become nucleation sites for the localized growth
of quantum dots. In this work we used this technique to create an array of holes on InP(001)
surface to serve as diffusion barrier increasing the nucleation rate located during InAs grown
by Metal Organic Vapor Epitaxy. The doses used were 3.7x1015, 5.6x1015 and 1.3x1016

Ga+/cm2. Islands were grown for two sub-monolayer coverages, occurring mostly in clusters in
the inner surfaces of the FIB produced cavities. For low doses templates the nanostructures
are mainly coherent. For high doses the islands are mostly incoherent and numerous. A simple
model correlating the surface potential of the template with the net adatom flow to the
cavities is presented. Two regimes were identified, coarsening and coalescence when low
doses were applied, and incoherent growth when high doses were used.
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Fig. 1: Figure (a) shows a schematic diagram of the adatoms diffusion process into the cavities and islands growth. (b)
Analysis of islands density on an InP modified substrate as a function of ion dose, indicating the presence of two
distinct growth regimes.
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Gold-palladium nanoparticles (Au-Pd NPs) are of great industrial and scientific interests as they
are promising catalysts for many oxidation and hydrogenation reactions. Catalytic activity of
Au-Pd NPs can be fine-tuned by controlling the ratio and arrangement of the surface atoms at
their surface. As in the bulk phase, Au and Pd atoms can be mixed in any proportion in
nanoalloys to form chemically-disordered face-centered cubic (fcc) structures. Aside from the
fcc structures, electron diffraction studies of epitaxially-grown Au-Pd thin films have also
hinted at the existence of long-range chemical orders of L10 type (around composition AuPd)
and of L12 types (around compositions Au3Pd and AuPd3). However, no long-range
chemical-order has ever been observed in Au-Pd NPs. In this contribution, we report the first
observation of long-range chemical orders in Au-Pd NPs using an aberration-corrected
transmission electron microscope (TEM).
Monodispersed Au-Pd NPs under 10 nm were grown by pulsed laser deposition in vacuum on
either freshly cleaved NaCl(001) single crystals or amorphous carbon films of standard TEM
grids. Material transfer to the support and precise control of particle composition was achieved
by alternately ablating two ultra pure Au and Pd targets. The NPs were annealed in vacuum at
temperatures superior to 400°C. Epitaxially-grown NPs were transferred to standard TEM grids
prior to annealing. The structure of the as-grown and annealed NPs was studied by
high-resolution imaging on a JEM-ARM 200F TEM.
Fig. 1 shows a corrected TEM image (UHRTEM) of an epitaxially-grown Au-Pd NP in closed [001]
orientation. Due to the rapid kinetics of the deposition process, the structure of all as-grown
NPs was in a non-equilibrium state disordered fcc type. Transition to the equilibrium structure
occurred during high temperature annealing. Extensive UHRTEM studies of Au-Pd NPs of
various compositions annealed in different conditions (support, temperature, time) showed
that both L10 and L12 chemical order are stable in the Au-rich NPs at temperatures as high as
600°C. UHRTEM images of a L10- and a L12- chemically-ordered NPs in closed [001] orientation
are shown in Fig. 2 and 3 respectively. Besides chemical ordering, particle ripening also
occurred during thermal annealing. Single particles X-ray analysis in TEM scanning mode
demonstrates clearly that crystal growth proceeds through Ostwald ripening phenomenon. Due
to the difference in evaporation rate of Au and Pd atoms from the NPs during this ripening
process, the chemical composition of the NPs became size-dependent after annealing
processes with a systematic enrichment in Pd as particle size increases.
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Fig. 1: UHRTEM image of an as-grown Au-Pd NP composed of 62 % at Au viewed close to the [001] direction. The fast
fourier transform of the image is displayed in insert. It shows that the structure of the NP is of disordered fcc type.
 

 
Fig. 2: UHRTEM image of a L1o chemically-ordered NP obtained after annealing the sample in Fig 1 at 600°C in vacuum
during 10h. Chemical ordered is evidenced through the appearance of superlattice structures in the fast-fourier
transform of the image.
 

 
Fig. 3: Image of a L12 chemically-ordered NP obtained after annealing at 500°C in vacuum during 8h a sample with
composition comparable that of Fig 1.
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Short chain olefins, especially ethylene and propylene are in very high demand worldwide
making them important industrial raw materials. Two-phase MoVTeNb oxide, has shown great
promise in oxidative dehydrogenation (ODH) of converting inexpensive light alkanes into these
olefins. In this work, we report an identification of the nature of crystalline termination of the
catalytically relevant M1 phase at atomic scale using an aberration-corrected scanning
transmission electron microscope (STEM). Figure 1 shows a typical M1 phase particle viewed in
the crystal growth direction (the [001] orientation). It is clearly observed that at standard
conditions no amorphous overlayer is formed on the external surface of the particles. Based on
the analysis of over 50 particles, it is shown that the lateral surfaces of these rods are faceted
and the most preferential lateral facets have been determined to be {010}, {120} and {210}
(as shown in Figure 1 B-D for STEM images and Figure 1 E-G for crystallographic models).
These results indicate that morphology of the M1 phase particles might have a large impact on
catalytic activity of this system. Additionally, electron energy loss spectroscopy and energy
dispersive X-ray spectroscopy has been applied to determine the vanadium distribution on the
surface, which is believed to play an important role in catalytic performance of the M1 phase in
ODH.
Reaction conditions affect the surfaces of the M1 phase, which makes it essential to perform
the in situ experimental observations for a fundamental understanding of the catalytic
performance of this material. Direct imaging of structural changes in the M1 phase was
performed under an oxidative atmosphere in an environmental TEM. Tellurium units were
observed to disappear from hexagonal channels when heated to 350 °C in 10 mbar
oxygen/argon (23%/77%), while the crystal framework remained unaffected. Further in-situ
experiments using a much higher partial pressure (above 1 bar) are underway to investigate
the relationship of structural changes to catalytic performance of this system under realistic
reaction conditions.
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Fig. 1: (A) Unprocessed STEM image showing crystalline and faceted surface of M1 phase. (B-D) Magnified view of
rectangular areas 1-3 in (A), showing different configurations of facets {010}, {120} and {210}, respectively. (E-G)
Rendering of the crystallographic model of the three facets shown in (B-D).
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Thermal annealing in conjunction with electron irradiation can also be exploited to create new
nanostructures. One key point of nanocrystal (NC) heterostructures tranformation is that the
relative thermal or irradiation stability/reactivity of a certain material domain in the
heterostructure can be much different from that of the same domain if it were the only
constituent of the NC. This is due to its proximity to domains of other materials that can elicit
concomitant processes such as diffusion of chemicals, alloying, charge transfer and others. We
have studied the in-situ phase transformation of CdSe/Cu3P/CdSe NCs. Starting from hexagonal
Cu3P nano-platelets, and working at higher temperatures, we have obtained sandwich-shaped
nanoparticles consisting of one top and one bottom layer of CdSe encasing each original Cu3P
platelets according an epitaxial-relationship (Figure 1 a-d). When these sandwich-like
heterostructures were annealed under high vacuum (pressure »10-4 Pa) up to 450°C,
sublimation of P and Cd species with concomitant interdiffusion of Cu and Se species were
observed by in-situ high resolution TEM (HRTEM) and energy filtered TEM (EFTEM) analyses.
These processes transformed the pristine sandwiches, triggering the complete evolution of
each original heterostructure into single NCs that were thoroughly characterized by fcc lattice,
with d-spacings compatible with those of fcc Cu2Se (Figure 1 e-f). Under the same conditions
the single domains, i.e the pristine (uncoated) Cu3P platelets and isolated CdSe NCs were
stable, no transformation occurred. Therefore, the thermal instability of these heterostructures
under high vacuum might be explained by the preferential diffusion of Cu species from Cu3P
cores into CdSe domains through epitaxial related interfaces. The Cu interdiffusion triggered
sublimation of Cd, as well as out-diffusion of P species and the partial dissolution of NCs
together with the overall transformation of the sandwiches into Cu2Se single NCs (Figure 2).
Therefore, one further development in this direction could be that of creating plasmonic micro-
and nanostructures “on demand”, for example, by annealing with a laser individual or groups
of CdSe/Cu3P/CdSe NCs deposited on a substrate [1].
[1]. De Trizio et al. ACS Nano, 5, (2013), 3997.
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Fig. 1: a) CdSe/Cu3P/CdSe view. b) HAADF STEM image and EDX line profile c) HRTEM image of epitaxial interfaces. d)
FFT patterns of CdSe (blue) and Cu3P (red) showing lattice similarities; habit schema. e) HRTEM (RT @ 300°C) of single
NC showing CdSe/Cu3P/CdSe structure. f) HRTEM (400°C) of the same NC completely converted into fcc Cu2Se.
 

 
Fig. 2: Elastic filtered zero loss images (a-c) and the corresponding EFTEM elemental maps (d-f) of several NCs
observed at room temperature (RT), 400° and 450°C displaying Cu diffusion. Elemental maps of P (132 eV, green,) and
Cu (931 eV, red). Zero loss image at 450°C shows sublimation morphologies. Scale bars 50 nm.
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Silicon nanowires (SiNWs) have a variety of applications including field-effect transistors
(FETs), energy storage, and chemical and biological sensors. These applications generally
require electrical contact to be made with the nanowires. For this reason, metal silicides
formed by solid state reactions with Si nanowires have attracted great attention in the last few
years. However, silicides also have prospects in applications such as spintronics, sensors and
energy storage devices at the nano-scale.
We developed a novel method to synthetize silicon/silicide heterostructures by introducing
silicide nanoparticles inside silicon nanowires. We found that the Au droplets, which originally
catalysed the formation of the SiNWs themselves, can also act as a catalyst for the Ni-Si
reaction. This catalytic reaction leads to immediate formation of NiSi2, even at low
temperature. To demonstrate this process, we first synthesise SiNWs with a radius between 20
and 50 nm and the usual growth direction, (111). Synthesis took place in an ultrahigh vacuum
transmission electron microscope using the vapour-liquid-solid method with Au as the catalyst
and disilane as the precursor gas. After the wires were formed, a Ni layer was then deposited
by electron beam evaporation at room temperature, without breaking the vacuum. During
annealing, as shown in Figure 1, an octahedral silicide particle formed within the liquid AuSi
droplet. Measurements of crystal structure allow this to be identified as the NiSi2 phase. This
silicide nanoparticle first formed and moved around in the liquid droplet and only later on
became attached to the AuSi/Si(111) interface, forming an epitaxial contact (Figure 1a). Once
the NW growth was restarted by flowing the disilane precursor gas, the silicide particle became
incorporated into the NW forming a Si-silicide heterostructure in which a nanoscale silicide
region is embedded epitaxially within the nanowire (Figure 1b, d). By repeating the process,
we can embed multiple silicide particles within a single nanowire. We will present video-rate
imaging allowing measurements of the nucleation, growth and incorporation of the silicide
(Figure 1c) and discuss the mechanism and kinetics. We will then show that the silicide growth
mechanism we have demonstrated here for Ni deposited on SiNW applies to other systems as
well and can be exploited to introduce nanosized particles in various kinds of nanowires. We
will finally discuss the potential applications of these new heterostructures for future
nanowire-based devices.



 
Fig. 1: (a) TEM images recorded at 400°C after deposition of 1nm of Ni onto a Si nanowire. (b) TEM images recorded at
500°C and 1×10-5 Torr Si2H6. The incorporation of the silicide inside the Si matrix is visible. (c) The plot of length vs.
time for the nanowire in (b). (d)  A higher magnification image of a NiSi2 particle showing its octahedral shape.
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In the past decade, a lot of attention has been given for the development of novel strategies
for the synthesis of different kinds of nano-objects. Most of the current strategies usually use
physical or chemical principles to develop nano-objects with multiple applications. One such
system is the Lanthanum (La) system, with notorious catalytic properties.
Lanthanum has diverse properties derived from the structure of the atom: óptical, magnétic,
catalytic, superconductors, etc. (in particular, new nanometric scale properties; Reactivity,
cathodos in SOFC, etc.) These type of metals are usually synthesized as oxides (La2O3) In this
work we have synthesized metallic Lanthanum (Lazero) and La2O3,by bio-reduction with
plants.

In these work we show that through a bioreduction method [1] we have been able to produce
small Lanthanum nanoparticles, (2-5 nm) and La nanorods, using two different reductor-plants
i.e. alfalafa and Callistemon citrinus,  which is interesting because it constitutes a pest. In
essence the reaction that seems to take place in both plants is the following acting the
water-soluble tannins remaining from the plant treatment:

The controlling parameter is the pH of the solution in which the reactions take place [1].
Characterization: Electron microscopy characterization included transmission electron
microscopy (TEM), high resolution transmission electron microscopy (HRTEM) characterization,
EELS (electron energy-loss spectroscopy) HAADF (High Angle-Annular Dark Field). The samples
were prepared by placing a drop of the solution on carbon-coated copper grids and allowed to
dry. Electron microscopy was performed in a JEOL JEM-2010F FasTem Microscope at IFUNAM,
equipped with EDS and EELS analysis. High resolution images were obtained under many
different conditions and the images analyzed by obtaining digital diffractograms by FFT (Fast
Fourier Transform)

The synthesized La0 nanoparticles with average diameter of 3 nm can be observed in figure 1.
The formation of the nanophases can be appreciated in the HAADF images, particles
corresponded to metallic Lanthanum. Some of the particles were oxides as well, some
clustered. Rods were also observed. The main difference between the two synthesis was that
with the callistemon the particle density was smaller than for alfalfa, which might be due to the
breaking of cell walls having very different energies.

Conclusion: The pH of the solution constitutes a parameter of easy control, that defines the
size and morphology of the LaN (particles or rods or wires) .
For pH 13, nanorods of metallic character were obtained.
As a final thought, we have to remark that these synthesis methods are simple and
self-sustainable.
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Fig. 1: HAADF of Lanthanum nanoparticles pH10
 

 
Fig. 2: Typical morphologies observed for pH10.
 

 
Fig. 3: Metallic La particles
 

 
Fig. 4: Metallic La, Larger particle.
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The nanomanipulation of metal nanoparticles inside oxide nano-tubes, synthesized by means
of the Kirkendall effect, is demonstrated. In this strategy, a focused electron beam, extracted
from a transmission electron microscope source, is used to site-selectively heat the oxide
material in order to generate and steer a metal ion diffusion flux inside the nanochannels. The
metal ion flux generated inside the tube is a consequence of the reduction of the oxide phase
occurring upon exposure to the e-beam. We further show that the directional migration of the
metal ions inside the nanotubes can be achieved by locally tuning the chemistry and the
morphology of the channel at the nanoscale. This allows sculpting organized metal
nanoparticles inside the nanotubes with various sizes, shapes, and periodicities. This strategy
is based on the control of the thermally activated local diffusion of Cu ions inside the nanotube
using an e-beam extracted from a TEM source. The migration of Cu ions was found to be
governed by a surface diffusion mechanism occurring on the innerwalls of the nanotube. This
nanomanipulation technique is very promising since it enables creating unique nanostructures
that, at present, cannot be produced by an alternative classical synthesis route. Aditionally,
temperature dependent in-situ TEM experiments were carried out yielding a controlled
morphological transformation of the Kirkendall oxide nanochannels.
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Fig. 1: Morphological evolution of an oxide nanotube upon exposure to an electron beam. (a) TEM image of the
as-grown oxide nanotube. (b-e) formation of Cu nanoparticles inside the oxide nanotube upon exposure of several
regions to the e-beam for different subsequent shots. The time of each shot was 2 s. Scale bar:100 nm.
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Direct interpretability and atomic number (Z) sensitivity of HAADF combined with sub-Å
resolution makes it the techniques of choice for uncovering atomic-scale underpinnings of
materials behavior[1]. For Mo-V-M-Ta (M = Te or Sb) catalysts, HAADF has revealed local
cation distribution[2], structure and chemistry of the crystal defects[3], polar domain
structure[4], surface[5] and other features that helped to understand their high performance in
propane (amm)oxidation[6]. Previous works showed that the M1 phase (Fig 1a) is the active
phase, while another phase in the system, namely M2 (Fig 1b), has a distinctive synergistic
effect with the M1 by improving the selectivity. Aiming to understand and further exploit this
synergistic effect, we studied a series of M2 phase catalysts by HAADF imaging in an
aberration corrected STEM.
Our results show that the M2 phase in Mo-V-Te-Ta system, unlike other reported M2 phases[4],
has unusual microstructure: the side planes of the M2 phase crystals are decorated with
pentagons (e.g. Mo6O21), the building blocks for M1 phase (Figure 2). These pentagons appear
to contain heavy cations (e.g. Ta) in higher concentration than the bulk of the material,
showing brighter HAADF contrast in the center. Two types of the interface between the
pentagon units and the hexagon units in the M2 phase matrix are identified. Interestingly,
monolayer pentagon coverage is dominantly found associated with the type I interface (Figs.
2b,c), where multilayer coverage is always found with the type II interface (Figs. 2d,e). In a M2
phase in a related Mo-V-Sb-Ta system, surface pentagon layers were also observed. In some
areas, surface pentagon layers serve as seeds for the M1 phase attached to M2 surface. To our
best knowledge, this is the first example of the intergrowth of these two very distinct
structures.
Our observations suggest that the pentagon layers come from a self-assembly process of the
preformed pentagon units during the synthesis.[7] The presence of Ta, a sub-group V element,
is found crucial for this intergrowth. Comparing samples with and without Ta in composition
clearly suggests that Ta stabilized the pentagon units during synthesis. Correlation of the
microstructure with the catalytic performance will also be discussed. We believe that this work
will pave the way for development of novel catalysts with M1/M2 heterostructures that can
improve the catalytic properties by maximizing the synergistic effect.
[1] Pennycook, SJ et al., Philos. Trans. Roy. Soc. A(2009)
[2] Yu, JJ et al., Catal. Commun.(2012)
[3] Pyrz, WD et al., Chem. Mater.(2010)
[4] Zhu, YH et al., Chem. Mater.(2012)
[5] Zhu, Y et al., Angew. Chem. Int. Ed.(2012)
[6] Shiju, NR et al., Appl. Catal., A(2009)
[7] Sadakane, M et al., Angew. Chem. Int. Ed.(2009)
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Fig. 1: Polyhedral models of the ab planes of (a) the M1 and (b) the M2 phases in molybdenum vanadate oxide
catalysts (e.g. MoVTeTa Oxide). Pentagon units, heptagonal channels, hexagonal channels and unit cells are
highlighted in blue, yellow, red and black respectively. Sparsely occupied Te sites in heptagonal channels are omitted
for clarity.
 

 
Fig. 2: (a) A HAADF image of the pentagon decorated M2 phase particle. (b,c)&(d,e) magnified views and proposed
models of Types I (purple) and II (green) interfaces between the pentagon units (blue) and the hexagon units (red),
respectively. Their representative units are highlighted in black. Heptagonal channels are highlighted in yellow.
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Nanomaterials have attracted the attention of researchers in the recent past due to their
interesting properties. Moreover, there is a wide applicability of these materials in several
areas of knowledge, for example, chemicals sensors, solar cells and microelectronic devices.
However, in order to use these materials in devices it is very important to have a deep
morphological and structural characterization of materials and electron microscopy techniques
are important tools for these characterizations.
In this work, we used a carbothermal evaporation method to obtain tin oxide structures. By
controlling the oxygen amount inside the furnace it was possible to grow structures in different
oxidation states; i.e. SnO2, Sn3O4 and SnO. The samples were characterized by scanning and
transmission electron microscopy, X-ray diffraction and electrical measurements. SEM
characterization showed that SnO material is composed by nanobelts with spheres at their
extremities and micro discs (which can be separated by sedimentation) while Sn3O4 and SnO2

materials are composed of nanobelts. TEM and SAD characterization showed that all
synthesized materials are single-crystalline and SAD patterns in different zone axis enabled
the determination of the growth direction of each material. Based on these results, it was
possible to propose that SnO nanobelts grow following a self-catalytic vapor-liquid-solid (VLS)
mechanism and Sn3O4 and SnO2 nanobelts grow by a vapor-solid (VS) process. The growth
mechanism of discs are not completely known, but is related to the solidification of SnO vapor.
While SnO2 is a well-known material in literature, there are only few works on SnO and Sn3O4
structures. Based on it we also studied the sensor response of materials to reducing and
oxidizing gases and it was possible to correlate the sensor mechanism of materials with the
exposed planes of structures.
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Fig. 1: SEM image of SnO nanobelts. In the inset there is a
TEM image of a single belt.
 

 
Fig. 2: SEM image of SnO microdiscs. In the inset there a
SEM image of a single disc.
 

 
Fig. 3: a) SEM general view of Sn3O4 nanobelts. b-d) Details
of Sn3O4 nanobelts.
 

 
Fig. 4: a) SEM general view of SnO2 nanobelts. b-d) Details
of SnO2 nanobelts.
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There is significant interest in understanding and controlling surface plasmon resonance
modes of metallic nanostructures for use in chemical sensing and nano-optics applications.
The optical effects of local surface plasmon resonance (LSPR) modes are only observable at a
length scale below the diffraction limit of far field optical experiments meaning that alternative
techniques are needed to study individual nanostructures. A focussed electron beam of a
(scanning) transmission electron microscope (S)TEM can be used to generate local surface
plasmon resonance (LSPR) modes; cathodoluminescence (CL) and electron energy loss
spectroscopy techniques can be used to observe the generation and propagation of LSPRs with
high spatial (<1nm) and spectral resolution (<2meV) and allow direct correlation with particle
morphology. Here we report the use of CL and EELS in the characterisation of gold and silver
nanoparticles using the Gatan Vulcan CL detector and Gatan GIF Quantum EEL spectrometer.
Figure 1 shows luminescence patterns of gold prisms acquired by (S)TEM-CL. Gold prisms of
different size reveal very different LSPR patterns; a gold prism with sides of 250nm shows
strong emission at 1.80eV (660nm) at the three corners (Figure 3c) whereas an 800nm particle
shows luminescence dominated by a strong central LSPR node (1.53eV, 803nm) with other
lower intensity LSPR modes along the edges (1.43 and 1.70eV, 870 and 705nm).
Light emitted from the specimen in the forward and backwards directions (in the direction of,
and in the opposite direction to the fast electron) was measured (simultaneously) enabling
differences in the intensity and spectral characteristics to be determined. A simple model
system of a 120nm diameter sliver nanosphere was investigated. Preferential emission of the
quadrapole LSPR mode was observed in the forward scattered direction whereas the dipole
LSPR mode was preferentially emitted in the backward scattered direction, in agreement with
Mie theory.
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Fig. 1: Figure 1. (a) and (b) bright field STEM image of a two gold prisms (250 and 800nm sides respectively); (c) and
(d) panchromatic STEM-CL images reveal ‘bright’ local surface plasmon resonance modes (e) and (f) CL spectra
acquired from selected positions. 
 



Type of presentation: Poster
 

MS-1-P-3425 ELECTRON MICROSCOPY STUDIES OF 1D TiO2 NANOSTRUCTURES WITH
LOW IMPROVED PHOTOCATALYTIC ACTIVITY
 

Acosta D.1, Cabrera J.2, Rodríguez J.2, Candal R.3, Alarcón H.2, López A.2, Arenas J.1
 
1Instituto de Física, UNAM, México D.F., 2Universidad Nacional de Ingeniería, Lima, Perú,
3Universidad de Buenos Aires, Argentina
 

Email of the presenting author: jarenas@fisica.unam.mx
 
Nanowire/nanorods TiO2 nanostructures (NS) of approximately 8 nm in diameter and around
1000 nm long were synthesized by alkaline hydrothermal treatment of sol-gel made TiO2 or
P-25 TiO2. Anatase like 1D TiO2 NS were obtained in both cases. The 1D NS made using seeds
from Sol Gel TiO2 nanopowders turn on rod-like NS and presents lower surface area than the
NS made from commercial TiO2 P-25 (97 y 279 m2/g, respectively).In both cases, the 1D NS
showed lower photocatalytic activity than P25 nanoparticles. However, the rod-like NS
obtained from TiO2 Sol Gel seeds displayed slightly higher efficiency than the original seeds.
Despite the higher surface area shown by the NS, the photocatalytic efficiency did not improve
with respect to their precursor seeds. This phenomenon can be associated with the lower
crystallinity of 1D TiO2 in both materials.
From SEM and TEM micrographs of sol-gel TiO2 synthesized nanoparticles, large and compact
aggregates (Figure 1a) with radius around 7 nm are detected. After 18 h of exposing the TiO2
sol-gel made seeds, to alkaline hydrothermal treatment, the NPs, turned to tube-like NS
(Figure 1b) with inner and external diameter in average of approximately 5.6 and 8 nm
respectively. After the hydrothermal treatment the samples were acid treated to exchange
Na+ by H+; it was observed the tubular structure was conserved in spite of the acid
treatment. Figure 1c displays SEM and TEM micrographs of TiO2 NS obtained by alkaline
hydrothermal treatment of P-25 seeds during 18 or 24 h, followed by acid exchange and
annealing at 400ºC. The 1D structures are preserved. As in the previous case, tubes were
obtained by both hydrothermal treatment time (18 and 24 h). But in this case the tubular
structure remains after annealing process. The images clearly shows that as consequence of
the annealing the tube like NS turned into short rod-like particles. These results suggest that
during the annealing the structure of the tubes collapsed, cutting the tubes in smaller pieces
but preserving in part their original morphology.
The growth mechanism of 1D TiO2 NS synthesized by alkaline hydrothermal method from TiO2
nanoparticles is still under discussion. It has been suggested that it take place by the rolling of
hydrogen titanate laminar structures during the ion exchange step (Kasuga, 1998).Other
authors, suggest the 1D structure formation during the treatment of TiO2 in NaOH aqueous
solution (Zhao, 2010). Our results seem to be in agreement with the last authors because the
tubes were well formed, as it is observed in Figure 1b, before the application of acid treatment
.
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Fig. 1: Figure 1. a) Electron micrographs of TiO2 1-D NS obtained from sol-gel and hydrothermally treated for 18 h and
after acid treatment. b) 1-D NS from sol-gel nanoparticles, hydrothermally treated and after annealing at 400°C. c)
TiO2 NS by alkaline hydrothermal treatment of P-25 seeds during 18 hrs, after acid treatment and annealed at 400°C.
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The nanostructured systems present promising properties , optical, magnetic and catalyic
properties. [1]. In particular a search for new designs at the nanometric scale has increased
during the later years and its uses diversified.the interest in metallic oxides is due to
applications in catalysis optical and electronic devices  [2-5]. Lutetium oxide has uses in laser
crystals optical devices and ceramics, because of the opossibility of obtaining with high purity
it is considered as target for Xray emission because of its high density.

In general this compound is used as a dopant in the formation of granate for laser crystals.
Since the oxides . are electrically non-conductive but by developing certain structures the
electrical conductivity can be achieved and used in the cathode of Fuell-Cells and Oxygen
generation systems. Being an anhydrous compound of basic character, it allows redox
reactions, which helps in wáter electrolysis. Furthermore, since it is an insoluble compound,
and very stable it can be used in the fabrication of cathodes of light ceramic structure in
fuel-cells saving on weight. For the use of this oxide three important parameters are looked
after: size, structure and elementary composition.

Lutetium Oxide nanoparticles were obtained in a high yield by means of biosynthesis with
alfalfa. The morphology and crystal structure were characterized by high resolution
transmission electron microscopy, EELS and Z-contrast microscopy. It is shown that the
synthesis method employed produces small Lutetium Oxide nanoparticles, (2-5 nm), Lu2O3, as
characterized from the optical diffractograms of individual particles.

The synthesis of  Lu2O3 nanoparticles was done by the bioreduction method similar to the one
proposed by G. Canizal [6], for gold nanoparticles . The synthesis was designed in principle to
obtain nanoparticles of metallic Lu, but due to the characteristics of Lu the metallic oxide was
obtained. Figure 1 shows size distribution function for Lutetium NP. Figure 2 shows pH7 HAADF
of Lutetium NPs, Figure 3 presents HRTEM of Lu oxide particles, showing some have coalesced
for pH7. Conclusion; The bioreduction method has been ueful to produce Lu2O3 NP of quantum
size character.
1. H. S. Nalwa, Handbook of Nanostrucutred Materials and Nanotechnology, Academic Press,
San Diego, CA (2000).
2. M. L. Wu, D. H. Chen and T. C. Huang, J. Colloid Interf. Sci. 243, 102 (2001).
3. B. Veisz, L. Toth, D. Teschner, Z. Paal, N. Gyorffy, U. Wild and R. Schlogl, J. Mol. Catal.
A-Chem. 238, 56 (2005).
4. M. O. Nutt, J. B. Hughes and M. S. Wong, Environ. Sci. Technol. 39, 1346 (2005).
5. R. Narayanan and M. A. El-Sayed, J. Phys. Chem. B 109, 12663 (2005).
6. G. Canizal, J. A. Ascencio, J. Gardea-Torresday, M. Jose´-Yacaman, J. Nanopart. Res. (2001)
475.
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Fig. 1: Size distribution function for Lu Oxide NPs
 

 
Fig. 2: HAADF showing Lutetium Nanoparticles distinct
contrast.
 

 
Fig. 3: Lutetium oxide nanoparticles, typical shapes and
structures
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Synthesis of ZnO2 nanoparticles was performed via a sol–gel technique assisted with UV
irradiation. One gram of zinc acetate dehydrate, Zn(CH3COO)2.2H2O, was dissolved under
vigorous stirring in a mixture of 50 ml distilled water and 5 ml of 30% H2O2. The resulting
solution was then irradiated with a 300W Ultra-Vitalux lamp (Osram), positioned 10 cm above
the solution, for 30 min at ambient temperature. This procedure resulted in the formation of a
white zinc peroxide colloidal suspension. The ZnO2 nanoparticles were precipitated by
centrifugation. The precipitate was then washed using distilled water until a pH of 8 was
reached. Finally the resultant white solid was dried at 80 °C for 12 h, similar to follow in the
reference [1]. The resultant powder was annealed between 100 and 220°C for 1 h in an oven
with air atmosphere. The morphology, structure and domain size of the nanoparticles were
determined by X-ray diffraction, and scanning transmission electron microscopy. By X-ray
diffraction, all patterns can be indexed to the zinc peroxide phase for samples prepared up to
120°C. For a sample prepared at 160°C we had a mixture of ZnO2 and ZnO, while for particles
treated at 220°C all the material was pure ZnO.
Micrographs shows STEM images for zinc oxide and zinc peroxide nanoparticles. Fig 1 shows
rounded ZnO particles, with an average grain size of 18±5 nm. The inset displays that the ZnO
d-space was 2.8 Å. Fig 2 shows an image of ZnO and ZnO2 mixture, in the inset figure can be
appreciated rund conglomerated particles. There are two types of particles, the bigger ones
belong to ZnO and the smaller ones belong to ZnO2. The information of the atomic columns
acquired by HAADF detector indicated that ZnO d-spaces were between 2.8 Å and 2.6 Å. This
parameter must be connected to synthesis conditions of the material. In any case the average
diameter size was 145 ± 55 nm.
Figures 3 and 4 belong to images of pure ZnO2 particles acquired by HAADF and BF detectors
respectively. At low magnification can be observed spherical shapes with broad size dispersion
between 40 and 287 nm. The average diameter was 130±64 nm. At higher magnification
these conglomerates displays small grains (≈ 5 nm). Figure 1d confirmed that each small grain
had d-space values which belong to ZnO2.
Using electron microscope techniques we have studied in detail the morphology and the
structure of ZnO nanoparticles, ZnO2 nanoparticles and a mixture of both. The ZnO2

nanoparticle are of great interest, because they had interesting microbiological characteristics
[2].
References
[1] R Colonia, J L Solís and M Gómez, Adv. Mat. Sci.: Nanotechnol 5 (2014) 015008 (4pp).
[2] R Colonia, V. Martinez, J. L. Solís and M. M.Gómez, Rev. Soc. Quim. Peru 79(2)2013 126
(10pp)
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Fig. 1: STEM image by HAADF and BF images for ZnO
particles, inset image show d space of ZnO.
 

 
Fig. 2: ZnO-ZnO2 particles, d-sapace belongs to ZnO.
 

 
Fig. 3: ZnO2 particles conglomerate in a spherical shape,
inset can be notice the nanoparticles.
 

 
Fig. 4: BF image showing d-spaces of ZnO2.
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Ag was used as catalyst for growth of vertical ZnO nanorods. Moreover, Ag also acts as an
amphoteric dopant, existing both on substitutional Zn sites and in the interstitial sites, as
substitutional acts as acceptor. Therefore, the effects of Ag on the optical properties of ZnO is
of importance. We have grown the ZnO microrods by MOCVD with Ag catalyst on Si (100)
substrates at Ts = 773 K. The elongated quasi single crystal structures were observed to have
corrugated side facets.
The presence of SFs affects the luminescence properties of ZnO by creating additional peak at
3.321 eV (at 4 K). This peak co-exists with the common donor bound excitonic (D0X) and free
excitonic recombination’s peaks as well as their respective phonon replicas (Fig.1).
Furthermore, the SFs related peak is stable at least up to 350 K, providing splitting of the near
band edge emission of ZnO into two peaks: FX emission appears at 375 nm and this of SFs at
386 nm (Fig.2). Therefore, visualizing of the two emissions was performed by CL mapping: the
two types of emission are spatially resolved. These radiative recombination processes are
under investigation by time-resolved PL. It is proposed, that at high Ag concentrations, the SFs
formation is favored.
High concentrations of basal SFs were found to be responsible for the surface corrugation. A
TEM study of the cross-section of ZnO/Ag/Si has revealed additional unusual contrast in bright
field mode. The featured lines were located parallel to the substrate plane, e.g. perpendicular
to the c-axis of the NR. Presuming that the reason for this is the extended defects, we have
studied individual NRs by HRTEM. A number of basal plane [0001] stacking faults were
observed, penetrating the NRs perpendicular to its c-axis (Fig. 3). BSFs were found to be
quasiperiodically inserted every 5 - 10 nm along the NRs. It has to be mentioned that SFs are
observed in both types of NRs. We attribute the appearance of BSFs as due to the Ag dopants.
Theoretical study in wurtzite GaN by Schmidt et al. [T. Schmidt et al. Phys. Rev. B 65 033205
(2002)] has shown that it is energetically favourable for Mg atom to reside at some distance
from the fault plane. We believe, that in our case Ag atoms behave similarly, and their
availability in the proximity of SFs transform them to a radiative recombination centre, existing
up to room temperature.
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Fig. 1: LT PL spectrum (4 – 100 K) of ZnO:Ag microrods (the
SEM image is as inset)
 

 
Fig. 2: The micro-PL spectra taken along the microrod: the
transition of the PL intensity from UV to Blue emission is
shown. The light emissions are visualized by CL mapping
(inset).
 

 
Fig. 3: High concentration of basal SFs were found to be responsible for the surface corrugation as it is seen in the
HRTEM image.
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Adhesion forces between individual nanoparticles play an important role in many different
processes such as fluidization, agglomeration and coating. Currently, adhesion between
particles is interpreted in terms of continuum models that are able to take into account the
effects of capillary forces, surface roughness and electrostatics. This approach is generally
suitable for particle sizes in the micrometer range. However, for smaller particles with
characteristic sizes in the range of 10 nm, more subtle effects beyond continuum theories can
influence and even dominate the adhesion behavior. We have studied adhesion forces and
contact behaviour of TiO2 nanoparticles with a diameter in the range of about 10 nm. These
nanoparticles were produced in a flame spray reactor using the liquid precursor consisting of
0.5 molar Ti(IV) isopropoxide in xylene. Inside a TEM, we studied stretching and
de-agglomeration behaviour of TiO2 nanoparticle agglomerates using an AFM/TEM holder.
These in-situ observations were correlated with the force measurements obtained from AFM
force spectroscopy. To be precise, the AFM data were based on the statistical analysis of the
force peaks measured in repeated approaching/retracting loops of an AFM cantilever into a
film of nanoparticle agglomerates. The in-situ TEM data revealed sliding and rolling events first
leading to local rearrangements in the film structure when subjected to tensile load, prior to its
final rupture caused by the reversible detaching of individual nanoparticles. The associated
contact force of about 2.5 nN is in quantitative agreement with the results of Molecular
Dynamics simulations of the particle-particle detachment [1]. Our results indicate that the
contact forces are dominated by the structure of water layers adsorbed on the particles’
surfaces at ambient conditions. This leads to non-monotonous force-displacement curves that
can be explained only in part by classic capillary effects, and highlight the importance of
considering explicitly the molecular nature of the adsorbates [1].
We also studied the size dependent contact behavior of nanoparticle agglomerates by using
four different size-fractionated agglomerates, with median values in the range of 78 to 161
nm. Force-distance curves of AFM as well as in-situ TEM observations show that the length of
the chains and the amount of rearrangements depend on the agglomerate sizes. Larger
agglomerates require more work for their aggregate rearrangement before the final breakage
is induced [2].
[1] S. Salameh , J. Schneider, Jens Laube, A. Alessandrini, P. Facci, J. W. Seo, L. Colombi Ciacchi
and L. Mädler, Langmuir 28 (2012), p. 11457. Langmuir 28 (2012), p. 11457.
[2] Salameh, R. Scholz, J.W. Seo and L. Mädler, Powder Technology 256 (2014) p. 345.
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Plasmonic nanoparticles (NPs) are of considerable interest due to plasmon tunability and
potential applications as biosensors, photonic, optoelectronic and photovoltaic devices. These
applications rely on the fabrication of metallic NPs on technologically important substrates and
on the possibility to control the surface plasmon resonance (SPR) properties. The ability to
create tunable (from the UV to the visible) plasmonic nanosystems using Ga NPs is
differentiating gallium from the commonly used noble (gold and silver) metals. In our previous
work, we have demonstrated the efficiency of Ga NP-based platforms in localized surface
plasmon resonances (LSPR) tunable over the UV to the near IR spectral range1-3.
Here we describe a range of imaging and microanalysis electron microscopy techniques that
are highly suitable for the study of the Ga-based plasmonic nanosystems. Ga nanoparticles
were deposited onto sapphire, silicon, glass and graphene substrates in a Veeco GEN II
molecular beam epitaxial system under ultrahigh vacuum conditions at room temperature with
a constant Ga flux. TEM cross-sectional samples were prepared by the FEI Nova dual beam
focused ion beam (FIB) system. A range of microanalytical electron microscopy techniques can
be used to characterise the NPs at the nanoscale level. Scanning electron microscopy (SEM)
imaging has been applied to study morphology and growth dependent modifications of the Ga
NPs. Transmission electron microscopy (TEM) and associated analytical tools have been used
to determine the structural and compositional properties of the nanostructures at a
subnanometer scale. High resolution imaging revealed crystalline core/ amorphous shell
structure for Ga NPs grown on sapphire and amorphous  Ga structure for Ga NPs grown on
other substrates. Energy-filtered imaging  showed compositional uniformity of the Ga core and
the presence of oxide layer on the NPs surface. Low-loss imaging confirms the presence of Ga,
with particle contrast being maximised close to the Ga plasmon energy (13.8eV). The Ga
plasmon signal is significantly higher for the crystalline core of the Ga NPs. In summary, a
range of electron microscopy techniques can be used to identify and characterise Ga NPs at
the nanoscale level. Such information is important for understanding structural and optical
properties of Ga-based nanosystems.
1Wu, P. C.; Kim, T. H.; Brown, A. S.; Losurdo, M.; Bruno, G.; Everitt, H. O. Appl.Phys. Lett. 2007,
90, 103119.
2Yi, C.; Kim, T. H.; Jiao, W.; Yang, Y.; Lazarides, A.; Hingerl, K.;Bruno, G.; Brown, A. S.; Losurdo,
M. N. Small 2012, 8, 2721–2730.
3M Losurdo, C Yi, A Suvorova, S Rubanov, T-Ho Kim, M M. Giangregorio, W Jiao, I Bergmair, G
Bruno, A. S. Brown ACS Nano 2014 in press



 
Fig. 1: SEM image of Ga NPs grown on sapphire.
 

 
Fig. 2: TEM image showing the Ga NPs in cross-section.
 

 
Fig. 3: EFTEM imaging: zero-loss image of  Ga NPs.
 

 
Fig. 4: Low loss imaging of Ga NPs showing core/shell
structure
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Gold nanoparticles protected by thiolate ligands have attracted extensive research activity
because of their enhanced optical, electrochemical, and other application-related properties.
The desired physicochemical properties are strongly dependent upon size, composition, and
structure. It is therefore critical for improved materials design to correlate the cluster structure
and bonding with the properties sought for applications. However, the determination of atomic
structures of nanomaterials is a challenging task even for composition elucidated
gold−thiolate nanoclusters where gold cores span various symmetries. Determination of the
total structure of molecular nanocrystals is an outstanding experimental challenge that has
been met, in only a few cases, by single-crystal X-ray diffraction. Described here is an
alternative approach that is of most general applicability and does not require the fabrication
of a single crystal. The method is based on rapid, time-resolved nanobeam electron diffraction
(NBD) combined with high-angle annular dark field scanning/transmission electron microscopy
(HAADF-STEM) images in a probe corrected STEM microscope, operated at reduced voltages. In
the current presentation, we will show the new structures of Au130 and Au144 thiolated
clusters explored in a combined experiment-theory approach [1-2]. A full map in reciprocal
space has been simulated and compared with the experimental patterns using STEM
diffraction as well as atomically resolved images obtained through aberration-corrected
STEM-HAADF images. The nanobeam diffraction (NBD) through the STEM imaging mode is
controlled by the condenser lens system. The combination of probe-corrected STEM imaging
and quasi-parallel beam diffraction (D-STEM) is obtained by positioning the beam in the STEM
image at a single nanoparticle using the Digiscan control. The scan is stopped and positioned
arbitrarily at a xy position on the screen. Subsequently, the electron diffraction pattern is
recorded using a digital charge couple device (CCD) camera. D-STEM mode works in the
diffraction plane, the overlapping of the convergent disks is optimized by a compensation of
the last condenser lens (C3) and the use of the adaptor lens (ADL) at the hexapole coils of the
CEOS corrector.
[1] A. Tlahuice-Flores, U. Santiago, D. Bahena, E. Vinogradova, C.V. Conroy, T. Ahuja, S.B.H.
Bach, A. Ponce, G. Wang, M. Jose-Yacaman and R.L. Whetten, J. Phys. Chem. A, 2013, 117 (40),
pp 10470–10476
[2] D. Bahena, N. U. Santiago, A. Tlahuice, A. Ponce, S.B.H. Bach, B. Yoon, R.L. Whetten, U.
Landman and M. Jose-Yacaman, J. Phys. Chem. Lett., 2013, 4 (6) , 975-981.
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Scanning electron microscopy is not only a high-resolution imaging technique for
nanocharacterisation of materials, but the focused beam of electrons can also be used for
inducing chemical reactions in the nanometer-regime. For focused electron beam induced
processing (FEBIP) precursor gas is introduced into the vacuum chamber and the electrons
interact with precursors adsorbed on the sample surface. It has already been demonstrated,
that metalorganic precursors lead to deposition of materials including noble metals such as Pt
or Au as well as magnetic metals such as Fe or Co.
We have recently introduced a controlled etching process that is sustained by the irradiating
electron beam. With the semiconductors Si and Ge we have not observed spontaneous
etching, while material could be etched in the areas exposed to the electron beam. A clean
vacuum chamber is a prerequisite for this process and has been achieved with an in-situ ozone
cleaning procedure of the chamber.
In this work we report on the controlled etching of Si-nanowires and of Ge-nanowires.
Nanowires themselves are smart nanomaterials with very promising characteristics and may
be used for nanoelectronic devices, innovative sensor concepts and for photovoltaics
applications. Focused electron beam induced etching (FEBIE) offers a further alternative to
modify these nanomaterials in-situ in a SEM. With dynamic experiments in the SEM we have
investigated the chemical reactions on the nanoscale. The material modification with regard
to, its composition and its electrical has been investigated.
The custom-designed tailoring of electrical properties of nanowires is essential for the
development of new devices. FEBIE is a versatile approach for trimming of Si-nanowires as the
low-energy electrons inflict no significant crystallographic damage and cause no contamination
of the silicon nanowire. This in-situ preparation allows to keep specimens as close as possible
to their native state.
With chlorine as etch gas even without geometrical thinning of nanowires the short-term
irradiation was observed to result in a change of electrical properties towards a diode-like
characteristics. The effect of electron exposure under the presence of molecular chlorine was
investigated. Additional to structural studies also an electrical characterisation of contacted
Si-nanowires and a TEM nanostructure analysis was performed.
FEBIE has been established as a novel approach that allows for tailoring of material properties
by controlled in-situ modification of nano-scaled materials. Potential future applications of
FEBIE to design and to develop of new nanomaterials for sensor applications and for photonics
applications will be discussed.
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Fig. 1:  Scanning Electron Microscope LEO 1530 VP with the custom-built gas injection system for chlorine
 

 
Fig. 2: Schematic illustration of nanowire modification by focused electron beam induced etching.
 

 
Fig. 3: Left: Setup for the electrical measurement of the semiconductor nanowire. The top image shows a SEM image in
top view Right: Electrical behavior of the Si-nanowire. The I-V-curve shows the electrical properties before and after
FEBIE modification in a chlorine environment.
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A biosensor is a device, which converts a biological response between a target analyte and a
bioreceptor into an electrical signal. The bioreceptor can be a microorganism, organelle, cell,
enzyme, antibody, nucleic acid etc. All these kind of sensors can exploit the advantages from
high surface-to-volume-ratio property of nanomaterials. Carbon nanotubes (CNT) present
outstanding electrical and chemical properties and could interact with organic and inorganic
compounds therefore can be functionalized with supramolecular complex. The morphology and
quality of CNT can be determined by the use of transmission (TEM) and scanning (SEM)
electron microscopy. Raman and X-ray photoelectronic (XPS) spectroscopy allow identify the
type of CNT and verify the chemicals modifications produced on CNT during the
functionalization process. These techniques provide useful information about the biosensor
construction process like homogeneity of the CNT network or wide of the layer. This project
presents the microscopic and spectroscopic characterization of multi-walled CNT
simultaneously purified and functionalized through an acid treatment with HNO3-H2SO4 with
the objective of make them more reactive trough the formation of acid carboxylic groups on
the CNT and then use it as support for amyloglucosidase (AMG) as a probe molecule and check
if the enzyme is still active. All CNT were analyse using SEM, TEM, Raman and XPS. Raman
spectra allow observe how the acid treatment removes impurities of the CNT (Fig 1). Chemical
functionalization with carboxylic groups is evidenced by XPS spectra showing a peak at 288.5
eV characteristic of carboxylic groups and a shoulder at 287 eV possibly associated with
peptide bonds (Fig 2). By the TEM micrographs (Fig 3) it is possible to observe the enzyme
onto CNT contrasted with uranyl acetate (1%). The results of enzymatic assay prove that the
AMG preserve 50 % of its activity compared against native enzyme. The double-layer
capacitance, obtained from the current versus potential characteristics at different scan rates
(mV/s), was also obtained for the CNT in each step of functionalization and finally the CNT/AMG
system was tested in optimal conditions for the AMG catalyze the substrate. The different
responses in the electrochemical capacitance and the results of enzymatic kinetics provide
evidence of an adequate functionalization of CNT for their use as electrochemical biosensor.
Microscopic and spectroscopic techniques prove that are not only useful but necessary tools
for biosensors construction.
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Fig. 1: Raman spectra for A) raw carbon CNT and B) purified CNT
 

 
Fig. 2: XPS spectra for raw CNT, purified CNT and system
CNT-AMG. Inset: zoom in the range 286-291 eV.
 

 
Fig. 3: TEM image of a CNT covered with AMG and
contrasted with uranyl acetate at 1%
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In the framework of the development of nano-sized materials with new optical properties
induced by the size effect or by a specific morphology, the study of noble metal nanoparticles
takes nowadays a prominent position, due in particular to their plasmonic properties. Attention
has been paid to the quest for a synthesis method able to provide Au nanostructures with
precise shape and crystallographic orientation. Thus, it was demonstrated that by using a seed
mediated technique [1] and tuning the Au seeds concentration that play the role of nucleation
centers, one can synthesize Au bipyramids (BPs) with various aspect ratios inducing various
symmetries in the basal plane. From a fundamental point of view, it is expected that changing
the morphology of these NPs may induce modifications of their optical properties. To
synthetize Au BPs with controlled aspect ratios a good understanding of the nucleation and
growth mechanisms is needed. The goal of this work is to perform a comprehensive analysis
based on an approach combining modern TEM techniques: conventional TEM imaging mode,
HR imaging using both TEM and STEM HAADF modes [2] and STEM-HAADF electron
tomography. This type of analysis provides reliable information regarding the morphology and
the crystallographic structure of both Au seeds and Au BP and thus allows elaborating reliable
hypothesis on the nucleation and growth processes of these anisotropic NPs. We present here
a detailed study performed on Au NPs presenting aspect ratios of 2, 3, and 5. An icosahedral
(penta-twinned decahedron) shape of Au seeds NPs presenting a 4 nm size was firstly
evidenced (Fig. 1). In a second step, a detailed HRTEM analysis on Au BP allowed us to directly
observe the highly stepped nature of the BP surface constituted by {151} lateral facets (Fig.
2). Finally, the analysis of the reconstructed volumes obtained by electron tomography showed
that the bipyramidal morphology is preserve for all the studied nanoparticles (Fig. 3a).
However, some differences between them can be observed regarding the shape of their tips,
the symmetry of the equatorial plane and the characteristics of the steps present on the
surface (Fig. 3b). Particularly, the larger the BP is, the sharper the tips and higher the surface
steps are. In addition, the analysis of the transversal sections for each volume showed that the
symmetry of the equatorial plane changes from a hexagonal one for high aspect ratios to a
pentagonal one for low ratios.
References:
[1] Liu, M.;, Guyot-Sionnest, P.J., J. Phys. Chem. B, 2005, p 22192.
[2] Burgin, J. et al. Nanoscale 2012 p.1299.
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Fig. 1: (a) HR-STEM HAADF image of a 4 nm Au seed NP; (b) Projection at 0° extracted from the tilt series used to
reconstruct the volume of an area containing several Au seeds NP;(c) XY slice through the reconstructed sub-volume of
an individual Au seed NP evidencing its icosahedral morphology .
 

 
Fig. 2: (a), (b) High Resolution TEM micrographs of an Au bipyramid showing the crystallographic nature of the stepped
lateral facets; (c) Schematical representation illustrating the oriented assembling of Au seeds icosahedrons.
 

 
Fig. 3: (a) 3D Models of Au bipyramids with three various aspect ratios obtained by electron tomography; (b) Illustration
of the presence of steps on the external surface of the BP.
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Transmission electron microscope offer wide range of measurement possibilities like high
efficient electron energy loss spectroscopy (EELS) and energy filtered transmission electron
microscopy (EFTEM)[1]. That allows, among others, the measurement of surface plasmons
resonance (SPR) and in the case of structures with the size below tens nanometers – Localized
Surface Plasmons Resonance (LSPR)[2].
The phenomena of electron energy loss can be exploited in both scanning and imaging
working mode of TEM. In the scanning mode a spectrum is recorded at a given beam position
and therefore the spatial resolution is determined by beam size and specimen thickness, which
indicate a volume from which the spectrum is collected. The energy resolution depends on
monochromaticity of the incident electron beam and the quality of a spectrometer. Nowadays 
the energy resolution of monochromator is 0,2 eV at a 300 keV and about 0,15 eV at a 80 keV.
STEM mode connection with such a good energy resolution allows the measurement of the
plasmon resonance eve n in nanostructures with dimensions less than 5 nm.
EFTEM technique is to form an image with electrons within a certain kinetic energy range. The
EFTEM standard procedure for elemental mapping is based on recording three images: two
pre-edge images with electron energy loss window before an absorption edge and one
post-edge image with energy window after the absorption edge. The element mapping is
obtained by the post-edge image after removing a background extrapolated from two
pre-edge images. The intensity of the resulting image is proportional to the concentration of
the element for which the absorption edge was used. Fig. 1 and 2 shows the application of the
EFTEM elements mapping procedure in the case of AlN/GaN heterostructure.
EFTEM is very useful method to mapping of the distribution of elements in the investigating
sample. Fig.3 and 4. present maps obtained by EFTEM method for Ag nanoparticles. An
interesting application of EFTEM is mapping of electronic properties with a use of plasmon
absorption [3]. It is well known that plasmon excitation energy depends on the mobility and
density of charge carriers. The energy of plasmon’s peak is correlated with local structure and
therefore gives information about relation between electronic properties and structural
defects.

[1] F.J. Garcia de Abajo. Optical excitations in electron microscopy Rev. Mod. Phys.
2010;82:209-275
[2] JA. Scholl, AL. Koh, JA. Dionne. Quantum plasmon resonances of  individual metallic
nanoparticles Nature 2012;483:421-428
[3] J. Nelayah, M. Kociak, O. Stephan, FJG. de Abajo, M. Tence, L. Henrard, D. Taverna, I.
Pastoriza-Santos, LM. Liz-Marzan, Ch. Colliex. Mapping surface plasmons on a single metallic
nanoparticle. Nature Physics 2007;3:348-353
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Fig. 1: a) HRTEM image of GaN dopped with Al
 

 
Fig. 2: b) Mapping of the Al by EFTEM method.
 

 
Fig. 3:  a) HRTEM image of silver nanoparticles
 

 
Fig. 4: b) Mapping of N line of the Ag using The EFTEM
method.
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The use of Microscopy in the development of certified reference materials for
nanotechnology
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Abstract: Nanotechnology is an enabling technology, which has the potential to greatly
improve many areas of human life through newly developed nanomaterial-based products. The
safe use of such products requires an understanding of the possible release of nanoparticles
from such products, and an assessment of the potential hazards resulting from the exposure to
these particles. This understanding and assessment must be underpinned by accurate
measurement data of both the chemical and physical properties of nanoparticles.
Amongst others, size and shape have been identified as important properties of nanoparticles.
In this context microscopy is a powerful technique to investigate and to quantitatively assess
both metrics. The accuracy of the results obtained with microscopy techniques can only be
guaranteed if the measurements are performed in a metrologically sound manner. Certified
reference materials (CRMs) are indispensable tools for method performance verification and
validation, as they enable a quantitative assessment of the method trueness and the
uncertainty of measurement results. This work discusses the value and limitations of different
microscopy techniques in the development of CRMs for use in the size and shape
measurements of nanoparticles. 
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One possible solution for new, efficient, and environmentally-friendly technologiy for
transforming chemical energy into electricity are fuel cells [1]. Ethanol seems to be an ideal
fuel, as it is a non-toxic liquid and can be produced cheaply and efficiently from grasses. The
best performance in ethanol oxidation reaction, was obtained for PtRh/SnO2 nanoparticles
designed and synthesized by the Adzic group [2-5]. Additives such as F or Sb can be added
into SnO2 in order to enhance its catalytic activity [6]. Structural and chemical investigations
of the nanocatalysts with different Pt:Rh:Sn ratio were performed by TEM Osiris FEI operating
at 200 kV and equipped with Super-EDX. Fig. 1(a) shows a STEM HAADF image of the
PtRh/SnO2 catalyst with a Pt:Rh:Sn ratio = 1:1/3:1, which is relatively homogeneously
distributed on the Vulcan carbon substrate. Unfortunately, a direct distinction between the tin
oxide and PtRh particles is not possible, Fig. 1(b). Individual particles with a size from 2-10 nm
are observed. Fig.2 shows the HAADF image of the PtRh/SnO2 particles with quantified EDX
maps of Pt, Rh and Sn. Individual Pt particles of 2-5nm in the map are distinguishable, what is
not the case for the SnO2 particles. The Rh signal is rather weak and is located in the same
areas as Pt. The SnO2 particle size starts from 4-5 nm for individual particles. In the sum EDX
map of Pt, Rh and Sn, it can be clearly seen, that the SnO2 particles are not completely coated
by PtRh particles, therefore areas with pure tin are visible (blue in Fig. 3). The Pt:Rh ratio
determined by EDX in this sample is 3:1. The right image in Fig. 3 shows the HRTEM image of
the PtRh/SnO2 particles, which are visible as dark dots on the amorphous, circular Vulcan
carbon substrate.
[1] V.S. Bagotsky, Fuel Cells: Problems and Solutions 2nd Ed.; John Wiley & Sons: Hoboken,
New Jersey, 2012 pp. 3-5
[2] A. Kowal, M. Li, M. Shao, K. Sasaki, M.B. Vukmirovic, J. Zhang, N. S. Marinkovic, P. Liu, A.
Frenkel, R. R. Adzic, Nature Materials, 2009, 9, 325-330.
[3] A. Kowal, S.Lj. Gojković, K.-S. Lee, P. Olszewski, Y.-E. Sung, Electrochem. Comm. 2009, 11,
724-727.
[4] R. Adzic, A. Kowal, (Brookhaven National Laboratory), Patent Application Publication, Pub.
No. US2009/0068505 A1 (Mar. 12, 2009).
[5] M. Li, A. Kowal, K. Sasaki, N. Marinkovic, D. Su, E. Korach, P. Liu, R. Adzic, Electrochima
Acta, 2010, 55, 4331-4338.
[6] M. Parlinska-Wojtan, R. Sowa, M. Pokora, A. Martyła, K. S. Lee and A. Kowal, Surf. &
Interfaces Anal. Published on-line 15 Feb. 2014, DOI: 10.1002/sia.5384



 
Fig. 1: HAADF STEM images of the PtRh/SnO2 catalyst deposited on the Vulcan carbon substrate: (a) overview image
showing a uniform distribution of the catalyst nanoparticles; (b) magnified view – the PtRh and tin oxide particles are
not directly distinguishable in the HAADF detector.
 

 
Fig. 2: (left to right) STEM HAADF image of the PtRh/SnO2 particles and the corresponding quantified EDX maps of Pt,
Rh and Sn.
 

 
Fig. 3: left image: EDX map of the catalyst showing the distribution of Pt, Rh and Sn in the sample; right image: HRTEM
image of the PtRh/SnO2 (dark dots) particles on amorphous carbon.
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The dispersion of gold is one of the key factors for the high catalytic performance of gold
based catalysts. Nanosized gold catalysts supported on Co- and Fe-modified ceria were studied
in important for environmental point of view processes: i) complete benzene oxidation (CBO)
over gold (3wt%) catalysts on Co-doped ceria supports (5, 10 and 15 wt% Co3O4) prepared by
mechanochemical mixing (MM); ii) CO-free hydrogen production for fuel cells application via
WGS and PROX over gold (3wt%) catalysts on Fe-doped ceria supports (5, 10 and 20 wt%
Fe2O3) prepared by mechanochemical mixing (MM) or impregnation (IM). The catalysts were
characterized by different methods (XRD, XPS, TPR). Gold dispersion was evaluated by means
of high resolution transmission electron microscopy (HRTEM) and high angle annular dark field
(HAADF) measurements. The study is focused on the relationship between gold dispersion and
catalytic activity, depending on the method of supports preparation and the dopant amount.

Very high catalytic activity in CBO was observed over gold catalyst on MM prepared ceria with
10 wt% Co3O4. It was significantly higher compared to 5 wt% or 15 wt% dopant. The
HRTEM/HAADF results revealed that the doping with 10 wt.% Co3O4 was favorable for the
highest gold dispersion: the highest part of very small particles (0.5 nm) and the lowest
amount of bigger particles (3.5 nm and above) can be seen for Au10CoCeMM catalyst (fig. 1).
It correlates with the highest reducibility and the highest oxidation activity in CBO.
The MM or IM preparation methods of Fe-doped ceria supports of gold catalysts affected in
different way the catalytic behavior in the WGS and PROX reactions. Gold catalysts on IM
supports exhibited WGS activity lower than that of gold/ceria. Significantly better WGS
performance was demonstrated using MM. The observed differences were explained mainly by
the differences in gold dispersion determined by the preparation method (considering the
features of the multicomponent supports as well): HRTEM/HAADF results in accordance with
XRD and XPS data showed higher gold dispersion in the case of supports prepared by MM. The
gold dispersion is not such a key factor for PROX because the variations in the CO conversion
as well as the selectivity dependence on the preparation method were not very substantial.

Important role for PROX at realistic conditions with CO2 and water in the gas feed played the
formed using IM method nanosized hematite particles. This Fe-phase was evidenced by
detailed analysis of HRTEM images in agreement with the Mössbauer results at LNT. Covering
the ceria grains it leads to lower surface basicity and by this way they could improve the
resistance toward CO2 deactivation.
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Fig. 1: Catalytic activity, HRTEM/HAADF images and size distribution histograms of gold paricles for the Au5CoCeMM,
Au10CoCeMM and Au15CoCeMM catalysts
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The use of structured materials consisting of catalyst-coated honeycomb-type monoliths offers
some advantages in comparison with the powder catalysts: e.g. higher exposed surface area
and/or improvement of the active site-reactant contact. The dip-coating is the most extended
procedure to load the powdered catalyst onto the monolith. Although the structural and
chemical characterization at the nanometer scale of powder catalysts by (scanning)
transmission electron microscopy, (S)TEM, techniques is in most cases well established, the
characterization at such scale of catalytic devices, as it is the case of coated monoliths, poses
currently a few challenges, some of them related to basic strategies to obtain representative
information from the observations and others related to the sample preparation steps. In any
case the approach is mandatory to determine the influence of the preparation procedure used
to load the monolith on the final structure of both the active catalyst powder and of the
coating itself.
There are several techniques to characterize devices at the micrometer scale but they present
some disadvantages related to get a sample without mechanical damages. More recently,
Focused ion beam (FIB) offers a solution of this particular (S)TEM characterization challenge,
because it allows extracting precisely positioned, nanometer-sized sections of this type of
devices, suitable for high resolution studies by different (S)TEM techniques. In this contribution
we report how the combination of scanning electron microcopy (SEM)+(S)TEM + FIB studies
yields valuable information from specific areas of a Co3O4/La-modified-CeO2 catalyst
deposited by means of washcoat techniques on honeycomb cordierite (400 cells/in2) and
Fe-C-based monoliths, designed for catalytic combustion of volatile organic compounds.
X-EDS maps in STEM-mode provided detailed information about the spatial distribution of
these components. Remarkable, a Co3O4 layer was detected the external surface of the
washcoat surrounding an inner core made up of an ensemble of the nanosized CeO2 support
crystallites, suggesting that during the washcoating process the two components of the initial
active catalysts, a ceria-supported cobalt oxide, segregate in space giving rise to a stratified
structure in the coating layer of the catalytic device, far too different from the initial powder in
which the two components were intimately mixed. These findings were confirmed in both
cases, ceramic or metallic monolithic-supports. We remark the potential of the combined
FIB-STEM characterization to give detailed important information about the surface of the
monolith, which it is not possible to obtain by macroscopic characterization techniques and
even by Electron Microscopy techniques.



 
Fig. 1: Catalyst-coated ceramic (left) and metallic (right) honeycomb-type monoliths.
 

 
Fig. 2: SEM images recorded at the different steps of the preparation of the FIB sample of the monolith washcoated.
Adapted from Hernandez-Garrido et al. J Phys Chem C, 117(25):13028. Adapted with permission.
 

 
Fig. 3: X-EDS element (Co, Ce and Al) distribution maps recorded on the catalysts powder (a), the waschcoating
suspension (b) and the final FIB sample from the ceraminc monolith. Adapted from Hernandez-Garrido et al. J Phys
Chem C, 117(25):13028. Adapted with permission.
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Pulsed laser ablation (PLAL) can be used for production of stable and unprotected TiO2
nanoparticles (NPs) in pure solvents [1]. In general, rutile or anatase phase are required,
depending on the applications, the first one being more attractive in the development of
pigments and the second one more appropriate in photocatalysis. However, in spite of the
large amount of work described in the literature, the control of the crystalline phase of the
obtained samples is still a challenging tasks.
For this purpose, we performed a thorough characterization of the ablation of a Ti target in
deionized water, by using the 1064 nm fundamental wavelength of a ns or a ps Nd:YAG laser
and by tuning the energy per pulse and the fluence on target. We analyzed the colloids by
UV-vis and Raman spectroscopy and by SAED, NBD, HRTEM and found some experimental
rules which allow the control of the different phases of the oxide. According to Raman tests, we
obtained the characteristic bands at 440 and 605 cm-1 of rutile NPs with ns pulses and
prevalently rutile or anatase NPs with ps pulses, being anatase (395, 506 and 625 cm-1) more
abundant when ps ablation is carried out with high energy pulses (see Fig. 1, 2 showing BF and
NBD of three nanoparticles evidencing crystalline and amorphous structures).
The previous experimental results were compared with a theoretical model, which gives a
detailed description of the ablation process during the laser pulse and the subsequent
time-space evolution of key parameters of yields, i.e. pressure and temperature, in the
surrounding solvent. By using simplified rate equations and phase diagrams of Ti oxides, the
model not only allows to explain the observed energy and pulse-width dependence of TiO2
crystalline phase, but also provides a guide to choose the experimental parameters required to
isolate the different crystalline species .
References.
[1] J. S. Golightly and A. W. Castleman, Jr.; J. Phys. Chem. B 110 (2006) pp. 19979-19984



 
Fig. 1: BF of 8mJ ps ablation specimen
 

 
Fig. 2: NBD of the three particles shown in figure 1
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In the last decade, nanoparticles (NPs) have been applied in optics, magnetics and electronics.
For example, fluorescent semiconductor NPs and metal NPs are used as markers for cells.
Uniform NPs have been shown to self-assemble into regular structure like 2D or 3D
superlattices. Depending on conditions such as solvent and temperature, the resulting
superlattices can have different crystalline structures [1]. Supraparticles (SP) are
self-assembled 3D clusters of NPs which are stably dispersed in a solvent. They can be
produced using oil-in-water emulsions. Nanoparticles are confined inside the dispersed
nonpolar phase. Upon evaporation of the oil phase, NPs arrange into SPs [2]. Their exact
arrangement depends strongly on the surfactant that stabilizes the emulsion [3]. The SP retain
most properties of the NPs; coupling between the closely packed NPs leads to plasmon shifts
and energy transfer. SPs can also be formed from dispersions containing different NPs. The
resulting SPs combine the properties of its constituents. For example, binary SP from gold and
cadmium selenide (CdSe) NPs exhibit optical plasmon absorption due to the gold NPs and
fluorescence due to the CdSe quantum dots.
Electron microscopy is the only available technique that provides sufficient resolution to study
shape and structure of the SPs. It can resolve the particles’ arrangement inside the SP. SPs
containing two types of NPs may be binary crystals, random mixtures of the constituent or
Janus-like structures. Electron microscopy resolves such differences. Figure 1 shows a TEM
picture of a SP produced from gold NPs. The structure of the SPs is similar to that of minimum
energy particle arrangements known as Lennard–Jones clusters. We found that SPs from
monodisperse gold or silver NP tend to exhibit such cluster-like structures. CdSe NPs and
mixtures of CdSe and gold NPs exclusively assembled into SPs with glassy structures (Fig. 2).
So far, the structure of SPs was estimated from their 2D projections obtained from TEM.
Currently, electron tomography measurements are performed to reconstruct precise 3D NP
arrangements. Projections of a single SP are recorded at different angles in the range of -45°
to 45°. We employ the “BART” and the “SIRT” to reconstruct a 3D model in order to
quantitatively characterize the inner part of SPs. The main technical difficulty is posed by the
dense gold NP cores. Under certain angles, the low-density spacing between the cores is
sufficient for electrons to penetrate the entire SP. We will exploit this property to improve
reconstruction.
1. E. Shevchenko et al. J. Am. Chem. Soc., 2006, 128, 3620−3637
2. J. Lacava et al. Nano Letters, 2012. 12(6), 3279-3282
3. J. Lacava et al. Soft Matter, 2014, 10, 1696-1704



 
Fig. 1: Ordered supraparticles from gold nanoparticles
 

 
Fig. 2: Binary supraparticles from gold and cadmium selenide
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A series of NixCe(1-x)O2 nanorods with different nickel contents were synthesized via a simple
hydrothermal method. The aim of this work is to simultaneously control the composition and
morphology of cubic ceria (CeO2) structure. These concepts are important defining catalytic
properties of CeO2 or any other material [1]. Even though it is already known that composition
and morphology are critical to improve catalytic properties a simultaneous control over such
factors has been barely approached. Tuning the morphology into one-dimensional shapes
leads a preferential exposure of reactive facets which improve catalytic performance [2]. SEM
and TEM images of a NixCe(1-x)O2 nanorods sample are shown in figure 1a and 1b
respectively. A one dimensional rod-like morphology, which is expected to exhibit {110} and
{110} reactive ceria planes, is directly observed. In figure 1c HRTEM analysis of the same
sample shows a [110] direction growth that corroborates the preferential exposure of {110}
and {110} surface planes. Figure 2 show the STEM analysis of NixCe(1-x)O2 nanorods. HAADF
image, figure 2a, also confirms the rod-like morphology. Cerium and nickel EDS elemental
mapping, figure 2a and 2b, show a dispersed and homogeneous distribution of Ni species in
the ceria host structure. Ni species distribution is a critical factor for catalytic properties as
selectivity, activity and stability [3]. Catalytic performance for CO oxidization is superior in the
doped NixCe(1-x)O2 nanorods samples than in undoped ceria nanorods. This is in agreement
with the extrinsic formation of defects, which is inherent of the formation of the solid solution,
and with the high dispersion of Ni that was corroborated by EDS mapping analysis.
Nickel-doping and one-dimensional morphology are tuned together for the first time on ceria
structure showing good catalytic properties. A full understanding of catalytic performance
could only achieved with the careful structure analysis provided by microscopic techniques.
EELS analysis is currently in progress and will be also presented to complement the present
work.
[1] Li T, Xiang G, Zhuang J, Wang X. Chem Commun 2011;47:6060–2.
[2] Nolan M, Parker SC, Watson GW. Surf Sci 2005;595:223–32.
[3] Barrio L, Kubacka A, Zhou G, et al. J Phys Chem C 2010;114:12689–97.
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Fig. 1: Electron microscopy characterization of
NixCe(1-x)O2-NR. 1D rod-like morphology of samples is
confirmed by (a) SEM and (b) TEM images. (c) HRTEM
image view along [110] in which interplanar distances and
angles corroborate the [110] growth direction.
 

 
Fig. 2: STEM analysis of NixCe(1-x)O2 nanorods (a) HAADF
image, EDS spectroscopic mapping of (b) Cerium and (c)
Nickel.
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In boiling water reactors (BWR) radiolysis products of water (O2/H2O2) generate a highly
oxidising environment which may result in an increased susceptibility to stress corrosion
cracking (SCC) of reactor components. The technology of online noble metal chemical addition
(OLNC) was developed by General Electric, where noble metal compounds are injected into
reactor feed water of a BWR to mitigate SCC on internals and recirculation systems. Upon
injection into the hot water (220-288°C), Na2Pt (OH)6 decomposes to form Pt nanoparticles.
These nanoparticles deposit on all water wetted reactor components, and in presence of H2,
catalyse the reduction of O2/H2O2, thus decreasing the electrochemical corrosion potential.
In order to assess this SCC mitigation technique, the Pt particle distribution and deposition
behaviour on stainless steel coupon specimens, exposed to simulated BWR water conditions,
using a sophisticated high-temperature water loop, has been investigated in detail at PSI. The
Pt treated stainless steel coupons were first studied by field emission gun SEM. To better
understand the catalytic behaviour and the bonding of the Pt particles to the oxide film, the
microstructure and morphology of single Pt nanoparticles was studied by STEM and TEM
techniques, including EDS. TEM specimens were prepared by using a replica technique,
allowing the removal of Pt particles together with some of oxide crystals from the outer part of
the oxide layer.
Preliminary results have shown that the Pt particles are homogeneously distributed on the
surface of the oxide layer, with sizes in the nanometric range (Figure 1). It has been observed
that the Pt particles precipitate in various locations on the oxide surface, including different
crystals, edges, and facets (Figure 2). STEM and TEM high resolution observations confirmed
that the Pt particles (Figures 3 and 4), have a crystalline structure and different shapes: round
shape without or with facets (Figure 3), or rhomboidal shape (Figure 4). Edges, steps, corners
and twin boundaries are often sites of high catalytic activity; therefore particles rich in such
features are likely to be more efficient catalysts.
The difference in the observed Pt particles including shape, size and orientation to the oxide
matrix could indicate various mechanisms involved in the nucleation of the Pt precipitates, as
well as their binding to the oxide surface.
 

Acknowledgement: The financial support by ENSI, the contributions of the nuclear power plants
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Fig. 1: SEM BSE image of Pt nanoparticles precipitates on
the oxide surface
 

 
Fig. 2: STEM HAADF Z-contrast image of Pt nanoparticles
on an oxide crystal, occupying different facets, edges and
corners.
 

 
Fig. 3: STEM bright field image of two Pt nanoparticles, one
with facets oriented in [111] direction and the second one
with a round shape and no visible facets.
 

 
Fig. 4: TEM bright filed image of a Pt nanoparticle with a
rhomboidal shape, attached to the oxide matrix and
oriented in [111] direction.
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Chemical and structural modifications of electrochemically deposited cermet precursor of
Ni/NiO/CeO2, for the realization of solid oxides fuel cells (SOFC), were studied by conventional
and in situ transmission electron microscopy (TEM). These cells are devices for effective
conversion of chemical energy into electricity and heat, with low environmental impact.
Cermets offer high ionic and electronic conductivity and high reforming and electrocatalytic
activity. There is considerable interest in lowering the operating temperature of such devices,
and doped cerias represent one possible materials choice. Doping ceria with oxides of
lanthanides (Dy and Tb) improves the ionic and electronic conductivity and also increases the
electrocatalytic activity of cermets [1-2]. In this work, the following CeO2-NiO samples were
studied: (i) pure, (ii) Dy-doped, (iii) Tb-doped and (iv) co-doped with Dy and Tb. High spatial
resolution in situ TEM techniques were used to monitor the changes in chemical/physical
properties of these materials at the nanoscale [3], during thermal treatments employed to
fabricate active cermets. High spatial resolution TEM observations were performed in a JEOL
2010F, an aberration corrected ARM200F and an environmental FEI Tecnai F20 transmission
electron microscopes, with the combined use of TEM analytical techniques. The materials were
initially analyzed in their as deposited form, then after ex situ heat treatments at 600°C for 1
hour in a furnace. After assessing the general modifications of the materials, they were
subjected to in situ cycles of aging (temperature up to 700°C for maximum 300 minutes in an
oxygen atmosphere) and the changes of their structural properties were monitored. Fig. 1(a)
shows a typical high resolution image obtained from the pure and untreated sample,
consisting of CeO2 nanograins (size < 5nm) apparently laying over a polycrystalline NiO layer,
with much larger grain size. The insets show the Fast Fourier Transform (FFT) from the areas
marked in the figure. CeO2 in the cubic phase was detected; evidence for the rhombohedral
NiO phase was found. Upon ex situ heat treatment, coarsening of the grains occurs, the CeO2

ones reaching sizes up to 10-20 nm. Large NiO crystals can be observed, as shown in figure
1(b). Doping results in an amorphization of the samples. Fig. 1 shows the images from the
co-doped sample, before (c) and after (d) ex situ annealing. The images of the same
sample after the in situ treatment are shown ((e) and (f)). The details of the ex situ and in situ
treatments will be compared and discussed.
[1] B. Bozzini et al., Electrochem. Commun. 24 (2012) 104
[2] C. Mele and B. Bozzini, Energies 5 (2012) 5363
[3] R. Wang , P. A. Crozier and R. Sharma, J. Phys. Chem. C 113 (2009) 5700
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Fig. 1: High resolution images of: pure untreated a) and treated b) samples and FFTs from marked areas, with zone
axis identification and attribution to the CeO2 (1, 2….labels) and NiO (1’, 2’….labels); co-doped untreated c) and
treated d) samples and relevant diffraction patterns; co-doped sample untreated e) and in situ treated d) at 700°C for
170 min
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Tin dioxide (SnO2) is the most common sensor material for detection of reducing gases like CO,
H2, CH4 etc. [1]. Many contributions about gas sensors based on SnO2 nanowires have been
published over the last decade, showing the great potential of nanostructured sensor materials
[2]. One versatile method for the synthesis of nanowires is the well investigated
vapor-liquid-solid (VLS) mechanism with gold particles as a catalyst [3]. The exact growth
mechanism of metal oxide nanowires is however still a matter of discussion because of the
insolubility of oxygen in gold.
In this work we describe the synthesis of SnO2 nanowires by MOCVD technique and determine
the influence of oxygen on the nanowire growth by methods of electron microscopy. The
nanowires are grown via a reaction of TMT (Sn(CH3)4) with oxygen (O2) on fused silica
substrates with gold particles as a seed. Synthesis using optimized reaction parameters (t =
10 min, T = 800 °C, p = 1 Pa) and a TMT:O2 molar ratio of 1:35 yields SnO2 nanowires of 3 µm
length and 30 nm width. The nanowires are terminated by a facetted particle with
corresponding width (Fig. 1a). The growth direction was determined to be <101> of the
cassiterite modification of SnO2 from HRTEM (Fig. 1b-d). EDS measurements show that the
particles are tin-free gold particles (Fig. 2).
If the TMT:O2 ratio is raised to 1:1.3 by keeping the TMT flow rate constant and reducing the
oxygen flow rate, the growth speed strongly increases by a factor of 15. The terminating
particles are now of a round shape and about twice the diameter of the nanowires (Fig. 3). EDS
measurements show significant amounts of tin in the gold particle, indicating the formation of
a Sn-Au alloy.
The relationship between growth speed and TMT:O2 ratio is supposed to be tied to the state of
aggregation of the catalytic particle. A high TMT:O2 ratio allows for accumulation of tin in the
particle, leading to a liquefied particle and therefore higher surface diffusion rates to the
particle-nanowire interface resulting in faster growth. A low TMT:O2 ratio averts the
accumulation of tin in the catalytic particle and liquefaction of the particle. This leads to lower
diffusion rates of the reactants and thus slower growth of the nanowire.
These results clearly demonstrate that, in contrast to the classic VLS-mechanism, growth of
SnO2 nanowires can occur without liquefaction of the catalyst particle. Therefore the growth
mechanism of metal oxide nanowires can be better described as a surface mediated "metal
seeded growth" [4].
1. J. Watson, Sens. Actuators (1984), 5, 29-42.
2. B. Wang, J. Phys. Chem. C (2008), 12, 6643-6647.
3. R.S. Wagner, W.C. Ellis, Appl. Phys. Lett. (1964), 4, 89.
4. W. Mader, Cryst. Growth Des. (2013), 13, 572−580.
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Fig. 1: (a) TEM BF-image of SnO2 nanowire, (b) closeup of the interface between catalyst particle and nanowire, (c)
closeup of the tetragonal packed tin cations in SnO2, (d) FT of c. Zone axis determined to [111], growth axis to <101>.
 

 
Fig. 2: TEM BF-image and EDS-Spectrum of facetted Au
particle on SnO2 nanowire. Red asterisk marks origin of
EDS-Spectrum.
 

 
Fig. 3: TEM BF-image and EDS-Spectrum of round shaped
Sn-Au particle on SnO2 nanowire. Red asterisk marks origin
of EDS-Spectrum.
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Recently, monolayers of layered transition metal dichalcogenides (TMDc), such as MX2 (M =
Mo, W and X = S, Se, Te), have been reported to exhibit excellent optoelectronic performances
and diverse interesting properties. Monolayers in this class of materials offered a burgeoning
field in fundamental physics, energy harvesting, electronics and optoelectronics. However,
growth mechanisms and transfer of CVD-TMD monolayers remain challenge issues.[1~3]
Hence, a feasible synthetic process and transfer techniques to overcome the challenges are
essential. Here, we demonstrate the growth of high-quality TMD monolayers using chemical
vapor deposition (CVD) with seeding promoter of aromatic molecules. The growth of
monolayer TMD single crystals is achieved on various surfaces and a possible growth
mechanism of the seed-activated growth would be presented.
We would like to demonstrate some techniques in transferring the TMD monolayers to diverse
surfaces, Some characterization techniques and applications of vdw heterostructures were
presented, which may which may stimulate the progress on diverse hybrid structures with
TMDc monolayers.
Reference
[1] Yi-Hsien Lee, et al., Adv. Mater., 24 (17), p.2320-2325 (2012)
[2] Yi-Hsien Lee, et al. Nano Lett., 13 (4), 1852–1857 (2013)
[3] Xi-Ling, Yi-Hsien Lee*, et al., Nano Lett., 14 (2), p.464–472 (2014)
[4] Lili Yu, Yi-Hsien Lee, X. Ling, E. Santos, Y.C. Shin, Y. Lin, M. Dubey, E. Kaxiras, J. Kong, H.
Wang, T. Palacios, Nano Lett, 14 (6), p.3055-3063 (2014)
[5] Xin-Quan Zhang et al, (in preparation)
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Irradiation-induced phenomena open a plethora of pathways for material modifications far
beyond the thermal equilibrium and which are beyond the reach of direct synthesis. By using
electron beams, such modifications can be induced and simultaneously observed at the atomic
level. Moreover, in the analysis of 2-D materials, the position of every atom (rather than the
atomic column) can be discerned in a high-resolution image.
For example, the introduction of multi-vacancy defects in graphene can be readily observed
under 100kV aberration-corrected HRTEM [1], and the combination of vacancy creation and
bond rotations can be used to convert graphene into two-dimensional amorphous carbon [1,2].
Atom loss can be directly counted in the images as a function of dose and in this way we have
measured the knock-on sputtering cross sections for carbon atoms in graphene [3]. Recently,
we have carried out a statistical analysis of the 2-D amorphous carbon (or carbon glass)
structures with variable degree of disorder [4], enabled by an automated image analysis. For
the first time, this provides atomic configurations for a continuous transition from a crystalline
to an amorphous state, which were used for a statistical analysis based on experimentally
obtained atomic coordinates.
At lower energies, the formation of defects in the pristine lattice is less likely, but existing
defects convert from one configuration to another and migrate under the beam. Fig. 1 shows
results from a 60kV STEM experiment under ultra-high vacuum conditions where double
vacancies in graphene are extraordinarily stable; meaning that they neither convert into
higher-numbered vacancies nor trap carbon and convert back to a pristine lattice, for long
sequences of images. Nevertheless, the defects rapidly move via beam-driven bond rotations
[5].
Although beam-driven dynamics are useful to modify materials under direct observation, these
effects are also a major obstacle for the analysis of the pristine state of the sample. Using
simulated data, we have shown a new approach to extract information from very low dose
exposures [6], which will be discussed in the second part of the presentation. If this can be
achieved also with experimental data, it may provide a novel route to circumvent the
limitations of radiation damage in the analysis of materials.
[1] J. Kotakoski et al., Phys. Rev. Lett. 106 (2011), p. 105505. [2] J. Kotakoski et al., Phys. Rev.
B. 83 (2011), p. 245420. [3] J. C. Meyer et al., Phys. Rev. Lett. 108 (2012), p. 196102. [4] F.
Eder et al., Scientific Reports, in press (2014).  [5] J. Kotakoski et al., submitted (2014). [6] J. C.
Meyer et al., Ultramicroscopy in press (DOI: 10.1016/j.ultramic.2013.11.010)
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Fig. 1: (a-d) Four subsequent frames of a di-vacancy defect. The transition from (a) to (b) requires at least four bond
rotations (indicated by arrows) while only one bond rotation is sufficient from (c) to (d). (e-h) partial STEM images of
different di-vacancy configurations, indicating that a transformation has occurred during the scan.
 

 
Fig. 2: (a) Simulated STEM data for infinite dose, and (b) processed for 500 electrons per square Angstrom. (c)
Maximum-likelihood reconstruction from a larger area of low-dose data [6].
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The past decade has seen incredible progress in the ability to isolate and manipulate two
dimensional (2D) crystals. Such crystals are made of a network of atoms with strong bonds in
the crystal plane, and much weaker out-of-plane van der Waals bonds. Due to this unique
structure and dimensionality, charge carriers can be confined in two dimensions resulting in
peculiar physical, chemical, and electronic properties. Such unexplored properties can be
controlled and tuned through defects, step edges, interfaces, and grain boundaries. In this
study, ultra-high resolution aberration-corrected electron microscopy is used to investigate the
chemical and atomic structure of the edges, defects and grain boundaries in atomically thin
two dimensional crystals, i.e. graphene, hexagonal boron nitride (h-BN) and tungsten disulfide
(WS2). In addition, we use ultra-high resolution TEM to probe the structure of defects, edges,
grain boundaries and their stability and dynamics under in situ thermal and electrical
conditions [1-2]. Using high resolution electron microscopy imaging coupled with exit wave
reconstruction technique, we have observed reconstruction of the edges in graphene into an
armchair structure and formation and growth of 5-5-8 line defects originating from the holes in
a monolayer graphene under joule heating conditions [1]. Fig. 1 shows an example of a hole in
graphene under such conditions and formation of a line defect originating from the hole. In
contrast to graphene, we observe holes with a zigzag structure in a monolayer of hexagonal
boron nitride (Fig. 2) under in situ heating conditions. Unusual defect structures, such as 5-7
defects, are formed in h-BN and along the grain boundaries at high temperatures, although
their formation is not expected in hexagonal boron nitride [2]. This talk will also address the
stability and migration dynamics of grain boundaries in a monolayer WS2 as opposed to defect
dynamics in graphene [3].
References:
[1] J. H. Chen, G. Autès, N. Alem, F. Gargiulo, A. Gautam, M. Linck, C. Kisielowski, O. V. Yazyev,
S. G. Louie and A. Zettl, Controlled Growth of a Line Defect in Graphene and Implications for
Gate-Tunable Valley Filtering, PRB, In press.
[2] A. L. Gibb, N. Alem, J.H. Chen, J. K. Erickson, J. Ciston, A. Gautam, M. Linck, and A. Zettl,
Atomic Resolution Transmission Electron Microscopy of Grain Boundaries in Chemical Vapor
Deposition Hexagonal Boron Nitride, JACS, 135 (18), (2013) 6758–6761.
[3] A. Azizi, X. Zou, P. Ercius, Z. Zhang, A. L. Elías, N. Perea-López, M. Terrones, B. I. Yakobson,
and N. Alem, Dislocation and Grain Boundary Migration in 2D Transition Metal Dichalcogenides,
submitted.
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Fig. 1: HREM image of a hole in graphene film reconstructed to maintain armchair edges under joule heating
conditions. A 5-5-8 line defect (shown with arrow) originating from the hole is formed and extended into the defect free
region of the film. The atoms are white. Scale bar is 1 nm.
 

 
Fig. 2: HREM image of a monolayer of hexagonal boron nitride under in situ heating at 450 °C. Holes are mostly
observed with zigzag structure, while mono-vacancies are considered the main defects at this temperature. The atoms
are white. The scale bar is 1 nm.
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Hexagonal boron nitride (h-BN) is a wide band gap semiconductor (6.4eV), which can be
synthesized, as its carbon analog graphite, as bulk crystallites, nanotubes and nanosheets.
Investigation of their optoelectronic properties is made difficult because of the paucity of high
quality samples and suitable investigation tools. These structures meet nevertheless a growing
interest for deep UV LED and graphene engineering. A deeper understanding of the interplay
between the structural and luminescence properties of different BN structures and how these
properties can be further exploited for their characterization are therefore highly needed.
Such studies are now possible thanks to the recent development of dedicated
photoluminescence (PL) and cathodoluminescence (CL) experiments running at 4K and
adapted to the detection in the far UV range (up to 6eV) [1]. We can also combine various TEM
techniques and CL experiments in a FEG-SEM with a spatial resolution of 3nm on the same
nano-object. With these tools, we investigated the structure and luminescence of various
structures, from high quality crystals [2], exfoliated nanosheets to multi-wall nanotubes [3].
As a result, BN materials present original optical properties, governed by excitonic effects in
the 5.5–6eV energy range. Two kinds of excitonic luminescence have been identified and are
called S and D lines [4]. As revealed from CL-TEM analyses, D lines are issued from defective
areas (Fig 1), so that D/S ratio can be used as a qualification parameter of the defect densitiy
[5]. This procedure has been applied to understand the first luminescence studies of few layers
individual BN flakes [5].
Concerning nanotubes, CL images reveal that the luminescence in the 5.5–6eV energy range is
strongly inhomogenous and oscillating. Thanks to a deep investigation combining different
TEM techniques, we have shown that the tubes display a complex twisted faceted structure
and that the twist period is correlated with the luminescence oscillations (Fig 2). Furthermore,
we could show that excitons, responsible for the spectacular localization of the luminescence,
are trapped to specific defects, twisted along with the faceting structure.
Finally, low-loss EELS providing an alternative approach to the nature of electronic excitations
[6], we will show how it is an efficient tool to investigate the local structure and optical
properties with an energy resolution below 100meV of different BN layers and nanotubes.
[1] P. Jaffrennou et al., PRB 77 (2008) 235422
[2] T. Taniguchi et al., J. Cryst. Growth 303 (2007) 525
[3] C. Tang et al., Chem. Commun. 12 (2002) 1290
[4] K. Watanabe et al., PRB 79 (2009) 193104
[5] A. Pierret et al., PRB 89 (2014) 035414
[6] R. Arenal et al., PRL 95 (2005) 127601
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Fig. 1: (a) SEM image of a h-BN crystallite; (b), (c) Corresponding CL images recorded (b) on the main S line (S3-S4),
and (c) on the main D line (D4). (d) Map of the D/S ratio. (e) CL spectra recorded in the areas #1 (grain boundary) and
#2 (middle of the grain), indicated in (a).
 

 
Fig. 2: Images of a BN nanotube: (a) 3nm spatially resolved CL image recorded at 5.49 eV (226 nm); (b), (c)
Corresponding TEM images in (b) bright-field mode, and (c) dark-field mode on the (100) reflection. (d) Heptagonal
tube cross-section obtained by tomography experiment. (e) Structure of the tube as deduced from (b-d) images.
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Carbon nanotubes (CNTs) exhibit unique physicochemical properties that have led to their use
in a variety of novel materials science applications. Despite rapid progress in the theoretical
and experimental investigation of CNTs, techniques capable of studying the structural and
electronic properties of individual tubes are limited. Here, the spectral signature of carbon is
used to identify the electronic character of individual single-walled CNTs. In addition, a newly
built laser-TEM system is used to study light-induced structural and electronic distortions in
individual CNTs.
Using high-resolution EELS, we differentiate metallic and semiconducting SWCNTs based on
the fine structure of the recorded carbon K edge [1]. While the overall features in the C-K edge
are similar for metallic and semiconducting tubes, differences are observed in the fine
structure of the π* peak between 284 and 286 eV (Fig. 1); semiconducting nanotubes have a
shoulder to the left of the π* peak, metallic to the right. Results from scanning transmission
X-ray microscopy performed on the same electronically pure SWCNTs are in good agreement
with EELS and are of comparable spectral resolution. The quality of the EEL spectra of
individual SWCNTs opens up the possibility to probe the electronic state of single-SWCNT
devices.
The study of light driven electronic and structural changes in matter is fundamental to
understanding materials properties and performance. While ultra-fast and time-resolved
experiments provide unique information based on measurements from very short-time
intervals, not much is known on the steady-state response of nanomaterials to an intense
continuous beam of light [2]. To address this, a unique system has been built to deliver a
focused and continuous laser spot coincident with the electron beam inside a TEM. The
laser-TEM system allows the study of structural and electronic modifications in nanomaterials
under intense light irradiation. Structural and electronic distortions in individual CNTs have
been studied in-situ [3]. When illuminated, a multi-walled CNT expands radially with coupled
changes in its σ* conduction band (Fig. 2), as well as in its π* plasmon spectral band. Such
observations may aid our understanding of the unique photoconductivity and luminescence
properties of CNTs.

[1] D. Rossouw, G.A Botton, E. Najafi, V. Lee, A.P. Hitchcock. ACS Nano, 6, 10965 (2012).
[2] A. Howie. The European Physical Journal - Applied Physics, 54, 33502 2011.
[3] D. Rossouw, M. Bugnet, and G.A. Botton. Physical Review B, 87, 125403 2013.
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Fig. 1: Differentiating between individual metallic (a) and semiconducting (b) SWCNTs by their EELS carbon K edge (c).
 

 
Fig. 2: (a) The boxed region of a multi-walled CNT extending over a hole in the support grid selected for analysis (b)
contains 12 tubules and is free of any obvious defects. (c) Changes in the C-K edge of the tube during laser illumination
are strongest in the vicinity of the σ* peak and are fully reversible.
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Within the latest years number of layered materials at reduced dimensions have demonstrated
remarkable optical properties. However most studies focused on perfect system and the role of
defects as optical active centers remain unexplored. Hexagonal boron nitride(h-BN) is one of
the most promising candidates for light emitting devices in the far UV, presenting a single
strong excitonic emission at 5.8 eV. However, a single line appears only in pure monocrystals,
obtained through complex process[1]. Common h-BN samples present more complex emission
spectra that have been attributed to the presence of structural defects. Despite a large
number of experimental studies up to now it was not possible to attribute specific emission
features to well identify defective structures.
Here we address this fundamental questions by adopting a theoretical and experimental
approach combining few nanometer resolved Cathodoluminescence (CL) techniques with high
resolution TEM images and state of the art quantum mechanical simulations.
Recently, the Orsay team has developed a CL detection system integrated within a STEM[2].
This unique experimental set up is now able to provide full emission spectra with a resolution
as low as few tens of meV associated with an electron probe size of 1nm. A CL spectrum-image
can thus be recorded in parallel with an HAADF image.Nanometric resolved CL on few-layer
chemically exfoliated h-BN crystals have shown that emission spectra are inhomogeneous
within individual flakes. Emission peaks close to the free exciton appear in extended regions.
Complementary investigations through high resolution TEM allow to associate these emission
lines with extended crystal deformation such as stacking faults and folds of the planes[3].
By means of ab-initio calculations in the framework of Many Body Perturbation Theory
(GW+BSE) we provide an in-depth description of the electronic structure and spectroscopic
response of bulk hexagonal boron nitride in the presence of extended morphological
modifications. In particular we show that, in a good agreement with the experimental results,
additional excitons are associated to local symmetry changes occurring at crystal stacking
faults.
Additional features appearing within the band gap present a high spatial localization, typically
less than 100 nm, and thus they can be related to individual point defects. When addressed
individually through a highly focused electron probe they might have a single photon emitter
quantum character. This hypothesis has been recently confirmed by experiments combining
our CL system with an Hanbury Brown and Twiss interferometer.
[1] K. Watanabe et al, Nat. Mater. 3 (2004) p. 404
[2] L. Zagonel et al Nano Lett. 11 (2011) p. 56
[3] R Bourrellier et al, arXiv:cond-mat/1401.1948 (2014)



 
Fig. 1: a Bright field and b dark field images of an individual BN flake. c Overall emission spectrum of the flake
andindividual spectra taken at specific probe positions indicated in panel b. d-h Emission maps for individual emission
peak.Intensity is normalized independently within each individual map
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Aberration corrected high resolution transmission electron microscopy (AC-HRTEM) at
conventional accelerating voltages of 200 or 300 kV allows atomic structural investigations
with sub-Ångstrøm point resolution. Specimens made of light atoms such as carbon
nanostructures or Li-based materials are easily subjected to knock-on damage at 200 keV and
higher energies. The nowadays state-of-the-art is to operate the CS-corrected microscopes at
80 keV energies to lower the damage of carbon nanostructures as demonstrated for graphene
and carbon nanotubes below the knock-on threshold. Molecular organic structures including
fullerenes (e.g. C60), tetrathiafulvalene (TTF, sulphur rich molecule) or coronene can be
embedded into carbon nanotubes [1, 2] or sandwiched between graphene sheets [2] not to
only act as the host “sample holder” but also to minimize charging effects. However, the
typical energies of 80 keV used for AC-HRTEM investigations are eventually still too high and
may damage and modify the delicate embedded molecules, especially if they contain
hydrogen atoms in their structure. Therefore, the investigation of molecular organic structures
in their pristine states is still a challenge.
We explore the possibilities of reduction of electron energies to 40 keV or even 20 keV to
enhance the stability of molecules. The low electron energies require the correction of 5th order
geometric aberrations and the correction of chromatic aberrations to compensate for the
higher elctron wavelength.
We also study the advantages of dedicated low-dose techniques to minimize beam damage.
Also modifications of the nanostructures prior to the actual imaging process are applied to
enhance the stability against the electron irradiation.
Fig.1 shows an example HRTEM images of C60 molecules at different stages of electron
irradiation. At 80 kV already a relatively small accumulated dose of 5×107 e-/nm2 is sufficient to
form first dimers of C60 . However, no visible changes of the structure of C60 molecules are
visible at 40 kV after irradiation with the same accumulated electron dose. A coalescence of
the C60 molecules is clearly visible at a electron dose of 2×108 e-/nm2 and 80 kV irradiation. It
requires almost two orders of magnitude higher dose (40 times) to initiate observable
coalescence of the C60 molecules at 40 kV
[1] A. Chuvilin et al., Nature Materials 10 (2011) 687
[2] T. W. Chamberlain et al., ACS Nano 6, (2012) 3943
[3] G. Algara-Siller et al., APL 103 (2013) 203107
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Fig. 1: HRTEM images of C60 molecules in single-walled carbon nanotubes imaged at 80 kV (left, CS-corrected) and 40
kV (right, CC/CS-corrected). At 40 kV it requires an almost two orders of magnitude increase in dose (40 times) to get
first indications of coalescence and rupturing of the C60 molecules.
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Carbon chains are sp-hybridized strings of carbon atoms; they may may be considered as the
elements of a one-dimensional phase of carbon. Atomic carbon chains have been proposed
since a long time until they were observed by electron microscopy. According to theory, the
chains may be bonded by either alternating single/triple carbon-carbon bonds (polyyne) or by
double bonds throughout the chain (cumulene). Their electrical and mechanical properties and
their stability have been subject of many theoretical studies; however, no experimental
information has been available. Now, by using an STM stage (Nanofactory) in a TEM in an
in-situ study, carbon atom chains have not only been made but also characterized electrically
[1]. The chains were obtained by establishing a contact between a metallic tip and graphene
ribbons. Retracting the tip while an electrical current flowed through the contact led to the
unraveling of carbon atoms from the graphene ribbons. Figure 1 shows the simplified principle
of the experiment and figure 2 the development of a typical carbon chain, spanning here
between two graphene filaments. The electrical conductivity of the chains could be measured
in such a way and was found to be much lower than predicted for ideal chains. Figure 3 shows
the measured current-voltage characteristics of a chain. Theory predicts that strain in the
chains determines their conductivity in a decisive way. Indeed, carbon chains are always under
varying non-zero strain that transforms their atomic structure from cumulene to polyyne, thus
inducing a tunable band gap. The modified electronic structure and the characteristics of the
contact to the graphitic periphery explain the conductivity of the locally constrained carbon
chains. New experiments show the local chemistry and the bonding at contacts between
metals and carbon chains as well as characteristic current-voltage curves, depending on the
type of contact. Dedicated experiments show qualitatively that the chains have an outstanding
mechanical strength, in accordance with theory. The results show a perspective toward the
synthesis of carbon chains and their application as the smallest possible interconnects or even
as one-dimensional semiconducting devices.

[1]  O. Cretu, A. R. Botello-Mendez, I. Janowska, C. Pham-Huu, J.-C. Charlier and F. Banhart,
Nano Lett. 13, 3487 (2013)
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Fig. 1: Unraveling an atomic carbon chain from a graphene ribbon by passing a current through the junction and
retracting the STM tip.
 

 
Fig. 2: Formation of a carbon chain between two graphene ribbons (FLG). The time scale as well as the length of the
chain are indicated. In (f) the chain is broken.
 

 
Fig. 3: Carbon chain (arrowed) and its current-voltage characteristics.
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Within the thermodynamic limit lattice vibrations in a two dimensional (2D) crystal should
destroy any long range order. As such prior to the isolation of monolayer graphene in 2004, 2D
crystals were thought impossible to realise.[1] In order to explain the surprising stability of 2D
crystals it is necessary to establish a detailed understanding of their lattice vibrations and how
they might be affected by the properties of the crystal, for example domain size or defect
density.
To date there have been many theoretical predictions of the phonon band structure of
graphene with supporting experimental evidence from Raman spectroscopy measurements.[2]
Recently the mean-square displacement (or Debye-Waller factor) of graphene atoms from their
equilibrium lattice position has been measured from electron diffraction patterns.[3]
Using in-situ heating and cooling TEM holders we have recorded diffraction patterns from
single crystals of mono-layer graphene at varying tilt angles and temperatures ranging from
100K – 1500K (figure 1). Careful analysis of these diffraction patterns has allowed us to extract
values for the in-plane mean square displacement (Debye-Waller factor) of atoms over the
whole temperature range. By studying the tilt dependence of the diffraction spot intensity we
have also measured the out of plane atomic displacements relating to the flexural phonon
modes of the graphene lattice.
We compare our results to theoretical predictions for the Debye-Waller factor based on
calculations of the phonon-dispersion relation of graphene and comment on the validity of
these models over the temperature range investigated.

[1] L.D. Landau et al. Statistical Physics . Part I (Butterworth-Heinemann, Amsterdam, 2003)
[2] E. Pop et al. MRS Bull. 37, 12, 1273-1281 (2012)
[3] B. Shevitski et al. Phys. Rev. B. 87,045417, (2013)
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Fig. 1: Figure 1. a. Selected area diffraction pattern of mono-layer graphene taken at room temperature and zero tilt.
b. Real space TEM image of the graphene sample imaged through the selected area aperture used for diffraction.
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During the last decade, there has been an increasing demand on the 3D characterization of
materials, which led to the development of different electron tomography techniques. BFTEM
and HAADF-STEM based electron tomography are among those that are commonly performed
in materials science. However, these techniques are mainly used to obtain the 3D
morphologies of the nanostructures rather than the chemical information. Through the 3D
composition mapping using STEM coupled with the X-ray energy dispersive spectrometry
(XEDS) via symmetrically arranged XEDS detector design, it is now possible to resolve the 3D
distribution of elements in nanoscale materials and to elucidate the 3D chemical information in
a large field of view of the TEM sample [1].
We present the application of the XEDS-STEM tomography technique for 3D chemical imaging
of nanoscale materials. We performed this technique to investigate the 3D chemical
distribution of titanium dioxide (TiO2) and vanadium oxide (VOx) coated carbon nanotubes
(CNT). Figure 1 and 2 show the results of 3D tomography applied to CNT-TiO2-VOx-TiO2 using
both HAADF STEM and XEDS-STEM techniques. The comparison of simultaneously acquired
HAADF-STEM and XEDS-STEM tomography results shows that XEDS-STEM tomography
succeeds to provide 3D chemical information of the material in addition to the 3D morphology,
in spite of the low, neighboring atomic numbers of Ti, V and C. As presented in Fig 2,
XEDS-STEM tomography resolves the individual Ti, V and C containing layers and reveals that
the coating of CNT by TiO2-VOx-TiO2 was uniform and conformal. One important advantage of
XEDS-STEM tomography is the decreased electron beam induced damage in the TEM samples.
With the improved XEDS detectors which give higher collection efficiencies, the specimen
damage is minimized significantly [1]. This enabled the precise 3D nanoscale chemical
characterization of fine structures as in our case without the shape and size changes of the
object during acquisition. Through XEDS-STEM tomography technique it is therefore possible to
resolve 3D compositional variations at nanoscale with high accuracy.
[1] A. Genc, L. Kovarik, M. Gu, H. Cheng, P. Plachinda, L. Pullan, B. Freitag and C. Wang,
Ultramicroscopy 131, 24 - 32 (2013).
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Fig. 1: Volume rendered 3D visualizations of HAADF-STEM reconstruction, revealing only the 3D morphology.
 

 
Fig. 2: Volume rendered composite 3D visualizations of XEDS reconstructions, revealing the 3D elemental distribution
of Ti (assigned green), V (assigned red) and C (assigned blue).
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Diamond is an attractive material for many technological applications, because of its extreme
hardness, chemically inert surfaces, high Young’s modulus and large band gap of 5.5 eV. One
of the most commonplace synthesis methods for nanocrystalline diamond (NCD) and epitaxial,
single crystal thin films is microwave plasma assisted chemical vapour deposition (MPCVD).
Many of the technological applications of diamond require specific semiconducting properties
of the material and therefore doping is necessary. The most effective doping with p-type
character is obtained by inserting boron in-situ during the growth process. Boron doping of
diamond allows from mild p-type character for low [B] to a metallic regime and also
superconducting properties at liquid helium temperatures for very high [B].1

However, much debate surrounds the question of the position and coordination of the B
dopants in the diamond, especially in defective regions of the material. As B doping leads to an
increase in defects in diamond grains and films upon growth, it is plausible that the boron
dopants are preferentially embedded in defective regions.
In this work, conducting films of B-doped nanocrystalline diamond and single crystal diamond
grown by MPCVD have been investigated in both plan-view and cross-section orientation by a
combination of aberration-corrected (scanning) transmission electron microscopy
(HR-ADF-STEM) and spatially resolved electron energy-loss spectroscopy (STEM-EELS)
performed on a state-of-the-art aberration corrected instrument. Using these tools, the B
concentration, distribution and the local B environment in this type of thin nanocrystalline
diamond films have been determined.
Concentrations of ~1 at.% of boron are found to be embedded within the pristine diamond
lattice. Boron distribution maps however clearly reveal a preferential enrichment of boron at
defective areas like twin boundaries, incoherent defects and even dislocations in diamond thin
films. Inspection of the EELS fine structure reveals a distinct difference in coordination of the B
dopants in “pristine” diamond areas and in defective regions, identified through comparison of
the experimental EELS fine structure to density functional theory (DFT) calculated fine
structure signatures.2,3,4

1) Ekimov E.A. et al. (2004) Nature, 428, 542-545
2) Turner S. et al. (2012) Nanoscale, 4, 5960-5964
3) Lu Y.-G. et al. (2012) Applied Physics Letters, 101, 041907
4) Lu Y.-G. et al. (2013) Applied Physics Letters, 103, 032105
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Fig. 1: B:NCD film. (a)&(b) Overview ADF-STEM images. (c) Image of a single defected diamond grain. (d)&(e) Survey
image and quantitative B distribution map. B is clearly enriched at defects. (f) B-K edge fine structure from a diamond
(black) and defect region (red). (g) C-K edge fine structure from a diamond (black) and defect region (red).
 

 
Fig. 2: Epitaxial B:diamond thin film. (a) ADF-STEM image of the thin film on a diamond substrate. A high density of
dislocations is present in the film. (b)&(c) ADF image of a single dislocation and B map. B is enriched at the
dislocations. (d) B-K edge from a pristine film region (black), a dislocation-rich region (red) and an etch pit (green).
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The band gap of graphene nanoribbons (GNR) makes them suitable candidates for sensor
devices. Their dimensions (one-atom thickness and widths of tens of nanometers or less) make
it difficult to experimentally correlate their electrical properties with changes in their width,
edge structure or defect concentration. In this context, we discuss two examples in which
GNR-based devices were characterized and also modified within a TEM with the electron beam
while an electrical bias was applied.
In the first example, we describe how to fabricate GNR-nanopore devices, which are promising
candidates for next-generation DNA sequencing, with the converged electron beam of a TEM
[1]. Such devices normally comprise a 2-10 nm diameter pore formed with the beam at the
edge or in the center of a 100 nm-wide GNR on a 50 nm-thick silicon nitride membrane. We
discuss the changes on GNR conductance when such devices are irradiated with a 200 keV
beam and the differences between irradiating with a homogenous (TEM mode) versus a
scanned condensed beam (STEM mode). By minimizing the electron dose at 200 kV in STEM
mode we were able to prevent electron beam-induced damage and make nanopores in highly
conducting GNR. The resulting devices, with unchanged resistances after nanopore formation,
can sustain micro ampere currents at low voltages (∼ 50 mV) in buffered electrolyte solution
and exhibit high sensitivity, with a large relative change of resistance upon changes of gate
voltage, similar to pristine GNR without nanopores (see Figure 1).
It is a truism that before characterizing GNR one must fabricate them, and this is a challenge
by itself. In the second example, we describe how to use the condensed beam of a TEM with
corrected spherical-aberrations to sputter carbon atoms from predefined areas in
electrically-connected free-standing graphene sheets to obtain GNR with sub-10 nm widths [2].
This approach allows us to correlate the lattice and edge structure of sub-10 nm wide GNR with
their electrical properties (see Figure 2).
These two examples illustrate the advantages of combining standard TEM observation of
GNR-based devices with their electrical biasing as well as the challenges involved in this type
of in situ TEM experiment, where chips fabricated with standard lithographic techniques are
coupled to TEM sample holders through electrical contacts.
[1] Towards sensitive graphene nanoribbon-nanopore devices by preventing electron beam
induced damage. M. Puster, J. A. Rodríguez-Manzo, A. Balan, M. Drndić, ACS Nano 7, 11283
(2013). [2] Correlating atomic structure and transport in suspended graphene nanoribbons. Z.
J. Qi, J. A. Rodríguez-Manzo, Andrés R. Botello-Méndez, et al. Submitted for publication (2014).
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Fig. 1: (a) Chip-carrier and (b) detail of 200 um-wide SiNx window containing 4 GNR. (c) GNR-nanopore device. (d)
HAADF STEM image of a nanopore next to a GNR. (e) HAADF STEM image of a 100 nm-wide GNR. Inset: positioning of
the beam at the edge of the GNR with a precision of ~ 4 nm. (f) Resistance of a GNR during nanopore formation.
 

 
Fig. 2: (a) Sample holder with mounted chip and (b) detail of 500 nm-wide free-standing GNR. (c) Reduction of GNR
width by carbon sputtering with the condensed electron beam. (d) HRTEM image of biased sub-10 nm GNR. (e)
Resistance changes as a function of GNR width reduction.
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Graphene shows great potential for future nanoelectronics due to its extraordinary electronic
properties and structure-engineerable nature. Recently CVD based graphene production
technology has given insights to the possibility of large scale application. Since the CVD grown
films are typically polycrystalline with numerous grain boundaries (GBs), it is important to
characterize and control grain size and GBs, generally believed to limit the transport properties
of graphene film. In this work, we report on a peculiar grain evolution occurring during the
growth process. This evolution is revealed by means of Raman spectroscopy that gives access
to a statistically characterization of the graphene structure (grain size, presence of defects
etc.). Besides, we need some other complementary techniques to fully understand the detailed
atomic structures. This is done by means of atomic-resolution TEM. Indeed, following the
invention of aberration corrector (AC), HRTEM direct imaging has become possible on one
atom thick layer of carbon. This technique allows us to analyse the detailed atomic structures
of and around the GBs together with fundamental information of each grain. In this work,
graphene continuous films synthesized on platinum substrate with a specific configuration of
CVD set-up are atomically characterized using AC-HRTEM imaging. Fig. 1 shows Raman spectra
with corresponding HR-TEM images of our samples at different stages of the growth process.
The evolution of both orientation and size of the grains is observed during the process.
Nanometer size grains already connected with various orientations (see FFT on the inset) at
stage I are further re-oriented and merged together along some pre-dominant directions in
stage II and finally form large single crystal domains in the last stage. In stage II, two
neighboring grains are typically aligned zig-zag to armchair at the boundary (Fig. 2a), which
might be a low-energy crystallographic configuration. Slightly misoriented neighboring
domains are connected with the presence of some dislocations (Fig. 2b). A lot of small domains
are observed enclosed within larger ones (Fig. 2c) with the same zig-zag to armchair
misorientation. Generally in CVD processes, the orientation and achievable size of grains are
determined at the early nucleation stage. In our case, the small grains already form a
continuous film at the early stage and further transform to low defective large crystals. We
infer that such large scale re-crystallization of graphene is enhanced thanks to the platinum
substrate. The latter hypothesis is supported density functional theory (DFT) calculation.
[1] O. Lehtinen et al., Nature Communications, DOI : 10.1038 /ncomms3098 (2013)



 
Fig. 1: Raman spectra of graphene continuous films at different stages of the synthesis process. HR-TEM images (a-c)
correspond to typical atomic structures of stage I, II and III, respectively. Fourier transform shown on insets is taken
from 50x50nm2 area of each sample. Scale bar is 2 nm.
 

 
Fig. 2: The upper panels show low-pass Fourier filtered images and the lower panels with maximum filtering [1]. Typical
structures observed at stage II of (a) boundary between grains aligned zigzag to armchair, (b) dislocation between two
grains with slight angle mismatch and (c) small domains inside another large grain. Scale bar is 1 nm.
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One approach towards band gap engineering of the graphene(Gr) which is scalable and cost
effective is the chemical modification route to produce 2D derivatives of wonder material of
suitable quality for monolayer devices although few such phases exist. GO and (CH)n are
disordered or unstable while stoichiometric fluorographene(FG) exhibits significant
corrugation. Fluorination of a Gr sheet results in FG, a Gr derivative with each fluorine atom
connected to one carbon atom at the basal plane of Gr by a stronger SP3 bonding. Chair-C2F is
a highly ordered material that demonstrates selective alternating fluorination and presents
with an undistorted 2D morphology in contrast with stoichiometric but corrugated CF with the
consequence that the former is a potentially much more tractable material for 2D device
fabrication [1].A structural and morphological study of this material by means of atomic
resolution TEM has yet not been reported. Exit wave restoration(EWR) by means of focal series
of HRTEM images [2] can be performed to recover phase at the exit plane of the sample. Here
we reveal, by atomic resolution EWR for the first time , that chair-C2F is a stable Gr derivative
and demonstrates long-range order limited only by the size of a functionalized domain.
Monolayer C2F was produced by partially fluorinating a suspended CVD grown Gr sample using
direct fluorination method [3]. Focal series of images of Gr and chair-C2F were obtained at 80
kV in an aberration-corrected TEM instrument. EWR images reveal that imaged single carbon
atoms and carbon-fluorine pairs in chair-C2F alternate strictly over domain sizes of at least 150
nm2 with electron diffraction indicating ordered domains up to ~0.16 μm2. Our results[4] also
indicate that, within an ordered domain, functionalization occurs on one side only as theory
predicts[1].
Figure 1 EWR and SIM EWRs of pristine Gr and monolayer chair C2F and figure 2 is a
demonstration of long-range order within a 64 nm2 domain of C2F.
Refrences:
[1] Şahin, H, et al., Phys. Rev. B, 83 (2011)
[2] Coene, W.M.J., et al., Ultramicroscopy 64(1996) 109
[3] Nair, R.R., et al., Small, 6(2010) 2877
[4] Kashtiban et al., submitted.
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Fig. 1: Figure 1 a-b, Graphene(Gr) and C2F models.c-d, Equivalent domains of EXP. and SIM. phase for Gr and chair-C2F
respectively. e,f line profiles for the EXP and SIM phase for Gr and chair-C2F.g overlaid full plots of the EXP and SIM
phase contrast for Gr, respectively.h overlaid full plots of the EXP and SIM phase contrast for chair-C2F, respectively.
 

 
Fig. 2: EWR image of a 250 nm2 sheet of highly ordered sheet C2F with an unrippled 64 nm2 domain highlighted. b,  64
nm2 domain in a exhibiting a high degree of order (scale bar = 2 nm). c, Surface plot from b in which the orange-yellow
apexes correspond to ordered –CF< units. d, Line profiles (I-III) obtained through either >C–CF< or >C–CF< dumbbells.
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Preventing the stacking of graphene is essential to exploiting its full potential in
energy-storage applications. The introduction of spacers into graphene layers always results in
a change in the intrinsic properties of graphene and/or induces complexity at the interfaces.
Here, we show the synthesis of an intrinsically unstacked double-layer templated graphene via
template-directed chemical vapor deposition. The as-obtained graphene is composed of two
unstacked graphene layers separated by a large amount of mesosized protuberances and can
be used for high-power lithium-sulfur batteries with excellent high-rate performance. Even
after 1000 cycles, high reversible capacities of ca. 530 and 380 mA h g-1 are retained at 5 and
10 C, respectively. The preparation of the unstacked DTG is scalable and serves as a general
strategy for the fabrication of a broad class of electrode materials for supercapacitors and
lithium-ion, lithium-sulfur, and lithium-air batteries. We expect these DTG materials to have
potential applications in the areas of environmental protection, nanocomposites, electronic
devices, and healthcare because of their intrinsic large surface area, extraordinary thermal
and electric conductivity, robust 3D scaffold, tunable surface chemistry, and biocompatible
interface. Because unstacked layered nanostructures are not limited to graphene, we foresee a
new branch of chemistry evolving in the stabilization of nanostructures through 3D topological
porous systems.
References: Zhao MQ, Zhang Q, Huang JQ, Tian GL, Nie JQ, Peng HJ, Wei F. Nature
Communications 2014, 5, 3410
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Carbon layers down to a thickness of a single layer have been known to form on metal
surfaces for more than 50 years. Graphene on metal surfaces is also known to lead to catalytic
deactivation.[1,2] However, it has not yet been recognized that graphene can also offer a level
of oxidation protection to individual atoms or small clusters of atoms in/on the graphene layer.
Here we will show using annular dark field imaging in a scanning transmission electron
microscope and electron energy-loss spectroscopy (EELS) that Si and Fe atoms incorporated in
a graphene layer are not oxidized. We further combine the microscopy data with
first-principles density-functional calculations of the reaction of the impurity with graphene and
the impurity with oxygen. Interestingly, our density-functional theory calculations explain
these observations are due to preferential bonding of O to non-incorporated atoms and
H-passivation effects.
Figure 1 shows annular dark-field images of a single Si atom segregated to a carbon vacancy
and a single Fe atom segregated to a carbon divacancy. Si has also been found in graphene
divacancies, but Fe has not been imaged in graphene single vacancy sites. The observed
intensities are consistent with there being just a single impurity atom incorporated in the
graphene defects, i.e. no additional oxygen. EELS confirms the identification of these impurity
atoms as Si and Fe. The spectrum from a Si atom (Fig. 2c) shows an edge onset of about
102eV which is less than the oxide value and close to the edge onset for Si in of SiC. No
oxidation features are apparent in the Si-L2,3 edge and no O-K edge was detectable in the
spectrum. The core loss spectrum from a Fe atom (Fig. 2f) not only confirms the identification
it also indicates that the Fe atom is not oxidized. The ratio of the Fe L3/L2 edges is lower than
any seen for the various forms of Fe oxide. There have been no previously published
experimental or theoretical studies on the oxidation resistance of iron or silicon incorporated in
graphene to our knowledge. This is a potentially important discovery. Improved resistance to
oxidation has important consequences for some catalytic reactions and small devices based on
single atoms or small clusters of non-noble metals. Graphene as a substrate appears to protect
single atoms and small clusters of atoms from oxidation without completely isolating them.[3]
References
1. S. Hagstrom, H.B. Lyon, G.A. Somorjai, Phys. Rev. Lett. 15 491 (1965).
2. R. Schlogl in Handbook of Heterogeneous Catalysis, vol. 1 G. Ertl, H. Knozinger, F. Schuth, J.
Weitkamp (eds.) Wiley-VCH Weinheim 2008 p. 357.
3. M.F. Chisholm, G. Duscher, W. Windl, Nano Lett. 12 4651 (2012).
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Fig. 1: ADF images of graphene. The as recorded data (a,b) were corrected to remove noise and probe tail effects (c,d).
Images a and c show a Si atom in a C vacancy site. Images b and d show an Fe atom in a C divacancy site. The scale
mark on each image corresponds to 0.2 nm. Taken from Ref. 3.
 

 
Fig. 2: EEL spectrum image data from single atoms incorporated in graphene. ADF image of a Si atom in graphene (a),
Si composition map (b) and spectrum obtained over the Si atom (c). ADF image of an Fe atom (d), Fe composition map
(e) and the spectrum obtained over the Fe atom (f). The scale marks correspond to 0.2 nm. Taken from Ref. 3.
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Dislocations represent one of the most fascinating and fundamental concepts in materials
science. First and foremost, they are the main carriers of plastic deformation in crystalline
materials. Furthermore, they can strongly affect the local electronic and optical properties of
semiconductors and ionic crystals. In materials with small dimensions they experience
extensive image forces, which attract them to the surface in order to release strain energy.
However, in layered crystals like graphite dislocation movement is mainly restricted to the
basal plane. Thus the dislocations cannot escape enabling their confinement in crystals as thin
as only two monolayers. To explore the nature of dislocations under such extreme boundary
conditions, the material of choice is bilayer graphene, the thinnest imaginable quasi-2D
crystal, in which such linear defects can be confined. Homogeneous and robust graphene
membranes (Figure 1a, b) derived from high-quality epitaxial graphene on SiC [1] provide an
ideal platform for their investigation.
Here we report on the direct observation of basal-plane partial dislocations (Burgers vector
1/3<1-100>) in freestanding bilayer graphene (Fig. 1a, b) by transmission electron microscopy
and their detailed investigation by diffraction contrast analysis (Figure 1c, Burgers vector
analysis 2c) and atomistic simulations (Figure 2a, b, and e) [2]. Our investigation reveals
striking size effects. First, the absence of stacking fault energy, a unique property of bilayer
graphene, leads to a characteristic dislocation pattern (Figure 1c, center), which corresponds
to an alternating AB ↔ BA change of the stacking order (Figure 1c, right). Most importantly, our
experiments in combination with atomistic simulations reveal a pronounced buckling of the
bilayer graphene membrane (Figure 2a-d), which directly results from accommodation of strain
(Figure 2e). In fact, the buckling completely changes the strain state of the bilayer graphene
and is of key importance for the electronic properties. Our findings will significantly contribute
to the future understanding of the structural, mechanical and electronic properties of bilayer
and few-layer graphene.
[1] D. Waldmann, B. Butz, S. Bauer, J.M. Englert, J. Jobst, K. Ullmann, F. Fromm, M. Ammon, M.
Enzelberger, A. Hirsch, S. Maier, P. Schmuki, T. Seyller, E. Spiecker, H.B. Weber, ACS Nano 7
(2013) 4441-4448
[2] B. Butz, C. Dolle, F. Niekiel, K. Weber, D. Waldmann, H.B. Weber, B. Meyer, E. Spiecker,
Nature 505 (2014) 533-537
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Fig. 1: a) Graphene membranes on SiC. b) One membrane at higher magnification: number of layers indicated. c)
Series of bright-field (BF) and dark-field (DF) TEM images of same area. {11-20} images show pronounced contrast due
to the presence of partial dislocations (dark lines), while {2-200} images depict respective changes of stacking
sequence AB ↔ BA.
 

 
Fig. 2: a) Membrane topography and b) side-/top-view of pair of partial dislocations (change of stacking sequence
enlarged shown). c) Burgers vector analysis using {11-20} DF images. d) Validation of Burgers vector analysis and
atomistic model by DF-image simulation. e) Atomistic-strain distributions and derived disregistry/Burgers vector
distributions.
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Multiwalled carbon nanotubes (MWCNTs) have a high intrinsic thermal conductivity which
makes them a promising material for heat management in nanoscale electronic devices.
However, experimental results have shown that the total conductance is strongly limited by
microscopic thermal resistances. These include the contact resistance between the nanotube
and the substrate it rests upon, as well as the contact resistance with metal contacts. Due to
characterization difficulties, exact values of the contact resistances have not been determined.
In fact, literature estimates vary greatly. Some of these characterization difficulties include
spatial resolution and the inability to separate resistance values within the system. An in-situ
TEM technique developed by our group, called Electron Thermal Microscopy (EThM) allows us
to obtain thermal maps with spatial resolution on the order of 10s of nanometers. The
technique uses a specialized holder to locally heat an individual nanotube either directly by
biasing or passively by a connected palladium heater wire. Indium nanoislands deposited on
the backside of the sample membrane act as local temperature probes; their phase transition
from solid to liquid at 156 degrees Celsius can easily be seen with dark field TEM imaging.
Previous results using this technique have determined that the contact resistance with the
silicon nitride is at least 250 Km/W (K. H. Baloch, N. Voskanian, M. Bronsgeest, and J. Cumings,
"Remote Joule heating by a carbon nanotube," Nature Nanotechnology, 2012.). Here we
present new device geometries featuring slits in the membranes to control the spread of heat
through the membrane. This allows us to separate the heat transferred to the substrate via the
MWCNT and via metal contacts. With more precise determination of the contact resistances it
will be possible to get a better understanding of the thermal transport physics of MWCNTs.



 
Fig. 1: Schematic showing sample device geometry. A
nanotube is heated passively via a palladium heater wire.
Both sides of the tube are anchored with palladium pads.
The slit through the membrane underneath one side of the
nanotube is used to control heat transport across the
membrane so that the contact resistance can be
determined.
 

 
Fig. 2: Dark field TEM image demonstrating the melting of
indium nanoislands when current is passed through a
simple palladium heater wire.
 

 
Fig. 3: TEM image showing a palladium heater wire patterned on top of a nanotube.
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Graphene oxide is a form of graphene with its surface modified by the addition of functional
groups such as carboxylic groups, ketones and hydroxyl. The structure and distribution of the
functional groups depends on the synthesis method used and they affect its chemical,
electrical and mechanical properties. Of particular interest is the chemical composition and
spatial distribution of these functional groups. Direct identification of the groups by
high-resolution imaging is not possible at present, but they can be made visible by bonding
heavy atoms, such as Ba, to selected groups and imaging the distribution of the heavy atoms.
High-resolution images of Ba doped graphene oxide taken at 80kV in a Cs and Cc corrected
transmission electron microscope (TEM) show the structure of the graphene oxide with
minimal electron beam damage but are not able to identify the Ba atoms. We attempted to
use energy-filtered electron microscopy to image the Ba M5 and M4 edges at 781eV but
radiation damage over the long exposures required prevented location of the Ba atoms to
better than a few nm. Compositions measured using energy loss spectroscopy (EELS) revealed
a progressive loss of O with increasing temperature and that 1% O is retained at 800°C.
High-resolution scanning transmission electron microscopy (STEM) at room temperature
proved to be impossible due to contamination from migration of the functional groups on the
graphene surface. Contamination was overcome by imaging with the graphene oxide above
400°C in a stable heating holder.
Simultaneous STEM energy-loss spectrum images (SI) and high-angle annular dark-field
(HAADF) and bright-field (BF) images acquired at a specimen temperature of 800°C allowed us
to correlate the location of the Ba atoms with features in the high-angle dark-field images at
atomic resolution.
Simultaneously acquired HAADF and BF-STEM images (Fig. 1) show bright and dark dots at the
same positions. These bright dots are identified as Ba atoms by EELS as shown in Fig. 2a. The
corresponding elemental maps extracted from the SI are shown in Fig. 2b-d. The maps also
show that Ca and O occur together and that Ba is not associated with a significant
concentration of O. The positions of Ba atoms attached to functional groups on graphene oxide
can therefore be mapped with atomic spatial resolution by using a combination of STEM and
TEM techniques. The fact that Ca was observed to correlate strongly with O suggests that it
could be used as a marker for the positions of the O-containing groups.
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Fig. 1: Simultaneously acquired (a) HAADF and (b) bright-field STEM images at a specimen temperature of 800°C after
recording the spectrum image (Fig.2), whose approximate area is marked by the box in (a). The bright dots in the
HAADF image (a) correspond to the dark dots in the bright-field STEM image (b).
 

 
Fig. 2: (a) EEL spectrum extracted from a 3x3 pixel (0.25x0.25 nm) part of the spectrum image centred on a single Ba
atom marked by the arrow in (b). (b-d) Elemental maps of the Ba M4,5, O K and Ca L2,3 edges obtained from the SI
(200x200 spectra, dwell time 0.02s per spectrum, after VCA processing).
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We recently demonstrated a controllable and reproducible method to obtain suspended
monolayer graphene nanoribbons with atomically defined edge shape [1]. Our method exploits
the electron-beam of a Scanning Transmission Electron Microscope (accelerated at 300 kV) to
create vacancies in the lattice by knock-on damage and pattern graphene in any designed
shape.
The small beam spot size (0.1 nm) enables close-to-atomic cutting precision, while heating
graphene at 600o C during the patterning process avoids formation of beam-induced Carbon
deposition and allows self-repair of the graphene lattice. Self-repair mechanism is essential to
obtain well-defined (zig-zag or armchair) edge shape and, if the electron beam dose is
lowered, to perform non-destructive imaging of the graphene nanoribbons.
Drawing the electron-beam path with a software script, we were able to obtain reproducible
graphene nanoribbons with a minimum width of 2 nm and defined edges (see Fig. 1 and 2). In
order to unravel some of the predicted properties of these graphene nanoribbons, we are
currently exploring their transport properties through in-situ electrical measurement inside a
Transmission Electron Microscope.
Early results show that large-area suspended graphene is stable over gaps of ~1 μm size. Both
CVD grown and exfoliated graphene have been used. Performing 2 wire measurements, we
saw that contact resistance between graphene and gold contact pads has a non-neglectable
influence on the measurements, although it can be greatly reduced with in-situ thermal
annealing above 300°C.
References:
[1] Q.Xu, M. Wu, G. F. Schneider, L. Houben, S.K. Malladi, C. Dekker, E. Yucelen, R.E.
Dunin-Borkowski, and H.W. Zandbergen, ACS Nano 2013 7 (2), 1566-1572
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Fig. 1: Annular dark-field STEM image of a nanoribbon array, illustrating the reproducibility of the patterning. These
four patterns were created using a script-controlled electron beam.
 

 
Fig. 2: HRTEM image of a nanoribbon in monolayer graphene sculpted at 300 kV and 600o C and imaged at 80 kV and
600o C. The yellow line indicates a zig-zag edge. An atom structure model for zig-zag edge is given as inset in the
figure.
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The catalytic cutting of few-layer graphene (FLG) is attracting nowadays an increase attention
due to its potential applications in both the field of catalysis and graphene nanoribbons (GNRs)
fabrication.[1,2] The nanopatterning of FLG sheets with open and subsurface channels
develops during a chemical reaction between the metal nanoparticles (NPs) and the carbon
substrate under a hot gaseous atmosphere (H2, O2).[3,4] The use of the FLG powder in the
field of catalysis is limited by the restacking process which significantly decreases its surface
accessibility. By channeling the FLG sheets the restacking effect is significantly reduced. This
is due to the creation of a porous network which will not only increase the surface accessibility
but also will create a network of defects that will further serve as anchorage sites for the
surface decoration. Moreover, the nanopatterning of FLG has the potential of creating
nanosheets with well-defined shapes and edge configurations which can be transformed in
single-layer GNRs by simple techniques as for instance the chemical exfoliation.
To characterize the channeling process and the obtained nanostructures we used an initial
system consisting in Fe3O4 NPs dispersed on FLG sheets. The FLG/Fe3O4 composite has
undergone a heating treatment in a H2 atmosphere. HR-TEM shows that the well-defined
channels are not randomly oriented but follow specific crystallographic directions i.e. <11-20>
and <10-10> (Figure 1), leading to the formation of two types of edge morphologies, zigzag
and armchair, respectively. The electron tomography analyses reveal interesting features on
both the nanopattering mechanisms and properties of the nanostructured FLG sheets. Figure 2
indicates the effect of a topographical step-up of the FLG sheet . Accordingly, one observes
that after interaction the cutting direction remains unchanged but the depth of the
open-surface channel is changing proportional with the height of the step-up. Figure 3 displays
the impact of a step-up event with the height larger than the size of the NP. As previously, the
cutting direction remains unmodified and the result is the formation of subsurface channel.
When topographic step-down events are encountered by the active NPs, the particle either
stops or changes the direction.
[1] Mei-xian Wang et al., J. Phys. Chem. Lett., 4, 1484−1488 (2013).
[2] Ci Lijie et al., Nano Res. 1, 116-122 (2008).
[3] Tim J. Booth et.al, Nano Lett. 11, 2689–2692 (2011).
[4] Datta S. et. al Nano Lett. 8(7), 1912-1915 (2008).



 
Fig. 1: HR-TEM images illustrating the preferential crystallographic orientation of the tranches with a zigzag (a) and
armchair (b) edge morphology (scale bars 5 nm).
 

 
Fig. 2: a) TEM projection of a selected channel (scale bar 50 nm). b) XY slice through the reconstructed volume. c) XZ
slices through the selected channel at the positions numbered in Figure 1a. d) YZ slice taken through a region
indicated in Figure 1a with a yellow dotted line. Scale bars 20 nm.
 

 
Fig. 3: a) TEM projection of two subsurface channels (scale bar 50 nm). b) XY slice through the reconstructed volume
(scale bar 20 nm). c) and d) YZ slices taken at the position indicated in Figure 1a with the yellow line (scale bar 20 nm).
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Although there is considerable documentation on efforts to tailor and employ plasmons to
merge photonics and electronics, and use surface plasmons for subwavelength optics [1,2] and
enhancement of the photovoltaic conversion efficiency, especially by making use of the
surface plasmons at metal nano-clusters [3], little has been reported on single atom plasmon
effects [4]. Graphene’s potential for terahertz nano-scale plasmonic devices, has so far
only been realised via gating and patterning [5,6]. However, defects in the graphitic plane,
including vacancies and dopant atoms, can intrinsically alter the electronic structure and
hence lead to effects such as plasmon enhancement and change of the plasmon energy in the
uv/vis region, a phenomenon that can be exploited for coupling with light.
We present observations, using high resolution (S)TEM in combination with electron energy
loss spectroscopy and energy filtered imaging, of the effects of single or few-atom impurities
on plasmons in the uv/pi-plasmon energy regime in graphene. We accompany the experiments
by WIEN calculations, which reveal new transitions in graphene for various metal ad-atoms
species (Ti, Pd) and also for Si (fig. 1) and substitutional dopants such as B and N: a peak at
around 1-2 eV is introduced which is not present in energy loss spectra of pristine graphene.
Both, position and intensity of this peak change according to doping/dosing levels. The
increase of the latter shifts this peak towards the uv regime (3eV). These transitions are
mostly ascribed to single particle (SPE) and intraband excitations or to SPE-π plasmon coupling
and not to the creation of new plasmon peaks in the graphene-dopant system. The same
applies to defect and edge-states. Our experimental observations are in general support of the
above predicted additional absorption features in the uv. More so, we observe intensity
enhancement around metal atoms (e.g., Pd) at graphene edges (fig. 2), which we also find,
although to a much lesser extent, at pristine graphene edges. This intensity increase does,
however, not arise from new spectral features and is ascribed to the enhancement of intrinsic
low loss features of graphene, where metal atoms/ defects act as atomic antennae, due to
donation of d-electrons, in the case of transition metals. The efficiency of this process appears
to vary with the transition metal, and seems to be high for, e.g., Pd.
[1] W L Barnes et al, Nature , 424 (2003) 824-830
[2] S A. Maier, H A Atwater, J. Appl. Phys 98 (2005) 011101
[3] J Nelayah, et al Nature Physics, 3 (2007) 348-352
[4] W Zhou et al, Nature Nanotech, 7 (2012), 161-165
[5] T J Echtermeyer et al, Nature Comms (2011), DOI: 10.1038/ncomms1464
[6] L Ju et al Nature Nanotech, DOI: 10.1038/NNANO (2011) 146



 
Fig. 1: Simulated in-plane (left) and out-of-plane (right) EEL spectra of a single (a) Au, (b) Pd, (c) Cr, (d) Ti and (e) Si
adatom on (solid curves) and spectra after the carbon atoms of the graphene are removed (red dashed curves).
Spectra are shifted along the Y axis and are all on the same scale. The two bottom spectra are of pristine graphene.
 

 
Fig. 2: Images from an EFTEM image series obtained in a monochromated triple -corrected Titan-PICO: a) enhancement
at 3.5-4 eV and b) depletion at 5-5.5 eV of the loss intensity at a hole in graphene with Pd deposit, c) HREM image prior
to the EFTEM series with magnified boxed area, showing Pd atoms (arrowed) decorating the edge of the hole.
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 We have found that one-dimensional (1D) uneven peanut-shaped C60 polymer is formed by
electron-beam (EB) irradiation of a pristine C60 film [1], and exhibits novel physical properties
arising from 1D metal, such as the geometric curvature effects on the Tomonaga-Luttinger
liquid states [2]. For the polymer structure, in situ infrared (IR) spectra and density-functional
calculations suggested the 1D polymer has a cross-linked structure (Fig. 1(c)) roughly close to
that of the P08 C120 isomer (Fig. 1(b)) obtained from the general Stone-Wales transformation
[3]. Although the previous results indicated the polymer to have 1D peanut-shaped structure,
we have examined the structure of the 1D polymer formed from a C60 single crystal (SC) film
more precisely, using HRTEM and electron diffraction (ED).
The 1D C60 polymer film was formed on a mica substrate by EB irradiation of a pristine C60 SC
film in an UHV chamber. After confirmed that all C60 molecules were polymerized to form the
1D polymer using in situ IR spectroscopy, we ripped the film off the mica and mounted it on a
Cu mesh in air, and observed the film by TEM.
Figure 2 shows HRTEM images and ED patterns of the pristine and the EB-irradiated C60 films.
The C60 film is a FCC SC with [111] orientation, which contains twins as stacking faults on (111),
and shows weak spots E1 and E2 as 1/3 and 2/3 of 422 series, respectively. The EB-irradiated
C60 SC film shows three new features. Firstly, E1 and E2 become intense, indicating symmetry
reduction and FCC transferred to HCP. Secondary, spots of 220 series become doublet. Since
the corresponding distance of these spots is 5.0 Å and 4.6 Å, respectively, the intermolecular
distance (di) between adjacent C60 molecules is estimated to be 10.0 Å and 9.3 Å for each.
Finally, each spot becomes an arc-like stretched line of ca. 9.2°. This arises from a slight loss
of the orientation. These results show the asymmetric shrinkage of crystal structure along one
given direction.
 C60 FCC structure changes to 1D polymer BCO (Fig. 1(d)). Furthermore, judging from the
intense E1 spot, BCO changes to HCP-m (Fig. 1(e)). Figs. 2(e, f) show the simulated ED
patterns of BCO and HCP-m based 1D C60 polymer model (the di of 9.3 Å) with 3-fold symmetry
derived from three possible polymerization directions on (111) of FCC C60 SC film, using QSTEM
code [4]. Since each pattern well reproduces the experimental ED pattern, a mixed stacking
model of BCO and HCP-m 1D C60 polymer structures is suitable for the EB-irradiated C60 SC film
[5].
[1] J. Onoe et al., Appl. Phys. Lett. 82, 595 (2003).
[2] J. Onoe et al., Europhys. Lett. 98, 27001 (2012).
[3] A. Takashima et al., J. Phys. D: Appl. Phys. 45, 485302 (2012).
[4] C. Koch, Ph.D. thesis (2002).
[5] H. Masuda et al., to be submitted.
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Fig. 1: Molecular models of C60 (a), P08 C120 isomer (b), 1D C60 polymer (c). The unit cell of 1D C60 polymer with
body-centered orthorhombic structure (BCO) (d), and hexagonal closed-packed-based monoclinic structure (HCP-m).
 

 
Fig. 2: Experimental HRTEM images (insets: FFT patterns) and ED patterns of pristine C60 SC (a, c), EB-irradiated C60 SC
(b, d), simulated ED patterns using 1D C60 polymer model with intermolecular distances of 9.3 Å in polymer direction (e,
f).
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Graphene and similar carbon-based materials are currently the focus of much research. In
particular, their peculiar electronic properties are arousing a lot of interest. At the same time,
the question of the influence of defects – such as vacancies or dopant atoms – is of particular
practical importance. Recently, it has been reported that different dopant atom configurations
change the charge distribution [1] and, therefore, give rise to different electron energy-loss
spectrometry (EELS) signals [2]. Likewise, introducing vacancies changes the local crystal
structure [3] and, hence, also the local charge distribution and EELS signal.
This gives rise to the hope to map the electronic states using energy-filtered transmission
electron microscopy (EFTEM) [4]. In this work, we present predictions regarding the possibility
of direct mapping of electronic states in both ideal, pristine Graphene and Graphene with
defects using EFTEM. To that end, calculations of the electronic states of Graphene, with and
without defects, were carried out using the full-potential all-electron density functional theory
(DFT) package "exciting" [5]. Subsequently, its output was used to calculate the inelastic
scattering kernels which, combined with elastic scattering calculations, ultimately result in
EFTEM images.
The EFTEM images were calculated for a variety of acceleration voltages and lens aberration
functions to simulate realistic conditions, as well as investigate the optimal experimental
conditions. Fig. 1 shows EFTEM simulations for Graphene with and without core-hole effects
included in the DFT calculations. It is clearly visible that this greatly alters the expected EFTEM
images. Fig. 2 goes a step further and shows the images to be expected when mapping a
vacancy. This demonstrates that EFTEM at high spatial resolution could become an invaluable
tool for the study of electronic states in carbon-based materials.
[1] Meyer et al., Nat Mater 10 (2011) 209
[2] Zhou et al., PRL 109 (2012) 206803
[3] Meyer et al., Nano Lett 8 (2008) 3582
[4] Löffler et al., Ultramicroscopy 131 (2013) 39
[5] http://exciting-code.org/
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Fig. 1: Simulated EFTEM images for 40 keV electrons for pristine multi-layer Graphene without (left) and with (middle)
core-hole effects under ideal imaging conditions. In both cases, an energy loss of 6.5 eV above the C K-edge onset was
used. Additionally, the partial density of states is shown (right).
 

 
Fig. 2: Simulated EFTEM images for Graphene with a vacancy. The images show π* (left) and σ* (right) states. The circle
marks the vacancy. Both images were simulated for a beam energy of 80 keV and ideal imaging conditions.
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As-grown carbon nanotubes (CNTs) generally have various grown-in defects, such as
vacancies, pentagon-heptagon pairs, bending, and irregular interlayer spacing. It is well known
that the electronic and mechanical properties of CNTs are affected by these grown-in defects.
An understanding of the formation mechanism of the CNT grown-in defects is required for the
growth of defect-free CNTs exhibiting ideal properties and CNTs with intentionally induced
defects exhibiting modified properties. Recent environmental transmission electron
microscope (ETEM) [1] observations of chemical vapor deposition (CVD) growth of CNTs have
provided us with knowledge of the growth mechanism. We have clarified that CNTs grow from
structurally fluctuating iron carbide Fe3C and iron molybdenum carbide (Fe,Mo)23C6

nanoparticles [2-4]. However, in situ studies on the formation of defects in growing CNTs are
limited. In this study, we have elucidated the origin of grown-in defects in CNTs, such as
bending, irregular interlayer spacing, change in the diameter, and change in the number of
graphitic layers, by in situ atomic-scale ETEM observations of the CVD growth of CNTs [5].
Figure 1 shows the growth of a CNT with a drastic disorder of the interlayer spacing. We also
observe large changes in the CNT diameter during growth as shown in Fig. 2. Our ETEM
observations clearly demonstrate that deformation of the nanoparticle catalysts during CNT
growth triggers the formation of these grown-in defects [5]. The small deformation of
nanoparticle catalysts at the interface with CNTs gives rise to the formation of bends and
disorder of the interlayer spacing (Fig. 1) in CNTs. The changes in the diameter (Fig. 2) and
number of graphitic layers in CNTs are caused by the large protrusion on and shrink
deformations of nanoparticle catalysts. Based on the ETEM observations, we will propose the
formation mechanism of grown-in defects in CNTs.
References
[1] S. Takeda and H. Yoshida, Microscopy, 62 (2013) 193.
[2] H. Yoshida, S. Takeda, T. Uchiyama, H. Kohno, and Y. Homma, Nano Lett., 8 (2008) 2082.
[3] H. Yoshida T. Shimizu, T. Uchiyama, H. Kohno, Y. Homma, and S. Takeda, Nano Lett., 9
(2009) 3810.
[4] H. Yoshida, H. Kohno, and S. Takeda, Micron, 43 (2012) 1176.
[5] H. Yoshida and S. Takeda, Carbon, 70 (2014) 266.
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Fig. 1: Drastic disorder in the interlayer spacing of graphitic layers in a growing CNT from a nanoparticle catalyst [5].
The observation time is shown in the images.
 

 
Fig. 2: Large Change in the diameter of a growing CNT from a nanoparticle catalyst [5]. The lattice images in the
nanoparticle catalyst corresponds to a (Fe,Mo)23C6-type structure [3,4]. The observation time is shown in the images.
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The origin of wear and the low friction coefficient of diamond is still an intensely debated
problem in tribology. Here we study coarse-grained diamond films, deposited by
plasma-enhanced chemical vapor deposition, which were tribologically loaded on a ring-on-ring
tribometer against a similar diamond counterpart. The microstructure of worn and unworn
regions of the diamond film was studied by transmission and scanning electron microscopy.
Amorphous carbon (a-C) layers are observed on both as-deposited and on tribologically tested
diamond, but differ significantly as far as thickness and morphology are concerned. The a-C
layer with a thickness of up to several 100 nm on as-deposited diamond is attributed to the
plasma deposition process. For the tribologically tested region of the film, the TEM images (Fig.
1) demonstrate that the µm-sized grains at the rough original diamond surface are almost
completely flattened indicating that a significant amount of material must have been removed
including the residual a-C layer from the deposition process. In contrast to the as-deposited
a-C residue, the tribo-induced a-C layer is comparably uniform with a thickness below 100 nm.
The TEM sample from the wear track prepared by conventional techniques (Fig. 2) confirms the
findings of the FIB-prepared sample. A few of the TEM samples containing a tribo-induced a-C
layer contain grain boundaries of the underlying polycrystalline diamond in the electron
transparent region. It is found that the thickness of the a-C layer changes quite abruptly on
grains with different crystallographic orientations (white arrow in Fig. 2). Fig. 3 clearly shows
that the interface between the crystalline diamond and the tribo-induced amorphous a-C layer
is not crystallographically flat but displays a nm-scale roughness. The anisotropic phase
transformation and the small roughness of the interface are regarded as evidence for an
atom-by-atom wear process. Quantitative electron energy loss spectroscopy of the C-K
ionization edge, performed in a transmission electron microscope, reveals the transition from
sp3-hybridized C-atoms in diamond to a high fraction (65 %) of sp2-hybridized C-atoms in the
tribo-induced a-C layer within a region of less than 5 nm thickness.
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Fig. 1: Overview TEM image of a cross-section FIB-lamella taken from the wear-track region.
 

 
Fig. 2: Overview TEM image of a conventional cross-section TEM sample prepared from the wear-track region.
 

 
Fig. 3: HRTEM image of the interface region between crystalline diamond and the tribo-induced amorphous carbon
layer with the diamond oriented along the [111] zone axis. The approximate position of the interface is marked by a
dashed line.
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Graphene, or the miracle material as it has become known, has promised to revolutionize the
world of electronics by replacing Si-based technology [1,2]. Graphene however is an excellent
conductor – often described as a ‘zero bandgap’ semiconductor, an attribute which so far limits
its widespread application in devices. Among various solutions to tailor its properties for
practical implementation, the introduction of dopants in the graphene lattice is predicted to
have a drastic effect on graphene's band structure [3], such as the opening of an optical
bandgap or an increase in charge carrier density resulting in n- or p-type doping, with carrier
concentrations allowing practical transistor applications. The introduction of dopants such as N
in graphene is most commonly achieved during the chemical growth process, with varying
levels of success regarding the purity of the samples, which often contain contaminants,
defects and secondary impurities. We have recently demonstrated an alternative, cleaner
method by successfully doping freestanding single layer graphene with N and B through low
energy ion implantation [4], achieving retention levels of the order of ~1%.
In this work we use STEM-based spectroscopy [5,6], to study the impact of single N or B
dopant atoms on the electronic structure of the graphene membrane. Z-contrast imaging and
atomically resolved electron energy loss spectroscopy were performed in a Nion UltraSTEM100
dedicated STEM instrument and were used to unambiguously identify single dopant atoms (fig.
1) and to determine the doping levels as a function of ion implantation energy and flux.
Furthermore, the electronic structure modifications due to the presence of these dopant B or N
atoms are strikingly demonstrated by a clear signature in the near-edge fine structure of the B
and N EELS K edges but also that of C K edge of neighboring C atoms (fig. 1). Ab initio
calculations are used to simulate experimental spectra (fig. 2) and to rationalize the
experimental observations, thus providing further insight into the nature of bonding around the
foreign species.
[1]A. K. Geim et al., Nat Mater 6, 183 (2007).
[2]K. Kim et al., Nature 479, 338 (2011).
[3]S. Casolo et al., Nanostructured Mater 115, 1 (2010).
[4]U. Bangert et al., Nano Lett 13, 4902 (2013).
[5]Q. M. Ramasse et al., Nano Lett 13, 4989 (2013).
[6]R. J. Nicholls et al., ACS Nano 7, 7145 (2013).
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Fig. 1: HAADF STEM images of a) N and b) B implanted graphene showing single N and B substitutions in the graphene
lattice, respectively. The images were low-pass filtered and colorised for clarity.
 

 
Fig. 2: EEL spectra from a) N and b) B implanted graphene samples, showing the near edge fine structure of the C K, N
K edges and B K and C K edges of the N- and B-doped sample, respectively.
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In recent years graphene has attracted wide attention from the scientific community. Its
exceptional conductivity, high specific surface area and mechanical strength can be used in
the energy storage devices (such as supercapacitors, lithium-ion batteries), composites,
sensors, as well as makes it promising as a substrate for the deposition of various particles
(metal oxides and sulfides , metal nanoparticles, conductive polymers, etc.)
For some applications, it is necessary to obtain stable solutions (or dispersions) of graphene.
From the viewpoint of practical application, aqueous solutions of graphene have great
advantages compared with the organic solvents and the possibility of obtaining of these
solutions is actively investigated recently.
Previously we have proposed the method of high-temperature treatment of graphite oxide in
concentrated sulfuric acid. It was shown that such treatment leads to the formation of the
product which contains a large number of holes in carbon layers and called as a «perforated
graphite». It was noted that during the process the color of the liquid phase is changed to
brown. Subsequent study of the composition of this phase showed that it is, in fact, a solution
of multi-layered graphene nanosheets (MGNS). In this work, we perform the further
development of method of water-soluble graphene nanoparticles obtaining in order to increase
the yield of MGNS, as well as the comprehensive investigation of these particles. It was shown
that treatment of graphite oxide in a concentrated sulfuric acid at a temperature of 200°C
leads to the formation of MGNS with in-plane size of ~300 nm and small amount of oxygen in
its structure in a form of various functional groups. To improve the yield of MGNS the mixture
of concentrated sulfuric/nitric acids was used. It was find that initial graphite oxide almost
totally decomposed with the formation of MGNS, but the resultant product has a larger amount
of oxygen in its structure.
Thus, the present study demonstrates a simple high temperature acidic treatment of graphite
oxide as a method of obtaining of easy water-soluble MGNS as well as data of comprehensive
study of these nanosheets.



 
Fig. 1: AFM-images of MGNS on silicon substrate
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In this work graphene layers were investigated that were deposited by chemical vapor
deposition (CVD) on nickel (111) thin film substrates. The Ni (111) thin substrates themselves
were grown previously on bulk sapphire (0001) substrates at 550°C with 33nm/min. growth
velocity. The nickel layer grew epitaxially on the sapphire, as it is shown by the diffraction in
figure 1. The Ni (111) planes were parallel to the sapphire (0001) planes. Twin boundaries
were formed in the nickel layers. At some places grains were rotated with 30° about an axis
perpendicular to the sapphire surface.
The graphene deposited on the Ni (111) was investigated by TEM, Cs-corrected HRTEM, STM,
AFM and by SEM / EBSD. According to [1] above 600°C, attempts to grow graphene on Ni (111)
only resulted in the appearance of multi-layer turbostratic graphite. Here we show how the
orientation of the first graphene layer and the appearance of additional turbostratic layers are
related to the quality and orientation of the Ni (111) substrate. The nickel substrates were
annealed in hydrogen before the graphene deposition. The graphene was deposited at
atmospheric pressure from a mixture of argon, methane and hydrogen gases. The sample was
cooled in argon and hydrogen gas mixture. Large area continuous single-layer graphene
formed on top of nickel (111). Above it both another turbostratic graphene partial layer (Fig.
2), and graphite flakes were formed at certain locations. Such flakes are seen in the SEM
image of figure 3.a. The continuous single-layer graphene formed epitaxially on the nickel
(111) and the epitaxial relation was corroborated by both STM and TEM analyzes.
The growth of the thinner and smaller flakes was suppressed by changing the gas
concentration. SEM and EBSD studies showed that the thicker flakes grew above the
incoherent twin boundaries and high-energy (30°) grain boundaries of nickel.
Our results show that the first atomic layer grew as a continuous and epitaxial graphene layer
on nickel (111). The additional local turbostratic layers and graphite flakes grew above the
incoherent twin boundaries or high-energy boundaries in the nickel substrate. No thicker flakes
were observed above coherent twin boundaries.
[1] Patera L.L. et al., ACS Nano 7 (9) 7901–7912 (2013)



 
Fig. 1: SAED diffraction pattern recorded from the nickel
and sapphire interface. The nickel layer grew epitaxially on
the sapphire.
 

 
Fig. 2: Cs-corrected HRTEM image recorded from a local
turbostratic graphene flake over the large area
continuous graphene layer.
 

 
Fig. 3: Figure a) SEM image. The dark patches of different gray shades are from an additional turbostratic graphene
layer and graphite flakes. Figure b) EBSD orientation map. The straight lines mark locations where twin boundaries
reach the surface of nickel.
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For the last 14 years, a variety of experimental studies have revealed the existence of
nanobubbles at liquid/solid surface. Nanobubbles have attracted much scientific interest
because of several highly disputed properties and many potential applications in fields from
surface to nanofluidics [1]. Previous studies suggested that nanobubbles prefer to form on
hydrophobic surfaces [2]. In this work, we prepare a substrate of a flat hydrophilic substrate
with a small area covered by a hydrophobic material. The purpose is to see the preference of
nanobubble formation on such an inhomogeneous substrate in water. Muscovite mica is a
hydrophilic substrate that is strongly attracted to water, but graphene interacts weakly with
water. Here we prepare a mica substrate with a small patch of mechanical exfoliated graphene
layers. We inject water supersaturated with air on this sample and image the solid/water
interface with atomic force microscopy (AFM). Figure 1a shows a height image taken with
PeakForce mode. A high density of nanobubbles forms on graphene, but none is seen on the
mica. Figure 1b is a higher-resolution image, which shows that nanobubbles can form on
graphene of different thicknesses. Our observations demonstrate that the surface
hydrophobicity has significant effect on nanobubble formation. Further study may help
understanding the accumulation of gases at solid-water interfaces.
References
[1] Attard, P. Langmuir 12, 1693-1695 (1996)
[2] Agrawal, A. Nano Lett. 5, 1751-1756 (2005)
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Fig. 1:  (a) Height image of graphene deposited on a mica surface in air-super-saturated water. (b) A higher-resolution
image taken in the outlined region in (a).
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 Carbyne is a one-dimensional (1D) single atomic linear chain, composed of sp-hybridized
carbon atoms. Some low-dimensional carbon allotropes, such as zero-dimensional fullerenes,
quasi-one-dimensional (quasi-1D) carbon nanotubes, and two-dimensional graphene, have
recently been discovered and have attracted worldwide attention for their unique properties.
Theoretical studies have predicted that carbynes have more remarkable properties than the
other low-dimensional materials. However, these properties have not yet been proven
experimentally because of the difficulties encountered in production and during observation.
Here, we report a novel, reproducible method of carbyne formation using Pt atoms on
graphene. The formation and dynamics of carbynes were observed on an atomic scale by
aberration-corrected TEM (JEM-ARM200F, JEOL, Japan) operating at an accelerating voltage of
80 kV. The samples were obtained by transferring monolayer graphene membranes onto in
situ heating chips (E-chips for Aduro, Protochips, USA). Pt was deposited by a plasma
sputtering system. We observed independent Pt atoms that appeared on a clean graphene
surface. Using independent Pt atoms is an important key to produce and stabilize carbyne
chains. We observed the migrations of Pt and C atoms on the graphene surface at 400 °C with
an in situ heating holder (Aduro heating holder, Protochips, USA).
Figures 1A–C show TEM images of carbyne formation. Three Pt atoms captured some carbon
atoms, resulting in the formation of a C-shape chain (Fig. 1A). The Pt atoms and the chain
moved around freely for 82 s, and then the chain suddenly turned into a straight chain (Fig.
1C). Both ends of the chain were terminated by Pt atoms, and the chain remained motionless
for more than 20 s. From Fig. 1C, the length between the Pt atoms at both ends was measured
to be approximately 1.5 nm. It corresponds to a model composed of 11 carbons with two Pt
atoms (Fig. 1D). Fig. 1E shows a simulated image using this model.
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Fig. 1: Figure 1. (A to C) TEM images of carbyne chain, which exhibited a variety of ringed, curved, straight shapes.
Scale bars are 1 nm. (D) Atomic model of straight carbyne. (E) Simulated TEM image.
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The global trend in renewable energy investment is developing the new energetic system
using hydrogen; well know as a hydrogen economy. The key devices seem to be the fuel cells
(FC) that convert chemical energy from hydrogen or hydrocarbons into kinetic or electrical
energy. The most critical component of the FC is catalyst. The versatile element in catalysis is
platinum (Pt) that efficiently mediating a multitude of chemical reaction. Unfortunately, Pt is
rare element and its high price, exceeded that of gold, limits large-scale applications.
Therefore, not surprisingly, the goal of reducing the amount of Pt is the major driving force in
the catalysis research.
The Pt - CeO2 porous layers have been reported to be significantly active catalysts for CO
oxidation, hydrogen production and oxidation of ethanol. Thin – film technology permits to
produce large variety of hetero-materials with different composition (low concentration of
platinum) and morphology (porous structure) of layers. The knowledge of the materials
structure is fundamental for the best understanding of their physical and chemical properties.
The key role of carbon in the porosity creation of the catalyst layer is presented. The
morphology of the CeO2 films prepared by magnetron sputtering on graphite foil was
investigated by using microscopy tools – the Atomic Force Microscopy (AFM), the Scanning
Electron Microscopy (SEM) and the Transmission Electron Microscopy (TEM). These studies
show modification of carbon, confirmed by the Energy-Dispersed X-ray Spectroscopy (EDX) –
see Fig. 1. The formation of cerium carbides crystals on the catalyst-substrate interface was
observed using the High-Resolution TEM (HR-TEM). Moreover, the reduction of cerium as a
result of the interaction with the carbon support was obtained by spectroscopies – the X-ray
Photoelectron Spectroscopy (XPS) and the Electron-Energy Loss Spectroscopy (EELS). Finally,
the structural model of the system is designed.
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Fig. 1: The modification of carbon after deposition of 20nm thick CeO2 layer on graphite foil – a) the material contrast
obtained by the Scanning Transmission Electron Microscopy (STEM), b) the element map obtained by EDX.
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Recent advances in state-of-art aberration-corrected transmission electron microscopy
(AC-TEM) have demonstrated its power in resolving the atomic structure of nanomaterials and
nanohybrids down to the limit. Particularly, the interfacial structures of nanohybrids have
strong influence on the properties and performances of the materials and thus need to be
understood at atomic level. Aberration-corrected imaging shows enhanced resolution and
improved signal-to-noise ratio, which largely benefits the straightforward interpretation at
nanohybrids interface, particularly for soft 2D nanomaterials. An example on the interface
study of a water oxidation catalyst functionalized on graphene surface is demonstrated at
ultra-high resolution in this abstract.
The as-studied water oxidation catalyst, a tetraruthenate oxo-cluster
([Ru4(H2O)4(μ-O)4(μ-OH)2(γ-SiW10O36)2]10-, referred to as polyoxometalate (POM) ions in this text,
has been recently discovered to hold promising application in water splitting. The effective
grafting of the Ru4POM catalysts on a conductive substrate is therefore crucial in order to
promote its further application in nanodevices on the large scale. Few layer graphene (FLG) is
a best candidate due to its superior electric and mechanic properties such as high carrier
mobility etc. Exploring the behaviour of Ru4POM on graphene supports is therefore one of the
key issues in further applications, where the selection of functional group is important in
tailoring its performance. Thus in this study we demonstrate how the interactions between
Ru4POM molecules and supporting graphene layers can be studied by aberration corrected
transmission electron microscopy (AC-TEM) at low voltage (80kV). Under the 80 kV irradiation
of the electron beam the Ru4POM demonstrates dynamic motion on the graphene surface. The
motion of the Ru4POM is captured as a series of images and is shown to vary as a function of
time under certain constraints in the Ru4POM rotation. The frequency and amplitude of rotation
is found to be related to the nature of the functional group used, including a polyamine
dendron and a N,N,N-trimethyl benzenaminium moiety in our study. Distortions in the Ru4POM
structure are revealed as well, suggesting that the ions can stand instantaneous structural
changes without losing their integrity. The stability of the Ru4POM-graphene hybrid during the
imaging corroborates the long-term robustness of the material applied to multielectronic
catalytic processes.
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Graphene (GN) has been in the focus of intensive research in material science and
nanotechnology in recent years due to its unique electrical, optical, thermal and mechanical
properties. Creation of the graphene-nanoparticles (GN-NPs) system could lead to the
improvement of the physical properties of GN due to the change of its topography via creation
of wrinkles.
We have focused on the basic characterization of the GN-NPs systems, especially on the study
of the NP spatial distribution on the substrate, which has a significant influence on the GN
wrinkling. The samples possessing different concentration of the CoFe2O4 NPs (6 nm) on the
Si/SiO2 substrate covered by the GN layer were characterized by High Resolution Scanning
Electron Microscopy (HRSEM) and Atomic Force Microscopy (AFM). Different concentration of
the NPs for individual samples was confirmed both by the HRSEM and AFM measurements and
creation of the GN wrinkles around the NPs below the GN monolayer and their dependence on
the NP concentration has been observed (Fig. 1).
The real NP spatial distribution determined by the HRSEM and AFM was compared with that
one obtained from simulation in Matlab as follows: the NPs were randomly distributed inside
the square box of 1 µm edge length, divided to the regular lattice with inter-node distances
equal to the NP diameter for prevention of the NP overlap. The mean interparticle distances
were calculated in both cases (real and simulated NP spatial distribution) for the nearest
neighbors using the triangulation procedure. The results of both NP spatial distributions clearly
demonstrate decrease of the interparticle distances (Fig. 2). Moreover, the resulting
interparticle distances obtained from the simulation correspond very well to those obtained
from the real positions of NPs determined by the AFM, showing that the NPs are randomly
distributed on the surface and the influence of the substrate corrugations on the NP
distribution is negligible.
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Fig. 1: The SEM image of the GN-NPs sample with high (a) and low (b) concentration of NPs. The GN wrinkles are clearly
visible on both images, the border between the GN and substrate could be found on right image.
 

 
Fig. 2: The concentration, c dependence of interparticle distance, d for GN-NPs samples (a). The simulated NPs spatial
distribution for the least (1:10000) concentrated (b) and the most (1:1000) concentrated (c) samples.
 



Type of presentation: Poster
 

MS-2-P-2084 Projected potential of graphene estimated by off-axis electron
holography
 

Geiger D.1, Biskupek J.1, Algara-Siller G.1, Kaiser U.1
 
1Electron Microscopy Group of Materials Science, University of Ulm, Albert-Einstein-Allee 11,
89081 Ulm, Germany
 

Email of the presenting author: dorin.geiger@uni-ulm.de
 
Graphene [1] is one of the most investigated 2D-structures in the last decade. Some efforts
were undertaken [2,3,4] to determine the projected potential (PP) of graphene for different
layer thicknesses. Off-axis electron holography (EH) [5] allows to recover numerically the
image wave and, for known residual aberrations of the TEM, to reconstruct the object exit
wave. The accuracy is significantly increased by using a Cs-corrected TEM [6,7].
CVD graphene transferred to holy carbon was cleaned using active carbon or Al2O3 powder at
~200°C at the sample surface [8] (fig.1a). Because of the quite long time needed for
TEM-adjustment in EH-mode, searching for adequate sample locations and positioning in EH,
new contamination appears (fig. 1b,c). Consequently, the graphene layers are often not
perfectly clean and the PP is generally higher than the ideal values, cleanliness of the
graphene layers proves out to be essential for accurate results.
The illumination of our Cs-corrected FEI Titan 80-300 TEM with rotatable Möllenstedt biprism,
was optimized for EH at 80kV [2], where beam damage of graphene is reduced. Taking the
C1–C3 condenser lens setting [9], the elliptical illumination could be optimized and using a
reduced extraction voltage by ~2kV, a decrease of the electron energy distribution was
achieved. Finally the hologram contrast could be noteworthy improved [2]. The experiments till
now show, presumably due to contamination, a quite large dispersion and a tendency to higher
values than the calculated ones. Using the independent atom model (IAM) and/or the density
functional theory (DFT), image simulations and calculations of the PP, were made using the
programs QSTEM [C. Koch] and JEMS [P. Stadelmann].
To characterize the local thickness and the PP of graphene, we took holograms in
high-resolution TEM. The analysis of the profile lines in the reconstructed object phase allows
the determination of the local thickness variations (fig. 2). Contamination and the
EH-restriction, to use only object areas next to vacuum, make difficult to find large ideal
uniform sample areas. Phase jumps, related to thickness variations, show for most of the
results up to now, phase shifts of <0.08 rad at a phase detection limit per single hologram of
~2π/70. To conclude our studies, additional results with better statistics will follow.
1. A. K. Geim, K. S. Novoselov, Nature Materials 6 (2007) p.183.
2. D. Geiger et al., MS.7.P199,  3. F. Börrnert et al., IM.5.P110,  4. L. Ortolani et al., MS.7.P211,
Proc. MC 2013.   5. H. Lichte, UM 20 (1986), p. 293.    6. M. Haider et al., UM 75 (1998) p. 53. 
7. D. Geiger et al., Micr. Microanal. 14 (2008), p. 68.  8. G. Algara-Siller et al., submitted. 
9. F. Genz et al., IM.2.P046, Proc. MC 2013.
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Fig. 1: Specimen contamination state immediately after insertion in the TEM (a), about three hours later (b) and at the
end of the TEM-session (c).
 

 
Fig. 2: Reconstructed phase image from the object exit wave of graphene layers at vacuum, showing some
contamination (a) with the phase profile along the arrow (b). Holograms were taken with Cs-corrected FEI Titan 80-300
TEM at 80kV in HRTEM mode.
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Ruthenium (Ru) as catalysts or functional additive has drawn considerable interest, owing to
its fascinating unique properties and amazingly high efficiency in various reactions.[1-2] The
shape, size distribution and spatial dispersion of supported Ru nanoparticles (NPs) could
significantly contribute to the final performance of catalysts, especially for many
structure-sensitive heterogeneous reactions. For the purpose of simultaneously achieving
excellent catalytic activity and high stability for practical applications, there have been many
attempts to explore preparation routes, such as impregnation, the polyol process, metal
organic chemical vapor deposition, deposition–precipitation, microwave irradiation, and so on.
However, there are few reports about comparing the structures of supported Ru
nanocomposite synthesized by these methods systematically. Herein, we selected Ru
supported on carbon nanotube (Ru/CNT) as model hybrid material, and used advanced
electron microscopy to reveal the detailed structural features of Ru/CNTs prepared by
difference methods, such as the local and surface structures, particles size distribution (PSD),
and thermal stability. For instance, Ru NPs supported on oxygen functionalized CNTs
(Ru/OCNTs) synthesized by ethylene glycol (EG) reduction and conventional impregnation (IP)
methods have been compared.[3] Transmission electron microscopy (TEM), scanning TEM
(STEM), and X-ray diffraction (XRD) characterizations reveal that the sample prepared by EG
reduction method with ultra-small size and highly dispersed Ru NPs onto OCNTs, is superior to
that obtained by conventional impregnation method (Fig. 1). The result of Ru NPs evolution
process investigated by in situ heating TEM (Fig. 2) indicates that the Ru/OCNTs prepared by
EG reduction method has good thermal stability, which may lengthen catalyst service life
availably. In addition, we also studied the structural rearrangements of Ru NPs supported on
CNTs from twinned Ru NPs into Ru single nanocrystals under the microwave irradiation by
aberration-corrected electron microscope.[1] Our work can be expected as an important
reference for the design and fabrication of ultra-small metal NPs with optimal morphologies
and high thermal stability for a variety of chemical reactions.
Reference
[1] B. Zhang, X. Ni, W. Zhang, L. Shao, Q. Zhang, F. Girgsdies, C. Liang, R. Schlögl, D.S. Su,
Chem. Commun. 2011, 47, 10716-10718.
[2] X. Ni, B. Zhang, C. Li, M. Pang, D.S. Su, C.T. Williams, C. Liang, Catal. Commun. 2012, 24,
65-69.
[3] X. Pan, B. Zhang, B. Zhong, J. Wang, D.S. Su, Chem. Commun. 2014, in press (DOI:
10.1039/C3CC48710E).
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Fig. 1: HAADF-STEM images of Ru/OCNTs-IP (a) and Ru/OCNTs-EG (b). The insets in (a) and (b) are the corresponding
histograms of PSD.[3]

 

 
Fig. 2: Typical TEM images of the Ru/OCNTs-EG sample treated using an in situ heating TEM holder at RT (a), 350 oC (b),
and 600 oC (c) and the HAADF-STEM image after heating (d). Inset in Fig. 2d is the corresponding histograms of PSD.[3]
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A carbon nanoribbon is formed when a carbon nanotube flattens in one direction. We have
found that a switching in the flattening direction results in the formation of a carbon
nanotetrahedron in the middle of a carbon nanoribbon [1] (Fig. 1). Our TEM and SEM
observations suggest a model of its formation mechanism as follows. When a carbon nanotube
is expelled from an Fe catalyst nanoparticle, the tube is forced to flatten, and there are two
preferable directions of flattening, which we call the origami mechanism. When one direction is
dominant, a nanoribbon is formed, while a nanotetrahedron is formed when a switching of the
flattening direction occurs (see Ref. 1 for more details).
To reveal bending properties of our carbon nanotetrahedron/nanoribbon structures, they were
examined using a micromanipulator in a TEM and their bending behavior was observed in-situ
[2]. We have found that a nanotetrahedron/nanoribbon structure bent at a
nanotetrahedron/nanoribbon junction, and that the bending was reversible and repeatable.
The nanotetrahedron/nanoribbon structures kept their shape during being bent and did not
expand to take a tubular form. Our results show that the nanotetrahedron/nanoribbon
structures have excellent durability against bending. The nanotetrahedron/nanoribbon
structures can be bent at nanotetrahedron/nanoribbon junctions sharply and do not break,
therefore we expect that the nanotetrahedron/nanoribbon structures can be used for
three-dimensional wiring.
[1] Hideo Kohno, Takuya Komine, Takayuki Hasegawa, Hirohiko Niioka, and Satoshi Ichikawa,
Nanoscale 5 (2013) 570.
[2] Hideo Kohno and Yusuke Masuda, to be submitted.
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Fig. 1: TEM images and schematic illustration of carbon nanotetrahedron/nanoribbon structures (from Ref. 1).
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Graphite oxide (GO) is known since the middle of the XIX century. In the latest years it has
attracted a renewed interest as a precursor for a cheap large-scale production of graphene.
Indeed, GO conserves graphite layered structure with an expanded interlayer distance that
facilitates exfoliation. A subsequent reduction yields a material whose properties are very
similar to those of graphene but strongly depend on the local structure and stoichiometry.
However, many questions remain still open about GO and reduced GO (RGO) chemical
homogeneity and the functional groups effectively present.
In previous spectroscopy studies the oxygen content in GO ranges from 22% to 32%. However,
TEM images revealed that GO is very inhomogeneous at the nanometer scale. Still, no spatially
resolved spectroscopic studies have yet been reported and only average evaluations are
provided in literature.1 EELS in a STEM could give access to the suitable scale but GO and RGO
are highly sensitive to irradiation.
In this study we overcame this limitation by adopting an experimental set up combining a
liquid nitrogen cooling system at the sample stage, a low accelerated electrons beam (60 keV)
and a liquid nitrogen cooled CCD camera with a low read-out noise of three counts r.m.s. and a
negligible dark count noise. Hyperspectral core EELS images have been acquired in a low dose
mode (order of 105 e-nm-2) at a 10 nm spatial resolution.2

Chemical maps for GO and RGO (see figure) show regions within individual flakes with different
oxidation levels. Whereas oxygen rates averaged over the whole area are in agreement with
literature, we observe that the oxygen content can locally rise up to 60%.
Lower oxidized GO regions present a fine structure at the carbon K-edge similar to amorphous
carbon, while highly oxidized regions show specific core EELS signatures. RGO samples display
the well-known fine structure profile of graphite, proving an excellent restoration of the carbon
network. Nevertheless regions characterized by residual oxygen exhibit an additional sharp
peak.
These results have been combined with complementary DFT analysis of formation and binding
energies for different oxygen functional groups and concentrations and EELS spectra
simulations. This allowed us to provide a new structural model compatible with our
experimental findings. We suggest a full functionalization with hydroxyl groups in the strongly
oxidized regions, while in lower oxidized regions also epoxide groups are expected.
1K. A. Mkhoyan, A. W. Contryman, J. Silcox, D. A. Stewart, G. Eda, C. Mattevi, S. Miller, and M.
Chhowalla, Nano Lett. 9, 1058 (2009).
2M. M. v. Schooneveld, A. Gloter, O. Stéphan, L. F. Zagonel, R. Koole, A. Meijerink, W. J. M.
Mulder, and F. M. F. d. Groot, Nat Nano 5, 538 (2010).
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Fig. 1: EELS hyperspectral analysis of Graphene Oxide and Reduced Graphene Oxide: oxygen concentration maps,
associated histograms and carbon K-shell EELS edges extracted from the selected regions.
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Hydrogen fuel cells will play the leading role among alternative energy sources in the XXI
century. Electrocatalytic and gas diffusion layers of a fuel cell consist of electroconductive
materials and metal layers, which are the most critical components. Carbon nanofiber
nonwoven materials are the most promising materials owing to their thermal and chemical
resistance, higher sorption capacity, electrical conductivity and mechanical properties. Their
properties determine the most important fields of their application: for purifying various liquid
and gaseous media, as a reinforcing filler in composites for accumulating gaseous or
condensed substances and also for creating catalysts with higher activity, selectivity and
stability. Polyacrylonitrile is the most promising and the most used polymer for producing
carbon nanofiber nonwoven materials. Recently electrospinning has been used to create new
materials for various alternative power supplies [1]. By this method highly porous fiber mats
can be molded from solutions of polymers. Due to various additives the properties and
characteristics of the produced materials can differ widely.
The main problems are to improve the porosity of the carbon nanofiber mats, to reduce their
electroresistivity and to decrease the precious catalytic metal concentration. The aim of the
present work is to investigate the influence of different treatments on the morphology, metal
particle distribution and surface structure of electrospun polyacrylonitrile mats.
The surface investigation of obtained mats was performed by a high resolution scanning
electron microscopy (HRSEM) in a FEI Quanta 250 FEG and a FEI Helios 600 DualBeamTM with
EDX analysis.
The obtained electrospun polyacrylonitrile fiber mats were 10-100 μm thick, which depends on
the molding conditions and treatment temperature with the fiber diameters in the range of
50-400 nm. Most of the fibers had a characteristic diameter of 100-150 nm and a length of
several tens of microns [2]. These mats with a smooth surface are shown in Fig. 1. High
temperature annealing (at 1200 and additional 2800 oC) and chemical treatment (by
polyvinylpyrrolidone and polyimide) led to significant changes in the morphology, length and
surface condition (Fig. 2). The chemical treatment was performed for a better deposition of Pt
particles because of the formation of cavities on the fibers’ surface [3]. As a result, a thick Pt
nanoparticles coating was formed on their surface (Fig. 3).
1. Dong Z, Kennedy SJ, Wu Y Journal of Power Sources 2011 196 4886
2. Ponomarev II et al. Doklady Physical Chemistry 2013 448(6) 670
3. Zhigalina VG et al. Nanomaterials and Nanostructures - XXI Century 2012 4 36
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Fig. 1: Nontreated electrospun carbon fiber mats.
 

 
Fig. 2: Carbon fibers with a damaged surface after
annealing at 1200 and 2800 oC.
 

 
Fig. 3: HRSEM image of carbon fibers coated by Pt (a) and corresponding EDX spectrum (b).
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   A single-atom tip (SAT) can be an ideal field emitter of electron beams. It has been shown
that noble-metal covered W(111) SATs can be reliably prepared1,2 with several controllable
profiles3. The growth of the faceted pyramidal tips is a thermodynamic process. These SATs
are both physically and chemically stable and can be regenerated through a simple annealing
in vacuum, ensuring a long operation lifetime. Both the brightness and spatial coherency of
these single-atom electron sources are orders of magnitude better than those of the
state-of-the-art electron sources used in current electron microscopes4.
   We have built a low-energy electron point projection microscope (PPM) combined with a
retractable micro-channel plate detector (MCP), housed in an ultra-high vacuum (UHV)
chamber, to image nano-objects. A schematic is displayed in Fig. 1. The PPM is a shadow
microscope where an object is placed between the electron point source and a detector
screen. The magnification of the image depends on the tip-sample distance (d) and the
sample-detector distance (D). We record the high resolution bright-field image when D is large.
On the other hand, the diffraction patterns of the object at large angles can be obtained when
D is small.
   With the advantages of the high stability of single-atom electron source and high contrast
due to low energy of the source, some characteristics on graphene can easily be observed. Fig.
2b shows ribbon-like patterns in each diffraction disk, which are also visible in the bright-field
image in Fig. 2a. Figs. 3a, b, and c show the bright-field images of graphene with the same
beam energy of 270 eV at 0 second, 75 seconds, and 150 seconds, respectively. Both growth
(labeled with yellow arrows) and migration (labeled with red arrows) of particles can be
observed in a continuous-time imaging.
Reference
1 H.-S. Kuo, I.-S. Hwang, T.-Y. Fu, J.-Y. Wu, C.-C. Chang, and T.T. Tsong , Nano Lett. 4(12), 2379
(2004).
2 H.-S. Kuo, I.-S. Hwang, T.-Y. Fu, Y.-C. Lin, C.-C. Chang, and T. T. Tsong, Jap. J. Appl. Phys. 45,
8972 (2006).
3 W.-T. Chang, I.-S. Hwang, M.-T. Chang, C.-Y. Lin, W.-H. Hsu, and J.-L. Hou, Rev. Sci. Instrum.
83, 083704 (2012).
4 C.-C. Chang, H.-S. Kuo, I.-S. Hwang, and T. T. Tsong, Nanotechnology 20, 115401(2009).
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Fig. 1: Schematic of our electron point projection microscope with a retractable MCP. The single-atom tip is driven by a
X-Y-Z piezo-manipulator for approaching and scanning of the tip to the sample. The magnification of the bright field
image is M = (D + d)/d.
 

 
Fig. 2: (a) Bright-field image of suspended graphene sheet, recorded with 500 eV and sample-detector distance D =
130 mm. (b) Diffraction pattern of the same sample recorded with 480 eV and sample-detector distance D = 35mm.
 

 
Fig. 3: Bright-field images of graphene recorded with 270 eV at (a) t = 0 s, (b) t =75 s, and (c) t = 150 s.
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A surplus density of carbon atoms is introduced into free-standing graphene by means of
low-energy implantation [1]. The implantation is conducted using an evaporating carbon
coating apparatus, designed for depositing thin layers of amorphous carbon on non-conducting
specimens for electron microscopy. By careful tuning of the deposition parameters, a low
enough density of extra atoms is reached in order to produce isolated self-interstitial dimers in
graphene. The structure of these defects is imaged at the atomic scale, employing aberration
corrected high resolution transmission electron microscopy. The earlier predicted, completely
sp2-hybridized structural configurations of ad-dimers in graphene [2,3] are experimentally
verified. Additionally larger aggregates of extra atoms and edge dislocation dipoles
incorporated in the graphene lattice are observed, and based on atomistic modeling, such
structures are determined to be energetically favourable arrangements for the extra atoms. All
of the adatom structures are predicted to strongly buckle out-of-plane. Such blister-like
structures can be expected to have higher reactivity than pristine graphene, which can be
advantageous when functionalization of graphene is desired. Further on, defect structures
containing surpulus carbon atoms have been predicted to have exciting electronic and
magnetic properties [4], and our experiment demonstrates that such structures can, in fact, be
fabricated.
[1] Lehtinen, O., Vats, N., Algara-Siller, G., Knyrim, P. and Kaiser, U., (2014), in review
[2] Lusk, M. T. and Carr, L. D., Phys. Rev. Lett. 100 (2008) 175503.
[3] Lusk, M. T., Wu, D. T. and Carr, L. D., Phys. Rev. B 81 (2010) 155444.
[4] Lehtinen, P. O., Foster, A. S., Ayuela, A., Krasheninnikov, A. V., Nordlund, K. abd Nieminen,
R. M., Phys. Rev. Lett. 91 (2003) 017202.
[5] Lehtinen, O., Kurasch, S., Krasheninnikov, A. V. and Kaiser, U., Nat. Commun. 4 (2013) 2098
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Fig. 1: Self-interstitial dimers in graphene at 80 kV AC-HRTEM. First column raw images of inverse
Stone-Thrower-Wales defect and its two polymorphs. Second column: same images after maximum filtering [5], Third
column: wire frame models of the defects. Fourth column: relaxed atomic structures. Scale-bar 1 nm.
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Among the multitude of known carbon nanostructures, graphene nanocones are quite unique.
These multilayer cones are characterised by macroscopic apex angles (0˚, 112.9˚, 84.6˚, 60˚,
38.9˚ and 19.2˚), which correspond to the incorporation of zero to five pentagons (P=0-5) in a
graphene sheet [1] (where P=0 corresponds to the case of a flat disc). Due to their topology,
graphene cones are ideal for investigating the effect of pentagonal defects on local valence
electron structure in multilayer carbon nanostructures. This was done here by recording the
dielectric response at cone apices by means of valence electron energy loss spectroscopy in
the aberration corrected dedicated scanning transmission electron microscope.
Fig. 1a shows a distinct feature in the loss spectrum at 1.5 eV, originating from the tip of a two
pentagon cone (P=2, fig. 1b). From ab inito simulations this feature was attributed to the
presence of the pentagonal defects themselves. This was explained by pentagons inducing
topology specific localised low energy states, where the 1.5 eV feature arises as a sum over
interband transitions involving such states. Upon extension, this indicates that multilayer
graphene cones should show great promise as field emitters [2].
Localisation of collective modes was investigated by the momentum dependence (i.e.
dispersion) of their associated loss peaks: where a vanishingly small dispersion corresponds to
a localised state. Fig. 2a shows the π plasmon dispersion from the tip of multilayer cone with
five pentagons at its apex (P=5, fig. 2b) compared to that of a flat multilayer discs (P=0).
While a parabolic dispersion indicates significant ‘graphite-like’ plasmon propagation in the
disc, the vanishing plasmon dispersion in the P=5 cone indicates a high degree of confinement
at its apex [3]. The observed slightly negative cone plasmon dispersions will also be discussed.
All data were acquired with a Nion UltraSTEM100 operated at 60kV, and all computational
modelling was carried out using the CASTEP DFT code at the University of Leeds ARC1 facility.
[1] A. Krishnan et al., Nature, 388 (1997) 451
[2] F.S. Hage et al., Nanoscale, 6 (2014) 1833
[3] F.S. Hage et al., Physical Review B, 88 (2013) 155408
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Fig. 1: Figure 1 (a) Valence electron energy loss spectrum originating from the tip of the (P=2) cone shown in the high
angle annular dark field (HAADF) image in (b).
 

 
Fig. 2: Figure 2 (a) Dispersions of the π plasmon of a cone with five pentagons at the apex (P=5) and a flat disc (P=0).
(b) HAADF image of a five pentagon cone (P=5).
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We have the ability to image individual atoms using high resolution transmission electron
microscopy (HRTEM) yet for most materials this has only been achieved whilst looking at a
section of a larger system. There has been relatively little work investigating nanocrystalline
systems that have been formed inside extremely small growth spaces[1]. This is of interest due
to the possibility that with this bottom up growth method we may see the formation of new
structures[2].
Melt filling is a technique that allows us to encapsulate materials inside ≈1 nm carbon
nanotubes (CNTs) therefore allowing us to image molecules formed inside confined spaces.
This is achieved by grinding a combination of CNTs and the desired material. It is then heated
to above its melting temperature, cooled and annealed, repeatedly, inside a furnace before
being dispersed onto a lacy carbon grid. The dispersed filled carbon nanotubes were then
imaged using a JEOL ARM200F TEM/STEM at 80kV accelerating voltage, a HRTEM is required as
individual atomic resolution is essential. The CNTs were commercially acquired and had a
range of diameters from 1.1 – 1.6 nm. Two systems were investigated, Germanium (Ge) and
Antimony Telluride (SbTe). Once successfully filled the systems were then recreated using
Crystalmaker and simulated using SimulaTEM in an attempt to reproduce the achieved image.
Ge was successfully filled into CNTs but rendered a small filling ratio due to the Ge reacting
with the lab glass used during the melting phase. Even though the filling ratio was low, filled
CNTs were captured with high resolution. The Ge was found to be growing in the [010] crystal
orientation relative to the bulk with lattice spacings that are consistent with bulk Ge. The
system captured in Figure 1 has been recreated and simulated to prove it has formed from
bulk Ge. Streaking is visible on the atomic spots of Ge, this is due to the CNT being tilted
rather than exactly perpendicular to the beam.
SbTe also successfully filled into the CNTs but again with a low filling ratio. Two different
systems were observed within the SbTe sample; the first a 4 atom motif and the second a 5
atom (Figure 2). This is of high interest as a single atom variation will affect the quantum
structure of the system. Both systems were recreated and found to have lattice spacing similar
to that of the bulk with growth once again in the [010] direction, this is due to SbTe and Ge
both having a FCC crystal structure.
[1] J Sloan et al. "Two layer 4: 4 co-ordinated KI crystals grown within single walled carbon
nanotubes." Chemical Physics Letters 329 (2000): 61-65.
[2]R Carter et al. "Correlation of structural and electronic properties in a new low-dimensional
form of mercury telluride." Physical review letters 96 (2006): 215501.



 
Fig. 1: Crystallographic simulation of Ge encapsulated inside a CNT and an image of the encapsulated Ge with an
overlay of the simulated system.
 

 
Fig. 2: Crystallographic simulations of encapsulated SbTe, below is the captured structure with the simulation
superimposed. Both 5 layer and 4 layer SbTe systems are included.
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It is a well-known fact that good support material must have a high surface area which
disperses the nanoparticles over, be porous enough to transmit gas flow and have a good
electrical conductivity. Therefore nowadays carbon nanofibers (CNFs) are considered to be
very promising support materials [1]. Recently electrospinning, a simple, inexpensive
technique, has attracted significant attention in the preparation of CNFs [2]. Thin catalyst
layers and their supporting substrates are the most critical components and up to now the
problem of their optimisation is far from trivial.
In this investigation we have studied a possibility of electrospun CNFs carbonization by
different methods such as high temperature annealing, chemical treatment and carbonization
initialized in the metal particles presence. Pt-decorated CNFs were obtained using different
catalytical coating and treatment techniques. To improve the CNF porosity and the process of
catalytic nanoparticles deposition the CNFs were obtained on a base of polyvinylpyrrolidone
(PVP) and polyimide (PI) polymer mixture and annealed at T = 1200 and 2800 °С [3].
The specimens for TEM investigations were prepared by the dispersion of CNF mats in acetone
using an ultrasonic bath to get single fibers and to separate the bundles. These suspensions
were dropped onto the Cu lacey carbon grids. The samples structure was characterized by a
high resolution transmission electron microscopy (HRTEM) in a FEI Tecnai G2 30ST with SAED,
EDX analysis and HAADF STEM detector and a FEI Titan 80-300 with probe Cs corrector at an
accelerating voltage of 300 kV.
It was shown that PVP/PI treatment with annealing at 250 оС or at 1200 оС stimulated the fiber
carbonization process without changes to their morphology or surface destruction, but the
carbonization was incomplete. High temperature annealing at Т = 1200 и 2800 оС led to full
fiber carbonization. In the structure of fibers the straight graphene planes were mainly
observed (Fig. 1). In the case of combined high temperature (1200 оС) and chemical (PVP+PI)
treatment the carbon nanofibers consisted of “curly” graphene planes within the whole fiber
space (Fig. 2). In this case for the fibers carbonized in the Fe particles presence the same
structure was revealed as well. As a result of this process the fibers’ surface became porous
which promoted platinum nanoparticles to form a thick layer on the fibers’ surface (Fig. 3-4).
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Fig. 1: HRTEM image of a carbonized nanofiber with
straight graphene planes.
 

 
Fig. 2: TEM image of a carbonized nanofiber with “curly”
graphene planes.
 

 
Fig. 3: TEM image of CNFs covered by Pt nanoparticles.
   

Fig. 4: HRTEM image of Pt nanocrystals.
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There is a growing interest in oxygen electrode catalysts for oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER), as they play a key role in a wide range of renewable
energy technologies such as fuel cells, metal-air batteries, and water splitting. Nevertheless,
the development of highly-active bifunctional catalyst at low cost for both ORR and OER still
remains a huge challenge. Herein, we report a new N-doped graphene/single-walled carbon
nanotube (SWCNT) hybrid (NGSH) material as an efficient metal-free bifunctional
electrocatalyst for both ORR and OER. NGSHs were fabricated by in situ doping during
chemical vapor deposition growth on layered double hydroxide derived bifunctional catalysts.
Our one-step approach not only provides simultaneous growth of graphene and SWCNTs,
leading to the formation of three dimensional interconnected network, but also brings the
intrinsic dispersion of graphene and carbon nanotubes and the dispersion of N-containing
functional groups within a highly conductive scaffold. Thus, the NGSHs possess a large specific
surface area of 812.9 m2 g-1 and high electrical conductivity of 53.8 S cm-1. Despite of relatively
low nitrogen content (0.53 at%), the NGSHs demonstrate a high ORR activity, much superior to
two constituent components and even comparable to the commercial 20 wt% Pt/C catalysts
with much better durability and resistance to crossover effect. The same hybrid material also
presents high catalytic activity towards OER, rendering them high-performance cheap
catalysts for both ORR and OER. Our result opens up new avenues for energy conversion
technologies based on earth-abundant, scalable, metal-free catalysts.
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A thriving field in nanotechnology is to develop synergetic functions of nano-materials by
taking full advantages of unique properties of each component. In this context, combining TiO2

nano-crystals and carbon nanotubes (CNTs) offers enhanced photo-sensitivity and improved
photo-catalysis efficiency, which is crucial to achieving sustainable energy and preventing
environment pollution and hence has aroused a tremendous research interest. Despite
progress in synthesis and performance of the material system, further research is required to
understand some fundamental aspects of the material system, such as how TiO2 nucleates and
grows on CNTs, and what is the bonding at the TiO2-CNT interface. Answers to these questions
also help to design nano-composites based on CNTs and metal/metal-oxides with novel
functionalities.
In this work an atomic layer deposition (ALD) technique has been adopted to grow TiO2

nano-particles on multiwall-CNTs (MW-CNTs). Control of the crystallinity, particle size and
morphology of TiO2 can be obtained through deposition parameters adopted in ALD and a
surface pre-treatment of MW-CNTs using O2 plasma. Transmission electron microscopy (TEM)
has been very useful to characterize the ensemble structurally, chemically and electronically.
In particular, electron energy loss spectroscopy (EELS) in the scanning TEM (STEM) mode has
been employed to study C-K and Ti-L2,3 edge fine structures in TiO2, CNTs and their interface, in
order to shed light on the mechanism of nucleation and growth of TiO2 on CNTs, as well as the
interfacial bonding of the ensemble.
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Fig. 1: TEM micrographs of TiO2 deposited on CNT at 200°C for various ALD numbers of cycles: (a), (c) and (e) are after
20, 200 and 750 cycles respectively, without plasma pre-treatment; (b), (d) and (f) are 20, 200 and 750 cycles
respectively, with the CNT subjected to O2 plasma pre-treatment. The insets show the corresponding diffraction
patterns.
 

 
Fig. 2: Core-loss EELS spectra show the Ti_L2,3 and O_K edges of TiO2 on CNT after 20 ALD cycles with and without
O2 plasma pre-treatment. Difference in the near edge fine strucuture indicates different crystallinity of TiO2.
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The electronic, thermal, and mechanical properties of graphene are exceptionally sensitive to
lattice imperfections, surface functionalization and doping. Therefore, atomic scale structural
and electronic investigations in this material are critically important for understanding these
properties. Graphene samples produced by CVD method were doped with nitrogen by plasma
exposure. We have exploited the complementarities of aberration-corrected TEM, Scanning
Tunnelling Microscopy (STM) and micro-Raman spectroscopy to investigate the link between
the structural and the electronic properties of N-doped graphene. Our experimental protocol
allows applying these characterization techniques on the same samples in order to reduce the
gap between micro and atomic scales investigation.
STM and HRTEM were used to characterize the nitrogen-induced single-point defects in
graphene and the charge redistribution due to chemical bonding. As previously reported [1],
the charge redistribution due to the insertion of nitrogen atoms in graphene that is easily
detected by STM, allows the detection of such a low-contrast defect by HRTEM (Fig. 1). Our
study highlights two important structural information about N-doped graphene and doping
process. At first, Cu-supported graphene during the plasma exposure are more likely to be
N-doped than suspended graphene. Secondly, the high variability of the C/N ratio on the same
graphene sample reveals that nitrogen doping is not spatially homogeneous. This latter result
pushed us to combine HRTEM and micro-Raman investigations on same micron-large areas of
the samples, in order to provide a deeper understanding of the Raman spectrum as a function
of the structure (holes, number of layers) and the Nitrogen doping rate of graphene (Fig. 2). 
[1] Meyer et al. Nature materials, 10, 209 (2011)
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Fig. 1: HRTEM image of single layer graphene before nitrogen doping (a). Atomic scale analysis of nitrogen insertion in
graphene: the charge redistribution due to chemical bonding is observed by aberration-corrected TEM (b) and STM
(simulation of the structure and charge distribution in insert) (c).
 

 
Fig. 2: Raman spectra of the G-band optical phonon in two different spots of a Nitrogen-doped suspended graphene
sample: the shift of the phonon peak energy (ωG) and its broadening show a significant variation of the chemical
potential due to different Nitrogen doping.
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The subject of this paper is a new form of carbon which can be formed by passing an electric
current through graphite [1,2]. This new carbon apparently consists of hollow graphitic shells
bounded by curved and faceted planes, typically made up of two graphene layers. We describe
studies of this carbon using high resolution transmission electron microscopy (HRTEM) and
high-angle annular dark-field scanning transmission electron microscope imaging
(HAADF-STEM). These studies appear to confirm that the bilayer graphene structures are
3-dimensional.
The carbon was prepared in an arc-evaporator which is normally used for coating specimens
for scanning electron microscopy. Following evaporation, a small deposit was formed in the
area where the two graphite electrodes made contact, and it was this deposit which contained
the “transformed” carbon.
Some conventional TEM images of the transformed carbon are shown in Fig. 1. In the low
magnification image (Fig. 1(a)), it can be seen that the outline of the structure is much more
irregular than in normal graphite, with many curved and unusually-shaped features. Higher
magnifications images, such as Fig. 1(b), show that the transformed carbon consists largely of
bilayer graphene.
In order to determine the 3-dimensional shapes of the graphene structures we have used
HAADF-STEM imaging. Both individual images and tilt sequences have been analysed.
Individual HAADF-STEM images were recorded on an aberration-corrected Nion UltraSTEM100,
operated at 60kV. Figure 2(a) shows a HAADF-STEM image of a region in which a nanotube is
joined to a larger bilayer structure. The contrast in this image, in combination with a
quantitative analysis of the near edge fine structure of the C K EELS edge [4], indicate that the
edges of the structure are highly curved. This is consistent with the 3-dimensionality of this
material.
Tilt series were recorded using an FEI Titan microscope operated at 80kV. A typical tilt
sequence is shown in Fig. 2(b). This appears to show a 3-dimensional particle with the shape of
a flattened cone.
Structural transformation of graphite as a result of the passage of an electric current has been
observed by other groups [e.g. 5,6]. These groups have discussed the process in terms of the
sublimation and edge reconstruction of flat graphene. However, as argued here, there are
good reasons for believing that the transformed carbon is in fact 3-dimensional. If this is
correct, this new carbon may have a number of possible applications, for example in
supercapacitors.
[1] PJF Harris, J. Phys.: Condens. Matter 21 (2009), 355009.
[2] PJF Harris, Carbon 50 (2012) p.3195.
[3] PJF Harris et al., in preparation.
[4] XT Jia et al., Science 323 (2009) p.1701.
[5] JY Huang et al., PNAS 106 (2009) p. 10103.
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Fig. 1: Conventional HRTEM images showing structure of carbon following passage of current.
 

 
Fig. 2: HAADF-STEM images of structures in transformed carbon. (a) Image showing junction between bilayer nanotube
and larger region, (b) tilt sequence of approximately conical structure.
 



Type of presentation: Poster
 

MS-2-P-2825 Band Gap Expansion and Low-Voltage Induced Crystal Oscillation in
Low-Dimensional Tin Selenide Crystals
 

Sloan J.1, Carter R.2, Suyetin M.3, Dyson M. A.1, Trewhitt H.1, Liu Z.4, Suenaga K.4, Giusca G.5,
Kashtiban R. J.1, Bell G.1, Bichoutskaia E.3
 
1Department of Physics, University of Warwick, Coventry, CV4 7AL, UK, 2Department of
Materials, University of Oxford, South Parks Road, OX1 3PH, UK, 3School of Chemistry,
University of Nottingham, Nottingham, NG7 2RD, UK, 4National Institute of Advanced Industrial
Science and Technology (AIST), Tsukuba, 305-8565, Japan, 5National Physical Laboratory,
Teddington, TW11 0LW, UK
 

Email of the presenting author: j.sloan@warwick.ac.uk
 
SnSe forms all-surface two atom-thick low dimensional crystals when encapsulated within
single walled nanotubes (SWNTs) with diameters < 1.4 nm. Density Functional Theory (DFT)
studies indicate that low-dimensional SnSe crystals typically undergo band-gap expansion. In
slightly wider diameter SWNTs (~1.4-1.6 nm), we observe that three atom thick low
dimensional SnSe crystals undergo a previously unobserved form of a shear inversion phase
change resulting in two discrete strain states in a section of curved nanotube (not shown
here). Under low-voltage (i.e. 80-100 kV) imaging conditions in a transmission electron
microscope, encapsulated SnSe crystals undergo longitudinal and rotational oscillations,
possibly as a result of the increase in the inelastic scattering cross-section of the sample at
those voltages. Initial AC-TEM images were obtained at 100 kV using a JEOL 2010F
transmission electron microscope fitted with a CEOS aberration corrector for which Cs was
tuned to ~0.001 mm. Additional AC-TEM images were obtained at 80 kV were obtained on a
JEOL JEM-ARM200F fitetd with an imaging corrector for which Cs was tuned to ~0.001 mm. 
Inside the narrower 1-1.4 nm SWNTs, we observed bilayer 2×2 SnSe nanocrystals (Fig. 1) and
obtained images effectively viewed parallel to <001> relative to an ideal 2x2 rocksalt
structure fragment. Systematic measurements of the lateral spacings of these encapsulated
SnSe nanorods (Fig. 1(b)) relative to the centre point of the SWNT wall indicate that the
obtained microstructure is undistorted and does not deviate significantly from the idealised
2x2 structure. A 2x2x6 atomic layer Sn12Se12 cluster based on average lattice spacings from the
AC-TEM images (Fig. 1(b)) was DFT optimised and the resulting model used to generate a
mutlislice image simulation from this model embedded in a (9,9) SWNT (Fig. 1(c)). DFT
computed densities of states (DOS) for both bulk and 2x2 SnSe nanocrystals revealed that the
latter have an expanded band gap of ca. 1.41 eV relative to the corresponding bulk bandgap of
the rocksalt form (i.e. 0.68 eV). We had intended to perform higher resolution studies on the
embedded SnSe nanocrystals using exit wave reconstruction from focal series of images but
found that at 80 and 100 kV accelerating voltages, the embedded SnSe nanocrystals oscillate
inside the encapsulating SWNTs (Fig. 2(a) and (b)).    
[1] Carter et al. Dalton Trans. 2014, published online DOI: 10.1039/c4dt00185k. 
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Fig. 1: (a) AC-TEM image of (2 × 2)SnSe@SWNT. (b) Enlargement with dots indicating the centres of the Sn–Se columns
and SWNT wall. (c) Second enlargement from (a) with overlaid multislice image simulation. (d) Side-on view and (b)
end-on view of the experimental structure model.
 

 
Fig. 2: (a) This sequence of images obtained over ~12s at reveals two different modes of oscillation of 2 × 2 SnSe in a
~1 nm diameter SWNT. (b) Simulations and models of different rotational states of a 2 × 2 SnSe fragment in an (8,8)
SWNT relative to an “ideal” <100> orientation (i.e. bottom right).
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Graphene is a specific form of matter – an electronic membrane [1,2,3]. It is known that
free-standing graphene undergoes severe corrugation [4]. And the main reason for this is
flexural phonons. At the same time, structural fluctuations in graphene are influenced by
charge carriers, which are easily generated in gapless graphene. It gives rise to a complicated
phenomenon, so that electronic properties of graphene are defined by the interplay between
charge carries and lattice distortions. This interplay enormously complicates the theory of
transport in graphene [5]. For instance, full calculations of thermal dependence of graphene’s
resistivity are still to be completed [6].
Previously, a technique for measuring of the flexural phonon spectrum basic parameters in
free-standing graphene was presented [7], which was later expanded to measuring of the full
spectrum profile. The technique uses electron diffraction obtained in transmission electron
microscope (TEM) to scan the reciprocal lattice of graphene that gives information on its
structural distortions. The feature of the electron diffraction imaging is that provides
information on rapidly varying structural distortions, what is inaccessible by most of other
techniques. It is remarkable, that electron beam of TEM does generate charge carriers in
graphene. Variation of the electron beam intensity changes the generated charge carriers
density. This allows measuring the changes of the flexural phonons spectrum related to the
influence of charge carriers.
A significant dependence of the small-wavevector (long undulations) part of the flexural
phonons spectrum has been found. Whereas, the large-wavevector part seems to avoid the
charge carriers influence. In the accessible range of electron beam densities and, thus,
generated charge carriers densities, the amplitude in the left part of the spectrum is being
successively suppressed with increasing charge carriers density. That is, graphene becomes
noticeably smoother at large scale. It must influence graphene’s resitivity at increased
densities (or bias voltage in graphene-based devices).
Finally, influence of the charge carriers density on corrugation of suspended graphene has
been measured and degree of the specific electron-phonon coupling estimated.
1. E.-A. Kim and A. H. Castro Neto, Europhysics Letters 84 (2008), 57007.
2. D. Gazit, Phys. Rev. B 80 (2009), 161406(R).
3. P. San-Jose, J. Gonzalez and F. Guinea, Phys. Rev. Lett. 106 (2011), 045502.
4. J.C. Meyer, A.K. Geim et al., Nature 446 (2007), p. 60.
5. M. Gibertini, A. Tomadin et al., Phys. Rev. B 85 (2012), 201405(R)
6. S. Das Sarma, S. Adam et al., Rev. Mod. Phys. 83 (2011), p. 407.
7. D.A. Kirilenko, A.T. Dideykin and G. Van Tendeloo, Phys. Rev. B. 84 (2011), 235417.
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Boundaries or in-plane interfaces in two-dimensional (2D) materials will play a critical role in
future device applications. For example, electronic and mechanical properties are affected by
structure, chemistry, morphology, and location of a grain boundary [1,2]. By using microscopic
tools, we recently demonstrated lateral coherence in an in-plane heterostructure of graphene
and hexagonal boron nitride (BN) on samples staying on the growth substrate [3]. An
atomic-resolution STEM can be an ideal tool to image the presumably atomically sharp
graphene-BN interface, but contaminations introduced during the transfer process hinder its
direct observation.
In this study, we examined the contaminant-covered graphene-BN boundary using EELS in an
aberration-corrected STEM, Nion UltraSTEM 100, equipped with a cold field emission electron
source, a corrector of third and fifth order aberrations, and a Gatan Enfina spectrometer [4]. To
avoid graphene and BN knock-on damage we operated the microscope at an acceleration
voltage of 60 kV. A convergence semi-angle of 30 mrad, and 54 to 200 mrad collection
semi-angles were used to obtain the medium angle annular dark field (MAADF) images. The
EEL spectrum maps were collected with an energy resolution of ~350 meV.
Fig. 1(A) shows an experimental MAADF image of the graphene-BN boundary. Fast Fourier
Transform of the areas shown in (A) indicates that the BN is aligned with the graphene
monolayer. Evidence of a sharp interface is provided by the chemical map shown in (E), where
the boron K-edge clearly defines a sharp graphene-BN interface.
Fig. 2 shows intensity profiles along the yellow lines of Fig 1. The left panel of Fig 2 shows that
the graphene-BN boundary is composed of monolayer graphene and monolayer BN. The right
panel shows a transition width of 0.5 nm between graphene and BN as determined from the
boron K-edge signal. The transition width is defined from 25% to 75% of the values of the
boron K-edge signal across the graphene-BN interface.
Direct observation of a boundary at atomic resolution requires a reliable method to free the
graphene-BN interface of contaminants. We will discuss our current efforts on removing
contaminants by in-situ annealing, thus revealing the buried graphene/BN interface. Our
preliminary results indicate that regions of thousands of nanometer squares of clean graphene
are produced during in-situ annealing. The method opens the door for the study of the
long-range structure of 2D lateral heterostructure interfaces at the atomic scale.
[1] Adam W. Tsen, et al., Science 336 (2012), 1143
[2] Gwan-Hyoung Lee, et al., Science 340 (2013), 1073
[3] L Liu et al, Science 343 (2014), 163
[4] OL Krivanek et al, Ultramicroscopy 108 (2008), 179
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Fig. 1: (A) MAADF image of a buried graphene-BN boundary. (B) and (C) fast Fourier transforms of the highlighted areas
shown in (A). (D) and (E) simultaneously acquired STEM image and EEL spectrum map of the region shown in (A),
respectively. The blue/white dashed lines indicate the graphene-BN boundary. Scale bars are 5 nm. Adapted from Ref.
[3].
 

 
Fig. 2: (A) Intensity profile along the yellow line in Fig. 1(A). The intensity profile indicates that the boundary is
composed of monolayer graphene and BN. (B) Boron K-edge intensity profile along the yellow line in Fig. 1(E). The
boundary is sharp with a transition width of 0.5 nm. The spatial resolution is 0.5 nm. Adapted from Ref. [3].
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It is interesting question how a single nanomaterial such as carbon nanotube gets wetting by
liquid. Wettability of materials is generally determined by the balance of interface tensions
acting at air-liquid, liquid-solid, solid-air boundaries, but nanometer-scale morphologies of solid
surfaces often cause anomalous wetting behavior. Regarding carbon nanotubes, they have
extremely high curvature surfaces due to their cylindrical shapes with nanometer scale
diameters. In this study, we investigated wetting behavior on a single CNT by in-situ electron
microscopy. Prior to the experiment, CNT probe was prepared by using TEM-STM holder for
nanomanipulation in a transmission electron microscope (TEM, JEM-2500SE) at 90kV
acceleration voltage. A multi walled CNT was attached to the tip of cantilever probe used for
scanning probe microscopy. On the other hand, ionic liquid was used as a liquid specimen,
since it is rather stable in vacuo due to extremely low evaporation pressure. It was supported
as the liquid level was parallel to the incident beam direction on a specimen stage of
nanomanipulator. Tip of the CNT was then approached to the ionic liquid from the normal
direction to the liquid level, and the series of images were recorded as movies at the moment
when the tip touched to the ionic liquid. As the result, meniscus formed at the contact region,
and a thin film with 3nm thickness simultaneously formed to cover entire the CNT. The contact
angle measured at the meniscus was almost zero. These results indicate that CNT shows
autophobic wetting, although macroscale droplet on a plane graphite surface shows about 25˚
contact angle. In addition, similar experiments were performed in a scanning electron
microscope, and attractive wetting forces were measured on the basis of Wilhelmy method for
CNTs with 5~15 nm diameters. Measured values indicated a tendency to be greater than the
expected values from Wilhelmy equation representing the correlation of the force, tube
diameter and surface tension. Instead, fitted curve to the experimental data showed the
increment of effective diameter of cylindrical sample. The corrected value was 2.84nm, which
is consistent to the thickness of liquid film formed on CNT. Accordingly, the wetting behavior
observed in the present study can be explained by considering that the liquid film acts as a
part of a solid cylinder, which suggests a possibility that liquid molecules are rather strongly
constrained on the CNT surface.
 

Acknowledgement: Ionic liquid used in this study was provided by T. Tsuda in Osaka
University.



 
Fig. 1: SEM images of a CNT probe before and after contacting to the ionic liquid. We can see that the CNT is pulled
into the ionic liquid due to the attractive wetting force. For this case, the force was measured by 1.2nN.
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We have studied on deformation process of a bridged carbon nanotube (CNT) during Joule
heating by in-situ transmission electron microscopy (TEM). Many papers reported that a CNT
got thin or cut at the central portion due to or cutting and reconnecting of bonds or
sublimation of carbon atoms during the Joule heating [1~4]. In this study, another type of
deformation was observed, namely shrinking deformation along the axial direction of the CNT.
We found that such a shrinking was observed when the CNT was bridged between rather
frexible electrodes, namely the CNT could change its length during the heating. This result
suggested that these deformation process strongly depended on how release the tensile stress
applied to the CNTs caused by sublimation of carbon atoms during the Joule heating. Therefore
we measured the stress loaded to the CNT during the Joule heating. For the measurement, a
cantilevered probe for scanning probe microscopy was used as the flexible electrode, which
spring constant was 0.02~0.41 N/m. A single or double wall CNT is bridged between the
cantilevered probe and a Pt/Si substrate by operating a nanomanipulation holder (TEM-STM
system, nanofactory) in TEM (JEM-2500SE, 90kV). Current is then applied to the CNT, and its
deformation process was recorded. When the CNT began shrinking, cantilevered probe
underwent deflection and made balance to the tensile force, so that the tensile force applied to
the CNT were able to be measured by monitoring the deflection of cantilevered probe. In this
system, tensile stress applied to the CNT gets increase as the degree of shrinking increased,
and the CNT finally cut or detached from the electrode. Experimental results revealed that the
shrinking deformation of CNTs occurred with loading tensile stress under 1.9 N/m2. It is also
suggested that such a shrinking deformation was promoted when topological defects formed;
carbon atoms may selectively evaporate from such defective site.
[1] H. Maruyama, et al., Appl. Phys. Ex. 3, (2010) 025101.
[2] T. D. Yuzvinsky, et al., Nano Lett. 6 (2006) pp. 2718-2722.
[3] J. Y. Huang, et al., Nature 439 (2006) pp. 281.
[4] K. Hirahara et al., Appl. Phys. Lett. 97 (2010) 051905.



 
Fig. 1: A series of TEM images showing shrinking deformation of a carbon nanotube. We can see that the cantilevered
probe underwent deflection by pulling. Initial length of  this nanotube was 239nm, and shrank about 100 nm at
the botom image.
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As a representative family member of the emerging two-dimensional transition metal
dichalcogenides (TMDCs), atomically thin molybdenum disulfide has attracted intensive
research efforts owing to its unique structural and electronic properties that has promised a
wide application in future nanoelectronic and optoelectronic devices [1-3]. Since defects plays
an important role on tailoring the physical and chemical properties of any semiconductors,
molybdenum disulfide is not an exception. Therefore it is very important to resolve the
structure defects and figure out the impact of these defects on the physical properties of
molybdenum disulfide. [4-6]
In this talk, we will present our latest progress on studying the atomic defects and dopants in
molybdenum disulfide monolayers by aberration-corrected STEM. Furthermore, with the
assistance of MEMS-heating technique, the adsorption, migration and coalescence of structural
defects at elevated temperatures can be directly observed in situ. The absorption sites,
diffusion pathways and the associated activation energy are experimentally determined
experimentally, which are further supported by the DFT calculations.
Reference:
[1] K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Physical Review Letters 105, 136805
(2010).
[2] A. Splendiani et al., Nano Letters 10, 1271 (2010).
[3] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and M. S. Strano, Nature
Nanotechnology 7, 699 (2012).
[4] P. Komsa, J. Kotakoski, S. Kurasch, O. Lehtinen, U. Kaiser, and A. V. Krasheninnikov,
Physical Review Letters 109, 035503 (2012).
[5] A. M. van der Zande et al., , P. S. Huang et al., Nature Materials 12, 554 (2013).
[6] W. Zhou et al., Nano Letters 13, 2615 (2013).
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In recent years, semiconducting MoS2 has attracted much public attention because of its
hexagonal structure, proper bandgap (1.3~1.8eV) and potential application in nanoelectronics
and valleytronics. Currently a clear and complete picture of bandgap transition (<2eV), higher
interband transition (~5eV) and plasmon resonance (~23eV) associated with the
thickness-dependent electronic structure is still lacking. In this talk, we will present the EELS
study on the electronic structures of atomically thin MoS2.
   We use a spherical aberration corrected TEM (FEI Titan Cube) to conduct angle resolved EELS
measurement. This microscope is equipped with a monochromator providing an energy
resolution of 0.14eV which help us resolve fine structures of low loss EEL spectrum and obtain
band structure of MoS2. A transition from indirect to direct gap is illustrated as the thickness
decreases down to monolayer. Other strong interband transition peaked at 3.1eV and 4.5eV
and high-energy π+σ Plasmon excitation at 23eV are also presented as a function of thickness
and momentum transfer q. These excitations (not easily accessible by conventional optical
characterization) in atomically thin MoS2 are reported for the first time. Their energy redshift
with the decreasing thickness and monotonically-increasing linewidth dispersion with q
indicate the spilling-out effect and Landau damping, respectively, in this low dimensional
electron gas system. Our investigation provides a successful paradigm to depict the electronic
structures of any other novel transition metal dichalcogenides (TMDs).
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Fig. 1: Figure 1 (a) The primitive cell of monolayer MoS2 with lattice basic vector a1 and a2. Purple atom: Mo; yellow:
S2. (b) Reciprocal lattice (electron diffraction pattern)  and first Brillouin zone. (c) The scattering geometry of angle
resolved EELS . (d) Corresponding angle-resolved spectrum profile with qy along ΓM direction in (c). 
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In February 8, 1969 a large carbonaceous chondrite meteorite fell in Allende Chihuahua,
Mexico. Carbonaceous chondrites meteorites are very important because of their organic
compounds and peculiar composition. Allende meteorite has large and abundant chondrules
(mm-sized) in olivine matrix, large refractory inclusions, a low degree of aqueous alteration
and graphitized carbon. Its large carbon content has represented an interesting source to the
study of evolution and lineage of carbon chemistry, from nebular to current ages and has been
related with prebiotic Earth, because its collisions and impacts with early Earth formation
represent an organics extraterrestrial input. The organic composition in carbonaceous
chondrites is diverse, and it is possible to mention as example kerogenic material
macromolecular, sugar alcohols, ketones, amines, and amino acids. The nanostructures in this
type of meteorites have been identified as fullerenes, carbon onions and the possible presence
of carbon nanotubes (CNTs) has been suggested since 2006. Actually, inorganic serpentine
nanotubes were described by Zega and co-workers in meteoritic matrix of carbonaceous
chondrites, ranking in ~20nm diameter tube.
At high temperatures, carbon precursors are decomposed or evaporated and then condensed
to build the sp2 graphite networks of CNTs. High temperatures are normally obtained from
external heating, which is highly energy-consumed. Theoretically, such a problem can be
solved by employing hugely exothermic reaction systems like the conditions of the early sun.
The sample was obtained from the collection of the Geology Institute, at the Autonomous
National University of Mexico. In order to avoid the contamination of the meteorite sample, we
drilled a hole with a steel laboratory spatula in the small piece of the meteorite. The powder
obtained was supported in a microscopy glass slide and grinded with a second slide. The
powder was supported in an electron microscopy grid to be observed in a JEM-2200FS TEM.
By HRTEM we observed bamboo-carbon nanotubes (BCNTs) in the meteorite sample as well as
polyhedrical carbon structures. BCNTs can be thought as coaxial graphene sheets built of sp2
bonded. The tubes are concentric and coaxial. They also are highly defective and several
bounds are broken, this fact promotes active bonds to act as chiral templates of other organic
molecules.
 

Acknowledgement: Authors acknowledge the financial support from DGAPA-UNAM, through
grant IN113411.



 
Fig. 1: Figure 1. a) BCNTs of about 20 nm wide. A highly defective structure is shown in the tubes indicating a chirality.
b) A closer view of the coaxial structures.
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Quasi-2D crystalline materials are widely investigated to explore their optical, electronic and
mechanical properties. The most prominent examples in this class of materials are graphene,
hBN, and recently dichalcogenites, e.g. MoS2.
The third dimension of those crystals may not be neglected since freestanding membranes are
thermodynamically forced to form intrinsic ripples. Moreover, the resulting topography of such
materials is expected to have a severe influence on their properties. For example, strain, which
can alter the band structure, is caused by any change of the surface inclination. In graphene
corrugations have already been confirmed by Meyer et al. applying electron diffraction [1].
Inspired by that study we developed a method to determine the topography of freestanding
membranes by diffraction-contrast TEM imaging. The procedure is based on dark field (DF) tilt
series using at least two independent g-vectors oriented perpendicular to the respective tilt
axis. In those DF images, the measured intensity directly depends on the local excitation
condition and thus on the local inclination of the membrane. By tilting, the reciprocal lattice
rod (relrod) is scanned simultaneously in each sub-region of the DF images. To determine the
inclination of each sub-region with respect to the specific g-vector, the maximum of the
tilt-angle dependent intensity distribution is fitted. This is done for two different tilt series and
the obtained data are used to calculate the absolute inclination of each sub-region and thus to
determine the membrane topography.
We applied the procedure to freestanding membranes from high-quality epitaxial graphene on
SiC [2]. Fig. 2a) depicts a representative {11-20} DFTEM image of such a few-layer graphene
membrane. The local mean image intensity represents the number of graphene layers as
proven by rocking curves. The sharp dark lines in the DF image are due to basal-plane partial
dislocations, which have an additional impact on the local topography [3]. To demonstrate the
strongly different intensity distributions along different directions Fig. 2e)-f) show exemplary
DF images at 0 tilt for 3 independent {11-20} directions. It can be recognized that, while the
wavy topography leads to strong, almost parallel contrast variations in the (11-20) and (1-210)
images, the (2-1-10) DF image (with g perpendicular to the wave-direction) is less influenced.
While in the used example the basal-plane partial dislocations have a severe influence on the
topography of the material, it will be shown that even the choice of the TEM support has a
strong impact on the topography of defect-free membranes.
1Meyer et al., Solid State Commun. 2007, 143, 101
2Waldmann et al., ACS Nano 2013, 7, 4441
3Butz et al., Nature 2014, 505, 533
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Fig. 1: a) Model of inclined membrane: Inclinations non-parallel to the used g-vector show intensity variations as
indicated by the dark and light gray areas, b) Ewald sphere construction, c), d) enlargement for almost flat and strongly
inclined membrane area
 

 
Fig. 2: a) Graphene membrane with 2-, 3- and 4-layer areas (scale bar 500 nm), b)-d) rocking curves extracted from the
areas indicated (2, 3, 4 layers), e)-f) 3-layer graphene DF images obtained with the 3 indicated g-vectors, dotted line
shows tilt axis orthogonal to the reflection used for imaging.
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Recent discoveries on graphene, a two-dimensional, crystalline allotrope of carbon, stimulated
research on related structures, such as Graphite NanoPlatelets (GNPs), a 1-15 nm thick flake,
constituted of 3-48 layers of graphene, obtained starting from Intercalated Graphite
Compounds (GIC) via thermochemical exfoliation. These novel nanomaterials are providing
fascinating opportunities for biotechnological development because of their unique structures,
properties and possible applications.
Graphene and its derivatives are promising candidates for important biomedical applications
because of their versatility. Due to the expanding applications of nanotechnology, human and
environmental exposures to graphene-based nanomaterials are likely to increase in the future.
However, the prospective use of graphene-based materials in a biological context requires a
detailed comprehension of their toxicity.
Herein, we report on the interaction of stable and evenly dispersed exfoliated GNPs obtained
using an ultrasonic bath for different times (30 min, 50 min and 70 min) with human breast
adenocarcinoma cells (SKBR3 and MDA-MB-231) for 24 h. Biocompatibility of nanoplatelets has
been evaluated by MTT (Fig. 1) while cell viability has been detected using Trypan Blue assays
(Fig. 2). GNPs particles were more cytotoxic in SKBR3 than MDA-MB-231 cells suggesting a cell
phenotype-dependent effect.
Furthermore, light microscopy observations (Fig. 3 and 4) and scanning electron microscopy
analysis (data not shown) were used to gain understand on the mechanism of
cell-nanoplatelets interaction. The bright-field images showed GNPs particles on SKBR3 and
MDA-MB-231 cellular surfaces (see arrows).
Our results lead us to expect that efforts with interdisciplinary approaches among chemistry,
biology, and engineering will accelerate mechanistic understanding of graphene-based
platforms for bio and nanomedicine applications.



 
Fig. 1: GNPs (30 min, 50 min and 70 min) biocompatibility
on SKBR3 and MDA-MB-231 cell lines by MTT test after 24
hrs of incubation.
 

 
Fig. 2: SKBR3 and MDA-MB-231 cell viability evaluation by
Trypan blue assay after incubation with GNPs (30 min, 50
min and 70 min) for 24 hours.
 

 
Fig. 3: Bright-field microscopy image of
SKBR3-nanoplatelets interaction. Cells were incubated for
24 hours with GNPs (arrows).
 

 
Fig. 4: Bright-field microscopy image of
MDA-MB-231-nanoplatelets interaction. Cells were
incubated for 24 hours with GNPs (arrows).
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In our work we carry out the transmission electron microscopy (TEM) and electron energy loss
spectroscopy (EELS) studies of the samples obtained in a series of experiments on the
thermobaric treatment of C60 with addition of CS2 in a diamond anvil cell with shear deformation
ability. The main goal of the research is to obtain and characterize the new structures based
on C60, because C60 is a very promising precursor for production of superhard materials. TEM
study was done by a JEM-2010 microscope with GIF Quantum attachment for EELS. Features of
radial distribution of pressure and shear in diamond anvil cell resulted in the coexistence of
two types of structures in the samples: the crystalline and disordered phases. The crystalline
phase represents itself slightly distorted fragments of the original face centered cubic (FCC)
lattice fullerene (fig. 1). Apparently, these distortions appear due to the polymerization of C60

molecules.
Exact structure of disordered phases (fig. 2) has not been established by us, but according to
our high-resolution images, it has inherited some elements of symmetry from the FCC lattice of
fullerenes. The interplanar spacing in fig. 2 is about 0.35 nm, while the fragments of the
“lattice” are deformed and disoriented one relatively to another. The microdiffraction and
Fourier analysis have shown that two systems of fringes seen in fig. 2 intersect composing
different angles in a range from 70° to 85°.
Figure 3 shows EELS spectra of the obtained specimens. The spectrum of C60 obtained under
the pressure of 12-17GPa with shear deformation (fig. 3, (a)) correspond to the structures
shown in fig. 1, and it is very close to the spectrum of the FCC lattice of the original C60 (fig. 3,
(b)). The spectrum taken from the sample obtained at 25-30 GPa with shear deformation (fig.
3, (c)) and that from the sample obtained under 5 GPa at a temperature of 973° C (fig. 3, (d))
without shear, are almost identical.
At the same time the peaks of the all spectra in fig. 3 have the same positions, but the relative
intensities of these peaks in (c) and (d) is different from those in (a) and (b). For example, the
initial fullerene in (a) (and sample in (b)) has an absolute maximum at 300 eV, while in (c) and
(d) it is about 292 eV. According to the literature data the small peaks at about 287eV
correspond to the presence of molecular C60. Therefore, basing on our EELS data, we assume
that the molecular C60 is present in the structures of both types in our samples, but the
structure shown in fig. 2 is significantly different from the traditional fullerene FCC lattice.



 
Fig. 1: HRTEM image of the distorted FCC lattice of
fullerene [110] zone axis. The interplanar spacing is slightly
distorted in different areas, and the angle between planes
in such fragments is not always exactly 70.5°.
 

 
Fig. 2: HRTEM image of the disordered phase. The
interplanar spacing is about 0.346 nm, and the angles
between the intersecting planes differ within the range
from 70° to 85°.
 

 
Fig. 3: EELS spectra of: a) sample obtained at 12-17 GPa b) initial fullerene; c) sample obtained at 25-30 GPa with
shear deformation; d) sample obtained at 5 GPa at temperature of 973° C
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Having access to the chemical environment at the atomic level of a dopant in a nanostructure
is crucial for the understanding of its properties. A very good example in this context is the
case of notably nitrogen-doped carbon nanotubes (CNx-NT) because their properties are
significantly affected by the atomic arrangement of the dopant atoms in such nanostructures
[1-4]. Thus the knowledge of this information requires precision measurements, combining
high spatial resolution and high spectroscopic sensitivity. In order to achieve these goals, we
have developed, for the first time, atomically-resolved EELS allowing us to detect individual N
dopants in single-walled (SW) carbon nanotubes. These results have been compared with first
principles calculations.
The STEM-EELS-experiments were performed in a NION UltraSTEM 200, operated at 60 kV. In
parallel, HRTEM imaging studies have been performed using an imaging aberration-corrected
FEI Titan-Cube microscope working at 80 kV.
Figure 1 displays a HAADF image of a CNx-SWNT where an EEL spectrum-image (SI) has been
recorded in the red marked area of the image. Three single EEL spectra, extracted from this
spectrum-image, in the marked positions/pixels of Fig. 1 (b) (spectra labelled (i), (ii) and (iii)),
the 4th spectrum is the sum of (i) and (ii). The C-K edge is visible in the three spectra. In only
two of the spectra of the whole dataset (1755 spectra), the nitrogen signal is also detectable.
The nitrogen 1s (N1s) ELNES, expanded in Fig. 1 (c), show a strong peak at ~401 eV, with very
little signal at energies above this. Comparing the spectra to density functional theory (DFT)
ELNES calculations of possible single nitrogen defects, there is excellent agreement with the
spectrum for substitutional nitrogen (Fig. 1 (c)(iii) and atomic model, Fig. 1(d)) across the
range of π* and σ* bands. We have also investigated other more complex configurations that
we will present and discuss in this contribution [5]. In summary, these studies elucidate a
crucial question concerning the nature of the nitrogen atomic configuration of CNx-NTs. In fact,
this detailed knowledge of how nitrogen atoms are incorporated in the carbon lattice as well as
precisely control of their incorporation are required for the use of these NTs for future
technological applications.
[1] R. Arenal, X. Blase, A. Loiseau, Advances in Physics 59, 101 (2010).
[2] P. Ayala, R. Arenal, A. Rubio, A. Loiseau, T. Pichler, Rev. Mod. Phys. 82, 1843 (2010).
[3] P. Ayala, R. Arenal, M. Rummeli, A. Rubio, T. Pichler, Carbon 48, 575 (2010).
[4] C.P. Ewels, M. Glerup, J. Nanosci. Nanotech. 5, 1345 (2005).
[5] R. Arenal, K. March, C.P. Ewels, et al., submitted.
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Fig. 1: Fig. 1 (a) HAADF image of a CNx-SWNT. An EELS-SI has been recorded in the red area. (b) Selection of EEL
spectra extracted from the SI, pixels outlined in the inset HAADF image acquired simultaneously with the SI. Each
curve corresponds to a single spectrum from the SI, except the black, which is a sum of previous ones.
 

 
Fig. 2: Fig. 2(a) Simulated N1s ELNES (iii) & N partial DOS calculations ((i)purple=pz π*-states, (ii)green=px-y σ*-states)
for substitutional N, compared to the experimental spectrum (iv) (Fig. 1(b-iii)). These simulations allow unambiguous
assignment of the peak at ~401eV to a substitutional configuration shown in the DFT optimized structure, Fig. 2(b).
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Graphene nanoribbons grown on the (1-10n) and (-110n) facets of SiC have demonstrated
exceptional electronic properties as ballistic transport along their long direction and a band
gap in the small direction [1]. In order to understand these electronic properties, we have
performed (S)TEM (HAADF, LAADF, EELS) investigation in combination with STM and ARPES
measurements. The (S)TEM have been performed on X-section sample as it can be
schematically seen in the figure 1. Using Cs corrected STEM at 60 keV voltage, the structural
aspect of the graphene can be maintained for high resolution investigation and EELS
spectromicroscopy (Figure 2). These electronic properties (i.e. linear dispersion, no gap and
Dirac point at the Fermi level) are precisely observed by angle-resolved photoemission on
these ribbons at the (1-107) facet [2] and this will be discussed in term of curvature effect,
quantum confinement or presence of sp3 bonding with respect to the STEM-EELS investigation
[3].
[1] "Exceptional ballistic transport in epitaxial graphene nanoribbons," J. Baringhaus, M. Ruan,
F. Edler, A. Tejeda, M. Sicot, A. Taleb-Ibrahimi, A.-P. Li, Z. Jiang, E.H. Conrad, C. Berger, C.
Tegenkamp, and W.A. de Heer, Nature 506, 349 (2014).
[2] “A wide band gap metal-semiconductor-metal nanostructure made entirely from graphene”
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Fig. 1: Figure 1. General overview of graphene nanoribbons grown on SiC and SiC facets (sidewall ribbons). a) Scheme
of the localization of the ribbons on the samples. b) STM image showing the regions with [0001] normal. Plateaus width
of 50 nm c) Cross sectional TEM image of the array of ribbons in another sample. Plateaus width of 300 nm.
 

 
Fig. 2: Figure 2. STEM-HAADF view of a graphene-SiC interface.
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Black phosphorus (BP) is an allotrope of Phosphorus characterized by a layered structure. It
has been recently shown [1] that, similarly to graphene, it can be mechanically exfoliated to
isolate atomically thin layers which have very interesting electrical and photonic properties.
Single-layer BP is in fact an intrinsic semiconductor with a direct bandgap (~2 eV) and it has
been employed in the fabrication of field-effect transistors with large current on-off ratios and
high mobilities (100-3000 cm2/Vs) [1].
Given the rising interest in this layered material, an extensive TEM analysis of few-layer BP
was performed [2].
We have investigated the Electron Diffraction (ED) pattern of few-layer black phosphorus
transferred on a holey Silicon Nitride membrane with 1 µm holes diameter (see Figure 1(a)). An
HRTEM image from a multilayer area of the sample is shown in Figure 1(b). The uniformity in
this image indicates that the lattice contains no extended defects (single vacancies cannot be
detected). We found that electron diffraction patterns depend on the number of layers and
thus ED can be employed to determine the thickness of the BP flakes. We simulated electron
diffraction patterns finding that the ratio between the 101 and 200 reflections depends on the
number of black phosphorus: in particular this ratio is > 1 for single layer BP and decreases
rapidly with the number of layers. The table shown in Figure 2 summarizes the simulated
101/200 intensity ratios for different number of layers, together with the experimental data
acquired. Figure 3(a) and 3(b) show an ED taken from a thin region and a thick region of the
flake, with 101/200 intensity ratios of 0.4 and 0.01, respectively.
We also noticed the presence of “forbidden” reflections (h+l = 2n+1) in the thin sample, which
was not accounted in our simulations. This could be explained by the presence of adatoms on
the surface of the black phosphorus layer or a slight distortion of the lattice.
References:
[1] Li, L.; Yu, Y.; Ye, G. J.; Ge, Q.; Ou, X.; Wu, H.; Feng, D.; Chen, X. H.; Zhang, Y.
Preprint at arXiv:1401.4117 (2014)
[2] “Isolation and characterization of few-layer black phosphorus”, Castellanos-Gomez, Andres;
Vicarelli, Leonardo; Prada, Elsa; Island, Joshua O.; Narasimha-Acharya, K. L.; Blanter, Sofya I.;
Groenendijk, Dirk J.; Buscema, Michele; Steele, Gary A.; Alvarez, J. V.; Zandbergen, Henny W.;
Palacios, J. J.; van der Zant, Herre S. J. Preprint at arXiv 1403.0499 (2014)
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Fig. 1: (a) Optical image of a black phosphorus flake transferred onto a holey silicon nitride membrane. (b) High
resolution transmission electron microscopy image of the multilayered region of the flake (~ 13-21 layers).
 

 
Fig. 2: Thickness dependence of the electron diffraction patterns. We display the thickness dependence of the intensity
ratio between the 101 and 200 reflections. The experimental data acquired on two spots of the thin flake and one spot
of the thicker area has been included for comparison.
 

 
Fig. 3: (a) and (b) are the electron diffraction patterns acquired with a 400 nm spot on the thin (~ 2 layers) and on the
thick (~ 13-21 layers) region of the flake, respectively.
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Nanostructured carbon materials are predicted to play a major role in future electronic
applications. Cheaper and smaller components with improved or new functionality and lower
power consumption are necessary, where conventional materials reach their limitations.
Layered carbon materials, such as graphene or multilayer graphene, can be used for
extremely compact devices with outstanding performance [1],[2]. A cheap way to synthesize
such materials on a large scale is chemical vapor deposition (CVD) growth on catalysts like
copper or nickel [3],[4]. However, the understanding and control of such growth processes are
still in their infancy.
Here we present in situ transmission electron microscopy (TEM) experiments in a FEI Titan
80-300 Environmental TEM (ETEM) for studying the growth of layered carbon materials on Ni
and Cu catalysts. The ETEM allows imaging with controlled gas environments around the
sample up to a few mbar. In combination with a MEMS-based heating holder, growth of layered
carbon materials is systematically studied at the atomic level using various carbon sources
and growth temperature.
As an example, growth of few layer graphene from C2H2 on a Ni catalyst is shown in Fig. 1-4.
NiO particles in the size range up to a few hundred nm are reduced in the microscope under H2

at 500-600°C in order to form a catalytically active Ni surface. Introducing C2H2 at about 650°C
leads to growth of layered carbon (Fig. 1-4). By following the appearance of carbon layers, the
growth rate dependence on various parameters can be determined directly from the ETEM
observations.
[1] K. S. Novoselov, S. V. Morozov, T. M. G. Mohinddin, L. a. Ponomarenko, D. C. Elias, R. Yang,
I. I. Barbolina, P. Blake, T. J. Booth, D. Jiang, J. Giesbers, E. W. Hill, and a. K. Geim, Phys. Status
Solidi 244, 4106 (2007).
[2] F. Schwierz, Proc. IEEE 101, 1567 (2013).
[3] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni, I. Jung, E. Tutuc, S. K.
Banerjee, L. Colombo, and R. S. Ruoff, Science 324, 1312 (2009).
[4] X. Li, W. Cai, L. Colombo, and R. S. Ruoff, Nano Lett. 9, 4268 (2009).
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Fig. 1: Three layers grown shortly after introduction of C2H2.
 

 
Fig. 2: Multiple layers grown 79.2s after Fig. 1; the arrow
marks next growing layer close to the metal particle
surface.
 

 
Fig. 3: Multiple layers grown 80s after Fig. 1; the arrows
mark next growing layers close to the metal particle
surface.
 

 
Fig. 4: Multiple layers grown 80.8s after Fig. 1; the arrows
mark next growing layers close to the metal particle
surface.
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There is a growing interest in synthesizing three-dimensional (3-D) carbon nanotube structures
with multi-functional characteristics. Here, we report the fabrication of a novel composite
material consisting of 3-D interconnected multi-walled carbon nanotubes (MWNTs) with Silicon
Carbide (SiC) nano- and micro-particles. The materials were synthesized by a two-step process
involving the chemical coating of MWNTs with Silicon oxide, followed by Spark Plasma
Sintering (SPS). SPS enables the use of high temperatures and pressures that are required for
the carbothermal reduction of silica and for the densification of the material into a 3-D
composite block. Covalent interconnections of MWNTs are facilitated by a carbon diffusion
process resulting in silicon carbide formation as silica coated MWNTs are subjected to high
temperatures. The presence of SiC in the sintered composite has been confirmed through
Raman spectroscopy, which shows the characteristic peak close to 800 cm-1 and also Energy
Filtered Transmission Electron Microscopy maps. X-ray Diffraction, Scanning Electron
Microscopy, Energy Dispersive X-Ray Spectroscopy and High Resolution Transmission Electron
Microscopy have also been used to characterize the produced material. Interestingly, the
thermal property measurements of the sintered composite reveal a high thermal conductivity
value (16.72 W/mK) for the material. From the electrical point of view, a 3-D variable range
hopping (VRH) electron hopping was observed in the composite.



 
Fig. 1: High Resolution Transmission Electron Microscopy images of SiC/MWNT composite prepared by Spark Plasma
Sintering.
 

 
Fig. 2: (a) Raman spectrum of the SiC/MWNT sample showing characteristic D, G and G' peaks for MWNTs and the SiC
peak at 800 cm-1. (b) X-Ray diffraction data of SiC/MWNT composite. (c) Raman mapping of G peak position and (d) SiC
peak  position within a 30 µm x 30µm area.
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Our work deals with the imaging of nanostructures composed of light biogenic elements, such
as carbon nanotubes, by low energy scanning transmission electron microscopy (STEM).
Compared to imaging at the voltages commonly used for TEM and STEM, low energy electrons
seem very promising in terms of specimen damage that is caused by a number of elastic and
inelastic collisions [1]. In carbonaceous materials, the most problematic is probably the
knock-on damage, where the structure can be impaired by carbon atom displacement. To
avoid this problem with structures composed of light elements, a reduction in beam voltage
going down to 5 keV has recently been proposed [2]. The range below 5 keV has not been
explored yet for this purpose, although electron scattering in matter is lower for these
energies, which allows achieving a higher spatial resolution [3]. We aim to demonstrate that
additional reduction of incident electron energy may yield interesting contrast features.
We used a FEI Magellan 400L microscope capable of high resolution imaging even at low and
very low incident electron energies, equipped with a multi-segment, retractable STEM
detector. Carbon specimens were prepared e.g. by depositing a solution of commercial Sigma
Aldrich nanotubes, with dimethylformamide used as a solvent, on Agar S147 holey carbon
mesh grids. Contrast features were recorded by secondary electron (SE), bright field (BF) and
dark field (DF) detectors, including high-angle annular dark field (HAADF).
We have studied the aspects influencing the image information, such as incident electron
energy, electron dose, sample thickness, the presence of the ubiquitous hydrocarbon
contamination layer and other. The results were also tested using Monte Carlo simulations.
References:
[1] INADA, H., et al. Atomic imaging using secondary electrons in a scanning transmission
electron microscope: experimental observations and possible mechanisms. Ultramicroscopy,
2011, 111.7: 865-876.
[2] BEYER, Y.; BEANLAND, R.; MIDGLEY, P. A. Low voltage STEM imaging of multi-walled carbon
nanotubes. Micron, 2012, 43.2: 428-434.
[3] MÜLLEROVÁ, I.; FRANK, L. Scanning low-energy electron microscopy. Advances in imaging
and electron physics, 2003, 128: 310-445.
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Fig. 1: Secondary electron image of carbon nanotubes at 2 keV incident energy.
 

 
Fig. 2: Bright field STEM image of carbon nanotubes at 2 keV incident energy showing several thicknesses of multi-wall
nanotubes, including embedded catalytic metal particles.
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Doping of carbon nanotubes has proven to be an invaluable tool to modify their physical and
chemical properties [1]. In this work, we demonstrate that by using minute amounts of both
boron and sulfur as codopants it is possible to synthesize 3-Dimensional arrays consisting of
carbon nanotube interconnections. The materials were produced using a spray-assisted
chemical vapor deposition experiment, in which small amounts of boron and sulfur sources
were added to a solution containing a carbon source and an iron-based catalyst. The resulting
structures consisted of nano- and micron-size fibers decorated with radially grown multi-walled
carbon nanotubes resembling "nanotentacles." These novel structures were extensively
characterized by SEM, HRTEM, and XRD. Spectroscopic techniques have also been used to
determine the doping amount and binding environment, such as EELS, XPS, and Raman
Spectroscopy. Quantification of EELS spectra shows that boron has a higher concentration on
the tips of the radially grown nanotubes. Ab initio calculations were performed in order to
understand the role of boron and sulfur as promoters of the negative curvature regions that
are necessary to form covalent nanotube junctions. Our calculations show both boron and
sulfur incorporation in the graphitic nanotube lattice is more stable when located in curved
areas of the nanotube, with boron having a marked preference for negative curvature while
sulfur is stable in both negatively and positively curved areas. Due to their high surface area,
these synthesized structures have also been tested as electrodes in Li-ion batteries and
supercapacitors. Finally, we will demonstrate that these tentacles behave as excellent electron
field emitters, maintaining high currents over time at low operating voltages.
[1] B. Sumpter, et al. Int. J. Quant. Chem., Vol 109, 97-118 (2009)
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The last decades witness a continuous “miniaturizing” trend that is principally projected in the
field of applied electronics. Owing to the development of nanotechnologies, the industry is
nowadays capable to produce materials and structures with well-defined sizes, geometries and
morphologies. The carbon-based structures like graphene, carbon nanotubes (CNTs) and
nanofibers (CNFs) are promising candidates for the development of nanodevices [1,2], which
strongly demand for a close control of materials properties at the nanoscale. The scanning
tunneling microscope (STM) can be employed to move single atoms with incredible precision
[3], but this approach is not adapted for assembling nanodevices with thousands of atoms. The
use of CNTs as “nanopipetts” able to transport femtograms of mass to predefined spots can be
envisaged [4], as approach based on the Joule assisted electromigration phenomenon, when a
high current pass through a metal phase encapsulated inside a CNT.
We propose here a highly precise method for delivering nanoparticles to the graphene and
few-layer graphene edges and surfaces using a CNT filled with Fe3-xO4 NPs as a nanopipette.
The experiment is realized inside a transmission electron microscope (TEM) by using a
STM-TEM holder allowing high precision sub-nanometer movement and high voltage supply.
Figure 1 shows several nanoparticles deposited on the surface of the FLG sheet with a radial
distribution relative to the CNT/FLG contact point. Figure 2 displays series of a more complex
experiment: control the NPs deposition at the FLG edge in time, together with the image of the
initial and the final system. The in-situ TEM observation of the experiment has made possible a
real time analysis of the structural and chemical properties of both the NPs and the supporting
CNT.
1. A. K. Geim, Graphene: Status and Prospects, Science 324, 1530 (2009);
2. R. H. Baughman et al., Carbon Nanotubes--the Route Toward Applications, Science 297, 787
(2002);
3. J. A. Stroscio, D. M. Eigler, Atomic and molecular manipulation with the scanning tunneling
microscope, Science, 254, 1319, (1991);
4. K. Svensson, H. Olin, and E. Olsson, Nanopipettes for metal transport, Physical Review
Letters, 93 (14), (2004).



 
Fig. 1: Electron migration with a radial displacement of iron  nanoparticles on the surface of few-layer.
 

 
Fig. 2: Electron migration based deposition of iron nanoparticles on the edge of few-layer graphene.
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With the continuous improvement of in situ techniques inside transmission electron
microscope (TEM), the capabilities of TEM extend beyond structurual characterization to
high-precision nanofabrication and property measurement. Based on the idea of "setting up a
nanolab inside a TEM", we present our recent progress in 2D Materials research including in
situ growth, nanofabrication with atomic resolution, in situ property characterization,
nanodevice construction and possible applications(e.g. a 5nm-diameter hole on graphene for
third-generation gene sequencing, the spongy graphene as an ultra-efficient sorbent for oils
and organic solvents, etc.).Fig. 1 shows in situ nanofabrication of suspended molybdenum
sulfide sub-nanometer ribbons with uniform width of 0.35 nm from monolayer MoS2 by
electron beam irradiation. The mechanism of electron-beam induced high-resolution
nanofabrication was also discussed.
References:
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[2]J.R-Manzo, M. Terrones, et.al., Nature Nanotechnology 2, 307 (2007)
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[4] H. Bi, X. Xie, et al., Advanced Functional Materials 22, 4421 (2012)
[5] H. Bi, K. Yin, et al., Advanced Materials 24, 5124 (2012)
[6] Q. Liu, J. Sun, et al., Advanced Materials 25, 165 (2013)
[7] X. Liu, T. Xu, et al., Nature Communications 4, 1776 (2013)
[8] H. Qiu, T. Xu, et al., Nature Communications 4, 2642 (2013)
[9] X. Li, X. Pan, et al., Nature Communications 5, 3688 (2014)
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Fig. 1: In situ fabrication of suspended molybdenum sulfide sub-nanometer ribbons with uniform width of 0.35 nm
(possible narrowest molybdenum sulfide nanoribbon) from monolayer MoS2 by electron irradiation.
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Precious-metal nanoparticles are well known as good candidates for electrocatalysis, for
example in fuel cell applications.One of the most important objectives for using precious metal
electrocatalysts is how to reduce loading whilst also increasing electrochemical activity.
Generally,this is achieved by minimizing the cluster diameter to increase electrochemical
surface area (ECSA), whilst at the same time decreasing the required amount of catalyst. On
the other hand, small particle diameters (e.g. clusters containing less than 300 atoms) are
thought to have very different behavior from larger, bulk-like particles. Substrate and
relaxation effects have been explored by experimental approach and computer simulation.
[1,2] However, to the best of our knowledge, microscopy and quantitative analysis of such
effects are scarce.
Pt clusters on carbon black were prepared. Cs-corrected STEM analysis and quantitative
measurement was applied to predict changes in catalytic activity. We used a JEOL ARM200F
equipped with a Cs-corrector and Cold FEG. From atomic resolution STEM images of the Pt
clusters, we can see direct evidence of strain. We attempt to quantify this strain by
compensating from the crystal model and the measured lattice spacing. At first, attempted
strain mapping. We selected a constant area of the Pt cluster from phase mapping, generated
from the FFT peak with an applied Gaussian filter. Our atom by atom inspection using
geometrical phase analysis revealed the strain and relaxation of the surface area
quantitatively. If strain effects catalytic activity, this can explain why we have a decrease in
activity below a 3 nm Pt cluster size. In addition, this work may be able to predict what type
and cluster size of catalyst could be good candidates for practical fuel cells.
[1] Stamenkovic, Vojislav, et al. "Changing the activity of electrocatalysts for oxygen reduction
by tuning the surface electronic structure." Angewandte Chemie 118.18 (2006): 2963-2967.
[2] Power, Timothy D., and David S. Sholl. "Effects of surface relaxation on
enantiospecific adsorption on naturally chiral Pt surfaces." Topics in catalysis 18.3-4 (2002):
201-208.
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At the present, graphene – a single sheet of carbon – has become one of the most studied and
is one of most promising materials of tomorrow. The challenge is the production of graphene is
to optimize and control the synthesis conditions [1,2]. Most of the present production methods
multiple layers of graphene are obtained.

There are numerous of methods in determining the thickness by transmission electron
microscopy (TEM)[3-6]. The most common way seems to visually count the layers by in a
bright field (BF) TEM or a dark field (DF) scanning TEM images, however, this is not trivial since
it is difficult to have a single layer reference. Diffraction can be used to determine single and
double layers [7]. Though, to find an area of the flake that is not folded contains other features
that corrupt the interpretation of the diffraction pattern. Also some methods are time
consuming due to slow data acquisition and post-processing.
In our work we used a FEI Titan 80-300 TEM equipped with EDX and EELS, operated at 80kV for
the determination of the graphene thickness. In figure 1 one can see a BF-TEM, a DF-STEM, an
EFTEM and an EFTEM Plasmon thickness maps in which one the thickness can be determine by
the intensities of the images. Intensity measurements using about 300 pixels were performed
on the two EFTEM techniques on to find the number of layers–thickness dependence, viewed in
figure 1e. It can also be observed that the graphene edge structures changed under the
electron beam so the plateaus changed shape over time.
[1] M. Lotya et al., J. Am. Chem. Soc. 131 (2009) 3611.
[2] Y. Hernandez et al., Nat. Nanotechnol. 3 (2008) 563.
[3] M.H. Gass et al., Nat. Nonotechnol. 3 (2008) 676.
[4] M. Boese et al., Microsc. Microanal. 16 (Suppl 2), (2010) 1540
[5] D. B. Williams and C. B. Carter, Transmission Electron Microscopy: A Textbook for Materials
Science, Springer, New York, 1996
[6] S. Akhtar et al., arXiv:1210.2307v1 [cond-mat.mtrl-sci]
[7] J. Meyer et al., Nature 446 (2007) 60



 
Fig. 1: a) BF-TEM b) DF-STEM, C) EFTEM Thickness map and d) Plasmon map (10-40 eV). Measured areas marked in the
Plasmon map e) Plot of the measured thicknesses relative to the DF-STEM
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The question of pit shape and growth kinetics during oxidation of graphite by O2 has been the
subject of numerous experimental and modeling studies [1]. Hughes an Thomas [2] had
evidenced hexagonal pit shapes in natural graphite around 1050°C and have claimed that a
transition could exist between hexagons with zig-zag and armchair edges, moreover they have
shown that under pure O2, at temperatures ranging between 700°C and 870°C, pits are
composed of {11-2l} faces, thus with carbon atoms in the so called armchair configuration.
The zig-zag configuration, with {10-1l} faces, can be obtained when the reaction is catalyzed
and when pits are formed in presence of H2O [3] or pure H2.
The recent development of graphene technology has led to researches focused on the control
of the pits and of the edges morphologies of graphene layers [4]. It is known that the oxidation
of a single graphene sheet is different from the oxidation of the graphene sheets stacked in a
graphite-like crystallographic ordering [3], however only few information is available
concerning the oxidation process along the c-axis.
In this study HOPG samples were oxidized, at 650°C, in a TGA furnace and in the chamber of
an ESEM, at 550°C. Various pits with a hexagonal shape were observed and cross sections
were obtained using a FIB as shown in figure 1.
TEM observations of the morphologies of etch pits obtained following both protocols are shown
in figure 2. The armchair configuration is obtained, as expected, in the TGA experiment, while
the zig-zag configuration is obtained inside the ESEM.
Etch pits with armchair configuration exhibit large and well-defined hexagons with numerous
steps ranging from 2 to 30 nm in height, and a quasi-vertical inclination. On the other hand,
pits with zig-zag configuration are deeper, and their step edges follow the {10-11} planes, i.e.
with an angle of ~73°. The striking difference between pits obtained by pure O2 oxidation in
these distinct experiments could be due to the existence of some catalytic process taking part
in the ESEM experiment. Indeed, there is no guarantee that the ESEM chamber contains only
pure O2: traces of ionized species and radicals, as well as of pollutants (like metal atoms or
ions) can be present.
References
[1] Delehouzé A. & al. Temperature induced transition from hexagonal to circular pits in
graphite oxidation by O2. Appl. Physc. Lett. 99, 044102 (2011)
[2] Hughes EEG, Thomas JM. Topography of Oxidized Graphite Crystals. Nature 1962;
193(4818):838−40.
[3] Yang RT. Etch-decoration electron microscopy studies of the gas-carbon reactions.
Chemistry and Physics of Carbon, vol. 19. New York:Dekker; 1984 p. 163-210.
[4] Dobrik & al. Selective etching of armchair edges in graphite (2013) Carbon, 56, pp.
332-338.



 
Fig. 1: etch pits obtained at 650°C after 100 min oxidation (TGA experiment) and corresponding SEM image of the FIB
cross section.
 

 
Fig. 2: etch pits observed in TEM bright field mode with the armchair configuration (top), 650°C, TGA furnace, and with
the zig-zag configuration (bottom), 550°C, ESEM oxidation.
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The study of carbonaceous material with spiral morphologies is of great interest in recent
years due to their extraordinary mechanical, electrical and field emission properties. Among
the variety of methods to synthesize such special carbon materials, chemical vapor deposition
(CVD) is the most popular one. And the typical requirements include: (i) an appropriate carbon
source, (ii) growth catalysts such as Fe, Co, Ni, (iii) promoter elements such as P, S and (iv)
inducer metals such as Cu, Sn, In. Graphite intercalation compounds (GICs) are formed by the
insertion of atomic or molecular layers of a different chemical species (usually called
intercalant) between graphene layers. The GICs can be used to catalyzer for many matters
because that the intercalant will then deintercalate through the edges or other defective sites
of the graphite crystal when the temperature is above 80℃.
In this paper, FeCl3-CuCl2-graphite intercalation compounds (GICs) were applied to synthesize
graphite/carbon spiral nanoribbons (G/CSNRs) by chemical vapor deposition (CVD) of acetylene
and hydrogen. The G/CSNRs were characterized by XRD, SEM and Raman spectra. The XRD
patterns confirmed the G/CSNRs did contain graphite. The as-grown CSNRs were thin and
twisted, owning a width of 92 nm, at hread pitch of 56 nm and a length in micrometer scale.
The Raman spectra showed the imperfect crystallinity of CSNRs. The SEM images showed that
a kind of sheet catalyzer particle was formation and they could catalytic synthesis two
morphology carbon fibres respectively at their flank and surface. During this CVD process,
FeCl3-CuCl2-GICs acted as providers of graphite substrates as well as catalyst carriers. The
CVD method mediated by GICs also provided possibilities to design and prepare a variety of
hybrid carbon structures.
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The 1DTbBrx@SWCNT meta-nanotubes are obtained using a capillary technique and
investigated by HRTEM and HAADF STEM in JEOL ARM 200F at 80 kV. Raman spectroscopy is
performed in Ranishow Invia Raman microscope. Four versions of 1D TbBrx crystal structure are
proposed.
The first type of the structure is characterized by a rhombic unit cell (Pmmm). An <001>
crystal axis coincides with the nanotube axis. In this case a Br/Tb ratio is 3.25. A HRTEM image,
the model and corresponding image simulation in a (110) projection were shown in Fig. 1.
The second type of the structure is characterized by “rhomboid” defects observed in the (110)
projection of 1D crystal when a set of micrographs was taken (Fig. 2). It is suggested that due
to electron beam heating Br atoms located in a center of Br (Tb) tetrahedrons are lost. As a
result covalent bonds of Tb-Br atoms were replaced by Tb-Tb metallic bonds. This is
accompanied by a displacement of Tb atoms towards the center of the tetrahedrons. The Br/Tb
ratio is 2.66.
The third type of structure is observed in the HAADF STEM images (Fig. 3). In this case the
“rhomboid” defect is observed in each unit cell and the Br/Tb ratio is 2.5.
The fourth structure resemble the third one, but in it additionally four bromide atoms are lost.
The Br/Tb ratio is 2 in this case.
The existence of a structural variety for 1D TbBrx crystals can be explained by different
oxidation degree of Tb atoms.
In a G-region of Raman spectra of metananotubes a significant peaks shift towards higher
frequencies spectrum area is observed in the range from 4 to 7 cm-1 for s-SWCNTs and from 7
to 17 cm-1 for m-SWCNTs. This effect can indicate a higher influence of intercalated
nanocrystals on the electronic structure of metallic nanotubes. Furthermore a value of the
observed G-mode shift depends on a chemical nature of intercalated halogenide and appears
to have maximum values for bromides. According to literature data the G-mode shift towards
the region of high oscillation energies can correspond to an electron charge transfer from the
SWCNT walls to the nanocrystals (acceptor doping of SWCNTs).
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Fig. 1: HRTEM image of 1DTbBrx@SWCNT. A model of a first type of structure in a (110) projection and a corresponding
image simulation (d1=3.4 Å and d2=3.8 Å).
 

 
Fig. 2: HRTEM image of a second type of 1DTbBrx@SWCNT
structure. The “rhomboid” defects are arrowed.
 

 
Fig. 3: STEM HAADF image of a third type of
1DTbBrx@SWCNT structure and its image simulation.
 



Type of presentation: Poster
 

MS-2-P-5880 Computational Study on Structural Changes of Carbon Nanomaterials
under Electron Irradiation
 

Yasuda M.1, Yamamoto M.1, Kawata H.1, Hirai Y.1
 
1Osaka Prefecture University, Sakai, Japan
 

Email of the presenting author: yasuda@pe.osakafu-u.ac.jp
 
  A transmission electron microscope observation is indispensable in the characterization of the
nanomaterials. However, the electron irradiation causes serious structural changes of the
materials. Therefore, the understanding of the electron irradiation effects takes on a growing
importance in the recent progress of nanoscience. In the present work, we study the structural
changes of carbon nanomaterials under electron irradiation with molecular dynamics (MD)
simulation.
 The simulation model is shown in Fig. 1. The motions of carbon atoms in graphene are
calculated with the MD simulation. The interaction between an incident electron and a carbon
atom is introduced by means of Monte Carlo method. The collision atom is randomly selected.
The type of collisions is stochastically determined using collision cross sections.
 When an elastic collision occurs, the momentum transfer from an electron to a carbon atom is
calculated by the binary collision theory. When valence electron ionization occurs, a bond
breaking is expressed by introducing repulsive forces around the ionized atom. When inner
shell electron excitation occurs, two bond breakings are introduced considering Auger effect.
 Figure 2 shows the variation of the potential energy of graphene before and after knock-on
and Stone-Wales (SW) defect formation by electron collision at 200 kV obtained by the present
simulation. Although the defect formation energies of both defects are close, the potential
energy of SW defect is smaller than that of knock-on defect. Therefore, SW defect is more
stable than knock-on defect.
 Figure 3 shows the transformation process of the knock-on defect in graphene by annealing at
1500 K. Snapshot of the structural change and the variation of the potential energy are shown.
The knock-on defect transfers to a 5-9 or a 5-5 defects by annealing. The defect moves in
graphene by switching the structure between 5-9 and 5-5 defects. When the defect arrives at
the edge, the transformation of the defect stops and the potential energy largely decreases.
 Various examples of the structural change of carbon nanomaterials obtained by the simulation
are shown in the presentation.
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Fig. 1: Present simulation model. The interaction between an electron and a carbon atom is modeled by the Monte
Carlo method and the motions of target atoms are traced with the molecular dynamics simulation.
 

 
Fig. 2: The variation of the potential energy of graphene before and after the (a) knock-on and (b) Stone-Wales defect
formation by electron collision.
 

 
Fig. 3: Transformation of knock-on defect in graphene by annealing. (a) Snapshot of the structural change and (b) the
variation of the potential energy.
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Tuning the properties of graphene still presents a major challenge in graphene study. This
challenge is evident in electronic applications that require high precision tasks.
In this study we present the laser-induced effects in single-layer graphene. Mechanically
exfoliated monolayer graphene samples deposited on Si/SiO2 substrates were irradiated with
532 nm green laser at 35 mW power for about 10 minutes under ambient conditions. The
irradiated samples were characterized by time-resolved Raman spectroscopy, Raman mapping
and Atomic Force Microscopy. Subsequently, the samples were transferred to Quantifoil TEM
grids and the structure was investigated by aberration-corrected scanning transmission
electron microscopy (STEM).
Our results show that the laser irradiation has locally modified the graphene surface and
structure. The time-dependent Raman spectra of graphene undergo dramatic changes during
the laser irradiation. However some of these changes disappear in time. Eventually we observe
upshift in G mode position, slight increase in D mode intensity, decrease in 2D mode intensity
and broadening of its line width. However Raman mapping images show significant D mode
intensity.
There are no observable changes in the optical images after the laser treatment whereas in
the AFM images certain structures are observed on modified regions.
We explain our results in terms of defect formation by breaking of the sp2 C-C bonds, and
formation of an additional layer of material on top of the graphene. This new layer is highly
sensitive to electron irradiation and its nature remains to be clarified in more detail.
The results also show that the chemical reactivity of monolayer graphene is enhanced as a
result of laser treatment.
The approach can further be utilized for local modification of properties of graphene as well as
patterning it by laser-beam irradiation.



 
Fig. 1: AFM images after laser irradiation. a) Four modified spots on the monolayer graphene under the laser beam. b)
Magnified image of (a). c) Height profile along the line shown in (b).
 

 
Fig. 2: STEM images of laser irradiated graphene. a) STEM image of the new layer on top of the graphene. b) and c)
show the sensitivity of this new layer to electron beam.
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2D materials are of great interest due to their unique properties, and granted the Nobel Prize
recently [1,2]. Among 2D materials like Graphene, MoS2, BN, WS2, MXene is one of the most
recent additions, exfoliated from the various MAX-phases. The MAX-phases consist of an
M-element (transition metal), A-phase (usually an A-group element, commonly groups 13 and
14) and X-phase (C or N), in the form Mn+1AXn where n = 1, 2 or 3 [2]. These materials show
unique properties, such as toughness, high temperature and corrosion resistance [3,4].
Exfoliating the MAX phase Ti3AlC2 in hydroflouric acid or ammonium bifluoride, NH4HF2, causes
the A element to leave the chemical stable Ti3C2, which then form a layered structure of 2D
crystals [5]. The 2D material, MXene, show unique properties as well, such as high conductivity
and ductility [2]. The surface chemistry of the material depends on whether the surface is
terminated by fluorine or hydroxyl groups [2].
In this contribution, low-kV (60 kV) high-resolution scanning transmission electron microscopy
has been applied to investigate the atomic arrangement of single and double layer Ti3C2 MXene
sheets in plan-view. Previous TEM investigations have shown that MXene nanosheets are a few
nm thick and consist of Ti, C, O and H in a layered structure [2]. However, the exact position of
the various elements has not been confirmed. In this study, the positions of the elements have
been identified, while also the surface/edge termination and point defects has been
investigated. In addition, the elemental properties have been investigating, addressing surface
related groups which remain after the etching process.
References:
[1] K. S. Novoselov, et al, Science 306 (2004) p.666
[2] M. Naguib et al, Adv. Mater 23 (2011) p.4248
[3] M. Radovic and M. W. Barsoum, Am. Cer. Doc. Bull. 92 (2013) p.20
[4] P. Eklund et al, Thin Solid Films 518 (2010) p.1851
[5] J. Halim et al, Chemistry of Materials 26 (2014) p.2374
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Energy loss function and spectroscopies of an anisotropic crystal are highly orientation
dependant and their measurements require to study their anisotropy behaviour. On one hand,
X-rays measurements offer the finest energetic and angular resolution but a limited spatial
resolution and require synchrotron facilities. On the other hand, electron energy losses (EELs)
are highly related to both energy and momentum transferred to the material. Most of the time,
EEL spectra are integrating a solid angle around the incident beam direction. Nevertheless, it
has been demonstrated that core-loss EELS can be performed in order to obtain angular
information in anisotropic materials[1].
Among anisotropic materials, hexagonal Boron Nitride (h-BN) presents several peculiar
properties. This layered material has strong in-plane ionic bonds forming an hexagonal lattice
whereas layers are weakly bound by Van Der Waals forces. Moreover, it is a large bandgap
semiconductor (6.4 eV), which exhibits a rich footprint in the low energy loss region (<50 eV).
In this paper, we aim at understanding the angular dependence of the core and low losses and
rely them to our actual knowledge on the structural and optical properties of hexagonal Boron
Nitride[2].
We used a Libra 200 equipped with an electrostatic monochromator operating at 80 kV. The
achievable energetic resolution is 100 meV. We operate in the reciprocal space. Thanks to the
in-column filter, energy loss signal is recorded as a function of both the energy and the
momentum in a datacube, with the resolution of the exit slit of the filter. In order to achieve a
better energetic resolution, we placed a dedicated slit in the entrance of the filter to select a
specific crystallographic direction in the reciprocal space and disperse it perpendicularly (Fig
1). In this way, we can link the losses to their angular dependence[3].
Angular Resolved EELS has been performed on foils cut in a HPHT h-BN single crystal along
crystallographic orientations using a focused ion beam. As an example, we present the
diffraction pattern recorded at the energy of B-K core loss edge (192 eV) in a foil oriented
along the [100] zone axis (Fig.2) and the w-q map extracted from the datacube along the (00l)
q-direction (Fig.3) near the B-K edge. The difference in the dispersion of the excitation to π*
and σ* states is dramatically revealed. We proceeded in the same way in the low loss region
and we show that by gathering spectra in the high symmetry directions, we can probe the
whole Brillouin zone and represent the plasmon dispersion as a function of the q momentum
transferred to the h-BN layers.
[1] R. Arenal et al, APL 90 (2007) 204105
[2] A. Pierret et al., Phys. Rev. B 89 (2014) 035414
[3] P. Wachsmuth et al., Phys. Rev. B 88, 075433 (2013)
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Fig. 1: Left: Principle of the Energy dispersion in the reciprocal space used for recording w-q mapping in the Libra 200
(courtesy G. Benner). Right: Diffraction pattern of a BN foil oriented along the [100] zone axis.
 

 
Fig. 2: Filtered diffraction pattern at 191 eV (B-K edge) of
the [100] zone axis. White rectangle delimitates the area of
interest for angular resolved EELS.
 

 
Fig. 3: Fig. 3: angle-resolved EELS of the Fig. 2 rectangular
region.
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Among the new class of 2D materials, hexagonal boron nitride (hBN) is a graphene analog but
with very complementary properties. Indeed, this layered material, made of a stacking of
planar BN hexagonal networks, is a semiconductor with a large band- gap (~ 6 eV). hBN layers
seem to be an excellent 2D dielectric candidate to serve as a graphene substrate in electronic
devices or to built heterostructures and to encapsulate graphene for preserving it from its
environment [1]. However, synthesis of high- quality and large-area h-BN with controllable
number of layers remains a great challenge and thus the implementation of h-BN/graphene
hybrid structures is still limited.
To this aim, we have developed a specific route to the synthesis of ultra thin hBN films (1 – 15
layers) based on a Low Pressure Chemical Vapor Deposition (LPCVD) technique, using borazine
(B3N3H6) as precursor and metallic foils (Cu, Ni) as substrates. As integration of hBN in
devices requires an in-depth knowledge of its structure and properties, we focus particular
emphasis to the sample characterization by cross-checking various and complementary
spectroscopic and imaging tools, that we present in this work. Samples are studied in their
native state or transferred on appropriate substrates for specific studies.
First insight on the structural quality in the macroscopic scale, is provided by inspecting the
FWHM width of the main Raman active mode (E2g mode at 1367 cm-1). As shown in Fig.1, the
values measured for the layers grown on Ni (13 to 20 cm-1) are close to that of BN single
crystals, which serve as reference samples [2].
Second, electron energy loss spectroscopy (EELS) is extensively used as it is capable of both
performing a local chemical analysis and probing bonding arrangement and defects. A typical
core-loss spectrum is displayed in Fig.2, showing B-K edge. Close inspection of the fine
structures near the edges, with reference to recent ab initio calculations [3], indicates that the
layers are mainly stacked as in the bulk material. High resolution imaging confirms this view
but also reveals that at terraces, upper layers can rotate as in the example in Fig.3.
Finally, Low loss – EELS is used for inspecting the loss function with angular and momentum
resolution and to get information on the electronic structure, complementary to
cathodoluminescence measurements performed in a dedicated MEB-FEG [4].

[1] C.R. Dean et al., Nat. Nanotechnol. 5 (2010), 722.
[2] Kubota et al., Science 317, 932 (2007).
[3] N. L. McDouglass et al., Microsc. Microanal. (2014)
[4] A. Pierret et al., Phys. Rev. B 89 (2014) 035414
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Fig. 1: Raman spectrum of LPCVD made BN layers on Ni
foils (dark line) shown in insert and of a HPHT single crystal
[2] (red line).
 

 
Fig. 2: Electron energy core loss spectrum recorded at B-K
edge on LPCVD made BN layers with a TEM Libra 200,
operated at 80 keV equipped with an electrostatic
monochromator and an in column energy filter; dashed
lines indicate the energies of the σ* fine structures.
 

 
Fig. 3: HRTEM image of LPCVD made BN layers on Ni foils recorded on a TEM ARM 200 CC with a Cs objective corrector.
The 1 and 2 squares indicate the area where the FFT patterns have been calculated (right). In square 1, all layers have
the same orientation whereas the area 2 displays additional layers twisted by 22° with respect to the underlying ones.
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Polymers of intrinsic microporosity (PIMs) exhibit molecular sieve behaviour as a consequence
of their rigid, contorted macromolecular backbones.[1]The archetypal membrane-forming PIM
shows exceptional promise for membrane processes such as organophilic pervaporation,
solvent-resistant nanofiltration and gas and vapour separations. PIM-1 defines the 2008 upper
bound of performance for important gas pairs such as CO2/N2.[2] Nanocomposite or “mixed
matrix” membranes comprising PIMs with suitable nanofillers offer the potential for even
better combinations of selectivity and permeability, together with resistance to ageing effects
over the period of use. The incorporation of graphene or functionalized graphene platelets may
modify membrane performance in a number of ways, depending on their size, distribution and
functionality.
PIM-graphene composite solutions have been used to prepare thin composite membrane films
by spin coating onto glass substrates. The films have been characterized using Transmission
electron microscope (TEM) imaging, Raman spectroscopy and X-rays Photoelectron
Spectrosocopy. TEM imaging was performed using a FEI Tecnai F30 S/TEM at 300 kV and a
probe-corrected FEI Titan 80-200 G2 ChemiSTEM at 200 kV fitted with a GIF Quantum for
electron energy loss spectroscopy (EELS) spectral imaging. TEM specimens have been
prepared by transferring the spin-coated membranes onto a holey carbon grid.
Fig. 1 shows a scanning TEM (STEM) images acquired using a low angle annular dark field
(ADF) detector. Optimisation of the specimen preparation and imaging conditions allows
imaging of the PIMs nanoporous structureat high resolution as well as revealing the distribution
of the graphene flakes within the PIM matirx at low magnification, as shown in Fig. 1a and b,
respectively.
It is interesting to determine the number of graphene layers for flakes within the PIM but
diffraction analysis is complicated by the strong amorphous background generated by the PIM
matrix. Here we show that EELS provides an alternative method with which to characterize the
thickness of graphene flakes within a polymeric matrix. Due to the anisotropy of the bonds in
graphene and the isotropy of the bonds in the polymer, the sensitivity of EELS to the
anisotropy of carbon[3] provides insight in the number of layer of the graphene flakes
embedded in the polymer (Fig. 2d). Fig. 2b and c show the π* and σ* map of the graphene
flake displayed in Fig. 2a. Thicker graphene flakes provide a higher σ*/π* bond ratio enabling
EELS to quantify the number of graphene layers for an individual flake.
[1] McKeown and Budd, Macromolecules 43 (2010), p. 5163.
[2] L M Robeson, J. Membr. Sci. 320 (2008), p. 390.
[3] G A Botton, J. Electron. Spectrosc. Relat. Phenom. 143 (2005), p. 129.
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Fig. 1: (a) STEM-ADF images of polymer of intrinsic microporosity (PIM) and (b) overview of graphene flakes distribution
embedded in PIM.
 

 
Fig. 2: (a) STEM-ADF image of a multilayer graphene flake embedded in PIM. (b) σ* and (c) π* map obtained from the
EELS C-K edge.(d) Background subtracted EEL spectra corresponding to the regions of the flake shown in (a).
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Faceted cobalt-based nanoparticles (NPs) with high density and narrow size distribution (50 ±
5 nm) were casted inside the channels of multiwalled carbon nanotubes (CNTs) through
thermal decomposition of cobalt stearate in the presence of oleic acid as surfactant and the
adequately defunctionalized CNTs. This high rate of filling of CNTs by NPs is mainly due to the
confinement effect of CNTs, which act as nanoreactors for the complex decomposition of
cobalt [1]. To assess the structural, chemical and morphological characteristics of NPs, crucial
requirements for understanding their magnetic behaviour, we have used an approach
combining several advanced TEM-based techniques, such as high resolution, EELS
spectroscopy, electron tomography and in-situ TEM.
The cobalt-based nanoparticles with octahedral shapes and well-defined facets exhibit
morphologies fundamentally different from the classical rounded or needle-like shaped
particles, as obtained without the confinement effect. The quantitative application of electron
tomography in the STEM mode allowed us to identify the octahedral morphology of
cobalt-based nanoparticles casted inside the channels of the CNTs. In addition, a porous
structure marked by the presence of pseudo-fractures within the unique nanocrystalline
network has been identified by a complete HR-STEM analysis. The degree of oxidation of NPs
filling the CNTs considerably decreases as compared with the NPs synthesised independently,
as higher amounts of oxygen have been detected on the outer NPs than within the confined
ones. The EELS analysis performed on several representative particles show that the inner NPs
are principally oxidized close to their external surface and internal voids. After reduction, the
NPs morphology changes abruptly from an octahedral shape marked by inner pseudo-fractures
to irregular assemblies consisting in Co NPs with mean sizes of 1-2 nm separated by pores. The
pores are completely closed and the structure becomes compact in the high temperature
range staring from 600°C, whereas in the case of the non-reduced system, the CoO NPs
compact at about 400°C.
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High-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) is
highly sensitive to the type and number of atoms in the atomic columns of a sample. Image
contrast in HAADF-STEM agrees quantitatively with image simulations [1]. An important
complementary method in STEM is position averaged convergent beam electron diffraction
(PACBED), which is highly sensitive to information that cannot easily be obtained from
HAADF-STEM images, such as small displacements of atom or tilts of oxygen octahedra in
perovskite materials [2, 3]. In this presentation, we will discuss our recent [4, 5] work in
applications of quantitative HAADF-STEM and PACBED to the characterization of materials and
interfaces. Our first example concerns the determination of the three-dimensional location of
individual Gd dopant atoms in SrTiO3 [4]. The method is based on using quantitative
comparisons of experimental and calculated image intensities. Quantitative measures of the
error and a criterion for the dopant visibility were established using an undoped SrTiO3
sample. The overall dopant concentration measured from atom column intensities agrees
quantitatively with Hall carrier density measurements. The method is applied to analyze the
3D arrangement of dopants within small clusters containing 4-5 Gd atoms. Our second
example discusses the correlation between oxygen octahedral tilts, A-site cation
displacements, magnetism and metal insulator transitions in perovskite superlattices and
quantum well structures. We show that PACBED in combination with HAADF-STEM imaging can
be used to obtain independent information on oxygen octahedral tilts and A-site cation
displacements and thus provides insights into strong electron correlation physics [5]. [1] J. M.
LeBeau, S. D. Findlay, L. J. Allen, S. Stemmer, Phys. Rev. Lett. 100, 206101 (2008). [2] J. M.
LeBeau, A. J. D’Alfonso, N. J. Wright, L. J. Allen, S. Stemmer, Appl. Phys. Lett. 98, 052904 (2011)
[3] J. Hwang, J. Y. Zhang, J. Son, and S. Stemmer, Appl. Phys. Lett. 100, 191909 (2012). [4] J.
Hwang, J. Y. Zhang, A. J. D'Alfonso, L. J. Allen, and S. Stemmer, Phys. Rev. Lett. 111, 266101
(2013). [5] J. Y. Zhang, J. Hwang, S. Raghavan, and S. Stemmer, Phys. Rev. Lett. 110, 256401
(2013); J. Y. Zhang, C. A. Jackson, S. Raghavan, J. Hwang, and S. Stemmer, Phys. Rev. B 88,
121104(R) (2013).
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Silicon Drift Detectors (SDD) became available in the last few years for the TEM with much
higher count rate capability than the traditional Lithium Drifted Silicon (Si-Li) detectors. In
parallel high brightness cold field emission or Schottky electron guns and spherical aberration
correctors were added to the STEM probe forming optics to enhance the X-ray generation while
bringing the spatial resolution at the single atom column level. Lastly using detectors diodes as
large as 100mm2 or fitting several smaller diodes around the sample [1] increases the X-ray
collection angle from some 0.1sr up to 0.7 or even 1sr and removing their window improves
the sensitivity for low energy X-rays by more than 2 times. With the present analysis software,
side entry detectors with a single large diode offer the best quantification accuracy for tilted
samples. The multiple diode design is particularly suited for investigation of layered structure
cross-sections at no tilt or tomography with a partial compensation of the collection efficiency
between opposite diodes up to about 30° tilt. However, it suffers from an undefined take-off
angle when the sample is tilted leading to unreliable quantitative analysis.

Inconel 718 – a Ni-base superalloy - contains γ' and γ'' nanoprecipitates buried in a γ matrix
(Fig. 1). Observation of the distribution of each phase at intermediate magnification is neither
possible by Dark Field TEM [2] nor High Annular Angular Dark Field (HAADF/ STEM) [3].
However the high content of Al and Nb in γ' and γ'', respectively, brings contrast between the
phases in EDS maps (Fig. 2). At the atom resolution level, EDS mapping reveal the projected
positions of atom species integrated along the electron path across the thin sample. Figure 3
shows element maps of a γ'/γ'' interface. Both phases are separated by a pure Ni monolayer
and Nb is present in γ' that was not expected from the traditional model. Line scan across the
interface suggests an Al enrichment in the last layer in γ'. This map was acquired in a FEI Titan
3 60-300 in 330s at 200kV with a 220pA probe current. A longer acquisition time would have
lead to unacceptable beam damage.
Comparing these EDS results with those of Atom Probe Tomography (APT) [4] shows the
complementarity of the lateral and depth resolution of the two techniques and leads to similar
concentration estimation in precipitates.
References
[1] P. Schlossmacher et al., Microscopy and Analysis 24 7 (2010) ppS5-S8 (EU).
[2] B. Dubiel et al., J. Microsc. 236/2 (2009) pp149-157
[3] P.A. Buffat et al., Scripta Mater. (submitted).
[4] W.T. Geng, Phys. Rev. B76 (2007) 224102
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Fig. 1: Left: High Angular Annular Dark Field (HAADF) HRSTEM view of a [010] γ''/ γ' co-precipitates with defects at the
interface and dispersed in the γ' phase. Right: structure models of the γ matrix, γ' and γ'' phases.
 

 
Fig. 2: Left: distribution of phases in the matrix revealed by EDX-STEM mapping: Al(red)+Nb(blue) are characteristic of
γ' and γ'' precipitates respectively. Right: composition line scan profiles across precipitates. Caution: precipitates are
buried in the matrix and at.% compositions given by the software do not represent those of any pure phase.
 

 
Fig. 3: EDX raw counts maps at the γ' / γ'' interface with atom column resolution. To reduce the statistical noise,
equivalent unit cells were averaged along the horizontal direction. The interface row is pure Ni. Nb is also present in γ'.
(Al, Ti, Nb) and (Nb, Ti) columns face each other across the interface with the shortest possible distance.
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Nanocomposite films such as TiN/Si3N4 and CrN/AlN have attracted attention as new coating
materials. Nose et al. developed a differential pumping cosputtering (DPCS) system1. We have
been studying the process and mechanism of film growth in the DPCS system2,3. The DPCS
system has two chambers for RF sputtering of different materials and a substrate holder
rotating1. Cr50Al50 and SiO2 targets were set in chambers I and II, respectively, and Si wafers
heated at 250oC were used as the substrates. First, three depositions were successively
performed on the substrate by sputtering in chamber I with different gas flows. They are the
transition layers.2,3 Next, the main deposition for composite Cr(Al)N/SiOx was carried out on the
transition layers rotated at various speeds for 660 min by operating both chamber I and
chamber II. Analytical electron microscopy was performed with a JEM-2800 using a JEOL 100
mm2 SDD for EDS and also a JEOL ARM200F. Fig. 1 show HAADF STEM, EELS, and EDS intensity
profiles through the Si substrate A, transition layers B, C, D, and E, and the composite layer F,
deposited at a substrate rotation speed of 1 rpm.2 Figs. 2a and 2b show HAADF images of a
cross section normal to the substrate surface in layer F and Figs. 2b and 2c show HR-TEM
images of a cross section parallel to the substrate. Layer F was a nanocomposite film having
the multilayered structure of Cr(Al)N crystalline layers 1.6 nm thick and two-dimensionally
dispersed amorphous (a-) SiOx nanoparticles with sizes of 1 nm or less, which are enclosed with
the Cr(Al)N crystals. Indentation hardness, measured using a nanoindentation system
(Fischerscope, H100C-XYp), revealed that the hardness increases with substrate rotation
speed, and also increases with addition of SiOx until a maximum for about 20 vol. % SiOx and
then decreases with more addition. Fast rotation and low oxide fraction would make a-SiOx

particles smaller, resulting in the formation of Cr(Al)N crystals including very fine a-SiOx

particles with small number density. These fine a-SiOx particles can work as obstacles for the
lattice deformation of the Cr(Al)N crystals and make the composite films harder, accordingly.
1M. Nose et al., J. Vac. Sci. Technol. A30, (2012) 011502. 2M. Kawasaki et al., ACS Appl. Mater.
Interfaces 5, (2013) 3833. 3M. Kawasaki et al., Appl. Phys. Lett. 103, (2013) 201913.



 
Fig. 1: HAADF image and HAADF, EELS and EDS intensity profiles along the green line in the Cr(Al)N/38 vol. % SiOx

nanocomposite coating F and the transition layers B,C,D, and E, which were sputter-deposited on Si substrate A
rotating at a rotation speed of 1 rpm.
 

 
Fig. 2: Fine structure of layer F. (a) HAADF STEM image of a cross section normal to the substrate. (b) Enlarged image
of a part of (a). (c) HR-TEM image of a cross section parallel to the substrate. (d) Enlarged image of a part of (c). Circles
indicate a-SiOx particles.
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A major issue of thin films is their instability against dewetting at elevated temperatures
resulting from the energetically unfavorable configuration in comparison to a set of droplets or
particles. This phenomenon can occur at temperatures well below the melting temperature of
the bulk material and is denominated as solid-state dewetting [1].
Two different views on solid-state dewetting have developed from applications: Dewetting of
mainly metallic or semiconducting thin films poses a degradation mechanism on today's
electronics, magnetics and optics applications. It can occur at elevated temperatures in
application or even during fabrication causing critical failure. On the contrary controlled
dewetting has lately been employed to fabricate ordered arrays of nanoparticles. Different
approaches were developed to influence order, shape and spacing, e.g. by the use of
structured substrates.
In both cases a thorough understanding of the underlying mechanism of solid-state dewetting
is necessary. Surface self-diffusion has generally been accepted to be the main transport
mechanism [1], but a recent work showed the importance of grain boundary diffusion and
arose doubt whether this generalization can be made [2]. A common way to hinder solid-state
dewetting is the use of alloyed thin films. It is however poorly understood, how this influences
the mechanism giving rise to the higher stability [3].
In this work we apply advanced in situ transmission electron microscopy (TEM) techniques to
study the phenomenon of solid-state dewetting. Au thin films on silicon nitride substrates have
been chosen as model system. A DENSsolutions sample heating system is used for in situ
heating experiments capable of heat treatments of up to 800 °C at very low drift rates.
Fig. 1 exemplarily shows ADF-STEM images of such an experiment. On the left the as
deposited Au thin film is shown, whereas the image on the right shows the thin film after 50
min at 300 °C. The phenomenon of solid-state dewetting is clearly visible. It has to be
mentioned, that the as deposited Au thin film was not continuous but already featured voids.
This has been exploited to study directly the process of void growth separated from the
process of void nucleation.
Fig. 2 underlines the solid-state character of the observed process. It shows subsequent
HRTEM images of a bridge between two Au islands at 300 °C at an advanced stage of the
dewetting process. The retraction of a surface step can be observed, while the permanent
observation of lattice fringes shows the solid-state character of the material.
1. Thompson, Annu. Rev. Mater. Res. 42 (2012), pp. 399-434
2. Kovalenko et al., Acta Mater. 61 (2013), pp. 3148-3156
3. Müller et al., J. Appl. Phys. 113 (2013), 094301
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Fig. 1: ADF-STEM image of (left) as deposited discontinuous Au thin film on silicon nitride membrane, (right) after
annealing at 300 °C for 50 min in the TEM.
 

 
Fig. 2: Subsequent HRTEM images of Au thin film on silicon nitride membrane at 300 °C at advanced stage of
dewetting. The times indicated are relative times between the images. Red arrow highlights retraction of a surface
step.
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Phase-change composites are of interest as active components in next generation electronics
phase-change random access memory (PCRAM) [1]. They display a rapid, reversible transition
in resistance and reflectivity states due to their unique crystallization behaviour from
amorphous to metastable crystalline phase, as well as a low threshold to re-amorphization.
The atomic structure transition is therefore closely linked to those electronic and optical
properties making the material class useful for data retention.
We have applied the analytical capabilities of a state-of-the-art probe Cs-corrected FEI
Titan3 G2 60-300 TEM to the investigation of the atomic structure and phase transition in
various thin film samples deposited by pulsed laser deposition [2]. The chosen material
systems of ternary compounds along the (GeTe)x-(Sb2Te3)1-x pseudobinary line are well
established in applications and widely used as test cases for phase change behaviour. The
investigations encompassed samples deposited at various temperatures onto a number of
single-crystalline substrates, as well as a range of sample treatments applied in order to
induce the phase transitions of interest. In particular, we have performed a detailed study of
the crystallization behaviour in GeSb2Te4 and Ge2Sb2Te5. In addition, as-grown textured and
epitaxial metastable thin films were investigated with sub-angstrom resolution by comparison
with quantitative STEM image simulations performed with the xHREM/STEM simulation
software package [3].
The resulting HRSTEM images as well as STEM-EDX maps from the fourfold super-X EDX
detector array (see Fig.1) and EELS spectrum analysis allow us to shed further light onto the
functional characteristics of these highly beam-sensitive materials. The investigation of fast
epitaxial growth onto oriented substrates in particular reveals the formation of defect networks
in the metastable phase (see Fig.2) and may offer the potential for the development of phase
change thin film structures with improved switching behaviour.
[1] Raoux, S.; Welnic, W.; Lelmini, D.; Chem. Rev. 2010, 110, 240-267.
[2] Lu, H.; Rauschenbach, B. et al.; Adv. Funct. Mater. 2013, 23, 3621–3627.
[3] Ross, U.; Lotnyk, A.; Thelander, E.; Rauschenbach, B.; Appl. Phys. Lett. submitted 02/2014
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Fig. 1: (a) HAADF-STEM overview image of a laser-irradiated GeSb2Te4 layer and (b) corresponding STEM-EDX map
quantification results for characterization of laser-crystallization behaviour.
 

 
Fig. 2: HR-STEM images of metastable lattice in a textured Ge2Sb2Te5 layer and corresponding image simulations
(insets). (a) Defect-free lattice with randomly distributed vacancies, (b) vacancy layered structure, (c) antisite
boundary.
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InAs/AlSb multilayers grown on (001) InAs substrate are currently developed for short
wavelength quantum cascade lasers (2-5 µm). The operation of these devices strongly
depends on the properties of the interfaces, which are very complex due to the change of both
group III and group V elements. Two different extreme interfaces can thus be envisaged: AlAs
or InSb interfaces, where very important strain effects (respectively -7% and 7%) are
expected.
The aim of this work is to characterize interface properties as a function of the growth
sequences. Especially, we tried to grow three different kinds of interface: spontaneous, AlAs
forced and InSb forced using dedicated growth sequences. The samples have been grown by
molecular beam epitaxy at 450°C.
The interfacial strain state has been characterized by HRTEM analysis using the Geometrical
Phase Analysis (GPA) method. Information about the tensile or compressive character of the
interfacial stress can be achieved. This strain state is related to the chemical composition of
the interfaces themselves but several chemical compositions can correspond to the averaged
strain value. The chemical composition of these interfaces has also been investigated by
aberration corrected HAADF-STEM. Several chemical compositions can fit the HAADF intensity
profile. The combination of HRTEM and HAADF allowed for discriminating more precisely the
interface composition. Then the results are discussed considering the physical elementary
mechanisms of epitaxial growth.
We used this analytical method to study the interface formation in relation with the growth
sequence. We showed that spontaneously, AlAs type interface with a moderate tensile stress is
formed on both, AlSb on InAs and InAs on AlSb interfaces (cf. Fig1; Fig.2). We assume that this
kind of interface is favored due to its high thermal stability and energy bond, which leads to
the most stable configuration. When forced interfaces are tentatively introduced, interfaces
with a strong tensile stress (AlAs type) are achieved at both interfaces. Interfaces with a strong
compressive stress (InSb type) can be achieved at AlSb on InAs interface while it is not
possible at InAs on AlSb interfaces (cf. Fig.3). We show that these configurations can be
explained using simples rules as: the heaviest element of one column can segregate versus
the lightest element of the same column, V column element can desorbs while III column
element cannot, the chemical bond with the highest thermal stability is favored.

Reference
[1] J. Nicolaï et al., Elastic strain at interfaces in InAs/AlSb multilayers for quantum cascade
lasers, Applied Physics Letters. 104, 031907, (2014)
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Fig. 1: (a) HREM image of InAs-AlSb superlattice along the [1–10] zone axis with spontaneous interfaces; (b) eyy maps
and profiles determined from the geometrical phase analysis of the HREM image (0.8 nm spatial resolution).
 

 
Fig. 2: HAADF image of the sample showed on Fig.1 and intensity profile along the growth direction.
 

 
Fig. 3: HAADF image of a sample with ‘forced’ interfaces and intensity profile along the growth direction. Interfaces 1
and 2 are, respectively, AlAs and InSb ‘forced’ type.
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Ferroelectric materials are of major importance in electromechanical and electronic devices
including microactuators, high density memories and field effect transistors. The most widely
used material, lead zirconium titanate, Pb[ZrxTi1-x]O3 or PZT, combines a high dielectric constant
with large pyroelectric and piezoelectric coefficients. The breaking of symmetry, which gives
the material its ferroelectric properties, occurs on a sub-unit cell level and usually results in
several equivalent orientations and a polydomain structure. The high quality of single crystal
thin films grown by pulsed laser deposition (PLD) allows detailed study of the structure,
nucleation and growth of these polarization domains.
The boundaries between different domains have to both maintain crystal continuity and
accommodate the change of polarization. They have properties different to the domains on
either side [1,2] and there is great interest in measuring and understanding the relationship
between microstructure, strain, and polarization that takes place in these regions. This can
only be done with characterization at the atomic level.
We investigate the local polarity at ferroelectric boundaries in PLD-deposited PZT using
transmission electron microscopy (TEM) and high-resolution annular dark field scanning TEM
(ADF-STEM). We have developed a modified peak pairs (PP) algorithm to measure the
distortions in different sublattices, used to measure the  cation displacements in the structure.
The direction of the polarization can be also identified using “digital” electron diffraction [3].
We use tetragonal PZT (x = 0.2), a=0.3905 nm, c=0.4141 nm grown on (001) SrRuO3 (SRO).
Most of the PZT layer consists of c-domains, with the inclusion of immobile a-domains lying on
planes at 45° to the surface. Interfacial dislocations allow strain relaxation between the PZT
and SRO. The 90° rotatation of the polarization at the c:a domain walls is known to inhibit the
motion of 180° domain walls [4]. This phenomena reduces the switchable polarization and
limits the performance of any device that uses this effect.
Our images reveal the presence of thin a-domains that start as a point at the SRO:PZT
interface, rapidly spreading out to a fixed width (<50nm) and continue to the surface. Fig. 1a
shows an ADF-STEM images in an area of the PZT film containing an a domain. Strain maps
produced by GPA indicate a displacement within the domain consistent with the tetragonal
distortion of the material (Fig. 1b). The modified PP algorithm reveals the polarization of the
material by mapping the relative displacement of the Zr/Ti in each unit cell (Fig. 2). Digital
large-angle convergent beam diffraction patterns show the change in polarity as a difference
in the 002 and 00‾2 patterns (Fig. 3).



 
Fig. 1: (a) ADF-STEM image of the PZT thin film containing an domain. (b) Shear component of the GP analysis. (c) ADF
images superimposed with the shear component
 

 
Fig. 2: Polarization vector map at the a/c-domain boundary. Scale bar, 2nm
 

 
Fig. 3: Digital large-angle convergent beam diffraction patterns on (a) c-domain and (b) a-domain showing the change
in polarity
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Al/AlOx/Al Josephson junctions fabricated on SiO2/Si substrate are used as building blocks in
superconducting devices such as superconducting quantum bits (qubits) and single electron
transistors [1]. The interface between the junctions and the dielectric substrates can
accommodate defect energy states that will destroy the coherent quantum states in the
superconducting circuits [2]. This phenomenon is called decoherence and becomes the
limitation for the future application of the superconducting devices. To understand the origin of
decoherence, it is of great importance to study the detailed structure of this interface.
Spatially resolved electron energy loss spectroscopy (EELS) measurements were carried out in
a Titan 80-300 transmission electron microscope equipped with monochromator and probe Cs
corrector. Both low-loss and core-loss EELS investigations were employed.
The low-loss EELS spectra acquired at the Al/SiO2 interface in Josephson junctions are shown in
Fig. 1. Two distinct peaks positioned at ~4.5 eV and ~6.9 eV are present within the band gap
of SiO2 in the spectra series. The intensity and position of the peaks vary as a function of the
distance to the interface. By simulation of the low-loss EELS based on semi-classical model [3],
it is found that the interface plasma peak at Al/SiO2 is expected at ~7.5 eV. From STEM-EELS
line profiles of Al-L23 and Si-L23 energy loss near edge structure (ELNES) acquired at the
interface region (Fig. 2), it is evident that alumina and silicon are present at the interface as a
result of solid-state reaction between the aluminum and silicon dioxide [4]. The existence of
alumina and silicon at the interface explains the discrepancy between the experimental data
and simulated low-loss EELS results. Moreover, the Al-L23 ELNES shows that alumina formed at
the interface has aluminum atoms with an octahedral coordination rather than tetrahedral,
which is the most common type of structure of amorphous alumina [5]. By combining the
observations from the core-loss and low-loss EELS investigation, we also propose that the
signal at around 4.5 eV (the middle of the band gap of SiO2) is correlated to gap states
resulting from the presence of elemental Si in the SiO2 substrate.
References:
[1] M. Gurvitch, M. A. Washington, and H. A. Huggins, Appl. Phys. Lett. 42 (1983) 472.
[2] J. M. Martinis, K. B. Cooper, R. McDermott et al., Phys. Rev. Lett. 95 (2005) 210503.
[3] P. Moreau, N. Brun, C. A. Walsh, et al., Phy. Rev. B 56 (1997) 6774.
[4] L. J. Zeng , T. Greibe , S. Nik , C. M. Wilson , P. Delsing and Eva Olsson, J. Appl. Phys. 113
143905 (2013).
[5] D. Bouchet, and C. Colliex, Ultramicroscopy 96 139 (2003).
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Fig. 1: Low-loss EEL spectra acquired at the Al/SiO2 interface in Al/AlOx/Al junctions. The signals within the bandgap of
SiO2 (~8.9 eV) are clearly visible.
 

 
Fig. 2: STEM-EELS line profile across Al/SiO2 interface in Al/AlOx/Al junction, showing Al-L and Si-L edges. Colors are used
to highlight characteristic spectra at four different positions.
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Complex oxide superlattices exhibit many unusual and interesting properties, such as the 2D
electron gas found at insulating LaAlO3/SrTiO3 interfaces, and it is usually hard to foretell their
macroscopic behavior based only on their constituents properties1. One fact that is well known
is that the strong electron-lattice coupling that exists in ABO3 perovskite-type materials results
in lattice distortions that play a very important role in the physical properties2. The stress
promoted by the lattice mismatch in epitaxial heterostructures can be used to tune the
structure near the interfaces, such as the oxygen octahedral rotations, which can provoke
important changes in the electronic properties3.
Here we report the presence of an insulating ferromagnetic interface between paramagnetic
SrTiO3 (STO) and antiferromagnetic LaMnO3 (LMO) in superlattices grown by
pulsed-laser-deposition. In our samples, SQUID magnetometry and polarized neutron
reflectometry measurements show that LMO exhibits a ferromagnetic ordering, with the local
magnetization enhanced near the interfaces within a region approximately three unit cells
thick. In order to analyze the structure, chemistry and electronic properties of these interfaces,
we have carried out a study in an aberration corrected STEM, combining annular bright field
(ABF) imaging4 with EELS and theoretical calculations.
EELS show the absence of significant charge transfer between neighboring Mn and Ti ions
across the interface. ABF images are used to locate oxygen columns and hence, investigation
of oxygen octahedral tilts. Fig. 1 shows an ABF image of the whole LMO thin film sandwiched in
between STO layers acquired in a Nion UltraSTEM200 operated at 200 kV. Fig. 1 shows the
result of Fourier filtering (FFT) the image in 1. In the inset of Fig. 1 an enlarged view of the
filtered ABF image is shown. The O columns and the octahedral tilts across the LMO layer can
be clearly observed. In order to quantify these tilts, we measure the difference in vertical
coordinates between adjacent O columns. The geometry of octahedral rotations in the middle
of the LMO layers is consistent with the octahedral tilts reported in the LMO bulk. However,
near the interfaces, these rotations are suppressed. We will discuss these findings and relate
them to the macroscopic properties of the layers. Density-functional calculations will be used
to establish the connection between structural distortions and the enhanced magnetism
measured.
References:
1. E. Dagotto, and Y. Tokura, MRS Bull. 33 (2008) p. 1037.
2. A. Vailionis et. al., Phy. Rev. Let. 83 (2011) 064101.
3. A.Y.Borisevich et. al., Phy. Rev. Let. 105 (2010) 087204.
4. S. D. Findlay et al., Appl. Phy. Exp. 3 (2010) 116603.
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Fig. 1: High-resolution (left) raw ABF and (right) FFT filtered images of a LMO thin film sandwiched in between STO
layers. The interfaces are marked with yellow dashed lines. A green arrow marks the growth direction. The scale bars
are 2 nm.
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Boron nitride (BN) is unknown in nature and only became available commercially in the latter
half of the 20th century. It is analogous to carbon in having both a cubic (diamond-like) phase
(cBN) and a hexagonal (graphite-like) phase (hBN) [1]. cBN is second only to diamond in
hardness, has a wide band-gap, good thermal conductivity and unlike diamond, can be doped
both p- and n-type, making it an excellent candidate for use in high-power electronic
applications. hBN is a good electrical insulator, has high thermal and chemical stability and its
wide band-gap has been recently exploited in the fabrication of compact deep-ultraviolet light
emitting devices.
The aim of this work is to prepare novel forms of BN as thin films using advanced plasma
synthesis methods. The microstructure of BN materials can be difficult to characterise using
conventional methods due to the presence of disorder and the range of complex bonding
configurations that can be formed. X-ray absorption spectroscopy (XAS) and electron energy
loss spectroscopy (EELS) are complimentary methods which can be used to provide insights
into the local bonding environments in materials. However, the interpretation of the near edge
structure (NES) which occurs on the characteristic absorption edges is not always straight
forward and theoretical modelling is often employed.
Figure 1 compares the B and N K-edges for cBN calculated using CASTEP (v6.1)[2] with EELS
and XAS experimental data. On-the-fly generated ultrasoft pseudopotentials were used which
enabled the inclusion of core holes [3]. The analysis tool OptaDOS [4] was used to calculate
the NES, including lifetime-broadening effects. The best fit to experimental data was obtained
using a partial core-hole (also know as a “Slater transition state”[5]). Figure 2 shows the
corresponding results for hBN. Again the partial core hole (in this case 0.75 of a 1s electron)
provides the best fit with experiment, although the overall agreement is not as good for hBN
as for cBN. This work paves the way for the microstructure and bonding in more complex
forms of BN to be characterised using a combination of experimental and theoretical NES.
[1] “Synthesis and Properties of Boron Nitride” (Mat. Sci. For., 54-55), eds J.J.Pouch &
S.A.Alterovitz, trans tech publication (1991).
[2] S.J. Clark, M.D. Segall, C.J. Pickard, P.J. Hasnip, M.I.J. Probert, K. Refson and M.C. Payne,
Zeitschrift für Kristallographie, 220, 567-570 (2005).
[3] S.-P. Gao, C.J., Pickard, A.Perlov and V.Milman, Journal of Physics: Condensed Matter, 21,
104203 (2009).
[4] R. J., Nicholls, A. J., Morris, C. J. Pickard and J. R. Yates, J. Phys.: Conf. Ser. 371 012062
(2012).
[5] A.T., Paxton, A.J., Craven, , J.M., Gregg and D.W. McComb, Journal of Microscopy, 210, 35-44
(2003).
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Fig. 1: The calculated B and N k edges for cBN compared to EELS and XAS experimental spectra with no core-hole
(top), a partial core hole (0.5 of a 1s electron) (middle) and a full core-hole (bottom).
 

 
Fig. 2: The calculated B and N k edges for hBN compared to EELS and XAS experimental spectra with no core-hole
(top), a partial core hole (0.75 of a 1s electron) (middle) and a full core-hole (bottom).
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Transition metal nitrides have found wide-spread applications in the cutting- and
machining-tool industry due to their extreme hardness, thermal stability and resistance to
corrosion. The increasing demand of these nitrides requires an in-depth understanding of their
structures at the atomic level. This has led to some experimental and theoretical research
[1-6]. The films used in this study were deposited by reactive direct current magnetron
sputtering of a Cr/V/Ti metal target in an Ar+N2 atmosphere at a constant total pressure of 1
Pa, a target power of 6 kW, and a temperature of 350°C. A TEM/STEM JEOL 2100F operated at
200 kV and equipped with an image-side CS-corrector  was utilized.
We will present some recent results on the atomic and electronic structures of metal nitride
thin films (CrN, VN and TiN) on MgO and Al2O3 substrates (Fig.1 and Fig. 2) using advanced
TEM techniques, such as CS-corrected HRTEM/STEM, EELS/EDXS, quantitative atomic
measurement and electron diffraction analysis as well as theoretical calculations. The atomic
and electronic structures of interfaces are analysed and experimental and theoretical results
compared in order to unveil. interface induced phenomena between the nitride films and the
oxide substrates [2,3].
Particularly, the study on the effect of N defects in a CrN film has led to some interesting
conclusions. Ordered nitrogen (N) vacancies were often found to cluster at the {111} planes.
Combining independent image analysis, such as atomic displacement/strain measurement
using geometrical phase analysis, and spectrum analysis by examining the low loss and core
loss, fine structure analysis, some generalized conclusions are drawn: (i) a relationship
between the lattice constant and N vacancy concentration in CrN is established [5], (ii) the
change of ionicity of the CrN crystal with the N vacancy concentration is shown; (iii) a relation
between electronic structure change and elastic deformation in CrN films has been
experimentally derived, revealing that the elastic deformation in CrN may lead to a noticeable
change in the fine structure of Cr-L2,3 edge, i.e. L3/L2 ratio.
The effect of randomly distributed defects in the films has been explored in a quantitative way
using quantitative electron diffraction, combined with HRTEM and EELS analysis. Quantitative
electron diffraction analysis reveals that the intensity ratios of (111), and (200) reflections
(I111/I200) sensibly varies with the defect densities. Some quantitative relations are
established.
[1]. R. Daniel et al, Acta Materialia 58(2010), p. 2621.
[2]. Z. L. Zhang, et al Physical. Review B 82(R)(2010) 060103-4
[3]. Z. L. Zhang, et al Journal of Applied Physics, 110(2011) 043524-4
[4]. Z.L. Zhang et al Physical Review B 87 (2013)014104.
 

Acknowledgement: Gabriele Moser and Herwig Felber are gratefully acknowledged for their
help with sample preparation, thanks are given to Dr. Hong Li for ab-initio calculations



 
Fig. 1: Figure1. HRTEM image of the CrN/Cr interface, a
defective layer between Cr and CrN originated from the
ordered N vacancy.
 

 
Fig. 2: Figure 2.  The anisotropic distribution of strain in the
defective layer (exx).
 

 
Fig. 3: Diffraction pattern along [112] CrN and [0001]
Al2O3 zone axis
   

Fig. 4: HRTEM image along [1-10] CrN and [01-10]Al2O3
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Magnetron sputter deposited Ti1-xSixN thin films exhibit superhardness (>40 GPa). SiNx plays an
important role in the hardness enhancement.1-3 XRD results show that the metastable ternary
compound still retains the NaCl-structure of TiN. It has been speculated that Si either
substitutes at cation site or segregates to boundaries. In the second case, Si locates at
boundaries between TiN crystallites to form an atomic-layer thick semi-coherent cubic SiNx

tissue phase that eventually becomes several atomic layer thick amorphous a-SiNz phase.4 In
this work, HRSTEM and EELS were used to study Ti1-xSixN nanostructure at atomic scale. Ti1-xSixN
films were grown at 500 °C in mixed Ar/N2 atmospheres by hybrid high-power pulse/dc
magnetron co-sputtering (HIPIMS/DCMS).5 Cross-sectional and plan-view TEM specimens were
prepared using conventional method. FEI Tecnai UT operated at 200 kV and FEI Titan double Cs

corrected instruments were used for BF-TEM images, SAED characterization, and EELS
mapping. Figs. 1(a-b) are plan-view and cross-sectional BF-TEM images showing a columnar
structure with an average column diameter of ~ 15 nm. Each column consists of bundles of
2~3 nm fibers. All the fibers in one column have the same crystal orientation and the overall
film exhibits a strong 002 fiber texture as shown by the SAED patterns in the inserts of Figs.
1(a-b). HRTEM image in Fig. 1(c) reveals crystalline fibers surrounded by amorphous/crystalline
boundaries, dependent on boundary thickness. EELS mappings in Figs. 2(a-b) show that the
boundaries are rich in Si and N. This nanostructure character is similar to that of
high-temperature-annealed arc evaporated Ti1-xSixNy coatings and the proposed nanostructure
model of TiN nanocrystallites encapsulated by an amorphous Si3N4 tissue phase.6,7 The EELS
spectra in Fig. 2(c) show that the difference of the N K peaks in TiN grains and in SiNz
boundaries.

References:
1.    S. Veprek and S. Reiprich, Thin Solid Films (1995) 268, 64.
2.    H. Söderberg, J.M. Molina-Aldereguia, L. Hultman, and M. Oden, J. Appl. Phys. (2005) 97,
114327.
3.    A. Flink, T. Larsson, J. Sjölen, L. Karlsson, and L. Hultman, Surf. Coat. Technol. (2005) 200,
1535.
4.    L. Hultman, Bareno J, Flink A, Söderberg H, Larsson K, Petrova V, Oden M, Greene JE and
Petrov I, Phys. Rev. B 75 (2007) 155437.
5.    G. Greczynski, J. Lu, J. Jensen, I. Petrov, J.E. Greene, S. Bolz, W. Kölker, Ch. Schiffers, O.
Lemmer and L. Hultman, J. Vac. Sci. Technol. A 30 (2012) 061504-1.
6.    A. Flink, M. Beckers, J. Sjölen, T. Larsson, S. Braun, L. Karlsson and L. Hultman, J. Mater.
Res. (2009) 24, 2483.
7.    S. Vepřek, S. Reiprich, L. Shizhi, Appl. Phys. Lett. (1995) 66, 2640.
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Fig. 1: (a) plan-view BF-TEM image, (b) cross-sectional
BF-TEM image, (c) HRTEM image.
 

 
Fig. 2: EELS mapping of (a) Si+Ti, (b) Si+N, (c) EELS
spectra from fibers and boundaries.
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Oxygen octahedral rotations (OOR) in perovskites couple strongly to properties, providing
opportunities for creating novel functional materials.[1] Epitaxial thin films is a natural
playground for controlling OOR since the film can be tuned through the elastic, electrical, and
chemical interactions with the substrate. It is therefore critical to characterize OOR in thin
films. Conventional methods either lack of spatial resolution (e.g. X-ray and Neutron
diffraction[2]), unable to provide full 3D information (e.g. direct oxygen column imaging in
electron microscopes[3-5]), or are not suitable for unit-cell-resolved measurements (e.g.
electron diffraction[6-7]). The recently introduced position averaged converged beam electron
diffraction (PACBED)[8] can in principle provide full tilt information and approach unit cell
resolution. It, however, requires extensive simulations, which become especially prohibitive for
complex systems with several competing phenomena, since each sample parameter such as
thickness, polarization, strain, and tilt, adds an extra dimension to the simulation phase space.
In this work, we propose a simpler strategy for characterizing OOR using direct oxygen
imaging in STEM, using CaTiO3 as an example. Instead of looking along the in-phase rotating
axis [100]pc, we obtain ABF STEM images from the [110]pc zone, along which O atoms in one
unit cell form more than one column. Because of that, the shapes of those O columns within
one unit cell and their symmetry relations to adjacent unit cells contain information about the
OOR system. The phase of the OOR tilts in all three directions can be determined unit cell by
unit cell using this approach (Fig.1).
Frozen phonon multislice image simulations[9] are then used to investigate the range of
imaging and specimen conditions over which this method can be applied. The contrast for the
ABF mode is found to be robust within a ±2 nm defocus range and not sensitive to specimen
thickness up to 40 nm (Fig.2), consistent with the previous work.[10] Other factors such as
sample mistilt will be also discussed. Finally, different OOR systems with different rotation
angles are studied to estimate the detection range with given microscope conditions. The
prospects for using this technique on superlattices of materials with distinct tilt systems will
also be discussed.
[1] Rondinelli, JM et al., Adv Mater (2012)
[2] Johnson-Wilke RL et al., PRB (2013)
[3] Kirkland, AI et al., Ultramicroscopy (2007)
[4] Kim YM et al., Adv Mater 25 (2013)
[5] Okunishi, E et al., Micron (2012)
[6] Levin I et al., Adv Funct Mater (2012)
[7] Woodward, DI et al., Acta Crystallogr B (2005)
[8] J. Hwang et al., PRB (2013)
[9] Kirkland EJ, Advanced Computing in Electron Microscopy
[10] Findlay, SD et al., Ultramicroscopy (2010)
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Fig. 1: (a) Experimental ABF image of CTO on LSAT viewed along [110]pc zone axis. (b) Simulated ABF images of CTO
models with different OOR systems. Note that a mirror plane (with respect to O columns only) is present for in-phase
out-of-plane rotation (c+) and absent for out-of-phase (c-). This can be used to identify the CTO film shown in (a) as c-.
 

 
Fig. 2: Simulated defocus-thickness map of ABF imaging of CTO (a-b+c-) viewed along the 110 direction, using the
microscope parameters of the UltraSTEM200 at ORNL. The probe size (FWHM) of 0.5A is used. The visibility of the fine
structure at the O columns is robust within ±2 nm of focus and is not sensitive to specimen thickness up to 40 nm.
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Bi2Se3 is a 3D topological insulator (TI) that has attracted a lot of research due to exotic
properties associated with topologically protected helical two-dimensional surface states and
one-dimensional states associated with bulk line defects such as dislocations. Recently it has
been shown that when Bi2Se3 is grown either on epitaxial graphene or self-standing graphene
flakes [1,2], a rich grain structure of film is developed due to the spiral nature growth of the
film. The grain boundaries and growth screw dislocations in this system provide a ground for
new physics that can be accessed by combination of scanning tunnelling microscopy and
transmission electron microscopy techniques such as STEM-HAADF and EELS. In this work we
investigate the nature of the graphene/Bi2Se3 interface in order to understand the complex
epitaxy between the film and substrate which ultimately determine the structure and
functional properties of the Bi2Se3 surface topological states.

We have grown Bi2Se3 films on both epitaxial graphene/SiC(0001) at 275-325 °C and chemical
vapor deposition produced graphene flakes. We have studied their surface states by STM, and
interface structure and electronic properties by cross-sectional TEM/STEM and EELS,
respectively, by using aberration corrected 200kV JEOL 2200FS and NEON 100 at 100kV.

Fig. 1 shows the interface region of SiC/graphene/Bi2Se3. Due to the Z-contrast sensitivity in the
HAADF imaging, we can clearly identify the Bi, Se and Si columns. The dark region between
the SiC and Bi2Se3 corresponds to the graphene monolayer which is clearly seen in BF-STEM
imaging condition (not shown here). Fig. 2 is EELS spectra from the interface region following
the C edge from the substrate through the C layer between the SiC substrate and first Se
atomic plane from the Bi2Se3. By quantifying the σ*/π* ratio we found that the C layer at the
interface is behaving like self-standing graphene monolayer. This indicates that the bonding
between Se and graphene has Van der Waals nature. Such weak bonding would be the key
factor for the multiple epitaxial relations which leads to both low and high angle boundaries
observed in Bi2Se3 thin films when grown on graphene substrate [1,2].
1. Liu, Y., et al., Charging Dirac States at Antiphase Domain Boundaries in the
Three-Dimensional Topological Insulator Bi2Se3. Physical Review Letters, 2013. 110(18): p.
186804.
2. Liu, Y., et al., Tuning Dirac states by strain in the topological insulator Bi2Se3. Nat Phys,
2014. advance online publication.
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Fig. 1: HAADF-STEM image of the interfacial region of SiC/graphene/Bi2Se3. Green solid circles represent Bi, and blue Se
atomic columns.
 

 
Fig. 2: a) HAADF STEM survey image showing the Bi2Se3 film and SiC substrate, b,c) Si L2,3 and C K EELS elemental maps
from the area across the Bi2Se3/SiC interface marked in a. d) Selected C K EELS spectra from the interface region and
e)σ*/π* ratio of the C K edge at the Bi2Se3/SiC interface.
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Nanoscale metallic multilayers (NMMs) have been the subject of an increasing number of
studies due to their exceptional mechanical properties. Their unique properties are a result of
the high density of interfaces, which change the conventional mechanisms of plastic
deformation when the individual layer thickness is below 100 nm. The strength of NMMs
depends on the modulation periodicity and several mechanisms have been proposed to
explain their ultra-high strength, such as: (1) coherency strain hardening, (2) structure barrier
strengthening, (3) modulus mismatch, and (4) intermixing at the interface.
Three sets of Cu/W multilayers about 1 μm thick were deposited with different modulation
periodicity (Ʌ = 5/5 nm, 15/15 nm and 30/30 nm) on single crystal (100) Si wafers by a
balanced magnetron sputtering apparatus using 2’’ targets of W (99.99% purity) and Cu
(99.99% purity). Cross-sectional samples were cut from 3 mm x 5 mm sandwich, mechanically
thinned to 20 μm, dimple polished, and ion-beam milled in Gatan PIPS 691 device. Their
observation was carried out at 200 kV using FEI Tecnai G2 F20 XT microscope.
The layering structure was well defined in all cases, but the layers, that were initially flat close
to the substrate, quickly became wavy as deposition progressed. The waviness in the layers
triggered earlier (after the 2nd layer) for Cu/W 5/5 nm than for Cu/W 30/30 nm (after the 5th
layer). The transition from planar to wavy layers seemed to be a consequence of the
cumulative layer waviness developed in the multilayers and the shadowing effects inherent to
sputtering processes. As a result, the multilayers developed a columnar structure, with a
column width between 20 and 100 nm, and a high porosity level at the columnar boundaries.
The layer waviness amplitude was large enough to break up the layers for the 5/5 nm
multilayer, as shown in Fig. 1, but not for the 30/30 nm multilayer (Fig. 2). The selected area
electron diffraction (SAED) patterns (inserts in Figs. 1, 2) indicate that Cu and W layers display
a nanocrystalline structure, with no clear preferred growth orientation. The W diffraction rings
were practically continuous, while the Cu rings were formed by discrete spots. Therefore, the
W nanograins were on average much finer than the Cu ones.
From high magnification phase contrast micrographs it can be seen that that Cu layers in the
5/5 nm multilayer are formed of grains 5 nm thick and about 15 nm wide (Fig. 3) and that
Cu/W interfaces are smoother than W/Cu, which are rather rugged. Fig. 4 shows local
continuity of atomic planes (coherence) across Cu/W interface in the 30/30 nm multilayer and
deformed atomic planes with edge dislocations in the W layer.
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Fig. 1: STEM – HAADF micrograph of the 5/5 nm W/Cu
multilayer and corresponding SAED pattern.
 

 
Fig. 2: STEM – HAADF micrograph of the 30/30 nm W/Cu
multilayer and corresponding SAED pattern.
 

 
Fig. 3: Cu/W interfaces in the 5/5 nm multilayer are
smoother, the W/Cu more rugged.
 

 
Fig. 4: Deformed atomic planes in W close to the Cu-W
30/30 nm interface; the arrows point out edge dislocations.
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Fe-based amorphous alloys have an attractive combination of high mechanical strength, high
wear resistance and good corrosion properties. Alloys of this family can be produced in the
amorphous state by different rapid solidification techniques, and in the present work we
studied the crystallization aspects of two types of materials: (a) amorphous Fe60Cr8Nb8B24 (at.%)
ribbons produced by melt-spinning and (b) partially amorphous coating produced by high
velocity oxygen fuel (HVOF). The amorphous Fe60Cr8Nb8B24 ribbons were produced by melt
spinning with copper wheel rotating at a speed of 50ms-1 in an argon atmosphere. Annealing
treatments were conducted at different temperatures, during short time (60 s) under
controlled atmosphere. Coatings were produced by HVOF over a X80 pipe steel substrate using
atomized and further milled powders with particle sizes in the range of 20 to 45 µm.
TEM observations of the amorphous and crystallized ribbons and of the HVOF coating were
carried out in a FEI Tecnai G2 200kV equipment, after the usual thinning by ion milling. XRD
patterns indicated the as-spun ribbons to be fully amorphous. No diffraction peak due to
crystalline phase was also seen in the ribbons annealed at 450 ºC and 550 ºC, but a clear peak
was recognized for the sample annealed at 640 ºC. The coatings obtained by HVOF showed
high fraction of amorphous phases and the presence of different crystalline phases.
Figure 1 shows STEM bright field micrograph of the amorphous ribbon after annealing at 640
ºC. The sample was fully crystallized although the annealing temperature was slightly lower
than the crystallization peak temperature observed by DSC. Figure 2 shows STEM dark field
micrograph of the coating layer; as in the ribbons, the crystals are in the nanometric size
range and as indicated by XRD and DSC a high fraction of amorphous phase is still present.
Figures 3 (a) and (b) show, respectively, the selected area electron diffraction patterns
(SAEDP) of the crystallized ribbon and the coating layer. The figure compares both patterns
and index the phases as ferrite, FeB and Fe3B in the ribbon and as ferrite and Fe2B in the
coating layer. In conclusion, TEM observations of crystallized and partially crystallized
Fe60Cr8Nb8B24 alloys obtained by two rapid solidification processes suggest different sequence
of phases formation from the melt and from the amorphous solid.
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Fig. 1: STEM bright field micrograph of the amorphous
ribbon after annealing at 640 ºC.
 

 
Fig. 2: STEM dark field micrograph of the coating layer with
nanometric size range crystals.
 

 
Fig. 3: (a) SAEDP of the crystallized Fe60Cr8Nb8B24 ribbon; (b) SAEDP of the coating layer produce by HVOF from
Fe60Cr8Nb8B24 powders. Both patterns indicate the phases associated with the diffraction rings.
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In this work we discuss the synthesis and characterization of Ta, TaN and TaN/Ta thin films
deposited on Ti and SS316L as novel biomaterials to enhance implant bone biocompatibility.
An RF sputtering system (13.56 MHz-80W) was used for thin film deposition. Ta thin films were
deposited under Ar atmosphere with a pressure of 6.5 Pa and TaN thin films were deposited
using Ar/N2 atmosphere with a N2 partial pressure of 2%. In order to evaluate the bioactivity of
the thin films a biomimetic method has been used. This consisted in the immersion of the
coated materials in simulated body fluid (SBF), an enriched SBF in Ca and PO4 (1.5 Ca and 1.5
PO4) were used.
Thin Films were evaluated by High Resolution Scanning Electron Microscopy (HRSEM) and by
Atomic Force Microscopy (AFM). The transverse sections of the deposited Ta, TaN and Ta/TaN
films on Si, showed the typical columnar growth of PVD deposition techniques; a layer
thickness of 300 nm each was obtained. The planar views of the bilayer Ta/TaN coatings
deposited on Ti and on SS316L are shown in Fig. 1 and 2. It can be observed that the
microstructure of the bilayer Ta/TaN is denser on Ti than on SS316L. The TaN is deposited first
on the metal substrate and then the Ta layer is deposited on top to form the bilayer, therefore
the microstructure of the first layer is affected by the nature of the substrate and probably
directs the growing of the second layer in a different way. The grain size of Ta in the bilayer on
Ti (60 nm) is smaller than on SS316L (120 nm).
The immersion of the different materials in SBF from one to six weeks resulted in a coating of
HA crystals, with increased thickness depending on the immersion period. Fig. 3 presents AFM
images of TaN on SS316L, after immersion in SBF 1 week and 3 weeks. It is observed that the
samples essentially consist of homogeneous granular structures covering the surface, the
average roughness of the surface decreases with immersion time in SBF.



 
Fig. 1: HRSEM micrograph planar view Ta/TaN/Ti
 

 
Fig. 2: HRSEM micrograph planar view Ta/TaN/SS316L
 

 
Fig. 3: AFM topographic image of TaN/SS316L A) TaN/SS316L Coating, B) TaN/SS316L Coating one week in SBF and C)
TaN/SS316L Coating three weeks in SBF.
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A possibility to increase application temperature, application range and lifetime of metallic
materials is the protection by coatings. Alumina coatings are one kind of potential solutions
and especially their production via the sol-gel-route requires only little effort in surface
pretreatment, which can be beneficial for future commercial applications. Several substrates of
steel or Ni-base superalloys were coated and tested at different treatment temperatures,
times, and atmospheres concerning oxidation protection and related microstructure.
Substrates with lower chromium content (9-12 %) like steel X20CrMoV12-1 for instance, were
investigated before. Here an ethanolic Boehmite sol is deposited on chromium rich steel (up to
19 % Cr) K44X (X2CrMoTi18-2) by dip coating in two different coating thicknesses: i) 770 nm
and ii) 1760 nm. Both samples were heat treated for 30 minutes at 600°C to form the alumina
coating and for 500 hours at 900°C in air as oxidation protection test.
The samples for the TEM investigations were prepared as cross sections normal to the coating
surfaces by FIB technique in a Quanta 3D instrument (FEI). The TEM investigations were
performed by means of an analytical STEM JEM 2200FS (JEOL) at 200 keV. Beside TEM and
STEM imaging methods, HREM investigations, energy filtered TEM and nano-beam electron
diffraction as well as EDX investigations were accomplished.
At both samples the oxide layers are thicker than the initial coatings. This is caused by
diffusion processes of alloying elements from the steel into the coating. Mainly chromium and
manganese diffused and formed spinel. Both samples show similar microstructure and
elemental distribution, being reflected as diffusion fronts. Independent of the initial coating
thickness four areas, differing in composition can be distinguished (Fig. 1, 2). Near the
interfaces thin regions with high C and Si content occurred, here small crystallites, containing
Cr, Fe O, Si are embedded in amorphous material. Some sections of these zones are
delaminated from the steel substrates. Subsequently Cr rich zones exist, followed by
Cr-Mn-rich areas with conspicuous large grains in the µm range. At the coating surfaces zones
of δ- Al2O3 complete the layer systems. Between the Cr-Mn-rich and the Al2O3-areas
delamination appeared again.
The microstructure of alumina coatings on K44X steel differs from that on substrates with
lower chromium content and the coating did not reach the expected oxidation protection. The
TEM results contribute to the understanding of this behavior and to the development of
modified coatings which can improve the oxidation protection of chromium rich substrates for
long term applications at high temperatures.
 



 
Fig. 1: Fig. 1: STEM bright field image
 

 
Fig. 2: Fig. 2: EDX elemental maps showing substrate and coating regions
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Lin et al. characterized Au/TiO2 films by surface enhanced Raman scattering, observing
red-shift in the extinction spectrum with increasing TiO2 film thickness1. We investigate a
similar Au/TiO2 structure by analytical electron microscopy. A TiO2 film was deposited on an
optical microscope glass slide at 200°C, by 417 cycles of atomic layer deposition (ALD) using
tetrakisdimethylamido titanium and H2O1. An Au layer ~3 nm thick was then deposited on the
TiO2 film surface by thermal evaporation. The specimen was reinforced with carbon and Pt
layers. Analytical EM was performed using a JEM-2100F UHR STEM. TEM images (Figs. 1a and
1b) reveal that the Au film was composed of round particles with diameters of ~15 nm or less2.
The thickness of TiO2 layer was 11 nm though the nominal thickness was 19 nm. On this glass
substrate, the sticking probability for the TiO2 ALD was poor and the TiO2 layer was amorphous.
Fig. 1c illustrates t/λ, where t is the local specimen thickness and λ is the average mean free
path of inelastic scattering of electrons. Using t/λ = log (IT /I0), the map was evaluated from
Figs. 1d and 1e. This thin specimen with a mean thickness of t < 0.31λ warrants the accuracy
of the EELS analysis. Composite EFTEM map (Fig. 1f) indicates the TiO2 layer and the
reinforcement of C. Figs. 2b-2f show EDS analysis of the Au/TiO2 microstructure in HAADF
image (Fig. 2a). Figs. 2b and 2e show that the substrate was common soda lime glass
containing Ca atoms. Fig. 2f indicates the TiO2 layer. However, the EDS maps in Figs. 2b, 2c,
and 2e exhibit artifact contrasts (in blue circles) due to the higher background of X-rays
stimulated by strong emissions form Au particle. EELS maps in Figs. 2g-2l do not exhibit any
artifact in the gold region, confirming the existence of TiO2 layer. Ca atoms could diffuse into
an area in less than a few nanometers from the substrate surface. When the amorphous TiO2

layer was thin, voids on its surface might been occupied by diffused Ca atoms, and the
deposited Au atoms migrated easily on the surface and formed more Au nuclei, accordingly.
This explains the difference in growth behavior among Au films reported in ref. (1). 1M.C. Lin et
al., Appl. Phys. Lett. 101, (2012) 023112. 2M. Kawasaki et al., Appl. Phys. Lett. 102, (2013)
091603.



 
Fig. 1: Au/TiO2 structure on the glass sheet. Conventional (a) and HR-TEM images (b), EFTEM thickness map (t/λ) (c),
Zero-loss (0 5 eV) (d) and conventional EFTEM images (e), and composite EDS map (f).
 

 
Fig. 2: HAADF image (a), EDS (b-f) and EELS maps (g-j), O-K map with energy-loss near-edge structure for Ti-O (k), and
composite EELS map (Ca:red, Ti:green and C:blue).
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Transparent conducting oxide (TCO) films are widely applied in optical and electronic devices.
Among these TCO materials, ZnO:Al has attracted much attention because it is an abundant,
inexpensive, non-toxic and environmentally friendly raw material with high crystallinity and
good conductivity that is easy to prepare. In this study, ZnO:Al films 400 nm thick were
prepared on (100) Si substrates by magnetron sputtering at room temperature and no bias
was applied on the substrate. The present samples were not treated with post-deposition
annealing. From energy dispersive X-ray spectroscopy and transmission electron microscopy
(TEM), seen in Figures 1 and 2, the resulting film consisted of three layers: an amorphous
silicon oxide layer, a crystalline Si layer including a small amount of Zn, and the ZnO:Al main
film. It revealed that in the initial stage of the deposition, an amorphous silicon oxide layer
about 4 nm thick formed from damage to the Si substrate due to sputtered particle
bombardment and the incorporation of Si atoms with oxygen. Then a crystalline Si (Zn) layer
about 30 nm thick grew on the silicon oxide layer by co-deposition of Si atoms sputtered away
from the substrate with Zn atoms from the target. When the deposited film grew over the
critical thickness of 30 nm, Si atoms were no longer ejected from the substrate. Finally, a
ZnO:Al film with columnar grains normal to the substrate surface was deposited on the Si (Zn)
layer. The sputtered particle bombardment greatly influenced the structure of the object films.
The (0001) lattice fringes of the ZnO:Al film were observed in high-resolution TEM images,
seen in Figure 3, and the forbidden 0001 reflection spots in electron diffraction patterns were
attributed to double diffraction. It should be emphasized that the energetic particles and/or
ions bombarding the substrate, in particular at an early stage of deposition, form layers in
unexpected phases on the substrate, which may greatly influence the optical and electrical
properties of the fabricated ZnO:Al films.
References
1 S. Fernández, O. de Abril, F.B. Naranjo, J.J. Gandía, Sol. Energy Mater. Sol. Cells 95, (2011)
2281.
2 J.K. Jeong, Semicond. Sci. Technol. 26, (2011) 034008.
3 T.W. Kuo, S.X. Lin, Y.Y. Hung, J.H. Horng, M.P. Houng, IEEE Photonics Technol. Lett. 23, (2011)
362.
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Fig. 1: (a) TEM image of ZnO:Al film deposited on the (001)
Si substrate by RF magnetron sputtering. (b) EDS from the
dotted circle area in (a). (c) HAADF STEM image of the
ZnO:Al/Si. (d) EDS line-scan profiles along the line indicated
in (c). An interface layer with brighter contrast in (a) and
with darker contrast in (c) was formed.
 

 
Fig. 2: (a) HR-TEM image of the interface layer/Si substrate.
(b) HR-TEM image of the ZnO:Al film/interface layer. (c)-(f)
The corresponding FFT images to the images in areas A-D,
respectively.
 

 
Fig. 3: (a) and (c) HR-TEM images of different areas in the ZnO:Al film. (b) and (d) the corresponding FFT images to the
images in (a) and (d), respectively.
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The last fifty years, numerous studies have been performed on perovskites. This crystal
structure common to many oxides, has a wide variety of properties. Among them BFO is one of
the most promising multiferroics for applications since both ferroelectric and magnetic orders
coexist at room temperature [1, 2].
We study thin films of multiferroic oxide BFO (thickness of 95 nm) epitaxied on the substrate
(001) YAO by pulsed laser deposition with a buffer layer of about 25 nm CCMO. The crystal
structure of the BFO bulk is described by rhombohedral space group R3c at room temperature
with the lattice parameters in the pseudo-cubic lattice a = b = c = 3.94678 Å.
In a previous study, it has been shown that BFO thin film can adopt two different structures.
The first exhibits a giant tetragonal-like (T-like) c/a ratio around 1.27 and the second exhibits a
small c/a ratio around 1.07 called pseudo-rhombohedral (R-like] [3].
We present here high resolution images and diffraction patterns for cross-section sample. The
high resolution images allow identifying the phases present in the different layers of the
sample. The diffraction patterns obtained suggest that the T-like phase corresponds to the
monoclinic phase Cm exhibiting c/a ratio of about 1.27 and R-like phase is the rhombohedral
R3c slightly distorted with a c/a ratio of 1.07.
A HRTEM image of the BFO thin film deposited on CCMO/(001)YAO is shown in Figure 1. Its
Fourier Transforms (FT) is shown in Figure 2, indexed in the pseudo-cubic system. In order to
analyze the splitting of the diffraction spots observed along the growth direction, a Digital Dark
Field (DDF) image was calculated from the four families of spots in the FT. Results is displayed
in Figure 3, showing the spatial distribution of the different grains. The spots 1, 2, 3 and 4 can
be identified by CCMO/YAO, T-like BFO, R-like BFO (3) and R-like BFO (4).
For the measurement of disorientation between regions we have used the Geometrical
Phase-shift Analysis (GPA). Figure 4 displays phase-shift image of 001 spot with the reference
in CCMO. The c axis of T-like BFO is tilted about 0.3° from growth direction, on the other side
the c axis of R-like BFO (3) and (4) are tilted about 1° and 3.3° from growth direction,
respectively.
By using image processing, we can locate spatially the different orientations grains in the
image and thus determine the relationship between the crystallographic phases present. This
is particularly advantageous in systems where phase transitions guided by the constraints
epitaxy occur.
[1] G. Catalan, J. F. Scott. Adv. Mater. 21, 2463 (2009)
[2] R. Ramesh, N. A. Spaldin. Nat. Mater. 6, 21-29 (2007)
[3] R. J. Zeches, M. D. Rossell, J. X. Zhang. Science 326, 977 (2009).
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Fig. 1: HRTEM image of the BFO thin film (thickness about
94 nm) deposited on CCMO (25 nm)/(001) YAO
 

 
Fig. 2: Fourier transform of HRTEM
 

 
Fig. 3: RGB reconstruction from Digital Dark Field images of
001 spot
 

 
Fig. 4: Phase-shift image of 001 spot
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Me-N thin films exhibiting a nanocomposite (NC) structure are well known to achieve
extremely high values up to 60 MPa [1-2]. According to literature, the nanocomposite structure
consists of crystalline MeN (Me = Ti, Cr, Al etc.) nanograins with sizes from 5-20 nm
surrounded by an amorphous SiNx matrix. Two aspects of the nanocomposite structure are
important: 1. the unambiguous observation by TEM of the two differently structured phases
due to the sample thickness superior to the grain size; 2. the structure on the atomic level of
interfaces between the crystalline, facetted grains and the amorphous matrix. From the
literature review, it is not clear, to which extent the atomic structure of the interfaces between
the crystalline grains and the amorphous matrix influences the hardness of the NC coating.
There are two contradictory theories. The first claims, that the matrix surrounding the
crystalline Me-N grains should be amorphous, beginning from the first layer [3,4]. Conversely,
the second theory explains the high hardness by the growth around the crystalline grains of an
epitaxial, crystalline layer of the matrix having a thickness of 1-2 monolayers. The aim of this
study was to image in 3D the distribution of chemically different phases of the NC structure.
For this purpose Atom Probe Tomography (APT) and HAADF Tomography combined with EDX
mapping were applied. The APT technique permits reconstructing in three dimensions the
chemical composition of a sample with a nearly atomic resolution. The HAADF imagining allows
for tomography with a certain chemical contrast, however simultaneous collection of EDX
maps will provide more chemical information for reconstruction. This is possible on Tecnai
Osiris TEM operating at 200kV equipped with an ultrafast Super EDX system. The sample,
grown on a Si substrate, was a TiSiN coating having a fine-grained structure with three
amorphous SiN layers having thicknesses of 5 and 10nm. First a pillar with a length of 1200nm
and a diameter of 200nm was cut by FIB, Fig. 1(a). The next step was to shape a 800nm long
needle and diameter below 100nm transparent to electrons. HAADF and BF STEM were used to
evaluate the needle cut form the TiSiN coating for tomography. The chemical layout of the
sample was verified by EDX mapping, Fig.2. STEM tomography was compared with the results
obtained by APT, exhibiting much higher resolution. Thus 3D chemical imaging may shed some
light into the origin of the high hardness in nanocomposites.
1. W.D. Sproul, Science 273 (1996) 889
2. S. Veprek, J. Vac. Sci. Technol. A 17(5) (1999) 2401
3. S. Veprek et.al. Surf. & Coat. Technol. 201(13) p.6064 (2007)
4. S. Veprek, et.al. Surf. & Coat. Technol. 133-134, p.152 (2000)
5. L. Hultman, et. al. Phys. Rev. B, 75(15) p.155437 (2007)
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Fig. 1: (a) HAADF STEM image of a pillar cut from a TiSiN coating with 3 SiN amorphous layers grown on a Si substrate;
(b) BF STEM image of the TiSiN finegrained structure of the needle shaed by FIB.
 

 
Fig. 2: (a) HAADF STEM image of the bottom part of the pillar with the corresponding EDX maps of: (b) Titanium, (c)
Silicon; (d) Nitrogen.
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Modification with B addition, of a commercial super duplex stainless steel can result in an
amorphous alloys which present excellent corrosion and wear resistance. One optimized alloy
composition for easy glass forming ability is Fe53Cr22Ni5.6B19 (%at). Amorphous overspray
powders of this composition were obtained from spray forming process; further high-energy
ball milling resulted in particle size range adequate for the high velocity oxygen fuel (HVOF)
processing. HVOF was carried out on low carbon steel substrate to produce a coating with
approximately 100 μm of thickness. The coating layer was separated from the substrate to
allow preparation of thin foils, which was carried out by ion milling. TEM observations were
carried out in a FEI Tecnai G2 200kV equipment and a Philips CM120, operated at 120kV.
Figure 1 shows STEM dark field micrograph of the coating with clear suggestion that the HVOF
processing was able to produce a predominantly amorphous layer. Such information was
already obtained from X ray diffraction (XRD) patterns and calorimetry measurements by DSC.
Figure 1 also shows round features which were associated with the porosity from the HVOF
processing and primary crystals from the solidification of the liquid, with sizes, in most of the
cases, in the range of 50 - 100 nm.
Figure 2 shows in greater details, again in a STEM dark field micrograph, the morphology and
nucleation aspects associated with the crystals. New crystals are clearly nucleating either by
direct contact with the existing crystals or in the regions nearby. Figure 3 (a) shows a TEM
picture of one of the largest crystal, and corresponding selected area electron diffraction
pattern (SAEDP) which included the crystal and the surrounding matrix. The SAEDP clearly
indicates an amorphous halo corresponding to the matrix and crystalline pattern which was
indexed as the (Fe,Cr)2B tetragonal phase.
Figure 3 (b) shows EDS spectra corresponding to the points marked A (in the matrix) and B (in
the particle), respectively. The difference between the two spectra is basically associated with
the Ni content, which is high in the matrix and very low in the particle, consistent with the
boride phase identified by electron diffraction. Thus, the (Fe,Cr)2B phase is the first phase that
forms from the liquid for the Fe53Cr22Ni5.6B19 alloy.
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Fig. 1: STEM dark field micrograph of the HVOF coating with
predominance of amorphous phase.
 

 
Fig. 2: STEM dark field micrograph showing the morphology
and nucleation aspects of the crystals forming during HVOF
processing.
 

 
Fig. 3: (a) TEM micrograph of a (Fe,Cr)2B crystal and its respective SAEDP. (b) EDS spectrum corresponding to the point
marked A in the matrix and EDS spectrum corresponding to the point marked B in the particle.
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Mg element has been reported as a good candidate for the band gap engineering of ZnO
because of the similar ionic radius of the Zn2+ and Mg2+, which does not result in a significant
misfit strain in the MgZnO/ZnO heterostructure[1]. For this reason, MgZnO thin films have also
become the subject of major scientific researches as more attentions have been focused on
ZnO.
The properties of the MgZnO thin films are extremely sensitive to its crystal perfection, which
is decisively depended not only on growth processes but on post heat treatments such as
thermal annealing[2]. Although the annealing is an important way to improve the crystal
quality and electrical properties of the MgZnO thin films[3], the experimental reports of the
thin films concerned with the crystal structures during the annealing treatment relatively have
been less compared to ZnO.
Our work, therefore, employed the in situ heating TEM study to directly observe the change of
the crystal structures of the MgZnO thin films deposited on Si substrates.
The results showed that the deposited MgZnO thin film had the layer of nano sized grains
between the disordered columnar grains and Si substrate at RT (Fig.1a). This layer was
analyzed that the cubic and hexagonal crystal structures were coexisted together based on the
measurement of d-spacing values from the FFT pattern image (Fig.1b).
In the in situ heating TEM study, it was found that the change of crystal structures was not
occurred up to at 400℃. However, the disappearance of the hexagonal structure was observed
at 500℃ in the layer according to the d-spacing values measured from the FFT pattern image
(Fig.2b) of the HRTEM image (Fig.2a).
Additionally, the core loss EELS spectra of Zn L-edge and Mg K-edge obtained at the RT
(Fig2.c) and elevated temperature of 500 ℃ (Fig.2d) were showed the decreased intensity of
Zn L-edge meant the fewer amounts of Zn atoms compared to the RT one.
This phase change process could be caused by the evaporation of Zn atoms in the MgZnO
alloy system under high vacuum condition of the specimen chamber of the TEM. The Zn atoms
could be a first evaporation element rather than the Mg atoms because the bond enthalpy of
MgO is stronger than the one of ZnO[4].
On the basis of our experimental results, the phase change of MgZnO thin film was directly
observed by the continuous thermal annealing method in the in situ heating TEM study. This
phenomenon is prominent to enhance the crystallinity and control the microstructure of the
MgZnO thin film with adjusting the thermal annealing temperature.
[1] Z. Vashaei et al., J.Appl.Phys. 98 (2005) 054911
[2] J. Li et al., J.Cryst.Growth. 314 (2011) 136
[3] X. Zhang et al., Adv.Mat.Res. Vols. 562-564 (2012) 142
[4] S. Lien et al., J.Phys.D:Appl.Phys. 46 (2013) 075202
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Fig. 1: Fig. 1. A HRTEM image taken at RT in the region of nano sized grains (a) with the FFT pattern image (b).
 

 
Fig. 2: Fig. 2. A HRTEM image taken at 500 ℃ in the region of nano sized grains (a) with the FFT pattern image (b) and
core loss EELS spectra of Zn L-edge and Mg K-edge taken at RT (c) and 500 ℃ (d).
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Noble metals supported on rare earth metal oxides are able to be active catalysts for fuel cells
applications [1,2]. In the past decade, cerium oxide CeO2 has attracted considerable research
interest and several studies have shown its potential as a conversion catalyst when combined
with Pt, Pd or Au [3,4].
For CeO2/Pt system, the ability of ceria to store and transport oxygen, associated with a
valence change from Ce3+ to Ce4+ and the presence of Pt2+/4+ species makes this material very
promising [5,6].
In this study, we report TEM investigations on ceria and Pt-doped ceria thin films deposited by
CVD on different substrates (Figure 1). SEM and STEM experiments reveal different
morphology and porosity depending on the substrate. The crystallographic structure of CeOx
layers has been studied by mean of high resolution TEM and shows the presence of different
cerium oxides and carbides. Moreover, EELS experiments were performed to determine the
cerium oxidation state throughout the layer, which can be related to the CeM5/CeM4 areas ratio
[7].
1. Trovarelli, A. Catalytic Properties of Ceria and CeO2 -Containing Materials. Catal. Rev. 38,
439–520 (1996).
2. Fu, Q., Weber, A. & Flytzani-stephanopoulos, M. Nanostructured Au – CeO2 catalysts for
low-temperature water – gas shift. Catal. Letters 77, 87–95 (2001).
3. Matolín, V. et al. Platinum-doped CeO2 thin film catalysts prepared by magnetron
sputtering. Langmuir 26, 12824–31 (2010).
4. Sahibzada, M., Steele, B. C. H., Zheng, K., Rudkin, R. A. & Metcalfe, I. S. Development of
solid oxide fuel cells based on a Ce(Gd)O2-X electrolyte film for intermediate temperature
operation. Catal. Today 38, 459–466 (1997).
5. Bunluesin, T., Gorte, R. J. & Graham, G. W. CO oxidation for the characterization of
reducibility in oxygen storage components of three-way automotive catalysts. Appl. Catal. B
Environ. 14, 105–115 (1997).
6. Vaclavu, M., Matolínová, I., Myslivecek, J., Fiala, R. & Matolín, V. Anode Material for Hydrogen
Polymer Membrane Fuel Cell: Pt–CeO2 RF-Sputtered Thin Films. J. Electrochem. Soc. 156, B938
(2009).
7. Garvie, L. A. J. & Buseck, P. R. Determination of Ce4+/Ce3+ in electron-beam-damaged
CeO2 by electron energy-loss spectroscopy. J. Phys. Chem. Solids 60, 1943–1947 (2000).
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Fig. 1: Morphology of crystallized CeOx later deposited by CVD on silicon substrate. The layer exhibits a grain growth
with a lot of intergrain porosity.
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Ti/TiOx multilayered thin films have been deposited by DC reactive sputtering using the
reactive gas pulsing process (RGPP). It is implemented to produce regular alternations of
metal-oxide compounds at the nanometric scale. Structure and growth have been investigated
by High Resolution Transmission Electron Microscopy (HRTEM), Scanning Transmission
Electron Microscopy (STEM) Energy Dispersive X-rays Spectroscopy (EDX) and Energy Electron
Loss Spectroscopy (EELS). Regularity of titanium -based alternations, quality of interfaces as
well as oxygen diffusion through the multilayered structure have been examined taking into
account the reactivity of oxygen towards titanium. Electrical measurements have been also
carried out with the van der Pauw method to determine resistivity changes with temperature.
CTEM has been performed to determine the thickness of the periodic layers from 6 to 40 nm
(Fig. 1a). HRTEM experiments have been carried out to study the atomic structure of the
periodic layers (Fig. 1b). The study of HRTEM images has allowed determining a growth model
with the following series: (rutile-)TiO2, fcc-TiO and α-Ti (Fig. 2). This result has been confirmed
by SAED experiments. Chemical information was obtained from the core-loss EELS and EDX
spectra. Core-loss study was particularly performed for TiOx samples to quantify the elemental
composition from the Ti-L2,3 and O-K edges. The systematic presence of oxygen has been
pointed out in the rich-metal sub-layer, corresponding to the TiO phase already pointed out by
HRTEM.
The knowledge of the structural parameters has allowed determining a first relation between
the elaboration conditions (control of the pressure value) and the structural parameters (Fig.
2). Electrical and structural results have also been related to propose a law linking the
resistivity values to the structural parameters as total thickness etot, metal λmet and oxide
λox layers thickness and metal elemental composition CTi (Fig. 3).
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Fig. 1: Fig. 1: CTEM (a) and HRTEM (b) cross-section images of the periodic Ti/TiOx multilayers
 

 
Fig. 2: Fig. 2: Scheme of the relations between the elaboration conditions and the Ti/TiOx growth model
 

 
Fig. 3: Fig. 3: Evolution of the electrical resistivity r with the different structural parameters
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TixAl1-xN hard protective coatings used for high-speed cutting and machining applications are
expected to withstand a broad range of thermal, mechanical and chemical loads. The
constantly increasing demands combined with the further development of deposition recipes
stimulate the development of novel protective coating designs with even better performance.
TiAlN films prepared using physical vapour deposition exhibit polycrystalline structure
consisting of nano-sized grains of cubic TiN and AlN, where the latter may further transform
into stable and softer wurtzite after thermal treatment at about 800-900°C. Recently a novel
self-organized Ti0.05Al0.95N coating was developed which is based on alternation of cubic TiN and
hexagonal AlN nanolamellae and which exhibit very good performance. In this work, the
microstructural analysis of the novel Ti0.05Al0.95N coating is reported.
Ti0.05Al0.95N was deposited using chemical vapour deposition in a Bernex medium temperature
MT-CVD-300 reactor on Si(100) substrates. The films were then characterized using X-ray
diffraction and transmission electron microscopy (TEM). A cross-sectional TEM samples were
prepared using a dual beam Carl Zeiss Auriga workstation. Analytical high-resolution
transmission microscopy was performed using JEOL 2100F microscope operated at 200 kV,
equipped by image-side Cs-corrector, Gatan imaging filter (Tridiem) and delivered the atomic
resolution of better than 1.4 Å.
High-resolution TEM image recorded using negative Cs imaging condition and images obtained
in scanning mode by high angle angular dark field detector (HAADF) sensitive to Z contrast are
presented here. As-deposited films exhibit high content of self-organized nanolamellae
structure consisting of periodically alternating cubic (c) TiN and wurtzite (w) AlN sublayers
(Fig.1.,2.). A high-resolution TEM pattern indicates relatively thick lamella with lattice fringes of
various orientations and lattice spacing up to ~2.7 Å which can be well attributed to wurtzite
AlN and give an evidence of various crystallographic orientations within the thick lamellae. In
thin lamellae mainly lattice fringes with lattice spacing up to ~2.1 Å in directions perpendicular
or parallel to lamella interfaces can be observed and they can be attributed to cubic TiN. In
both types of lamellae, a very high concentration of structural defects like dislocations and
lattice distortions can be observed. The periodicity of AlN and TiN layers is about 13 nm.
After an annealing of the film to 1373 K, this microstructure is transformed into larger grains of
chemically inhomogeneous cubic structure (Fig.3.).



 
Fig. 1: Representative high-resolution TEM pattern from c-TiN / w-AlN lamellae with a periodicity of about 13 nm for
as-deposited film.
 

 
Fig. 2: HAADF image of the structure for as-deposited film.
 

 
Fig. 3: HAADF image of the structure for the film after
annealing to 1373 K.
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The combination process of Ti and C is relatively easy and cheap, and at the same time TiC
possesses good mechanical properties. The formation of TiC based surface coating has a
passivation effect to titanium implant.

In this work, structural and phase changes depending to the Ti content in the films were
studied. 135 nm thin nanocomposite thin films were deposited by DC magnetron sputtering on
Si/SiO2 substrates in argon atmosphere at room temperature and 0.25 Pa. The input power of
carbon target was constant (150 W), while the input power of titanium target was changed
between 5 and 70 W. All films were characterized by Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM) and High Resolution Electron Microscopy (HREM). The
elemental composition of the films was measured by Energy Dispersive Spectroscopy (EDS)
using TEM equipped with a NORAN cooled Ge detector. X-ray Photoelectron Spectroscopy
(XPS) was used for matrix characterization. In all cases, XPS and TEM observations confirmed
the two main phase; amorphous carbon + carbide phase until 30 W of Ti power and
graphitized carbon + carbide phase above 30 W of Ti power. The average size of crystallites
increased with higher Ti magnetron power between 5 and 40 nm. In the case of 60 W and
more Ti magnetron power, the thickness of amorphous carbon is minimal. Comparing our
previous and current results with a semi-empirical equation on the average atomic fraction of
Ti showed a good agreement. All the Ti atoms reaching the target surface are bound to TiC
during the deposition process.
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Fig. 1: Figure 1. Cross-sectional HREM image of TiC/ a:C nanocomposite films prepared at 50 W of Ti power.
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The advancement of high quality thin film growth by molecular beam epitaxy allows
unparalleled control in tailoring the unique properties of complex oxides, and also gives rise to
new “emergent” phenomena not present in either of the bulk substituents. For example, the
formation of an interfacial high-density 2-dimensional electron gas (2DEG) in the SrTiO3/RTiO3

system (where R is a rare-earth, such as Gd or Sm) provides an ideal test base for studying
strong electron correlation effects and exploring new physical states in a model system where
correlations effects are not present in the bulk [1].
In this presentation, we present recent results exploring the interplay between
electron-electron interactions and electron-lattice interactions in thin SrTiO3 quantum wells
grown between GdTiO3 and SmTiO3 (Figure 1 [2]). These quantum wells contain a confined
2DEG, which resides in the d-bands of the SrTiO3, with varying 3D electron densities depending
on the thickness of the SrTiO3. Using atomic resolution scanning transmission electron
microscopy, we demonstrate an intrinsic structural transition in the thinnest quantum wells
grown between GdTiO3 by measuring rare-earth cation displacements, which are directly
related to the octahedral rotations in the structure [3]. These displacements occur only in the
thinnest films (1 and 2 SrO layers) grown between GdTiO3, and occur precisely at a
metal-to-insulator transition. Quantum wells grown between SmTiO3 showed much smaller
displacements, and transport measurements showed metallic behavior down to the extreme of
a single SrO layer. These structural measurements agree closely with calculated structures
from density functional theory, which highlight the importance of octahedral rotations in
promoting the insulating state, and offer convincing evidence for Mott-Hubbard physics in a
material that is a band insulator in the bulk.
Just as importantly, the previous results provide valuable insight into the structural
accommodation and changes that occur at the heterointerface of the component materials.
Using these principles, we can thereby control the octahedral rotations - which drive many of
the unique electrical and magnetic properties - of GdTiO3 by growing varying thickness GdTiO3

between SrTiO3 [3]. Using position averaged convergent beam electron diffraction, we show
that indeed the octahedral rotations change as a function of film thickness, and can therefore
be controlled by proper choice of heterojunction material and film thickness (Figure 2).
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Fig. 1: Angle difference from 180° of 3 succesive cations in each AO plane and corresponding normalized HAADF
intensities for regions containing 2 SrO and 5 SrO layers. SrO layers are highlighted in gold. Dashed lines serve as
guides to mark structural distortions (or lack of) in the SrTiO3 wells. Dashed boxes indicate atomic planes of similar
intensity.
 

 
Fig. 2: Experimental and simulated PACBED patterns of GdTiO3 and SrTiO3. White labels indicate TEM fol thickness and
black ones the GdTiO3 layer thickness. Simulated patterns use the expected octahedral tilts from measured cation
displacements. The top half of simulated patterns include Gaussian convolution to account for detector point spread
function.
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The fast development of the electronic industry raises the need of development faster and
smaller devices. Consequently, the elements of the integrated devices become smaller and
smaller. This, however, puts stringent demands on the contacts and interconnects. Around the
presently used copper contacts a barrier layer must be manufactured which prevents the
interdiffusion of copper into the dielectric materials. Utilization of self-organized barrier layers
can provide a new solution to this problem. Cu-Mn alloy films as barrier layers appear a
promising material for future technologies.
The aim of this research is to build a comprehensive view of the phases, structures and
morphologies occurring in the Cu-Mn thin film system as well as their scattering mechanisms
giving different contribution to the electrical resistivity of the films.
Eleven films, 1 μm thick, were grown at room temperature by DC magnetron sputtering
covering the whole concentration interval. Then the electrical resistivity was measured as the
function of composition by van der Pauw method. The results were correlated with the films
structure studied by TEM.
The electrical resistivity of the films varied between 1.7 and 205 μΩcm and except of two
concentration intervals it showed linear dependence on Mn concentration. Utilizing these
results the whole alloy region was divided into five parts. Three single-phase regions were
identified. Below 20 at% Mn content an fcc solid solution of Mn in Cu exists, in the 40-70 at%
Mn interval the structure is an amorphous alloy, and finally above 80 at% Mn an α-Mn based
solid solution forms. Two-phase regions exist in the concentration regions between the
single-phase ones: at Mn concentrations between 20 and 40 at% the fcc solid solution and
amorphous phases are present, while in the interval 70-80 at% Mn the amorphous phase and
the α-Mn based solid solution keep balance with each other (Fig. 1.).
The resistivity measurements and the structural information obtained by TEM were used for
modelling the conduction mechanisms in the films. In the model, the experimental resistivity
was described as the sum of the resistivity due to different scattering mechanisms (Mathiessen
rule). As a result, we could conclude, that in the fcc solid solution region and in the amorphous
structures the resistivity is influenced by thermal and solute (Nordheim) scattering. In the
two-phase regions and in the Mn-based solid solution region in addition to the above scattering
mechanisms the grain boundary scattering contributes significantly. In the concentration
regions, where the contribution of solute scattering is important Moiij correlation (high
resistivity and small negative TCR) was also observed. (Fig. 2.)
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Fig. 1: Cross-sectional TEM image of Cu-Mn sample containing 80 at% Mn. The reversal of contrast between under- (a)
and over focus (b) images suggests the presence of a second, less dense phase in the grain boundaries.
 

 
Fig. 2: Experimental, thermal and solute scattering (a) and the ratio of solute and thermal (ρ0) to measured film
resistivity ρg (b) as the function of Mn content. Grain boundary scattering is measurably contributing to the film
resistivity where ρ0/ρg is below 1.
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In semiconductor industry with the scaling down of ultra large integrated circuits the idea of
self-forming barriers emerged. Cu-Mn alloys have been found a perspective binary alloy
system for this purpose. For barrier layers beside excellent diffusion barrier property various
other requirements exist such as low resistivity and good adhesion strength. Since surface
morphology has considerable effect on both properties the investigation of the interrelation
between surface and internal structure is of outmost importance.
The aim of this research is to systematically study the effect of microstructure on the surface
morphology as a function of composition in a thin film system. For this purpose TEM, SEM and
AFM techniques were used for determining the morphology, phases and surface roughness of
the films.
Cu-Mn films of 50 nm thickness were co-deposited by DC magnetron sputtering. For TEM
investigations TEM grids coated with carbon film were used while for surface characterisations
films were grown on Si/SiO2 substrate. We used combinatorial method to obtain a
comprehensive view of properties in the whole composition range of the alloy. Compositional
gradient within one sample was achieved by shadowing atomic fluxes using a special
experimental setup (Fig.1). The composition gradient was verified by EDS line scan. The size of
coherently scattering regions interpreted as grain size was determined from line broadening of
electron diffraction peaks.
The combinatorial method makes possible to map the morphological and phase properties in
continuously changing composition gradient films and to conclude how these characteristics
are interrelated with the structure and growth mechanisms of the film.
We could establish that with varying composition the phase state can change from one phase
to two phase material and from crystalline to amorphous. This brought about smoother films
for two phase films, when crystal growth during film development was limited by the formation
of a second phase. The quantitative relation between lateral and vertical surface features and
internal morphologic parameters is evaluated. The variation of internal structure is in
accordance with the variation of surface roughness and morphology (Fig. 2). Grain size has
strong correlation with the roughness of the films; smaller grains result in smoother surfaces
(Fig. 3). Consequently, the lowest roughness values were measured in the amorphous region.
The contribution of surface morphology and roughness in the electrical properties will also be
discussed in accordance with the phase and internal structure of the films.
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Fig. 1: Combinatorial experimental setup.
 

 
Fig. 2: Microstructure and surface morphology of Cu-Mn alloy films as a function of Mn content as observed by TEM
(upper row) and AFM (lower row).
 

 
Fig. 3: The relation between grain size and surface roughness as a function of Mn content.
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The well-known Metal Induced Lateral Crystallization (MILC) process [1] is investigated in-situ
in transmission electron microscope with a heating sample holder. Model structures were
grown onto thermal oxide coated Si substrates consisting of a CVD grown amorphous silicon
(a-Si) layer, a silicon oxide (SiOx) mask layer and a thin nickel layer as shown in Fig 1. Windows
(10x10 µm2 and 100x10 µm2) were opened in the SiOx mask layer where the Ni came in contact
with the amorphous Si layer. Ni and amorphous Si thicknesses were selected such that all the
Ni could be accommodated in the underlying Si during nickel-silicide (NiSi2) formation.
Cross sectional TEM specimens of the relevant sample areas near the window edge were
prepared with the Focussed Ion Beam (FIB) technique and heat treated in the microscope. The
initial state of the specimen before the heating experiment is shown in Fig 2.
Gradual nickel-silicide formation starting from the interface was observed in-situ at
temperatures as low as 250°C. A sequence of images taken at different stages of the NiSi2
formation is shown in Fig 3. Further increasing of the temperature caused the whole Ni amount
in the window area to diffuse into the a-Si layer and the lateral crystallization to start
originating from newly formed NiSi2 seeds. It has been shown earlier [2] that the Ni-MILC
phenomenon is based on the formation of NiSi2 precipitates and their subsequent migration
through a-Si film, leaving a trail of crystalline Si grown on the lattice-matched silicide, NiSi2,
(misfit only 0.4% to Si). At higher temperatures up to 650°C the lateral crystallization process
was observed and investigated with analytical tools to prove the migration of NiSi2 phase.
References
1 S. Y. Yoon, S. J. Park, K. H. Kim, J. Jang and C. O. Kim, J. Appl. Phys. 87, 609 (2000).
2 C. Hayzelden and J. L. Batstone, J. Appl. Phys. 73, 8279 (1993)
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Fig. 1: Construction of the model structure and in-situ MILC experiment.
 

 
Fig. 2: Initial state of the FIB prepared TEM specimen
before annealing.
 

 
Fig. 3: Stages of NiSi2 formation at T=250°C. Nucleation of
the silicide phase starts at several points of the Ni/Si
interface.
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The structure and properties of Si nanocrystals (NCs) have been the subject of intense
research for a wide range of applications [1]. One of several methods used for forming the NCs
is using magnetron sputtering technique to grow multilayer thin films of Si/Si3N4 [2]. In the
present work, the technique was used to grow thin films of alternating Si and Si3N4 layers on
single crystal Si (100) substrates. An important factor affecting the quality and properties of
the films is the presence of undesirable contaminations. The origin of such contamination can
result from the deposition system itself, e.g. the target clamp rings. It was found that during
one of our deposition experiment, sputtering also occurred from the stainless steel target
clamp rings. Motivation for our work are to identify the contaminations, which were present in
the sputtered film, and find a solution for eliminating the contaminations. The Fe and Cr
contaminations impurity source in the sputtered film was determined by using advanced
techniques in transmission electron microscopy and a desired thin film structure with
impurity-free composition was produced successfully after modifying the deposition system.
Interestingly, the contamination in the film resulted in nucleation and growth of CrSi2 at the
film/Si substrate interface. The structures and mechanisms of heterogeneous nucleation and
growth of CrSi2 during the sputtering and thermal annealing processes have been
investigated. The crystal structure and orientation relation of CrSi2 precipitations were studied
thoroughly by using high-resolution imaging and electron diffraction in transmission electron
microscopy. Two distinct different orientation relations have been found: CrSi2 [100](001)||Si
[112]( ) and CrSi2 (001)||Si (110), where the latter has not been reported in the literature
earlier [3]. These orientation relations can provide important information for the study of CrSi2
system, which is promising for thermoelectric applications and optoelectronic devices.

[1] L. Pavesi, R. Turan, Silicon Nanocrystals, Wiley-VCH Verlag GmbH & Co. KGaA, 2010, p. 1.

[2] G. Conibeer, Silicon Nanocrystals, Wiley-VCH Verlag GmbH & Co. KGaA, 2010, p. 555.



 
Fig. 1: Fig. 1. (a) Cross-sectional TEM image of as-deposited Si/Si3N4 multilayer film on Si (100) substrates, (b)
schematic structure of the contamination free film, and (c) stainless steelclamp ring used in the magnetron during the
deposition.
 

 
Fig. 2: Fig. 2. (a) Cross-sectional TEMimage and (b)–(d) elementalmaps of Fe, Cr and N, respectively, in the same area.
The NCs at the film/substrate interface are Cr-rich, while Fe-rich NCs are distributed in the nitride matrix.
 

 
Fig. 3: Fig. 3. (a) HRTEM image of three CrSi2 NCs orientate differently to the Si (100) substrate in areas 2, 3 and 4. The
overlap between CrSi2 and Si gives rise to Moiré effects for the part of the crystals below the Si/film interface (area 5).
Image was recorded in Si . (b) Diffractograms from FFTs acquired from the corresponding areas shown in (a).
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Cu-Mn alloy films are investigated due their possible application in contact and interconnect
layers of integrated systems. On the other hand, they are showing peculiarities of phase
formation during growth. The most apparent one is the formation of amorphous films in the
40-70 at% Mn region. This presents interest from the point of the formation of amorphous
metals by intermixing through condensation from vapour phase, the role of the entropy term
in the free enthalpy of the metastable alloy and the kinetic factors in its transformations and
stability. To achieve a direct view on the processes in amorphous Cu-Mn alloy films we used
in-situ electron microscopy by heating the samples in the TEM. By this technique we
investigated the thermal stability of the amorphous phase and its crystallization process. We
investigated also the possibility of phase transformations at different temperatures.
50 nm thick films were co-deposited by DC magnetron sputtering at room temperature onto
thin carbon films as substrate, supported by Mo microgrids. The composition was varied by
regulating the power of the magnetrons. Two samples were designed for measurements
having 50 and 70 at% Mn content. The in-situ annealing was carried out in the heating stage of
a CM20 electron microscope operated at 200 kV. The temperature was increased in 50 oC
intervals, holding the temperature constant for 3 minutes in each step. Electron diffraction
patterns were evaluated by the ProcessDiffraction program.
The initial amorphous structure of the film of 50 at% Mn is shown in Fig. 1. The temperature of
crystallization depended on composition. For the sample of 70 at% Mn it started at 200 oC and
for sample of 50 at% Mn it started at 300 oC. The crystallization process is rapidly consuming
all the available amorphous phase and forming a nano-grain (about 10 nm) polycrystalline film
in both samples. The forming alloy phases (αMn and γMn) are corresponding to the phases
expected from the equilibrium phase diagram (Fig. 2 and Fig. 3). In addition the formation of
some fcc MnO occurs.
Increasing the temperature until 500oC causes little change in the structure. Above 500oC
grain growth starts and reaches about 50-100 nm at 600oC. Some changes in the phase
composition also occur. The Mn content of the Cu based fcc γMn phase decreases with
increasing temperature as measured from the change of the lattice parameter (Vegards low).
The relative amount of the αMn, γMn and MnO phases also changes with increasing
temperature. This, however, is strongly influenced by the consumption of Mn in the MnO
formation process.
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Fig. 1: TEM image and electron diffraction intensity profile of amorphous Cu-Mn alloy film of 50 at% Mn content. The
cursors in the diffraction profile designate the possible crystalline phases.
 

 
Fig. 2: TEM image and electron diffraction intensity profile of Cu-Mn alloy film of 50 at% Mn content after annealing at
300oC for 3 min. The cursors in the diffraction profile designate the observed crystalline phases.
 

 
Fig. 3: TEM image and electron diffraction intensity profile of Cu-Mn alloy film of 70 at% Mn content after annealing at
300oC for 3 min. The cursors in the diffraction profile designate the observed crystalline phases.
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Recently, periodic mesoporous titania thin films (MTFs) with 3D open-pore structure are
actively studied in the self-cleaning fields due to their high surface area and open pores at the
surface.
In this study thin titania film with accessible and grid-like porosity was formed via structural
transformation from a largepore (~10 nm) 3D hexagonal (P63/mmc) mesoporous titania thin
film. The intermediate 3D hexagonal mesoporous titania thin film (MTF) was synthesized using
a tetrabutyl titanate (TBT)–P123–BuOH–HCl system by the combination of dip-coating and
evaporation-induced self-assembly (EISA). The mesostructures and crystalline phase of the
MTFs were characterized, respectively, by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), the small-angle X-ray diffraction (SAXD) as well as the wide-angle
X-ray powder diffraction (WAXD). The MTF calcined at 350 °C exhibited an ordered honeycomb
arrangement over the entire top surface and an ABAB stacking sequence in the cross-section.
After being calcined at 450 °C, the 3D hexagonal mesostructure was transformed to a grid-like
mesostructure with quasi-perpendicular porosity through sintering–diffusion and pore merging
along the c-axis. The accessibility of this grid-like structure estimated by the adsorption of
TIRON (disodium 1,2-dihydroxybenzene, 3,5-disulfonate) was higher than that of intermediate
structure. The results of pencil hardness test and tape test indicated that these thin films were
mechanically robust and exhibit excellent adhesion onto the substrates, which were basic
requirements in actual applications.
An interesting finding was that, after structural transformation, the surface wettability changed
from hydrophilic to superhydrophilic even without UV irradiation. This phenomenon could be
properly explained by the increased accessibility and surface roughness of grid-like structure.
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Non-equilibrium composites have gained a lot of attention in recent years since there is an
increased demand for new materials in engineering applications with superior properties like
high strength, electromigration resistance as well as an improved oxidation and corrosion
resistance. A lot of research has been devoted to metastable binary alloys composed of Cu and
transition metals like Mo, W and Cr, since the equilibrium phase diagrams of Cu and these
elements show little or no solid solubility. In order to produce nanostructured alloys,
non-equilibrium growth conditions are needed. Therefore, vapor deposition techniques, such as
molecular beam epitaxy, are the methods of choice.
This study focuses on metastable Cu-Cr alloys, since the two elements show very limited solid
solubility and the system possesses a positive heat of formation. The composite films with
nominal film thicknesses of 300 nm were grown via co-evaporation of the constituent elements
using a molecular beam epitaxy system operated under ultra-high vacuum conditions.
Films over a wide compositional range were synthesized, stretching from almost pure Cu to
almost pure Cr films. XRD measurements combined with selected area electron diffraction
measurements in a transmission electron microscope showed three phase regimes. For alloys
with a Cr concentration up to ~15 at.%, a single phase fcc composite film is formed (Fig.1a).
For Cr concentrations higher than 15 at.%, the equilibrium two phase structure of fcc Cu and
bcc Cr phase is observed (Fig.1b) whereas the composite films with Cr concentrations higher
than ~33 at.% Cr exhibit a transition to a single phase bcc composite (Fig.1c and d). In
addition, EDS-mapping revealed a fairly homogenious distribution of elements forming a solid
solution within all the composite films (Fig.2) and conventional TEM showed a tremendous
reduction in grain size from ~100 nm for low Cr concentration films to ~30 nm for films with
high Cr concentration.
Amongst other mechanical tests, nanoindentation experiments were performed on the
composite films in order to determine the relationship of microstructural evolution and
mechanical properties. For an increasing Cr amount within the alloys, the observed film
hardness values ranged from ~5 GPa to ~12 GPa. This enhancement in hardness will be
discussed in terms of different strengthening mechanisms like solid solution hardening and
Hall-Petch strengthening.
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Fig. 1: Selected area electron diffraction patterns (inverted contrast) of 4 Cu-Cr thin film composites with (a) 5 at.% Cr,
(b) 15 at.% Cr, (c) 33 at.% Cr and (d) 64at.% Cr.
 

 
Fig. 2: BF TEM images and corresponding EDS-maps of 3 Cu-Cr thin film composites (Cu Kα signal in yellow and Cr Kα

signal in green) with (a) 5 at.% Cr, (b) 15 at.% Cr, (c) and (c) 64at.% Cr.
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Metal adsorption on Si(110) surface received significantly less attention in comparison with
other low-index Si surfaces [Si(111) and Si(100)}. This is due to the complicated surface
reconstruction and complexity of big surface domains preparation. The increasing interest to
this surface analysis is caused not only from fundamental point of view [1] but also by possible
applications of Si(110) surface for electronic circuits. Anisotropic structure of Si(110) surface
can be used for nanowires growth. P-doped (110) oriented Si samples with the help of Ni-free
instrument were mounted on tantalum sample holder, degased at 600C during 24 hours and
processed with argon-ion-sputtering. In the final stage of surface preparation the samples were
flashed at 1200C. The Ag/Si(110) evaporation was perfomed using a Knudsen-cell type of
evaporator. As it was shown previously [2], the initial sites of Ag adsorption on Si(110)-16x2
surface are situated along terrace's borders. It was shown that it should be about 13-14 Ag
atoms in the unit cell of 16x2-Si(110)-Ag structure at 0.21 ML Ag surface coverage. With
annealing temperature increasing up to 630C we observed new atomic phase (4,6)x(-3,1) on
Si(110) surface. Experimental results are presented in Fig.1 (a,b). Uniformly distributed
terraces separated by dark rows are visible on the STM images. The surface profile height
measured across the STM image changes in the range of 0.1 nm what is smaller than the
step's height (0.19 nm) of 16x2-Si(110) surface. So the observed pattern is caused by the
surface electronic effect. For correct interpretation of obtained results, STM image was
superimposed on unreconstructed Si(110) surface (Fig.2). It's clear that the unit cell of
experimentally observed structure is (4,6)x(-3,1). In the surface area restricted by unit cell
sizes there are 43 atoms of substrate. Therefore should be 43x0.21=9 Ag atoms in unit cell of
structure induced by silver adsorption at 0.21 monolayer coverage. It's resonable to suggest
that Ag atoms saturated the Si(110) dangling bonds to minimize an adsorption energy
(Fig.3). Based on this fact it's possible to build a model of (4,6)x(-3,1) surface reconstruction
(Fig.4). Dotted line shows surface cell corresponding to structure (4,6)x(-3,1) of clean Si(110)
surface. A solid line indicates unit cell of Si(110)-Ag-(4,6)x(-3,1) after Ag adsorption. As can be
seen from Fig.4 there are 10 atoms of Ag in unit cell of Si(110)-Ag-(4,6)x(-3,1) and  it is in good
accordance with experimental results. The appearence of Ag-Si(110)-4x1 surface structure
with increasing of Ag coverage up to 0.42 ML and 490C-550C anneleaning temperatures was
also demonstrated.
1 B.Z. Olshanetsky et.al., Surf. Sci., 67, 581 (1977)2 N.S. Maslova et. al., JETP Letters, 84, 320
(2006).
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Fig. 1: STM image of Si(110)-Ag-(4,6)x(-},1) reconstruction,
(a) U=-0.6 V, I=51 pA; (b) U=0.6 V, I=51 pA
 

 
Fig. 2: STM image of Si(110)-Ag-(4,6)x(-3,1) reconstruction
superimposed on unreconstructed Si(100) surface.
 

 
Fig. 3: Structural model for surface reconstruction
Si(110)-Ag-(4,6)x(-3,1)
   

Fig. 4: An adsorption site of individual Ag atom on Si(110)
surface
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With the use of novel high power and high frequency electronic devices proper extraction of
dissipated heat became a major limiting factor hindering further miniaturization. It becomes
necessary to deal with the thermal management of such devices and design suitable heat
sinks from materials of superb heat conduction. In this respect, diamond is regarded as the
ideal heat-spreading material owing to its exceptional thermal conductivity k ~ 2200 Wm-1K-1.
However, CVD-deposited diamond films used in most applications have a polycrystalline
microstructure which reflects in an anisotropic, thickness-dependent thermal conductivity,
whose value increases steadily departing from the small-grained/amorphous nucleation region
towards the film’s surface. In order to optimize the thermal properties of the near-to-interface
nucleation region it is crucial to understand the correlation between the growth parameters
and film microstructure in the earliest stages of film deposition.
Transmission electron microscopy (TEM) offers the unique possibility to study this nucleation
layer at the sub-nanometer scale, thus allowing to precisely ascertaining how its composition,
structure and thickness are influenced by the choice of the growth parameters.
In this work, nanocrystalline diamond (NCD) thin films were deposited at 760 °C in a hot
filament CVD (HFCVD) reactor onto single crystalline silicon substrates nucleated by means of
a bias enhanced nucleation (BEN) technique. The growth parameters have been tuned to
minimize the nucleation layer thickness and to promote the development of a strong columnar
texture in the film. For thinning preparation to the TEM study we applied both FIB technique
(with 30 kV Ga+ ions) and standard ion milling (with 10 kV Ar+ ions, followed by low energy
milling). The samples were investigated in a JEOL 3010 high resolution TEM (at 300 kV).
The cross sectional TEM images of the interface region shows a transition zone between the
diamond film and the Si substrate (Fig. 1). Its thickness is dependent on the deposition
parameters but it looks as to contain nanocrystalline grains and amorphous phases as well.
With high resolution electron microscopy both diamond and cubic SiC grains of a few
nanometer sizes could be identified in this transition region (Fig. 2). In some samples also
graphite-related phases (e.g. nano-onions with characteristic inter-shell distance of 0.35 nm)
could be observed (Fig. 3). The diamond film itself was found polycrystalline with columnar
microstructure. The orientation distribution was more or less random, due to the relatively low
deposition temperature.
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Fig. 1: Fig. 1 Cross sectional TEM image of the interface between the substrate and the diamond film. The electron
diffraction on the inset shows more or less randomly oriented poly-diamond on the single crystal silicon substrate.
 

 
Fig. 2: Fig. 2 The transition zone contains a few nm size
grains of both SiC and diamond phases.
 

 
Fig. 3: Fig. 3 Spherical non-crystalline nanoparticle
(nano-onion) found in the transition zone.
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The octahedral distortions in perovskite transition-metal oxide thin films strongly correlate with
the functional properties. The control of such octahedral distortions is crucial for designed
fabrication of oxide heterointerfaces with desired properties. However, identification of the
controlling parameter for the octahedral distortions associated with the oxygen displacements
has remained elusive because of the experimental difficulties in observing oxygen atoms.
In this work, we investigate SrRuO3 (SRO) thin films grown on the GdScO3 (GSO) substrates
using high-angle annular dark-field (HAADF) and annular bright-field (ABF) imaging in
aberration-corrected scanning transmission electron microscopy (STEM) (JEM-9980TKP1). We
found that while the SRO films below 16 nm thickness have the monoclinic structure with the
bulk-equivalent tilted octahedra, the SRO films above 16 nm have the tetragonal one with
negligibly tilted octahedra [1,2]. We further reveal that the in-plane displacement of the
oxygen atoms shared between the RuO6 and ScO6 octahedra at the interface for the monoclinic
SRO is larger than that for the tetragonal SRO. The correlation between the interfacial oxygen
displacement and the SRO structural phase raises the possibility for controlling film phases by
interface engineering of oxygen displacements.
To demonstrate this, we inserted the one unit-cell-thick BaTiO3 (BTO) layer between the 10
nm-thick SRO film and GSO substrate. The bulk BTO with relatively large A-site cation (Ba) has
non-tilted octahedra, allowing for minimizing the in-plane oxygen displacements at the
interface and thus for blocking the octahedral tilt propagation from the GSO substrate to the
SRO film. Figure 1 shows HAADF-STEM image and its intensity profiles in the SRO/BTO/GSO
heterostructure, confirming the coherent growth with the chemically sharp interface across the
entire heterostructure. The ABF-STEM analyses shown in Fig. 2 reveal that the octahedral tilts
in the GSO substrate are drastically suppressed in the BTO layer and that the octahedral tilts in
the SRO film are negligibly small. This indicates that while the 10 nm-thick SRO films directly
grown on the GSO substrate have the monoclinic structure, the SRO film on the BTO/GSO has
the tetragonal one, which is stabilized by the suppression of interfacial oxygen displacements.
The results demonstrated that the film structure can be manipulated by adjusting the oxygen
displacements through the interfacial octahedral connections.
[1] R. Aso, D. Kan, Y. Shimakawa, H. Kurata, Sci. Rep. 2013, 3, 2214.
[2] D. Kan, R. Aso, H. Kurata, Y. Shimakawa, Adv. Funct. Mater. 2013, 23, 1129.
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Fig. 1: (a) HAADF-STEM image and (b) HAADF intensity profiles of the A- and B-site cations in the SrRuO3/BaTiO3/GdScO3

heterostructure. The orange dashed lines also indicate the heterointerfaces.
 

 
Fig. 2: (a) ABF-STEM image, (b) octahedral tilt angle θ, and (c) in-plane displacements Δx of oxygen atoms in the
SrRuO3/BaTiO3/GdScO3 heterostructure. The green and purple dotted lines represent the bulk counterparts of SrRuO3

and GdScO3, respectively. The orange dashed lines also indicate the heterointerfaces.
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The investigated material is a ZrN-SiN thin film with different amount of the SiN phase. This
type of structure ensures high hardness of up to 60 GPa. The addition of elements such as X =
Al, Cr or O causing an improvement of the oxidation resistance. The aim of this study is to
determine the effect of the structure of interfaces between the crystalline ZrXN grains and the
amorphous SiN matrix at the atomic level as well as of the chemical composition on the
hardness of the deposited coatings. The nanocomposite is a 3D structure, thus even in a TEM
lamellas as thin as 50 nm several ZrXN grains will overlap. Thus unambiguous imaging and
interpretation of the interface structure between the crystalline grains and the amorphous
matrix is impossible. Therefore we proposed to grow a model multilayer system consisting of
single-crystalline layers of ZrXN separated by amorphous layer of SiN with thickness
corresponding to 1,…,9 monolayers, Fig 1. These multilayers allowed to visualize the atomic
structure of the interfaces between the ZrXN and the SiN phases. It was also possible to
determine from which thickness the SiN layer really grows amorphous. This 2-D system was
chosen to test the premises for different models of superhardening effects observed in
nanocomposite systems. The high hardness of MeN-XN layers is related to their nanocomposite
structure. A review of the literature is not clear about the effect of the interfaces between the
crystalline grains and the amorphous matrix on the hardness. There are two contradictory
theories explaining the high hardness. The first one states that the XN matrix around the
crystalline MeN grains should be amorphous starting from the first monolayer [1]. The second
theory explains the high hardness by forming epitaxial crystallized XN matrix having a
thickness of 1-2 monolayers around crystal grains of MeN phase [2]. The obtained structural
results for the multilayer model system will be extrapolated to the 3D structure of
nanocomposites.
Multilayers coatings were deposited by magnetron sputtering on single crystalline substrates.
The identification of the average grain size for different contents of XN phase in
nanocomposites was made by XRD. The microstructural investigation was performed using
transmission electron microscopy and scanning transmission electron microscopy on a Tecnai
Osiris. The chemical analysis was accomplished by energy dispersive X-ray, and the TEM
samples, were prepared by mechanical grinding and as a final step the samples were ion
milled.
References
[1] S. Veprek and M G J Veprek-Heijman. Surf. & Coat. Technol. 201(13) p. 6064 (2007).
[2] L. Hultman, J Bareno, A Flink, H Soederberg, K Larsson, V Petrova, M Oden, J E Greene and I
Petrov, Phys. Rev. B, Vol. 75, No. 15, p. 155437 (2007).



 
Fig. 1: Model multilayer system consisting of single or polycrystalline layers of ZrXN separated by amorphous layer of
SiN.
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Over the past years, the synthesis of porous coatings has been largely investigated since it
was demonstrated the possibility to tune the materials properties, conferring them high
potentialities over a wide range of applications such as in optics, microelectronics, chemical
sensing or mechanics.
In a previous study, a new bottom-up method using magnetron sputtering was proposed to
grow amorphous silicon-based coatings containing closed porosity fully compatible with the
opto- and micro-electronic technologies [1,2].
Recently, we presented a method to determine the atomic density and the pressure of the
deposition gas helium trapped inside the nanopores of silicon coatings, using spatially resolved
electron energy loss spectroscopy (EELS) experiments in scanning transmission electron
microscopy [3]. In that case, pressure up to the GPa range was measured inside the pores.
Based on these results, the study is now extended to other type of materials like cobalt or
tungsten films grown using similar conditions in helium atmosphere in order to verify the
transferability of the elaboration method and to compare the He trapping in various materials.
Our preliminary data obtained on the cobalt coatings confirm that helium remains trapped
inside the cavities after the growth, since the EELS spectrum recorded in a pore region exhibits
a sharp peak around 23 eV on top of the Co plasmon which corresponds to the He-K edge (Fig.
1). The methods used to process the spectrum image data in order to extract the He signal
from the low-loss background and to determine its state inside the pores (density, pressure)
will be presented here for the different materials studied.
The methodology to produce coatings with closed porosity was also validated in the case of
reactive sputtering deposition and porous silicon oxynitride (SiON) layers with closed pores
filled with molecular nitrogen are investigated here. The elemental maps presented in Fig. 2
show a strong accumulation of nitrogen in the pores regions, with the signature of molecular
nitrogen in EELS (not shown). However, in that case, the zero-loss peak used as reference
cannot be recorded simultaneously with N K-edge since the latter appears in the high-loss
range (around 400 eV) which complicates the measurement of the nitrogen state inside the
pores. Moreover, the N signal coming from the pores needs to be separated from the SiON
matrix contribution. Further details about the data analysis, following the method described in
[4] for the (Ga,Fe)N system, will be discussed.
[1] V. Godinho et al., Nanotechnology, 24 (2013), 275604.
[2] V. Godinho et al., Microporous and Mesoporous Materials, 149 (2012), 142.
[3] R. Schierholz et al., submitted.
[4] A. Kovacs, et al., Journal of Applied Physics, 114 (2013), 033530.
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Fig. 1: (a) HAADF map recorded over a set of pores in the Co coating. (b) Low-loss EELS spectra recorded outside and
inside one pore (see positions of the squares in Fig. 1(a)): in the pore region, a sharp and intense peak around 23 eV
corresponding to the He-K edge appears on top of the Co plasmon.
 

 
Fig. 2: (a) HAADF map recorded over a set of pores in the SiON coating. The elemental maps of the (b) Si K-edge, (c) O
K-edge, and (d) N K-edge evidence the accumulation of nitrogen in the pore regions.
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The plasma electrolytic oxidation (PEO) process is one of several techniques for fabricating
thick metal-oxide coatings on light alloys materials such as aluminum, titanium, and
magnesium. The technique involves anodic oxidation of the metal surface in an aqueous
electrolytic solution together with localized plasma discharge, which occurs when the
electrolytic voltage exceeds the critical polarization potential of the metals [1-3].
Al2O3 ceramic coatings are potentially very effective in developing hard, wear-resistant
surfaces, nevertheless, previous treatments and coatings applied to aluminum alloys, for
example, by traditional processes such as hard anodizing or thermal spraying, have suffered
from the low load support from the underlying material and insufficient adhesion, which
reduces their durability [3-5].
In this present work, various concentrations of Na2SiO3 as a special additive, were added to
the 2,5 g/l KOH - 2 g/l KF electrolyte system and the effects of Na2SiO3 concentrations varying
from 0 to 10 g/l on the morphologies, phase compositions of pure Al with different PEO
coatings were studied. The microstructure, phase composition, micro-hardness of Al2O3
ceramic coatings were investigated using X-ray diffraction, scanning electron microscopy and
microhardness test.
The samples were coated for 60 min by applying 20 A/dm2 current density, 400 V and
Na2SiO3 as electrolyte. Three various concentrations of Na2SiO3, 0, 5 and 10 g/l were used to
produce different PEO coatings and the coatings were named as A, B and C code, respectively.
The SEM images of different samples exhibit similar surface morphology, but we can see that
the surface is a little coarse and porous for sample A (Fig. 1). From Fig. 2, we can see that the
size of pores of sample C decreased obviously and the surface is denser in comparison with
sample A. The thickness of the film is change between 30 and 40 μm after PEO treatment. The
thickness of film increases with applied voltage increasing the electrolytic solution
concentration. According to the XRD patterns, B and C include two crystal phases of γ-Al2O3
and α-Al2O3 after PEO treatment. The average surface microhardness of the pure Al
substrates was 120HV0,05. After PEO the microhardness of the coatings increased average to
1600HV0,05.
References
[1] Gu W.C., Lv G.H., Chen H., Chen G.L., Feng W.R., Yang S.Z., Materials Science and
Engineering A, 447, 158–162, 2007.
[2] Tillous E.K., Toll-Duchanoy T., Bauer-Grosse E., Surface&Coatings Technology, 203,
1850–1855, 2009.
[3] Zhenga H.Y., Wanga Y.K., Lib B.S., Han G.R., Materials Letters, 59, 139–142, 2005.
[4] Oh Y.J., Mun, J., Kim J.H., Surface & Coatings Technology, 204, 141–148, 2009.
[5] Xin S.G., Song L.X., Zhao R.G., Hu X.F., Surface&Coatings Technology, 199, 184– 188, 2005.
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Fig. 1: SEM micrographs of A Code Sample
 

 
Fig. 2: SEM micrographs of C Code Sample
 



Type of presentation: Poster
 

MS-3-P-2517 Effect of the Li+ co-doping on the morphological characteristics of
Y2O3: Er3+ films deposited by ultrasonic spray pyrolysis.
 

Meza-Rocha A. N.1, Soto A. B.1, Huerta E. F.2, Falcony C.1
 
1Departamento de Física, Centro de Investigación y de Estudios Avanzados del IPN., Av. IPN
2508, México DF, 07360 México., 2Programa de Doctorado en Nanociencias y Nanotecnología,
CINVESTAV IPN., Av. IPN 2508, México DF, 07360 México.
 

Email of the presenting author: asoto@fis.cinvestav.mx
 
Er3+ doped Y2O3 films have attracted the attention for applications such as optical amplifier,
active waveguide, bioimaging applications among others [1,2]. However, the Er3+ emission is
often very weak due to the forbiddance of the intra f-transitions [1], which represent a
drawback for real applications. Recently, it has been observed that the incorporation of Li+ in
small amounts improve considerably the Er3+ emission [1,3]. It has been suggested that the
improvement of the Er3+ emission by the Li+ co-doping is due to distortion of the crystalline
field and changes on the surface morphology [3].
In this work, the effect of the Li+ co-doping on the luminescent and morphological
characteristics of Y2O3: Er3+ is reported. The films were deposited by ultrasonic spray
pyrolysis at 500°C without a post-thermal annealing. The thickness was kept around of 100
nm. The Er3+ content was fixed at 1.5 at% in solution. The Li+ content was varied from 1 to 4
at% in solution.
SEM analysis (fig 1) reveals that the surface morphology for films without Li+ is composed by
compacted cubic-looking grains with a size in the range of 15-29 nm. As Li+ is added the
grains become less compacted up to 2 at% of Li+ with a size of 15-40 nm. For Li+ doping
higher than 2 at%, the grains size decrease from 15 to 30 nm and become more compacted as
in the case of 0 at% of Li+. It was observed that the Li+ co-doping improves the Er3+ emission
by a factor of 4-5 times (fig 2) with the addition of 2 at% of Li+. The emission tends to quench
for Li+ co-doping higher than 2 at%. The great improvement of the Er3+ emission is attributed
with the distortion of the crystal field around of Er3+ which allows the otherwise intra
f-transitions [3], and the reduction of the internal reflection associated with the increase of the
grains. The quench effect might associate with the incorporations of large amounts of Li+ ions
by creating large amounts of oxygen vacancies reducing the films crystallinity and the grains
size.
References
[1] Ting Fan, Qinyuan Zhang and Zhonghong Jiang, J. Opt. 13 (2011) 015001.
[2] Nallusamy Venkatachalam, Tomoyoshi Yamano, Eva Hemmer, Hiroshi Hyodo, Hidehiro
Kishimoto, and Kohei Soga, J. Am. Ceram. Soc., 96 (9) (2013)2759.
[3] A. N. Meza-Rocha, E. F. Huerta, E. Zaleta-Alejandre, Z. Rivera-Álvarez, C. Falcony, Journal of
Luminescence 141 (2013) 173.



 
Fig. 1: Figure 1. Typical SEM images of Y2O3: Er3+ doped with (a) 0, (b) 1 (c) 2, (d) 3 and (e) 4 at of Li+.
 

 
Fig. 2: Figure 2. Emission spectrum under an excitation of 207 nm for different content of Li+.
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Spinel Co3O4 is widely known as an active catalyst of CO oxidation reaction with 100% of
conversion rate at -80℃ [1]. This high catalytic activity should be dominated by the interaction
between gas molecules [2, 3] (CO, H2O) and Co3O4 surfaces, and it was reported that active
Co3+ species should play a key role of the reaction [4]. Therefore the atomic scale
investigation of the Co3O4 surface structure is essential to discuss the reaction models.
The Co3O4 (111) surface structure was investigated by LEED, STM and DFT calculations, and a
Co-terminated configuration on the oxygen sub-surface layer was proposed as a reasonable
structure [5]. However, despite frequently observed facets of the crystal [6], the Co3O4(001)
surface has been little discussed. Here, we studied the Co3O4(001) surface by ADF-STEM
(annular dark field scanning transmission electron microscopy) imaging (Cs-corrected TEM,
TITAN3TM at 300 kV) and confirmed the Co-terminated structure.
The Co3O4(110) specimen was prepared by calcination (1023 K for 12 h in the air) of a thinned
CoO(110) wafer (purchased by Crystal Base). In the inset of Fig. 1, the morphology of the
specimen is shown by the low magnification image. Clear facets are confirmed as (1-11) and
(001) edges, respectively. Fig. 1 shows the ADF-STEM image with atomic resolution, acquired
from the square area of the inset, where we can see Co columns of Co3O4 [110]. Some bright
spots at the top of the (001) surface were confirmed to have the same atomic periodicity as
the Co columns to occupy the oxygen-tetrahedral sites, which means that the Co3O4(001)
surface has a Co-terminated structure, similar to the Fe3O4(001) surface [7, 8].
The surface model is summarized in Fig. 2. The top-most Co2+ is located on the oxygen bridge
site of the (001) surface. The (1×1) surface unit cell shown in black solid lines in the top view
model is composed of one Co2+, two Co3+, and four O2-, which fulfill the stoichiometric
surface. Therefore we suggest that the (001) surface is terminated by Co2+, and there is no
need of major surface reconstructions such as cation defection or oxygen adatoms. Of course,
we should discuss the stability and reactivity of this surface structure, and they will be
revealed by the DFT calculations in the future.
[1] Yu, Y. et. al., J. Catal 267 (2009) 121-128
[2] Petitto, A. C. et. al., J. Mol. Catal. A Chemical 281 (2008) 49-58
[3] Xu, X. L. et. al., Surf. Sci. 605 (2011) 1962-1967
[4] Xie, X. et. al., Nature 458 (2009) 746-749
[5] Heinz, K. et. al., J. Phys. Condens. Matter 25 (2013) 173001
[6] Xiao, X. et. al., Adv. Mater. 24 (2012) 5762-5766
[7] Seoighe, C. et. al., Surf. Sci. 440 (1999) 116-124
[8] Rustad, J. R. Surf. Sci. 432 (1999) L583-L588
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Fig. 1: Fig. 1 ADF-STEM image of Co3O4(001) edge. The
color spheres represent O2- (red), Co3+ of oxygen
octahedral sites (dark blue) and Co2+ of oxygen
tetrahedral sites (light blue). The arrows of light blue color
show the atomic column positions of top-most Co2+. The
interatomic distance of Co2+-Co2+ is estimated as about
0.56 nm.
 

 
Fig. 2: Fig. 2 Summarized model of the Co3O4(001)
surface. The observed atomic distance of top Co2+-Co2+
by ADF-STEM (0.56 nm) is in good agreement with the
value of 0.571 nm estimated by the simple crystal model.
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Piezoelectric InAs quantum dots (QDs) were grown on (211)B GaAs surface, by plasma-assisted
molecular beam epitaxy (PAMBE). The heterostructure was characterized by high-resolution
transmission electron microscopy (HRTEM) methods [Fig. 1(a)]. Combining crystallographic
data from plan-view and cross-sectional observations, we came up with the 3D shape model of
the QDs depicted in Fig. 1(b). QDs present an asymmetric truncated pyramidal faceted
configuration comprising the {100}, {110} and {21l} facets, l varying from 2 to 4. Thus, the
pyramid [-111] to [0-11] base-aspect-ratio (BAR) depends on the l index of the inclined {21l}
planes, since it influences the out-of-plane angle of the pyramid base tip. Typical BAR values
between 1.2 and 1.4 were determined for the InAs QDs. Moreover, the height of the QDs
depends both on the l value and the level of truncation of the apex of the pyramid, which is
variable (5-15 nm).
The degree of plastic relaxation of the InAs QDs on GaAs was estimated by Moiré fringe
analysis, fast Fourier transform (FFT) of HRTEM images, and geometrical phase analysis (GPA).
It was found that the QDs are rather relaxed due to the presence of misfit dislocations (MDs) at
the InAs/GaAs interface [Fig 2(a)]. An average value of 6% for the in-plane lattice strain was
estimated near the interfacial region. It is noticed, from GPA analysis, that there is an increase
of the lattice strain up to 7.1% close to the apex of the QDs, suggesting that in that area there
is negligible residual elastic strain [(Fig. 2(b)]. The lattice constant increases towards the top of
the QDs due to the foil thickness effect and thus, the smaller QDs exhibit the lowest strain. It is
clear that strain inside the InAs QDs shows evidence of an anisotropic behavior.
The formation of InAs QDs on (211)B GaAs surface was explored in terms of atomistic
reconstructions of the energetically favorable configurations in conjunction with HRTEM
results. The pyramidal faceted reconstructions of (211)B GaAs, composed of the {100}, {110}
and {113} facets, are considered as the most stable configuration, while another less stable
reconstruction is formed by the {100}, {110} and {214} surfaces, which is shown in Fig. 3.
However, in addition to the {214} surfaces, the {21l} surfaces with l = 2, 3 seem to be
experimentally plausible. Since the (211)B surface is faceted, diffusion barriers are much
higher with respect to flat surfaces and hence, In adatoms are trapped at the edges of the
individual surfaces making the formation of InAs QDs on them favorable with respect to other
cleaved flat surfaces (e.g. the {111} surface).
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Fig. 1: (a) Plan-view HRTEM image of an InAs QD viewed along the [211] zone axis. Moiré fringes arise due to
overlapping of the InAs and GaAs lattices. (b) 3D shape model of the QDs with the l index of the {21l} facets being 3.
 

 
Fig. 2: (a) Cross-sectional HRTEM image of an InAs QD viewed along the [0-11] zone axis superimposed with the
corresponding GPA strain map. (b) Line profiles of the average strain from the areas marked in (a) by dashed lines,
along the [211] growth direction.
 

 
Fig. 3: Atomistic model of the faceted GaAs (211)B pyramidal surface shape using the method of infinite triangular
prism structures.
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Fe-Pd alloys (Pd ~30 at.%) show a martensitic transformation [[1]] and both a thermal [2] and
magnetic shape memory effect [3]. This makes the material promising for sensor or fast
actuator applications in nanosystems .
The electrochemical deposition of Fe and Pd with a highly stable complexed electrolyte allow it
to obtain low dimensional, complicated structures [4]. Deposited Fe70Pd30 samples show a
nanocrystalline bcc structure. Heat treatment at 800°C for 10min led to a complete
transformation to fcc . This is required for the martensitic transformation [5]. This suggests an
impact of the complexing agent amount on the phase structure of the deposits. To generate
the fcc structure directly during deposition, detailed investigations on the impact of the
complexing agent were performed.
Electrodeposition is performed in a standard three electrode arrangement . The electrolyte
contained 0,01 M Pd(NH3)4Cl2, 0,025 M Fe2(SO4)3•9H2O and 0,3 M (NH4)2SO4. To avoid the
formation of Fe-hydroxides, the iron ions were complexed by sulfosalicylic acid
(C7H6O6S•2H2O; SSC) , varied in concentration of 0,05 and 0,15M. The pH was adjusted to 5
by using H2SO4. The depositions were performed under a deposition potential of E = ‑1,1
VSCE for 10 minutes at room temperature and characterized with respect to composition,
structure and microstructure.
X-Ray diffraction indicates a dependence of the Fe-Pd phase structure on the Fe3+/SSC ratio in
the electrolyte. A shift in phase structure is accompanied by a change in Fe-Pd composition of
≈10 at.%. The desired composition of Fe70Pd30 is achieved for a slight excess of SSC
(Fe3+/SSC ratio of 1:1,2). TEM investigations on a FIB lamellae of this particular Fe70Pd30
sample show a homogenous microstructure without defects consisting of elongated
nanocrystals (6…44nm) in bcc structure [Fig. 1] with a preferred <110> orientation. No hints
for the presence of a fcc phase have been found.. Fast Fourier Transformation filtered HRTEM
images confirm the results [Fig. 2]. Three individually recorded SAD patterns along the layer
cross section from the substrate to the surface point out no structure changes inside of the
Fe-Pd layer [Fig. 3].
STEM line scans were acquired [Fig. 4]. A constant composition of 70± 5at.% Fe was observed
over the complete film thickness except the region in close proximity to the Au interface where
80 at.% Fe were found.
[1] R. Hultgren, C. Zapffe, Nature 142 (1938) 395
[2] T. Sohmura, R. Oshima, F.E. Fujita, Sc. Metall. Mater. 14 (1980) 855
[3] R.D. James, M. Wuttig, Phil. Mag. A 77(5) (1998) 1273
[4] V. Haehnel, S. Fähler, L. Schultz, H. Schlörb, Electrochem. Comm. 12 (2010) 1116
[5] H. Schlörb, M. Uhlemann, V. Haehnel, D. Iselt, A. Gebert, Z. Phys. Chem. 227 (2013) 1071



 
Fig. 1: TEM bright field image of elongated crystals and a)
corresponding SAD (FePd, bcc) and b) nanodiffraction of a
separate crystal (FePd, bcc, zone axis [111]
 

 
Fig. 2: HRTEM image and corresponding FFT in the layer:
FePd, bcc, d110 = 0,210nm
 

 
Fig. 3: TEM bright field image of the Fe-Pd layer and
corresponding SAD in different regions showing the same
bcc structure and preferred orientation
 

 
Fig. 4: STEM- linescan over the Fe- Pd layer: Increase of the
Fe- content at the interface to Au
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Palladium (Pd) and Pd-based membranes have been widely studied for several decades due to
their unique hydrogen separation capabilities, and have a large market potential for production
of high-purity H2 fuel for application in e.g. power generation with CO2 capture, fuel cells or
chemical industry. The most common membrane compositions are pure Pd, and alloys of
Pd-Ag, Pd-Cu and Pd-Au, where the alloying element first of all increases H2 permeability or
reduces the H2 flux inhibition due to CO and H2S.
An understanding of the impact of segregation and grain growth is crucial to design Pd-alloys
for various applications. In the current study, the effects of selected treatments, like H2

permeation and H2S exposure, on free-standing Pd-alloy samples are characterized using JEOL
2100F operated at 200kV. The SINTEF-patented two-step technique of magnetron sputtering
was used to prepare Pd-alloy samples. In this study, the Pd81Cu18Ag1 alloy, relevant for the
development for highly permeable sulfur-tolerant Pd-Cu alloy membranes, has been used as
model system.
Depending on the information sought, the samples can be studied in TEM in plan-view or in
cross-section geometry. Plan-view observation is mainly used to study surface morphology,
crystal orientation and chemistry. Compared with the plan-view, cross-section observation
provides more information from real-space structures, including defects and interfaces with
resolution down to atomic scale.
TEM characterization shows that the substrate-interface of the membrane is smoother than
growth-interface. In the as-grown membrane, the grains at or near the substrate-interface are
tiny and start to be orientated up at about 50nm from the surface, most grains are distinctly
columnar after a growth thickness of about 100nm. The grains at the growth-interface are
columnar and become much larger with 50nm in average size. The grain structure of the
sputtered films thus reflects the growth process. Under the sputtering conditions applied, the
nucleation density on the Si wafer substrate is high, and the smooth nature of the wafer
surface also affects the resulting roughness on the substrate side. As more material is
deposited, some grains grow while others are terminated and covered. The result is a grain
size gradient throughout the film, with elongated grains of preferential orientation along the
[111] direction. After a H2 permeation test the grains grew at both the substrate-interface and
the growth-interface to about 100nm. The growth at the substrate interface was most
significant. Some voids less than 10nm along the grain boundaries have also been observed.
These voids do, however, not contribute to unselective leakage flux, but still, the long-term
effect on stability requires further investigation.
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Spinel ferrites are important technological materials due to their magnetic properties [1].
During last decade spinel ferrites have been studied as semiconducting gas sensors [2-3]. The
spinel structure is cubic with the general formula MxFe3-xO4 where M is a divalent metallic ion;
depending on the composition of the metallic cation, ferrites exhibit n or p type conductivity. In
this work, we have studied the cobalt ferrites CoxFe3-xO4. Previously, we have synthetized, by a
new one pot solvo-thermal method, small and highly crystallized nanoparticles of cobalt
ferrites [4]. We have showed that the semi-conducting behaviour of the particles changes with
the cobalt content [5]. Hence, we were interested in studying cobalt ferrites as thin films for
applications in gas sensors. Thin films of CoxFe3-xO4 were realized by spin-coating on Si
substrate with Pt interdigitated electrodes. The precursor solution was the same as for the
synthesis of nanoparticles (cobalt and iron acetylacetonates). Undecanoïc acid was added to
the benzyl alcohol in order to improve the solubility of the acetylacetonates. After deposition,
the films were annealed at 500°C in air during 2 hours. The obtained films are homogenous in
morphology and in chemical composition; they show a nanostructuration of grains with a mean
size of 9.5 nm for x=1 (Fig.1) and 8 nm for x=1.8 (Fig.2). The crystallographic structure was
verified by electron diffraction, the pattern is indexed in the expected spinel structure (Fig.3).
Figure 4 shows grains of a film for x=1.8, the mean grain size measured is about 6.5 nm which
is consistent with the value deduced from the SEM observations. The electrical measurements
were carried out under reducing gas (NH3) and oxidizing gas (NO2). Under NH3, for x=1 the film
is n-type semi conductor and for x=1.8 is p-type semi conductor. Under NO2, the first results
were obtained for x=1.8: the electrical resistance decreases which is a typical response of a
p-type semi conductor. These results are very promising and particularly, the electrical
response is meaningful under low concentration of gas (10 ppm of NO2).
[1] M. Sugimoto, J. Am. Ceram. Soc. 82 (1999) 269.
[2] Z.Sun, L. Liu, D. Z. Jia, W.Pan, Sensors and actuators B, 125 (2007) 144.
[3] Y.-L. Liu, Z.-M. Liu, Y. Yang, H.-F. Yang, G.-L. Shen, R.-Q. Yu, Sensors and Actuators B, 107
(2005) 600.
[4] L. Ajroudi, V. Madigou, S. Villain, N. Mliki, Ch. Leroux J. of Crystal Growth 312 (2010) 2465.
[5] Ch. Leroux, M. Bendahan, V. Madigou, L. Ajroudi, N. Mikli, Sensors and transducers in press
(april 2014).



 
Fig. 1: SEM image of a CoFe2O4 film (mean size particles 9.5
nm)
 

 
Fig. 2: SEM image of a Co1.8Fe1.2O4 film(mean size particles 8
nm)
 

 
Fig. 3: Electron diffraction pattern of the particles of a
Co1.8Fe1.2O4 film (spinel structure)
 

 
Fig. 4: TEM image of a Co1.8Fe1.2O4 film (nanoparticles are
well crystallized)
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The possibilities for new metal oxide based materials is forever growing with the introduction
of novel deposition methods which allow precise control of the deposition parameters and the
ability to dope in order to tailor properties. The conditions used for the deposition of these
coatings has an influence on the microstructure which in turn plays an important role in
determining physical properties, such as the optical transmission and electrical conductivity. In
addition, for many metal oxide materials the structure-property relationship is not well
understood. In this work, filtered cathodic arc (FCVA), DC magnetron sputtering (DCMS) and
high power impulse magnetron sputtering (HiPIMS) were utilised to reactively grow metal
oxide coatings (HfO2 and ZnO) within an oxygen atmosphere.
FCVA deposition is a scalable energetic growth technique which allows for the synthesis of
nanoscale coatings with tuneable properties. In this technique, a conductive target material (in
this case, our metal) is ablated with a low voltage/high current electron flux. The metal ions
are directed through a magnetic double bend towards the substrate through an oxygen
environment. FCVA utilises a fully ionised plasma in which the energy of deposition can be
controlled by applying an electrical bias to the substrate, heating or by modifying the
processing pressure [1]. Thin film coatings grown using FCVA have been shown to have a low
rms roughness and a high density [1], which is ideal for device applications. DCMS (low energy
neutrals) and HiPIMS (high plasma density) were also selected to grow coatings. In
conventional DCMS, inert gas ions (such as argon) are accelerated towards a negatively biased
target material. When the target is sputtered, the target material is ejected and forms a thin
film coating on the substrate placed nearby within the vacuum. HIPIMS is a technique based on
magnetron sputtering, but unlike magnetron sputtering, HIPIMS, uses extremely high power
density pulses, achieving a greater ionisation of the sputtered material during deposition [2,3].
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Fig. 1: Cross sectional TEM bright field image of a
Zn1-xMgxO film with compositional variations through the
thickness.
 

 
Fig. 2: Cross sectional TEM dark field image of the same
region from figure 1 highlighting cubic MgO (100) planes.
 

 
Fig. 3: EELS areal density line scan of the marked region in figure 1, taken from the Zn and Mg core loss edges.
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In breeding blanket system of nuclear fusion reactor needs to development advanced type of
coating to leak control of tritium and reducing magneto hydrodynamic (MHD) pressure drop. In
breeding blanket system, material needs to fulfill five conditions. 1. Not break down at high
temperature. 2. Low reactivity with Li as a coolant. 3. High electrical resistivity. 4. High
permeation control of tritium. 5. High electrically insulating coating of 2µm or more. It has
been reported that Er2O3 is excellent electrical resistance and a permeation control effect from
various ceramic materials[1]. Hishinuma et. al. succeeded in forming Er2O3 film by metal
organic chemical vapor deposition (MOCVD) process as a new technology for large area
coating on broad and complicated shaped components[2]. MOCVD process is a concise
procedure to form homogeneous and large area coating layer synthesized from a metal
organic complex. Two stainless steel 316 (SUS316) disk plates were used in this work. SUS316
plates were coated with Er2O3 film using MOCVD process at 773K for 2 hrs. One was performed
permeation of hydrogen with irradiation of the gamma ray after Er2O3 coating, and the other
was hydrogen permeation test. XRD analysis with θ-2θ scan mode were carried out on a Philips
X'pert system diffractometer using Cu Kα X-Ray irradiation. Scanning Electron Microscope
(SEM) operating at 20keV with EDS and SLEEM mode were carried out on a HITACHI S-3500H.
TEM sample for cross sectional observation were prepared by Focus Ion Beam (FIB) method
(FB-2100, HITACHI) operating at 40keV using gallium ion. Transmission electron microscope
(TEM) was carried out on a TOPCON EM-002B operating at 200keV with EDS. Fig. 1 shows the
surface morphology of Er2O3 film before hydrogen permeation test and that surface had
granular structure. Crystallines on the surface had various size and they look like line up by
vapor flow. Fig. 2 shows TEM bright field image obtained for the sample prepared from central
part of Fig. 1 by FIB method. There is no gap between Er2O3 and SUS substrate. Columnar
grains of Er2O3 were corresponding to SEM image of granular structure in Fig1. SAED patterns
obtained from Er2O3 of the sample before hydrogen permeation test was indexed as [001] Er2O3.
It can be understood that the growth direction (upper-bottom direction in Fig.2) of Er2O3 film
was [110] by analysis of this SAED pattern.
[1] B.A.Pint , P.F.Tortorelli , A.Jankowski , J.Hayes , T.Muroga , A.Suzuki , O.I.Yeliseyeva ,
V.M.Chernov : J.Nucl.Mater 329-333 (2004) 119-124
[2] Yoshimitsu Hishinuma , Tsutomu Tanaka , Teruya Tanaka , Takuya Nagasaka , Yuzo Tasaki ,
Akio Sagara , Takeo Muroga : Fusion Engineering and Design 86 (2011) 2530-253



 
Fig. 1: SEM images of surface Er2O3 film before hydrogen permeation test
 

 
Fig. 2: Cross-sectional TEM bright field image of Er2O3 film before hydrogen permeation test
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The 2DEG at the complex oxide heterointerface between LAO and STO was found to have high
carrier mobility and high sheet carrier density at room temperature, both several orders of
magnitude larger than at the heterointerfaces of III-V-based semiconductors [1]. Much
experimental and theoretical work has been done to investigate the fundamental origins of
these electronic properties [2, 3]. However, there is still no single mechanism that can explain
the formation of the metallic state which is consistent with all observed experimental details.
Here, we present a study of the effects of annealing on the LAO/STO 2DEG interface using
atomic resolution STEM and EELS.
Five unit cells (u.c.) of LAO films were grown epitaxially on a TiO2-terminated (001) STO single
crystal substrates. Two samples were annealed in oxygen atmosphere at 400 ºC and 600 ºC,
respectively. One highly-conducting film left in the as-grown condition for comparison. The film
annealed at 400 ºC is insulating, whereas the one annealed at 600 ºC show 2DEG behaviour.
Atomic-resolution EELS mapping was performed at the interface of the 600 ºC annealed
LAO/STO film (Fig. 1). The La M4,5 edges map show a gradually decreasing intensity in the STO
and drops to zero at a depth of about 5 u.c. below the interface. The Ti L2,3 edges map show
strong Ti signals in the LAO film, indicating Ti diffusion and its displacement of Al on the B-site.
EELS line scans were collected across the LAO/STO interfaces of both three films. Elemental
distribution profiles are shown in Fig. 2, along with HAADF images of the regions from which
they were acquired. The Ti penetrating slightly farther in the LAO film annealed at 600 ºC than
in 400 ºC annealed and as-grown films. La diffused into the STO substrate to a depth of nearly
4 u.c. in the as-grown and 400 ºC annealed films and 5 u.c. in the 2DEG film. The spatial
distribution of the Ti3+ and Ti4+ signals across the LAO/STO interfaces are shown in Fig. 3. The
insulating film has a relatively low concentration of Ti3+, contained to the 4 u.c. adjacent to the
interface with LAO. In comparison, the conducting films show a high concentration of Ti3+

through the entirety of the LAO as well as the top 5 u.c. in STO substrate. The high
concentration of Ti3+ in the film, which can be attributed to the presence of diffused La and
oxygen vacancies, creates the conditions necessary for the formation of a 2DEG [4].
In conclusion, we provide a detailed TEM analysis of the origins and the annealing effect of
2DEGs at the LAO/STO interface. We found that the mixed Ti valence is strongly related with
the free carrier density, which is result from the competition between the La substitution and
refill of oxygen vacancies.
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Fig. 1: Atomic-resolution EELS mapping was performed from the marked area in (a). (b)-(d) are the elemental maps of
the O K, La M4,5 and Ti L2,3 edges. (e) is the colorized EELS elemental map of the O, La and Ti.
 

 
Fig. 2: (a), (b) and (c) are the elemental distribution profiles of as-grown, 400 ºC annealed and 600 ºC films. (c), (d) are
the spatial distribution of Ti3+ and Ti4+ in these two films.
 

 
Fig. 3: (a), (b) and (c) are the spatial distribution of Ti3+ and Ti4+ in the as-grown, 400 ºC annealed and 600 ºC films.
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The heteroepitaxy of InGaAs on porous (001)-oriented GaAs substrates is studied. It is shown
that such substrates can behave in a compliant manner, so that early localization of the elastic
strain due to the structural mismatch can be delayed or even suppressed, leading to an
increase of the critical thickness.
InxGa1-xAs epilayers with nominal indium contents up to 20% were deposited by metalorganic
vapour phase epitaxy (MOVPE) on porous GaAs substrates. The porous GaAs was prepared
electrochemically using a fluoride-iodide aqueous electrolyte [1]. This process introduced a
high degree of internal nanoscale porosity below a space charge layer, concurrent with low
surface roughness and low surface pore density (Fig. 1). Transmission electron microscopy
(TEM) and high resolution TEM (HRTEM) observations, together with high resolution x-ray
diffraction (HRXRD) were employed in order to study the strain relaxation in the films.
Photoluminescence (PL) measurements were employed in order to correlate the structural
parameters to the indium content.
Reduced densities of misfit dislocations (MDs) were observed for all samples at the
InGaAs/GaAs interfaces compared to heterostructures grown on nonporous GaAs substrates
under identical conditions, as shown in Fig. 2 [2]. Cross sectional TEM showed that the MD
array was located at a distance of ~30 nm from the level of the internal pores. The MDs were
introduced by glide mainly from the substrate side due to nucleation on the pore surfaces, and
were of 60o type (Fig. 3). The dislocations often glided in a dissociated form which was
attributed to Cottrell atmospheres impeding their motion. Lattice constant measurements by
selected area electron diffraction and HRXRD showed that the films that were deposited on
porous GaAs retained a significantly higher amount of elastic strain compared those grown on
nonporous GaAs. The residual strain did not comply to the plane stress condition since the
strain of the film along the growth direction was smaller than anticipated. This behaviour was
attributed to the upper part of the GaAs substrate becoming compliant to the misfit with
increasing epilayer thickness.
[1] J. Grym et al., Phys. Stat. Sol. C 9, 1531 (2012)
[2] G. P. Dimitrakopulos et al., Appl. Surface Sci., in press (2014).
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Fig. 1: Cross sectional TEM (XTEM) image along the [110] direction of the InGaAs/porous GaAs heterostructure, showing
the substrate pore channels along <111> directions.
 

 
Fig. 2: Two-beam bright field XTEM images of 100 nm thick In0.2Ga0.8As/GaAs heterostructures grown (a) on nonporous
GaAs and (b) on porous GaAs substrates. A MD array is visible in (a) whereas only few dislocations are discernible in
(b). Both images were taken near the [110] zone axis with g 2-20.
 

 
Fig. 3: (a) HRTEM image of 60o dissociated glissile dislocations at the vicinity of a pore. (b) Nucleation of a 60o

dislocation at a pore surface. Both images were recorded along the [110] zone axis.
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Thin films of TiN have been applied widely for its good electrical property and chemical
stability. High-quality TiN can make further understanding of its properties, particularly its
relationship with oxides. Here we characterize the TiN/MgO interface using STEM annual dark
field (ADF) and annual bright field (ABF) images and make a comparison of both imaging
contrast for the different elements. Though ADF images can easily provide direct visualization
of atomic column positions of heavy atoms, for light elements it is usually invisible even at
high resolution. Recently, ABF imaging technique has been proved to be useful for
observations of atomic positions of light elements in single crystals.
ADF/ABF imaging was performed in a Cs-corrected JEOL ARM200F with a Schottky gun at
200kV with 0.08nm probe. TiN thin films were grown on MgO substrate by pulsed laser
deposition method. The full-width at half-maximum of X-ray rocking curve (002) is about 60
arcsec, implying that TiN films deposited on MgO are of good quality. Cross-sectional STEM
specimens were prepared by tripod polishing method, followed by Ar-ion milling at 4⁰ and 3-4
kV.
In our observations, all ADF images show that atomic positions of Ti and Mg exhibit strong
bright contrast, O in weak bright contrast, whereas the contrast of N atoms is hardly observed,
as shown in Fig. 1. The contrast can be further improved as shown in the filtered images (the
insets in Fig. 1) in which O positions are clearly visible while N ones are still barely seen. Also,
it is difficult to see the contrast difference of O from N at the interfacial region. The ABF image
in Fig. 2 clearly reveals that atomic columns of Ti, N, Mg, and O as dark spots where the
darkness depends on their atomic number. Also the visibility of all atomic positions can be
significantly increased in the filtered ABF images, but it remains difficult to identify exact
atomic species at the interface because the difference in the intensity of light element atoms
is too low. Interestingly, the ABF contrast shows additional dark spots in MgO where exist no
atomic columns between Mg along <112>, and similar contrast is also seen in some TiN
regions. The causes for such contrast may need further investigations. Both ADF and ABF
images show that the TiN/MgO interface is almost fully coherent with epitaxial relationships of
(001)TiN//(001)MgO and [1-10]TiN//[1-10]MgO because of a small lattice mismatch (δ=0.466%)
between MgO and TiN. The arrangements of Mg, O, Ti and N atomic columns can be seen in
order. Moreover, both images indicate that the ionic bonding sequences of cations and anions
along [001] direction through the TiN/MgO interface is maintained without any interruption
from MgO to TiN, i.e., Mg-O-Ti-N and O-Mg-N-Ti atomistic bonding.
 

Acknowledgement: The work was supported by National Science Council, Taiwan, R.O.C. under
Contract No. 101-2221-E-009-049-MY3.



 
Fig. 1: ADF image of the TiN/MgO interface along [1-10] zone axis. Ti, Mg and O atomic positions as marked in TiN and
MgO filtered images in the insets. (angle > 90 mrad)
 

 
Fig. 2: ABF image of the TiN/MgO interface along [1-10] zone axis. Ti, N, Mg and O atomic positions as marked in TiN
and MgO filtered images in the insets. (angle ~ 11-22 mrad)
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Transparent conducting oxide (TCO) films are widely applied in optical and electronic
devices.1-3 Among these TCO materials, ZnO:Al has attracted much attention because it is an
abundant, inexpensive, non-toxic and environmentally friendly raw material with high
crystallinity and good conductivity that is easy to prepare. In this study, ZnO:Al (2 wt%) films
with a thickness of 650 nm were deposited on Corning Eagle2000 glass substrates by RF
magnetron sputtering. They consisted of columnar grains preferentially grown along the
[0001] axis (Fig. 1). Then, the films were activation annealed at different temperatures for 1 h
in vacuum. The optical and electrical properties of the ZnO:Al films were improved by the
annealing; the optimum transmittance of light over a 400-800 nm wavelength and the electric
resistivity of ZnO:Al film annealed at 400oC were 85.5% and 2.9×10-3 Ω-cm, respectively,
while those of the as-deposited film were 81.2% and 3.53×10-2 Ω-cm. Fig. 2 shows the X-ray
diffraction results of as-deposited and post annealed ZnO:Al films, it revealed that the lattice
parameter c of the hexagonal ZnO:Al decreased with annealing temperature, from 0.524 nm
for the as-deposited film to 0.5205 nm for the film annealed at 400oC, compared with 0.521
nm for pure ZnO. High-resolution electron microscopy lattice images (Fig. 3) suggested that
the hexagonal unit cell of the ZnO:Al film is deformed to a triclinic structure, not only by
shrinking along the c axis, but also by leaning of the c axis. The lean angle increased with
annealing temperature and reached a maximum value of 4o in the film annealed at 400oC.
The change in crystal structure during the activation annealing is attributed to the substitution
of Zn2+ ions with Al3+ ions and the formation of oxygen vacancies, both of which also caused
the observed change in the optical and electrical properties.
References
1 S. Fernández, O. de Abril, F.B. Naranjo, J.J. Gandía, Sol. Energy Mater. Sol. Cells 95, (2011)
2281.
2 J.K. Jeong, Semicond. Sci. Technol. 26, (2011) 034008.
3 T.W. Kuo, S.X. Lin, Y.Y. Hung, J.H. Horng, M.P. Houng, IEEE Photonics Technol. Lett. 23, (2011)
362.
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Fig. 1: (a) TEM bright field image and (b) selected area electron diffraction pattern of an as-deposited 650 nm thick
ZnO:Al film on a glass substrate.
 

 
Fig. 2: (a) X-ray diffraction patterns of the as-deposited ZnO:Al film and the films annealed at different temperatures.
(b) The 0002 peaks in the X-ray diffraction patterns. (c) The lattice parameter c of the hexagonal unit cell evaluated
from the peak positions in (b).
 

 
Fig. 3: HR-TEM lattice images and the corresponding FFT images of the as-deposited ZnO:Al film and the films annealed
at 400oC. The angle between the [000] and [010] axes is indicated in each FFT image.
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Although graphene was the first proven two-dimensional (2-D) material, there are many other
atomically layered materials which can be extracted/formed into 2-D structures [1]. As is the
case of graphene these 2-D materials have very different physical and chemical properties
from those of the bulk materials. This leads to the need to assess these materials properties by
as many techniques as possible and answer questions such as: when going from 3-D to 2-D, do
these materials retain their electronic character (i.e., insulator or semi-metal) and, if the
materials have differing phases, which do this? The MAX-phases are an interesting group of
such materials, their name derives from there structure being a combination of a transition
metal M, an element from the A section of the periodic table and X which is either Carbon or
Nitrogen. The phases represent but another class of natural nano-laminated materials
encompassing characteristics of metals and ceramics with unique combination of chemical,
physical and electrical properties [2]. Utilising a unique layer-by-layer magnetron deposition
technique the synthesis temperature was recently significantly reduced to allow the thin film
creation of MAX phases on common engineering substrates [3].
Here we present the evidence, for the first time, that one of the MAX-phases, Cr2AlC, can be
successfully deposited onto suspended graphene (directly on the TEM grid) at 500 and 600 oC.
The graphene membranes have survived deposition as evidenced by microscopic and
spectroscopic measurements. The deposited phase formed a nano-crystalline thin layer with
island-like morphology on the graphene surface as shown in Fig. 1. The structure, growth
orientation, thickness and composition of those nano-structures were revealed via atomic
resolution phase contrast (BF) and high angle annular dark field imaging (HAADF), and energy
dispersive X-Ray spectroscopy (EDXS). We show that the nano-structures are observed in
different epitaxialy arranged orientations leading to different structural appearances. In
addition to that, based on spectroscopic measurements, the nano-structures with different
orientations are rich either in Cr or Al (see Fig.2).
[1] X. Zhang et al., Angew. Chem. Int. Ed., 52 (2013) 4361-4365.
[2] M.W. Barsoum, M. Radovic, Annu. Rev. Mater. Res., 41 (2011) 195-227.
[3] V. Vishnyakov et al., Vacuum, 100 (2014) 61-65.



 
Fig. 1: BF images of the Cr2AlC nanostructures deposited on graphene at 600 oC, a) an overview, b) a closer look to (a),
(c)&(d) show the thin film morphology and the two prevalent epitaxial orientation of the nano-crystallites.
 

 
Fig. 2: a) HAADF image of Cr2AlC nanostructures before taking EDX maps on the region highlighted by yellow
rectangular, b) Cr map, c) Al map, d) combination of Cr, Al and C maps, e) combination of HAADF image and Cr, Al and
C maps, f) EDXS results.
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Basic Transmission Electron Microscopy (TEM) techniques were used to characterize four
period 11 nm InGaAs/10 nm GaAs superlattices, grown on a compact home-build molecular
beam epitaxy system. The MBE system, of low investment and low running cost [1], was
design to obtain in a small reactor, defect free epitaxial heterostructures, on 10x10 mm
substrates. Cross section TEM specimens were prepared along one of the <110> zone axis by
mechanical and ion polishing. Compositional, stress sensitive and high-resolution images were
obtained using a JEM-3010 microscope, operating at 300 kV, with point resolution of 0.17 nm.
Compositional sensitivity dark field images, using the (004) reflection, showed the contrast
between the Indium rich and Gallium rich constituents, along the four period superlattice, as
seen in Figure 1. The crystallinity quality was observed by dark field, using the (111) reflection
(Figure 2), and high-resolution images, which show high quality interface between layers
(Figure 3). Dark field images, using the (022) reflection, were also obtained; no defects were
observed, rather a strain contrast at the interface due to lattice mismatched between GaAs
and InGaAs, as seen in Figure 4. All TEM analysis confirmed the results obtained also by x-ray
diffraction (XRD) and atomic force microscopy (AFM), which denote coherent epitaxial growth
in the different growth setups of GaAs and InGaAs. All the fundamental growth studies
conducted here shown the home-build MBE system produce high quality defect-free InGaAs
heterostructures, on GaAs (001) substrates, for optoelectronic applications.
Reference
[1] S. Filipe Covre da Silva, E. M. Lanzoni, P. M. Coelho Neto, A. J. Garcia Jr., A. T. de Barroa, V.
Pimentel, C. A. Ospina, J. Bettini, A. Malachias, S. O. Ferreira and Ch. Deneke. Setup and
characterization of a compact, home-build molecular beam epitaxy system for overgrowth of
small sized substrates. Submitted.
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Fig. 1: Dark Field TEM image, using (004) reflection,
sensitive to element concentration, shows four period
InGaAs/GaAs superlattice.
 

 
Fig. 2: HRTEM image shows the absence of structural
defects by imaging lattice fringes of InGaAs/GaAs.
 

 
Fig. 3: Dark Field TEM image, using (111) reflection, shows
high crystal quality (no defects).
 

 
Fig. 4: Dark Field TEM image, using (022) reflection, for
strain contrast.
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The present work concerns the microstructural characterization of a multi-component (based
on GaN and related materials) and multi-layered (5 layers) film, grown on 4H-SiC substrate
(with a misorientation of ±0.5-2 degrees off from (0001) plane), using High Resolution
Transmission Electron Microscopy (HRTEM). A typical sequence of the epilayers from bottom to
top is: AlN nucleation layer-GaN layer-AlN spacer layer-AlGaN layer-GaN cap layer (Fig. 1).
The layers are grown epitaxially, as it is confirmed from the corresponding electron diffraction
patterns (with the [0001] SiC direction parallel to the [0001] GaN direction, as seen in Fig. 1
inset a). Conventional TEM images allow the measure of the layers’ thicknesses. Sharp
interfaces are observed between the layers. However, the AlN spacer layer is not uniform in
thickness and in several areas the GaN/AlN and AlN/AlGaN interfaces are not too clear.
Moreover, in the AlN nucleation layer V-shaped formations are observed (Fig.1 inset b). It is
remarkable that the surface of the ±0.5 deg. sample appears a characteristic roughness,
which is not present in the other sample.
HRTEM micrographs clarify the quality of the interfaces and of the defects observed in the
layers. In the case of the 2 deg. off sample, multiple steps are observed at the interface
between the AlN nucleation layer and the 4H-SiC substrate (Fig.1 inset c). The height of the
steps is one atomic layer (about 0.25 nm) and their period is about 5-6 nm. Moreover,
characteristic contrast (in conventional TEM and HRTEM images) suggests the growth of
threading dislocations in the AlN layer that begin from the SiC/AlN interface at the steps’
positions. On the other hand, as shown in fig. 2, no steps are observed in the case of the ±0.5
degrees off sample. Additionally, Fast Fourier Transforms (FFT), performed on HRTEM
micrographs taken from the AlN layer, confirm the GaN diffusion from the epilayer forming the
V-shapes.
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Fig. 1: A multilayer structure grown on 4H-SiC substrate. Five layers were grown epitaxially on the substrate. a) An
electron diffraction pattern taken close to SiC/GaN interface, revealing the very good epitaxial growth of GaN on the
4H-SiC substrate, b) V-shaped formations in the AlN nucleation layer, c) Steps in the SiC/AlN interface.
 

 
Fig. 2: An HRTEM image of the ±0.5 deg. off sample revealing no steps at the SiC/AlN interface showing the very good
growth of AlN on the SiC substrate.
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Oxide heterostructures have been intensively studied in recent years due to their novel
physical properties, e.g. metal-insulator transition, ferromagnetism and superconductivity.
These phenomena are related to the interplay between the lattice, charge, orbital and spin
degree of freedom at the interface. Hence, a direct measurement of strain, cation
displacement and oxygen octahedral rotation-tilt is essential for understanding the
structure-property relation of these materials. In this work, we demonstrate a direct
measurement of the bond length and bond angle of each oxygen octahedron across the
interface based on aberration-corrected HRTEM.
Figure 1 shows the TEM image of a SrTiO3/SrIrO3 (3 bilayers) film grown on (111) SrTiO3
oriented along [110] zone axis. Negative spherical aberration imaging condition is used in the
experiment and thus the image reflects the projected atomic structure of the heterostructure.
To understand the structure of the heterostructure, we carried out a direct measurement of
the atom positions by fitting the intensity of individual atomic column to a two-dimensional
Gaussian peak. Based on the fitting results, the projected bond length and bond angle of each
oxygen octahedron (defined in the inset of Fig. 1) is analyzed and the results are shown in
Figure 2. We first note that the Sr-Sr bond lengths of the SrIrO3 film (6th to 8th oxygen
octahedron) are larger than that of the substrate. It is interesting to point out that the Sr-Sr
bond length of the 7th oxygen octahedra is much shorter than its neighboring octahedron. This
may be due to the variation of Sr-Sr bond length projected along [1 0] direction for
orthorhombic SrIrO3, which are 2.88 Ǻ and 2.69 Ǻ, respectively. The projected Sr-Sr bond
length along [001] direction is consistent with the bulk value ~3.94 Ǻ. We also note that the
projected bond length and bond angle between B-site cation and oxygen changes abruptly at
the SrIrO3/SrTiO3 interface and extends only several atomic layers. Furthermore, from Fig. 2b
and 2c, it is clearly that the bond length and bond angle between B-site atoms and oxygen is
maximum/minimum. These results are not compatible with the bulk SrIrO3 structure and
indicate that the ultrathin 3 bilayers thick SrIrO3 film is possibly in a new displacive polar state.
In summary, we have shown that the bond length and bond angle of oxygen octahedron across
the SrTiO3/SrIrO3 interface can be directly measured from an aberration-corrected HRTEM
image. We found that the ultrathin SrIrO3 film has a new displacive polar state different from
its bulk structure. Although the exact crystal structure of the film remains unclear, our work
provides an insight into the atomic structure of these materials with peculiar properties at the
interface.



 
Fig. 1: HRTEM image of [110] SrTiO3/SrIrO3/(111) SrTiO3. The projected bond length and bond angle of the oxygen
octahedron is defined in the inset and the number in the image indicates the n-th oxygen octahedron used for the
analysis.
 

 
Fig. 2: The projected bond length of (a) Sr-Sr atoms and (b) Sr-B and O-B atoms and the projected bond angle of (c)
Sr-B-O atoms. It is clear that the bond lengths of Sr-Sr and O-B and bond angle between cations and oxygen of the film
deviate from the substrate substantially.
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Zinc Oxide (ZnO) is a wide bandgap semiconductor material which can be successfully used for
wide variety of potential applications such as biosensors and acoustic resonator devices.
Recently was found that preferred orientation of sputtered ZnO films can be controlled by
applied substrate bias and substrate temperature during deposition.
This work is focused on the initial growth stage of sputtered ZnO film. Films were deposited by
BOC Edwards TF600 sputtering system to formvar coated copper TEM grid glued by carbon
paste to silicon substrate. Thin films were deposited at floating potential as well as at bias
-100V. Thickness of prepared films varied from 6 nm to 50 nm at both conditions. The films
were studied immediately after deposition by HR-TEM JEOL 2200FS equipped with
autoemission Schottky gun, in-column energy filter, Oxford EDS detector and Gatan CCD
camera with 2048×2048 pixels handled by Digital Micrograph. SAED patterns were treated by
Process Diffraction.
We found that the biased samples started crystallization process differently and exhibit more
random oriented nanocrystals. Lately nanocrystals get predominant orientation of crystallites.
Structure of the films prepared at floating have less nanocrystals with 002 reflections oriented
parallel with the beam. Moreover, the initial growth stage affects significantly the resulting film
structure and preferred orientation. Obtained results will help to understand evolution of
sputtered ZnO film structure at different conditions.
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Fig. 1: HR-TEM study of 6 nm thickness ZnO films deposited on floating potential.
 

 
Fig. 2: HR-TEM study of 6 nm thickness ZnO films deposited with bias -100V.
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Zinc Oxide (ZnO) is of great interest for various photonic and electrical applications due to its
unique physical and chemical properties. ZnO films doped with transition metals like Co, Mn,
Ni, has been studied as a promising material for diluted magnetic semiconductors.
This work concentrate on structure of nickel doped ZnO films prepared by reactive magnetron
sputtering. Thin films with nickel concentration 4.8, 5.3 and 8.4 wt% were prepared using BOC
Edwards TF 600 coating system. Film thickness has been measured on cross-section and varies
from 500 nm up to 670nm. X-ray diffraction (PANalytical) with Cu Kα radiation, scanning
electron microscopy (JEOL JSM7600F), energy dispersive analysis using X-rays (Oxford
Instruments) and high resolution transmission electron microscopy (JEOL JEM2200FS) has been
used for thin film characterisation.
X-ray diffraction analysis reveals that the Ni was doped interstitially in Zn sites of ZnO without
forming any detectable secondary phase. Preferred orientation is in [001] direction to the
substrate surface for all three samples. The influence of Ni content on surface morphology of
the films has been determined by field emission electron microscope. For lowest Ni content
(4.8 wt%) grain size is not uniform and clusters of very fine grains are present with few large
crystallites. Fig. 1 shows FE-SEM micrograph of the film with 5.3wt% of nickel with uniform
grain size. Nickel content 8.4 wt% results in smaller grain size with homogenous distribution.
Columnar structure with column width less than 100nm has been observed for all examined
samples (Fig. 2). EDX map of nickel, zinc and oxide has been collected to analyse elemental
distribution in thin films. EDX maps revealed homogenous distribution of nickel in all three
samples. SAED profile of ZnO:Ni shows the structure [wurtzite] of pure ZnO monocrystals since
the Ni doped interstitially in Zn sites. Cross-section on TEM shows ZnO monocrystals in
columnar structure.
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Fig. 1: As deposited surface, 5.3wt% Ni
 

 
Fig. 2: Cross-section, 5.3wt% Ni
 

 
Fig. 3: HRTEM study of cross-section ZnO:Ni film
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The extreme low coefficient of friction, hardness and high thermal conductivity of CVD
diamond like carbon coatings films, can play an important role in the oil, gas and
petrochemical industries in different kind of components (for example valves and mating
parts) for wide range of applications are susceptible to a build-up of frictional forces in very
aggressive chemical conditions, including H2S hydrogen sulfide. In many cases, coating with
protective films may prevent future problems and extend the devices lifetime [2]. The current
work is an interface study for DLC/SiH/Steel to understand the DLC excellent adhesion
proprieties on API 5L steel, endorses its use anti-corrosion and protection applications. In this
work, the DLC coating were grown by Chemical Vapor Deposition (CVD) method using 1 kV
deposition voltage and the films were studied by scanning electron microscopy (SEM) and
Raman Spectroscopy to study the interface nature of CVD diamond films grown on API 5L steel
substrate [1]. Cross-sectional and surface SEM images were to measure the thickness of DLC
films and elemental composition of the DLC film was determined by energy dispersive X-Ray
analysis (EDX) using Quanta 450 from FEI Company. Figure 1 shows the surface morphology of
deposited DLC film was continuous, smooth and uniform. Typical cross-sectional interface SEM
image of DLC film presents an uniform thickness about 4 µm and good adhesion including a
silicon interlayer. The energy dispersive X-Ray analysis (EDX) mapping results (figure 2)
confirm the Carbon, silicon and iron presents in the sample. The Raman spectra shows the
typical peak from DLC films (sp2 and sp3) related to the microcrystalline size of the graphitic
cluster to 1kV deposition voltage (Figure 3). It is clear that more investigations are necessary
to better understand the good adhesion, like adhesion tests and transmission electron
microscopy (TEM) samples will be prepared using focused ion beam (FIB) to explain what is the
SiH interlayer role in good adhesion properties.
References
[1] S.B. Peripolli, et al., Microscopy and MicroAnalysis 15 (2009) 57-58.
[2] M. Frenklach et al., In Diamond and diamond-like films and coatings, Eds.; Plenun Press:
New York, 1991, p 499.



 
Fig. 1: SEM images from surface and cross-section interface from DLC coating on API 5L Steel substrate.
 

 
Fig. 2: Energy dispersive X-Ray analysis mapping (EDS)
from cross-section DLC film.
 

 
Fig. 3: DLC film Raman spectra to 1kV and 0.8
kV deposition voltages
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The TiN-SiNx system is subject to intense research, mainly as a model system for superhard
nanocomposite (NC) materials.1 Although the elements are commonly deposited
simultaneously as a thin film, the TiN-SiNx nanocomposite formation is a consequence of
phase separation of the immiscible components, leaving sharp interfaces between the two
phases. It has been reported that such nanocomposites exhibit high hardness, which is of use
for wear-resistant coatings.1 As a consequence of these small dimensions, dislocation glide is
prevented while also the thin matrix prevents grain boundary sliding due to its high cohesive
strength.2 While the structure of the crystallites is well known, e.g. B1 (NaCl) TiN in the
TiN-SiNx system, the structure of the TiN-SiNx interface and the thin intergranular SiNx matrix
has been debated for some time. The spatially constrained dimensions makes it challenging to
just “look at it and see”. To limit the complexity, but also to investigate the hardening
mechanisms a number of studies have reported successful growth of transition metal
nitride-SiNx (001)-oriented multilayers and that these ML also exhibited increased hardness for
thin SiNx layers.3 Depending on thickness of the SiNx layer, the ML structure can be grown
epitaxially, indicating a crystalline nature of the SiNx. Constituting an epitaxial nature, these
multilayers are the key towards understanding the nanocomposite TiN to SiNx interface. With
increasing SiNx thickness, the layer assumes an amorphous structure and the epitaxial nature
of the ML is lost. Through the significance of the TiN-SiNx (001) interface, it’s structural nature
has been subject to intense theoretical studies. In contrast, few results have been published by
high resolution microscopy methods.
In this contribution, the structure of a SiNx layer, epitaxially stabilized on TiN(001), is
determined by atomically resolved aberration corrected scanning transmission electron
microscopy ((S)TEM), using parallel high angle annular dark field (HAADF-) and annular bright
field (ABF)-(S)TEM in combination with STEM image simulations. Complementarily, spatially
resolved electron energy loss spectroscopy (EELS) spectrum imaging (SI) of the nitrogen (N-K)
near edge fine structure (ELNES) was applied to the SiNx and corroborated with full potential
calculations of candidate structures. This work was carried out at the Linköping double
corrected Titan3, equipped with a Gatan Tridiem ERS imaging filter.
The study localizes the N atomic position in the structure, identifying the SiN structure to
exhibit a B1 (NaCl) - like structure.
L. Hultman, et.al., Phys. Rev. B 75, 155437 (2007).
J. Schiøtz, F.D. Di Tolla, K.W. Jacobsen, Nature, 391, 561 (1998).
H. Söderberg, et.al., J. Appl.Phys 97, 114327 (2005).
 

Acknowledgement: The authors wish to acknowledge funding from the Swedish Research
Council, and from the Knut and Alice Wallenberg Foundation for the Electron Microscopy
Laboratory in Linköping



 
Fig. 1: The figure shows a layer of cubic SiN (indicated by an arrow in the HAADF images) embedded between TiN
layers. The same location was viewed from the two different orientations, and enable identification of the N position in
the structure from the ABF images.
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Noble metals are often used when producing lithographically patterned plasmonic resonators,
biosensors and other optical devices. Cr and Ti are the standard adhesion layers for the
deposition of these metals. However, recent evidence shows that even a thin adhesion layer of
1-2nm can negatively impact the optical properties of these structures, such as plasmon
resonance [1] and Raman signal enhancement.[2] The present study uses monochromated
electron energy-loss spectroscopy in a scanning transmission electron microscope
(STEM-EELS) to study plasmon resonances in structures with either a Ti adhesion layer or an
organic molecular alternative, 3-mercaptopropyltrimethoxysilane (MPTMS).

Polymethyl methacrylate (PMMA) resist was spin coated onto 35nm thick silicon nitride
membranes. 140nm diameter cylindrical holes were made in the PMMA by electron beam
lithography. An adhesion layer, either Ti (2nm e-beam evaporated) or MPTMS (vapor
deposited) was applied next, followed by 30nm of Au. A cross sectional schematic of the final
structure is shown in Fig. 1a, as well as plan view bright field STEM images in Fig. 1b-c.

Spectrum images (SI’s) with 2.5 nm pixel size were acquired by STEM-EELS. Energy windows
were selected from the SI’s and the intensities were normalized, generating an intensity map
of the probability that an electron will lose the specified energy. Bright features on these maps
can be interpreted as regions where plasmons of the chosen energy are excited by the
electron beam. A series of these images generated from the MPTMS/Au sample are shown in
Fig. 3a-d. Four different plasmon modes are apparent – localized surface modes at points 1, 2,
and 3 and a mode at the bulk plasmon energy at point 4. In the Ti/Au sample, Fig. 3e-h, there
are no regions which appear to have strong coupling between the electrons in the beam and
plasmons in the sample. This damping of optical frequency resonance is proposed to arise
from the large imaginary component of the dielectric function of Ti.[1] The damping is also
evident by viewing the EELS spectra. Spectra from a small region around each of the labeled
points in Fig. 3 were summed to give the charts shown in Fig. 2. The Ti/Au sample has peaks
with less intensity at every position sampled.

Thus it has been demonstrated that STEM-EELS is capable of clearly resolving changes in
plasmon resonance due to the use of as little as 2nm of Ti. Additionally, this study has shown
that MPTMS can be used to produce evaporated metal structures with improved plasmonic
properties compared to the more widely used Ti. The influence of this effect on the intensity of
Raman spectroscopy signals is described elsewhere.[2]
[1] T.G. Habteyes et al, ACS Nano, 6 (2012) pp 5702–5709.
[2] S. Madsen et al, M&M, 20 (2014). In press.
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Fig. 1: Cross-sectional schematic (A) of the structures
produced. (B) and (C) show plan view bright field STEM
images of the MPTMS/Au and Ti/Au samples respectively.
 

 
Fig. 2: Electron energy loss spectra from the areas marked
in Fig. 3. (A) corresponds to regions 1 and 4, (B) to region
2, (C) to region 3 and (D) integrated over the whole
spectrum image . Note that the plasmon peaks are much
less prominent when 2nm Ti is used as the adhesion layer.
 

 
Fig. 3: Normalized energy slices from spectrum images showing locations of plasmon excitation. Slices are 0.1eV wide
and centered around the energy shown. The MPTMS/Au sample (A-D) shows modes excited at several different
energies and locations (points 1-4), while the Ti/Au sample (E-H) does not.
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PS nanoporous films on low density polyethylene - LDPE were evaluated as substrates for
Surface-enhanced Raman spectroscopy (SERS). SERS is a powerful analytical method capable
of providing information about the structure of a variety of analytes in a non-destructive way.
The sensitivity, reproducibility and stability of the SERS signal depend on the selection of an
appropriate substrate(1). Thus, this study demonstrated the formation of a polymeric substrate
for SERS from PS nanoporous films covered with Au thin film (sputtered film). Nanoporous films
were obtained from 150 µL of a 10% (w/v) PS/THF solution. The solution was placed on LDPE
and then rotated at 3000 rpm in spin coating for 10 seconds to generate a PS nanoporous film.
Different spin speed, 1000 and 9000 rpm, were also tested. The humidity during the polymer
casting was kept constant at 81%. A similar procedure was carried out using chloroform as
solvent, which provided a non-porous PS film. Gold thin layers were sputtered on PS film using
a current of 6 mA at different times, 10, 5 and 1 min. The efficiency of the nanoporous PS
substrate with gold layer deposited for 5 min for generating SERS signal was evaluated using
10 µM 4- mercaptopyridine aqueous solution. AFM images before and after Au deposition of
were presented in the Figures 1, 2 and 3. The Au deposition changes the topology of the initial
nanoporous film and the nanoporous are not completely filled. Since the conditions 1 and 5
minutes Au deposition of the average depth of the nanoporous remained almost constant
compared with the films without the deposition of Au [Figures 1a, 2a and 3a] and [Figures 1, 2
and 3 (c) and (d)]. SERS effect of the films obtained in PEBD_PSnanoporoso revolutions of
1000, 3000 and 9000 rpm, that have average pore size of 303 ± 68, 123 ± 23 and 80 ± 24
nm, respectively, were tested. The result of Raman spectrum for SERS using the substrate
obtained at 3000 rpm and 5 minute can be seen in Figure 4. A characteristic
4-mercaptopyridine Raman bands are verified, intense bands at 1492, 1276, 1100, and 1040
cm-1 (2,3). The great similarity between the spectra of solid 4-mercaptopyridine [Figure 4 (b)]
and 4-mercaptopyridine in LDPE/PSnanoporous/ Au film [Figure 4 (c)] can also be observed. In
conclusion, it was possible to synthesize rapid, simple and inexpensive one nanoporous
polymeric substrate of PS and Au nanoparticles. The limit of sensitivity of this substrate is
being evaluated
References
(1) Banholzer, M. J.; Millstone, J. E.; Qin, L.; Mirkin, C. A. Chem. Soc. Rev. 37, 885-897 (2008);
(2) Silva, R.; Biradar, A. V.; Fabris L.; Asefa, T.J. Phys. Chem. C, 115:22810-22817 (2011);
(3)Zou, X.; Silva, R.; Huang, X.; Al-Sharabc, J. F.; Asefa T. Chem. Commun.49, 382-384 (2013).
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Fig. 1: AFM images and the average Rz of PS nanoporous at
1000 rpm on LDPE (a) without deposition of Au and the
following times after deposition of Au (b) 10 (c) and 5 (d) 1
minute.
 

 
Fig. 2: AFM images and the average Rz of PS nanoporous at
3000 rpm on LDPE (a) without deposition of Au and the
following times after deposition of Au (b) 10 (c) and 5 (d) 1
minute.
 

 
Fig. 3: AFM images and the average Rz of PS nanoporous at
9000 rpm on LDPE (a) without deposition of Au and the
following times after deposition of Au (b) 10 (c) and 5 (d) 1
minute.
 

 
Fig. 4: SERS spectrum of 4 - mercaptopyridine (10-5mol/L)
(a) PEBD/PS non- porous/5minAu (c)
PEBD/PSnanoporous/5minAu and (b) 4 - mercaptopyridine
solid. The wavelength used was 785 nm
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Vanadium oxide is a material that shows a phase transition of semiconductor to metal when is
heated around of certain critical temperature. For the V2O5 compound,,this phase transition
occur at 257±5°C. The study of vanadium compounds in thin film configuration, has received
special attention in recent times because of their interesting electrochromic and
thermochromic properties and potential uses as thermal sensing, optical switches,
optoelectronic devices and energy saving devices with emphasis in the development of smart
windows 1.
In this work, vanadium pentoxide (V2O5) thin films were deposited by RF magnetron
sputtering with different deposition conditions: with and without O2, using a V2O5 target 2. A
power of 100 watts during 10 minutes was used to deposit vanadium oxide on corning glass
pure and coated with a conductive layer of SnO2:F (FTO) with an average sheet resistance of
7Ω/sq . The films were deposited on substrates kept at room temperature and 400ºC
respectively. The optical and electrical properties were characterized by optical spectroscopy
in the visible and ultraviolet range and the Four Points Van der Pauw method, respectively.
Likewise, changes in resistance as a function of temperature were performed. The surface
composition and morphological properties were followed with X-ray photoelectron
spectroscopy (XPS) measurements and electron microscopy techniques. Cyclic voltammetry
experiments were performed in a potential range: E0= -2800mV to E= potential 2800 mV vs. a
platinum reference electrode with a scanning rate of 1000 mV/s. The cyclic voltammogram
exhibits the evolution of the formation of vanadium oxides until the electrochromic species be
obtained. Cycling runs, were done for 1, 10 and 60 cycles respectively and the coloration and
decoloration processes at different rates, were observed for all the cases. X-rays diffraction
patterns reveals low crystallinity mainly in samples deposited at room temperature. For
samples deposited at 400ºC , HREM micrographs confirm low crystallinity in our samples.From
SEM micrographs obtained before and after voltammetry cycling it was observed that V2O5
films look regular and compact, with an uniform grain size distribution. From SEM micrographs
of films deposited at room temperature and 400 ºC and after cyclic voltammetry experiments
it were detected modifications in grains configuration and surface details that might be related
with sample degradation and loss of electrochromic activity as a consequence of mass and
charge transport during the experiment.
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Fig. 1: Spectra XPS survey of V205/FTO and V205/FTO films
deposited without O2(black) and with O2(red) ,
respectively. The inset in the figure is core level of O 1s, V
2p 1/2 and V 2p 3/2 of narrow scan.
 

 
Fig. 2: A typical HREM micrograph of the V2O5 films
deposited onto FTO glass substrate at (a) room
temperature . HREM details are not appreciated along the
whole sample.
 

 
Fig. 3: SEM micrographs of the V2O5 films deposited onto FTO glass substrate at (a) room temperature and (b) 400°C .
The right side images correspond to samples after 60 voltammetric cycles; the degradation of film surfaces as a
consequence of charge and mass transport processes inside the electrochemical cell can be observed.
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Electron beam in TEM column can be used as convenient fine probe for local film heating
initiating multiple amorphous-crystalline transitions, crystal growth, recrystallization, etc. The
e-beam intensity can be varied in a wide range by changing condensers current and focusing.
The transformations presented were traced mostly in situ and followed by TEM studies
involving bend-contour method for lattice orientation analysis [1] (supported by HREM,
correlative AFM-TEM in due cases). We report on complex zonal structure, lattice orientations,
texture and film thickness influence for round-like crystallized spots (around µm scale) and its
nuclei. The spots of explosive and radial/tangential spherulite crystallization, textures or/and
transrotational crystals [2] were grown by e-beams in various TEMs (5-200Kv) in thin (10-100
nm) amorphous films of different chemical nature (VI group & Ge-based materials, oxides,
several metals and alloys, some other substances) produced by diverse methods (thermal,
e-beam and laser evaporation, solid state amorphization). Several types of spots with
characteristic features and differences are shown at Fig. 1-8. Crystals with most sophisticated
structure finally acquire azimuthal spherulite-like regular misorientations complicated by
internal lattice bending (transrotation) round axes lying in the film plane (FP), Fig. 1-3: Fig.1a
(hexagonal Se, growth rate ~1 µm/s) - corresponds to regular perturbation around 2 poles
(where [001] ┴ FP) with nucleation center in between ([001] || FP); Fig.2a (α-Fe2O3) -
alternating circular single-crystalline ([001] ┴ FP) odd zones and fine-grained ([001] || FP) even
zones; Fig.3 (Te & Cu-Te) – 2-phases alternating zones: odd zones – Te (with strong orientation
gradients ~ 200°/µm), even zones - Cu-Te phase (with low gradients ~ 10°/µm), Fig. 1b, 2b –
colored schemes of lattice orientations (for [001] of hexagonal structure) in corresponding
crystals (Fig. 1a, 2a). The alternating zones studied can differ in lattice orientation (Figs. 2a, 6),
material phases (Fig. 3-4), lattice imperfection (Fig.2a, 6). Dynamical (Fig.7a-c) and
non-circular (Fig.6, 8) features are described.
Most details are presented for transrotational crystals (with regular translation of the unit cell
accompanied by its slight rotation) that have been eventually recognized/studied by other
authors in some thin film systems, i.e. PCMs for optical memory [3, 4], STO [5], silicides.
[1] I. E. Bolotov and V. Yu. Kolosov, Phys. Stat. Sol. 69a (1982), 85.
[2] V.Yu. Kolosov and A.R. Tholen, Acta Mater. 48 (2000) 1829.
[3] B. J. Kooi and J. T. M. De Hosson, J. App. Phys. 95 (2004), 4714.
[4] E. Rimini et al, J. App. Phys. 105 (2009), 123502.
[5] V. Longo et.al., ECS J. Solid State Sci. & Tech., 2 (2013), N120.
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Fig. 1: - 8: TEM of spots in amorphous films crystallized by e-beam (Fig.1b, 2b – schemes of [001] orientation changes
shown by rainbow colors; Fig.2-4, 6 - circular zonal structures; Fig.7a-c - subsequent images of a crystal growing in
Tl-Se with bending changes at the center; Fig.8 - Se bent crystal without transrtotation, “egg cells” bending).
 



Type of presentation: Poster
 

MS-3-P-5697 Sputtering Targets Produced from Magnetite Nanoparticles
 

Perez-Herrero G.1, Baggio-Saitovitch E.2, Solorzano I. G.3
 
1Instituto Nacional de Metrologia (Inmetro), 2Centro Brasileiro de Pesquisas Físicas (CBPF),
3Pontifícia Universidade Católica (PUC-Rio)
 

Email of the presenting author: perezgeronimo@hotmail.com
 
The semi-metallic Fe3O4 films have attracted interest by the characteristic of combining a
100% spin polarization with a high Curie temperature [1] and have a relatively high
conductivity [1]. These have been of great interest due to the properties of spin in an
insulating material, therefore, are candidates for spintronic applications [2], such as
magnetoresistive devices or magnetic tunneling junctions [1, 3]. It has also been of great
interest to study the transition temperature Verwey and transport properties observed in thin
films of magnetite [4].
Magnetite thin films were produced using the sputtering RF (radio frequency source)
deposition system. The thin films were deposited on a silicon substrates. The formation of the
magnetite after the deposition was confirmed by x-ray (XRD) diffraction and vibrating sample
magnetometer (VSM). The magnetite films presented a magnetic saturation near 85 emu/cm3
at longitudinal direction (easy magnetization direction). The targets to sputtering were
produced by compression of magnetite nanoparticles previously produced by chemical method
of co-precipitation from mixing of iron salts and ammonium hydroxide. Fig. 1 shows TEM
micrograph of magnetite nanoparticles: (a) bright field, (b) dark field, (c) its respective
selected area electron diffraction pattern.
Periodic arrays of circles and squares were produced by electron beam lithography combined
with sputtering deposition and lift-off process, a squares array of 1 μm and arrays of circles of
1 μm, 500 nm and 250 nm in diameter formed of a magnetite film 80 nm thick. The first step
was the preparation of polymethylmethacrylate (PMMA) film of 250 nm thick by spin coat
method on silicon substrate. At the second step, this substrate was written by electron beam
and later, immersed into acetone solution for some seconds to produce the mask of the arrays.
Then, the magnetite film was deposited onto the lithographed sample by RF sputtering. Finally
the sample was immersed in acetone until all the PMMA film has been lifted-off. The film
thickness, shape, size and separation between the figures which comprise standards
lithographed can influence the ease with which the mask is withdrawn from PMMA.
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) images provide
additional topographical information. The AFM provides good topography and thickness
information. Fig. 2 show the AFM topography images of the shapes corresponding to different
arrays.
References:
[1] H. Takahashi, et al, J Appl Phys, 2003,93: 8029-8031.
[2] X. L. Tang, et al, Journal of Solid State Chemistry 179 (2006) 1618–1622.
[3] K. I. Aoshima and S. X. Wang, J. Appl. Phys. 93 (2003) 7954.
[4] L. Pan, et al, Thin Solid Films 473 (2005) 63– 67.



 
Fig. 1: TEM micrograph of magnetite nanoparticles: (a) bright field, (b) dark field, (c) selected area electron diffraction
pattern.
 

 
Fig. 2: AFM images of the shapes corresponding to different arrays: (a) 250 nm circles, (b) 500 nm circles, (c) 1 μm
circles, (d) 1 μm squares.
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Despite the continuous improvement in performance and stability achieved in the
development of 4H-SiC MOSFETs, the 4H-SiC MOS system still suffers from heavy carrier
trapping at the SiO2/SiC interface. It was proposed that interface states at the SiC/SiO2 interface
are responsible for the electron trapping but also bulk traps in SiC1. Furthermore it was
suggested that the density of these bulk traps is significantly increased by ion implantation
followed by high-temperature anneals. At the same time several groups provided experimental
evidence for a carbon rich transition region on the SiC side of the interface with a C/Si ratio
higher than one, and even, the width of the carbon-rich transition region was found inversely
related to the peak field effect mobility2. It was also proposed that C di-interstitial defects in
the SiC side of the interface account for the increased bulk trap density in SiC3.
In this work, differently processed n-channel planar MOSFETs manufactured on p-implanted
n-type 4H-SiC epitaxial layers are considered. In particular, the effect of different channel
implantation concentrations is examined. We have investigated the structural and chemical
state of these MOSFETs focusing on the structural state and C distribution at the interface
using high resolution scanning transmission electron microscopy (HR-STEM) (0.1 nm) and
spatially resolved electron energy loss spectroscopy (STEM-EELS). The Si-L edge (100 eV), C-K
edge (284 eV) and O-K edge (532eV) were collected in the same spectrum. The n-channel
MOSFETs were investigated after FIB sample preparation.
Based on the relative compositions extracted from our EELS data, no C excess is evidenced for
the samples neither in the SiC substrate nor in the SiO2 gate oxide. However, modification of
the Si-L ELNES was revealed and numerically exploited. In particular, fitting of the Si-L edge
evolution across the interface with a linear combination of reference spectra (Si, SiC and SiO2)
evidences the presence of a « suboxide » over a short distance (less than 2 nm) at the SiC/SiO2

interface. It implies a transition layer where the Si bonding is modified compared to what is
observed either in SiC or in SiO2. These results will be commented with regard to electron
mobility measurements4.
1. A Agarwal, S Haney, J. Elec. Mater 37, 646 (2008)
2. T.L.Biggerstaff et al., Appl. Phys. Lett. 95, 032108 (2009)
3. X. Shen et al., Appl. Phys. Lett. 98, 053507 (2011)
4. A. M. Beltran et al., Materials Science Forum 711, 134 (2012)
* A.M. Beltran now at CENEM, Universität Erlangen-Nürnberg, Erlangen, Germany
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Fig. 1: (a) Schematic cross-section of the studied MOSFETs; (b) STEM-EELS elemental maps across one 4H-SiC/SiO2

interface and the corresponding C/Si ratio map; (c) STEM Bright-field (left) and STEM-HAADF (right) images across one
4H-SiC/SiO2 interface.
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The study of interactions between neural cells and nanostructured substrates -such as surfaces
and nanoparticles- is currently attracting great interest due to their potential applications in
the area of health care, especially in diagnostic and treatment of neurodegenerative diseases.
It has been clearly demonstrated that mechanical interactions of neurons with their
extracellular matrix play an important role in the processes related to growth and
development. Mechanical parameters such as roughness of the surface, elasticity or
adherence are critical to understanding and controlling neuronal growth. Within this context,
atomic force microscope (AFM) provides an important alternative approach to systematically
study the mechanical interactions that occur between the substrate and neuronal cells. In this
work, nanostructured gold surfaces of type Au(111) functionalized with self-assembled
monolayers (alkanethiols, molecules formed by a sulfur binding group, a spacer chain , and a
functional head group) are used. These surfaces can be topographically programmed to
control behaviors such as growth or adhesion capabilities. With the high resolution of atomic
force microscope and its ability to measure adhesion forces and other mechanical properties, it
is also possible to obtain and investigate correlations between the nanometric surface
topography and neuronal behavior. This has allowed us to establish criteria for the use of
nanostructured surfaces for sensing responses of neurons under external electrical stimulation.
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Cr2AlC thin film with MAX-phase structure was deposited by magnetron sputtering. Ab initio
calculation of the structural was performed to obtain the relaxed lowest total energy and
coordinates. Accordingly, a supercell was obtained and based on it, STEM-HAADF image was
simulated with the consideration of temporal and spatial coherence of the electron beam. The
result was matched with the experimental observation performed with atomic resolved
STEM-HAADF images, as shown in Figure 1.
The lattice distortion in the vicinity of a growth-induced void was observed and analyzed. The
distortions were observed in the vicinity of several voids, and can be as large as 23.5% of the
surface layer, as shown in Fig. 2. 
In order to investigate the mechanism behind the distortion, ab initio calculation was
performed for simulating the surface relaxation effect, as shown in Figure 3.
The ‘a’ lattice constant was controlled to shrink from 0% to 17.6%. The Cr atoms at the upper
end shown in the figure are fixed and all the other atoms are allowed free to move during the
relaxation calculation. As the result, the Cr-C-Cr bond was found to be expanded by as much
as 49.0% in the basal plane direction while the perpendicular in-plane strain (17.6%) was
applied on. Meanwhile, the Cr-Al-Cr lattices only increased by 7.2%. Although the total
equilibrium energy increased from -242.3 eV to -199.5 eV by calculation, the structure
remained stable therefore, the cause of the measured lattice distortion appears to be surface
relaxation.



 
Fig. 1: Model construction, STEM-HAADF, and simulation[1] of the HAADF pattern has been performed. The result of
experiments and calculation matched as shown.
 

 
Fig. 2: A void is investigated with atomic resolved STEM-HAADF. The lattice can be distorted to the vacuum as large as
23.5% in the direction of basal plane.
 

 
Fig. 3: Ab initio calculation shows the Cr-C-Cr bond is much larger affected (49.0% increase) by the applied lateral
compressive strain, compared to the Cr-Al-Cr bond (7.2% increase).
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The paper deals with CoNiCrAlY coatings manufactured by the high-velocity oxygen-fuel
(HVOF) and cold gas dynamic spraying (CGDS) deposition techniques and modified by electron
beam (EB) remelting. HVOF and CGDS spraying method was applied in order to obtain very
dense and good adhesive CoNiCrAlY-coatings deposited onto nickel-based alloy. The bond coat
having thickness of about 70 m. The electron beam remelting process is one of the most
advanced convenient processes to reduce the main disadvantages of thermal spray coatings.
The effect of high-energy electron beam surface remelting and microstructural modification in
CoNiCrAlY bond coats have been investigated in this study. The electron beam remelting of
both HVOF and CGDS – coatings has been proven to minimize the porosity and, in addition,
modified the microstructure morphology and the phase composition of the CoNiCrAlY bond
coats. Scanning electron microscopy, light microscopy and X-ray diffraction methods were
performed to characterize the phase modifications and morphology before and after electron
beam and thermal ageing treatment. The results obtained in this study could be summarised
as follows: The pulsed electron beam surface remelting contributed to improvement of the
bond coat to surface interface and, at the same time, to the refinement of this area.
EB-treatment provided a smooth BC surface with low porosity level. The microstructure of the
bond coat after this treatment has been is formed by Inconel fine grain layer being followed by
the surface layer consisting of elongated dendritic microstructure. The longitudinal axis of
dendrites has been oriented predominantly perpendicularly to the Inconel surface. Comparing
to as-sprayed CGDS and HVOF coatings after standard vacuum heat treatment better
operation properties are expected when using the EB remelting. The findings have also shown
that bond coat achieved using low-temperature kinetic spraying appears to be perspective for
practical applications.
 

Acknowledgement: The works have been partly supported by the financial support from the
Operational Programme Education for Competitiveness no. CZ.1.07./2.3.00/30.0005 and within
the project Netme plus centre (lo1202), project of ministry of education, youth and sports
under the “national sustainability programme.



 
Fig. 1: CoNiCrAlY coatings before electron beam remelting.
 

 
Fig. 2: CoNiCrAlY coatings after electron beam remelting.
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Mg alloys containing ternary Mg-TM(Transition-metal)-RE(Rare-earth) phases with long-period
stacking-ordered (LPSO) structures have received a considerable amount of attention in recent
years. Although reasons why these alloys can simultaneously exhibit high strength and high
ductility have been remained largely unsolved, ternary LPSO phases have been believed to
play important roles in endowing them with excellent mechanical properties. Mg-Zn-RE LPSO
phases are reported to consist of structural blocks with five to eight close-packed atomic
planes, forming various polytypes with different numbers of the close-packed atomic planes in
the structural blocks and with different stacking of the structural blocks. In the absence of the
in-plane long-range ordering of the constituent atoms (as usually assumed in most studies in
Mg-TM-RE LPSO phases), polytypes expressed as 10H, 14H, 18R and 24R polytypes are
reported to form, among which 14H and 18R polytypes are the most dominantly observed
ones. However, the details of the crystal structure are still controversial. We have very recently
investigated the crystal structure of the 18R-type LPSO phase newly found in the Mg-Al-Gd
system by scanning transmission electron microscopy (STEM) and transmission electron
microscopy (TEM) and successfully determined the in-plane arrangement of the enriched
layers [1,2]. The 18R-type Mg-Al-Gd LPSO phase is composed of 6-layer structural blocks with
fully-ordered atomic arrangement. The enrichment of RE (and TM) atoms occurs in four
consecutive close-packed atomic planes in each structural block and the long-range atomic
ordering involving a periodic arrangement of Al6Gd8 clusters of the L12 type occurs in the four
consecutive atomic planes (Figs. 1 and 2). However, it should be noteworthy that the stacking
sequence of the 6-layer structural blocks does not exhibit any long-range order along the
stacking direction (Fig. 3). Because of these characteristics, the LPSO phase in the Mg-Al-Gd
system cannot be described as an ‘LPSO’ phase any longer in a strict sense but as an
order-disorder (OD) intermetallic phase with a so-called OD structure [1-3]. In the presentation,
we will present the details of the crystal structure of the OD/LPSO phases in Mg-TM-RE alloys
on the basis of the OD theory. Deformation behavior of the OD/LPSO intermetallic phases will
also be presented.
References
[1] M. Yokobayashi et al., Acta Mater., 59 (2011) 7287.
[2] K. Kishida et al., Intermetallics, 31 (2012) 55.
[3] K. Kishida et al., Philos. Mag., 93 (2013) 2826.
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Fig. 1: Atomic resolution HAADF-STEM images of the Mg-Al-Gd OD phase.
 

 
Fig. 2: Periodic arrangement of Al6Gd8 clusters with the L12-type atomic arrangement in the 6-layer structural block
projected along [0001].
 

 
Fig. 3: Variation of the stacking sequence of the 6-layer structural blocks.
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The 6xxx series aluminium alloys, with magnesium and silicon as primary alloying elements,
are widely used as structural materials, for example in the construction and automotive
industry. The alloys are age-hardenable, as they acquire strength through the formation of
nanoscale, needle-shaped, metastable precipitate phases during heat treatment. Our objective
is to understand more of the fundamental physics going on at the atomic scale, which governs
nucleation, phase stabilization and precipitation in these alloys. The morphology, structure and
strengthening properties of age-hardening precipitates depend on the alloy composition and
the thermo-mechanical history of the material. Being able to understand the atomic structure
of the precipitates, how they affect each other and the material’s physical properties,
composition and heat treatment can be optimized to tailor alloys with optimal properties. In
recycled Al alloys, several heavier elements can be found, but they can also be added on
purpose to obtain better properties. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) is an excellent technique to study
the distribution of elements such as Ag, Cu and Zn in the precipitates [1], also electron energy
loss spectroscopy (EELS) has been used to study the composition of individual atomic columns
in the precipitates[2].
The main hardening precipitates form and grow as needles along <100>Al, and are observed
in cross-section in high resolution HAADF-STEM. When Cu, Zn or Ag is added, the precipitate
structures often become disordered, with no unit cell. All precipitates still contain an ordered
network of Si atomic columns. We see preferred local atomic configurations which do not exist
in the more common β’’ phase. Cu, Zn and Ag atomic columns are observed to locate either
in-between the Si-network columns or (fully or partly) substituting a Si-network column. In both
cases, they form the center in a three-fold rotational symmetry on the Si-network. Another
observation is that the disordered precipitates consist of fragments of known phases in the
Al-Mg-Si alloy system, connected through the common Si-network. All elements reside also in
Al fcc positions at the precipitate/matrix interface. STEM image simulations and quantitative
analysis are used to estimate the occupancy of heavier elements in the different columns. The
presentation will show an overview of recent work done in the group.
References:
[1] T Saito, CD Marioara, SJ Andersen, W Lefebvre and R Holmestad, Phil. Mag., (2014) 94, 520.
[2] S Wenner, CD Marioara, QM Ramasse, DM Kepaptsoglou, FS. Hage, R Holmestad Scripta
Mat. (2014) 74, 92.
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Fig. 1: HAADF-STEM images of disordered precipitates viewed in cross-section along <001> Al (a) in Cu-containing, (b)
Zn-containing and (c) Ag-containing precipitates in Al-Mg-Si alloys at peak hardness. The images are filtered to reduce
noise using a circular low-pass mask that removes all period shorter than 0.15 nm.
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Atom Probe Tomography (APT) is the only analytical microscope able to map out the
distribution of chemical species in materials at the atomic-scale in the three dimensions. It has
shown to be a quantitative instrument for the measurement of phase composition in solids
including metals, oxides, and semiconductors. The volume that can be reconstructed is close
to 50x50x100 nm3 (figure 1). The composition in a small selected volume (1 nm3) within this
volume can be measured. The spatial resolution of the instrument is 0.1 nm in depth and a
fraction of a nm at the specimen surface. The first French prototype (the tomographic atom
probe-TAP) was designed and set up in the lab in the early nineties and subsequently
marketed by CAMECA [1]. With the development of laser-enhanced instruments, the
investigation of non-conducting materials (oxides, semiconductors) was made possible [2].
Together with the use of FIB techniques for the preparation of specimens, this innovation has
opened a considerable development of APT in nanosciences (e.g. spintronic) including
microelectronics [3].
Because of its ultimate spatial resolution and quantitativity in composition measurements, APT
is a well suitable technique to investigate the early nucleation of a new phase in solids as well
as the segregation of impurities to Cristal defects (grain boundaries, dislocations (figure 1),
stacking faults…)[4]. APT has also been extensively employed to study precipitation kinetics
(figure 2). One of the force of APT is that 3D images can be directly confronted to Kinetic
Monte-carlo simulations (rigid lattice) [5]. The composition and structure of nuclei during the
early stages of solid state phase separation in binary systems is a challenging problem both
from a theoretical and an experimental point of view and is of utmost importance for
applications. APT investigations showed that nuclei have sometimes a solute concentration
smaller than the equilibrium phase [6]. In this presentation, the role of APT in material science
will be illustrated through a few selected examples related to segregation to crystal defects
and to the early stages of precipitation.
[1] D. Blavette, A. Bostel, J.M. Sarrau, B. Deconihout and A. Menand, 1993, Nature 363, 432
[2] B. Gault, F. Vurpillot, A. Vella, M. Gilbert, A. Menand, D. Blavette, B. Deconihout, Rev. Sci.
Instr. 77, 043705 (2006)
[3] I. Mouton, R, Larde, E. Talbot, C. Pareige, D. Blavette, Journ. Appl. Phys. 115, 053515 (2014)
[4] D.Blavette, E. Cadel, A. Fraczkiewicz, A. Menand, SCIENCE Dec 17 (1999) 2317-2319
[5] C. Pareige, F. Soisson, G. Martin, And D. Blavette, Acta Met Mater. 47-6 (1999) 1889-99
[6] A. Chbihi, X. Sauvage, D. Blavette, Acta Materialia Volume 60, Issue 11, June 2012,
4575–4585



 
Fig. 1: 3D reconstruction of a Cottrell atmosphere in boron-doped FeAl intermetallics (iron is not represented for the
sake of clarity). APT image reveals the segregation of boron atoms to the dislocation line. Boron concentration (2at.%)
was found to be 400 times the nominal composition (400 at.ppm). Note the presence of an Al-depleted zone.
 

 
Fig. 2: 3D map (107 atoms - 40×40×150 nm3) of a model nickel base superalloy containing small Al-enriched
precipitates (7 nm). Small Al-enriched precipitates (7 nm in diameter, 18at.%) embedded in a Cr-enriched parent phase
are evidenced.
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Aluminium composite was processed by means of mechanical alloying with the aim to disperse
graphite particles. Subsequent processing was cold compression, sintering and then hot
extrusion. Samples for electron microscopy were obtained from extruded bars and were
prepared using ultrasonic cutting, mechanical grinding, jet electropolishing and ion milling. It
has been established previously that significant strain gradients are created in the metal
matrix because of thermal mismatch between matrix and reinforcement particles. The
presence of these strain gradients can produce significant increments in the flow stress and
also an alteration in the kinetics of precipitation during the heat treatment.
We have applied the geometric phase analysis (GPA) technique to measure strain in the (001)
plane of Al in the vicinity of the graphite particles. In order to avoid commonly observed
artefacts in strain maps generated from HRTEM images we applied the GPA technique to the
complex-valued exit face wave function reconstructed from a series of HRTEM micrographs
recorded at different values of the defocus with the sample oriented in the [001] zone axis of
the matrix. Strain maps were also obtained from individual defocus micrographs in order to
compare it with reconstructions results. It was possible to establish that there were tension
and compression elastic strain gradients that extend out to about 15 nm around the graphite
particles. According to the results obtained the strain was heterogeneous and had an average
value of 0.9 % in areas close to the particles
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Fig. 1: TEM micrograph that shows the graphite particle
inside Al matrix.
 

 
Fig. 2: HRTEM micrograph that shows the interface
between graphite and Al. Also it is indicated the direction
on which strain was measured
 

 
Fig. 3: Strain map obtained in the ɛyy direction (transverse)
on which it is demonstrated that strain was negligible
 

 
Fig. 4: Strain map obtained in the ɛxx direction
(longitudinal) on which can be seen strain gradients
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[Introduction]
    Precipitation hardened high strength steel with an excellent formability has been developed
[1] and a typical TEM micrograph is shown in Fig.1. MC type carbides (black contrast) formed as
columnar in a row have a thin plate shape on three equivalent habit planes ({001}) with high
coherency obeying Baker-Nutting relationships. For understanding the precipitation as well as
hardening mechanism, precise and high throughput evaluation techniques are required.
Because of their coherency and small volume fraction, it is difficult for imaging and analyzing
those precipitates when the size of MC carbides is small. The objectives of present
experiments are establishing high throughput and precise methods for evaluating distribution
and morphologies of precipitates using STEM-ADF techniques.
[Experimental Procedure]
    800MPa tensile strength grade Ti-Mo bearing hot rolled steel is used the present
experiment. STEM observations are carried out using a probe Cs-corrected STEM (FEI,
TITAN80-300) operated at 300kV. STEM-ADF images are taken from an Fe [001] direction
through an annular detector with inner scattered semi angle of from 18mrad to 230mrad.
Elemental analysis is also conducted using EDS.
[Results and Discussion]
    Fig.2 shows STEM-ADF images, which are taken by changing the electron scattered angle
between 18 mrad and 54mrad from Fe [001] direction. It is found that platelet precipitates on
three equivalent habit plane, schematically shown in figure, are observed in Fig.2a) and b).
Square shape precipitates indicated by arrows are not recognized under high scattered angle
of larger than 40mrad. This result found that high angle scattered imaging (HAADF) is not
useful in this situation. It is supposed that six g110 of diffraction spots from [001] pole figure are
excited and those images are collected as an ADF image when the scatter angle is small.
Based on this reason, it is difficult to recognize these three equivalent precipitates at one time
through TEM.
    Fig.3 shows the interaction between dislocation and precipitates using this method. It is
found that both needle shape and square shape precipitates are pinning the dislocation. Fig.4
is high resolution image of precipitate. EDS analysis is carried out with the same condition of
imaging and it is found that MC has almost uniform composition of Ti/Mo=1 and no core-shell
structure.
[Summary]
    From low to high magnification investigation with the same condition is possible using low
angle scattered electron (around 20mrad) STEM imaging and this technique has huge
advantage of high through put for evaluating precipitation distribution as well as their
sub-nano structures.
[References]
    [1] Y. Funakawa et al. : ISIJ Int. 44 (2004) 1945



 
Fig. 1: TEM micrograph of precipitate hardened steel.
 

 
Fig. 2: STEM-ADF images of precipitates with various
scattered angles at same area.
 

 
Fig. 3: STEM-ADF low magnification image of interaction
between precipitate and dislocation.
 

 
Fig. 4: STEM high magnification image of precipitates.
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As expected from the extreme deformation involved in ball milling and confirmed by X ray
diffraction (XRD) line profile analysis, powder particles prepared by this process are considered
as formed by nanocrystallites. Indeed, in these systems, structural knowledge relies on global
information given by XRD because the high strain contrast prevents from good TEM imaging
condition. However the recent TEM ACOM method (1) should be able to overcome this
difficulty. TEM-ACOM is based on the scanning by a narrow parallel beam combined to the
acquisition of the local diffraction patterns. Indexation of the diffraction pattern data provides
a map containing phase information and crystallographic orientation on each point of the
scanned area. This method gives similar maps as SEM-EBSD with the specific advantage to be
reliable even in presence of a high strain level. Therefore information like grain microstructure
and local distortion can be reached.
In the present work, TEM-ACOM has been applied to ODS steel powders prepared by ball
milling. According to XRD analysis, these materials developed for fuel cladding application
have a fine scale microstructure (crystallite size ~ 30 nm).The TEM ACOM experiment was
carried out with a parallel beam (probe size 1nm) scanned with a 2.5 nm step on FIB sections
taken in ODS steel particles. The data indexation was refined in order to have an angular
resolution of ~ 0.2°.
Figure 1 displays the orientation map obtained on an as milled ODS steel particle. The color
coding of local orientation directly reveals that the microstructure is formed of long grains
(width ~ 50-100 nm length up to several microns). At first sight, the microstructure does not
seem made of 30 nm crystallites as indicated by XRD. But misorientation profiles taken across
a grain (Fig. 2 and 3) reveal that within the grains, there are domains of about 30 nm
separated by thick dislocation walls. These low misorientation domains correspond to the
coherent domains measured by XRD line width. Indeed there are no contradictions between
the XRD nanoscale domains and the TEM ACOM long grains; only XRD is blind to the local
texture between domains.
TEM ACOM appears then as a very appropriate method to analyze complex micro
/nanostructures and to provide relevant information. For instance in ODS steel powders,
information on local texture as given by TEM ACOM are of significant importance for
understanding the evolution under further processing like consolidation and extrusion.
(1) E.F. Rauch, M. Véron, Coupled microstructural observations and local texture
measurements with an automated crystallographic orientation mapping tool attached to a
TEM. Materialwissenschaft und Werkstofftechnik 36, 552 (2005)
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Fig. 1: TEM-ACOM orientation map of a ball milled ODS particle FIB section. Note that numerous grains exhibit a very
high anisotropy (shape factor > 30). The gradual color change within the grains indicates local distortion. The
orientation map is overlapped in each point with the indexation reliability value.
 

 
Fig. 2: High magnification view of TEM-ACOM map of the
as-milled powder. Using ACOM analysis tool, a profile of
misorientation showing the local and cumulated distorsion
is taken in a elongated grain along the line marked in
white. The cumulated misorientation corresponds to the
global deformation
 

 
Fig. 3: Misorientation profile revealing domains without
misorientation (i.e. coherent domains) or with high and
uneven misorientation corresponding to dislocation walls or
entangled dislocations
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A new class of austenitic steels stabilized with high Mn contents (instead of Ni) exhibits
exceptional mechanical properties, such as large energy absorption and high work-hardening
rate, owing to secondary deformation mechanisms such as mechanical twinning-induced
plasticity (TWIP) and martensitic transformation-induced plasticity (TRIP) favored for low
stacking-fault energy (SFE) [1]. The interaction of dislocations with twin boundaries and
martensite interfaces during mechanical deformation enhances the work hardening, i.e., a
dynamic Hall-Petch effect, with total elongations exceeding 70% and ultimate tensile strengths
in the GPa regime.
In this investigation, the SFE and deformation mechanisms of Fe-(22,25,28)Mn-3Al-3Si (wt%)
austenitic steels have been studied with a combination of conventional and advanced electron
microscopy to make correlations with the work-hardening behavior and mechanical properties.
The SFE measurements employed weak-beam dark-field (WBDF) imaging to measure the
separation of partial dislocations. Figure 1 is a WBDF image from Fe-22Mn-3Al-3Si recorded
with a Philips CM20. Using single-crystal elastic constants to determine the effective shear
modulus on the (111) slip plane and effective Poisson’s ratio, the SFE energies for the 22, 25
and 28% Mn alloys are 15 ± 3, 21 ± 3 and 39 ± 5 mJ/m2, respectively [2]. Deformation
mechanisms were characterized by bright-field (BF) imaging of interrupted tensile tests. Figure
2 shows epsilon-martensite lath formation in the 22% Mn alloy after 10% strain. As the SFE
increases, the secondary deformation changes from martensite to mechanical twining as
shown in figure 3 from the 28% Mn alloy with 10% strain.
In order to better understand the role of twin boundaries and martensite interfaces on work
hardening, high-resolution imaging (HRTEM) using an image-corrected FEI-Titan provides both
qualitative and quantitative information about the strain fields at these interfaces. Figure 4 is
an HRTEM image from the 28% Mn alloy of a twin boundary in a sample with 20% strain. The
twin plane exhibits a lack of mirror symmetry which could contribute to the strong
work-hardening effect. Quantification of the strain fields at these interfaces is currently
ongoing using real-space strain measurements. The relatively thick electropolished samples
(t/λ maps indicate that t~ 20 nm) and 20% deformation limit image quality. Improved images
may be obtained with planned aberration-corrected STEM imaging.
References
[1] O. Grassel, L. Kruger, G. Frommeyer, and L. W. Meyer, Int. J. Plasticity,16(2000) p.1391
[2] D.T. Pierce, et al., Acta Mater 68 (2014) 238-253
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Fig. 1: Weak Beam Dark Field image of partial dislocations
in Fe 22Mn-3Al-3Si for stacking fault energy (SFE)
measurements (sg = 0.15 nm-1).
 

 
Fig. 2: Bright Field of the Fe 22Mn-3Al-3Si alloy after 10%
deformation exhibiting two variants of epsilon martensite
formation.
 

 
Fig. 3: Bright Field image of the Fe 28Mn-3Al-3Si alloy after
10% strain revealing multiple deformation twins.
 

 
Fig. 4: High Resolution TEM image of a twin boundary in the
Fe 28Mn-3Al-3Si alloy after 20% deformation.
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Extensive researches have revealed that stress concentration and crack nucleation usually
take place around defects such as voids under external loadings, which would greatly shorten
the incubation period of crack initiation. Voids also have adverse effects on the fatigue crack
propagation and crack closure, while most of mechanical fractures in engineering are
reportedly related to fatigue crack initiation and growth in metals. Therefore, investigations on
the evolution of voids in materials have attracted great interests, and these investigations help
to understand the recovery mechanism of materials properties, and consequently to improve
the qualities of materials and to guide the development of processing techniques.
Using in situ transmission electron microscopy and electron tomography, we have studied the
healing kinetics of voids with the dimension of submicron-scale embedded in a cold-rolled
Al-Mg-Er alloy. The results show that voids are healed successfully within 50 minutes at a
relative low temperature of 453 K. Quantitative analysis of the in situ micrographs reveals
three stages for the void healing process: an initial fast-healing stage, then a constant healing
stage, and finally a rapid-healing stage. The different healing rates are likely caused by varying
surface curvatures due to the evolution of void morphology during the healing process. The
entire evolution process of voids healing is actually completed together by surface diffusion,
lattice diffusion and interface diffusion. However, as the voids are embedded inside Al alloy
grains, lattice diffusion is considered to dominate the whole healing process. Mg enrichment
was observed at the healed voids immediately after the healing. This indicates that the faster
diffusion of magnesium atoms in aluminum matrix enhances the void healing in the Al-Mg-Er
alloy, which is particularly essential for the void healing at low temperatures. The fatigue
resistance and plasticity of the cold-rolled Al alloy are improved significantly after the
annealing at 473 K.
References
[1] M. Weyland, P.A. Midgley, Nanocharacterisation (A.I. Kirkland, J.L. Hutchison, eds.), The
Royal Society of Chemistry, 2007, p. 184.
[2] M. Song, K. Du et al, Acta Materialia, 2014, accepted.
 

Acknowledgement: The authors acknowledge financial support from the Special Funds for the
Major State Basic Research Projects of China (Grant No. 2012CB619503) and the Natural
Sciences Foundation of China (Grant Nos. 51171188, 51390473, 51221264, and 11332010).



 
Fig. 1: HAADF STEM image and reconstructed surface renders of a void between Al6Mn precipitates embedded in Al
matrix. (a, b) HAADF images of the void with 0° and -50° tilting. (c-f) Surface renders of the void (gold) and the Al6Mn
precipitates (purple) at two sides, obtained with electron tomography, while all of them are embedded in an Al matrix.
 

 
Fig. 2: The healing evolution process of voids embedded in the cold-rolled Al alloy during the in situ heating
experiment.
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Microstructural characterization is crucial for designing advanced steels. Cs-corrected STEM
has been successfully applied to the studies of nanometer-sized precipitates and interfaces at
sub-nanometer resolution. For the quantification of particle size and precipitation ratio of
alloying elements, particle beams such as synchrotron radiation and neutron have been
extensively used.
Compared to the abovementioned methods, SEM has been regarded as a supporting
technique. However, improvements in both spatial resolution at low-voltages and multi
imaging detector design are giving rich information on the “real” surfaces.
For optimizing the microstructure of steels, characterization using SEM is powerful because it
allows both low and high magnification observation. SEM specimens are often etched in order
to differentiate the different phases as topographic information in steels. This is an “indirect”
method of characterization, which does not give precise structural information. Consequently,
we have been searching for a more direct imaging technique. Aoyama et al have done a
systematic measurement of oxide on steel by changing the acceptance angle of
back-scattered electron (BSE) images1). Low angle (angle θ is measured from the surface) BSE
images exhibit strong channeling contrast, whereas high angle BSE gives atomic number
contrast. As shown in Fig.1a, sub-micron precipitates exhibit much higher visibility when low
angle BSE is collected. The poor contrast in Fig.1b recorded at larger detection angles is not
due to degraded probe size but due to the contribution of BSEs from larger volume. As can be
seen in Fig.1d, the secondary electron image obtained at the same working distance as Fig 1b
shows little image degradation.
We have found a new technique of selective imaging of martensite (M) phase in a ferrite (F)-M
dual phase steel. BSE images at 10-15 kV were recorded by systematically changing θ. When θ
was 30-45°, strong channeling contrast was observed. Under this θ, it is the low energy-loss
electrons that mainly contribute to the contrast. As θ increases, M phase exhibits a high
contrast. When θ exceeds 60°, a selective imaging of M phase was attained. This is not
because martensite has a larger mean atomic number than ferrite, but is due to the fact that
martensite has a high dislocation density. This is consistent with the fact that martensite
always exhibits dark contrast in TEM bright field images regardless of the crystal orientation.
Low angle BSE will allow high resolution characterization of lath structure and small
precipitates, while high angle BSE gives quantitative measurement of the volume fraction and
distribution of the second phase.
1) T. Aoyama et al,: ISIJ Int., 51, 1487 (2011).



 
Fig. 1: Nanometer-sized carbide in a high strength steel observed at 15 kV. BSE images a) and b) and SE images c) and
d) were recorded at two working distances 2 mm (a and c) and 20 mm (b and d). A higher visibility of carbide was
achieved for Fig. 1a where collection angles were between 31°-45° than 1b whose collection angles were 77°-81°.
 

 
Fig. 2: Selective imaging of martensite (M) in dual-phase steel. BSE images were recorded at 15 kV. Figs 2a and 2c
were taken with the collection angles of θ=31°-45° whilst figs 2b and 2d were taken at θ=63°-70°. Lath structure is
clearly seen at low θ, while selective imaging of martensite was attained at high θ.
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Aluminium alloys are an ideal example of materials where an understanding the
microstructure at a nanometer scale is critical to effective materials design. A broad range of
aluminium-based alloys develop high strength from the controlled precipitation of one of more
intermetallic phases, with sizes in the nanometer regime. These alloys have formed the
backbone of the aviation industry since its inception and continue to be widely used in
transport applications ranging from military and civilian aircraft to automobiles and bicycles.
Electron microscopy is a key technique used to study the nucleation and growth, morphology
and orientation relationships and interactions with defects of these precipitates in order to
understand these systems and thus optimise alloy design.
Although aluminium alloys are considered mature materials with a long history in industrial
service, recent advances in microscopy have revealed a wealth of new information about
alloys that were considered thoroughly-understood, including simple binary and ternary alloys
used as models for the more complex industrial systems.
Recent studies have shown that interfacial Ag segregation is not limited to the
well-known Ω-phase in Al-Cu-Mg-Ag alloys, but occurs in different, well-defined ways in other
alloys. In Al-Cu-Ag alloys this segregation takes the form of an Ag bilayer around  θ´ (AlCu2)
precipitates [1]  and  affects the growth behaviour [2] but not the precipitate structure or
orientation relationship to the matrix. In contrast, Ag segregates as a monolayer to 
γ´precipitates (AlAg2) in Al-Ag alloys. The presence of  excess Ag solute around the precipitates
suggests that growth of the  γ´ phase is initially controlled by the rate of migration of the
interface, rather than the supply of solute [3].
These studies have also revealed surprising results about the  γ´ phase itself. This hexagonal,
close-packed phase was thought to be chemically ordered, with alternate Ag-rich and -poor
layers and a high density of stacking faults. Recent investigations using aberration-corrected
HAADF-STEM and CBED have not only found no evidence of long-range chemical order, but
also determined that the phase is essentially free of  stacking-faults [3].
This study adds to a growing body of evidence calling for careful re-examination of these
well-studied systems to better understand their precipitation behaviour and facilitate further
improvements in the performance of industrial aluminium alloys.
[1] Rosalie and  Bourgeois, Acta Mater., 60:6033-6041, 2012.
[2] Rosalie and  Bourgeois, Light Metals, 365-371,   2013.
[3] Rosalie, Dwyer and Bourgeois,  Acta Mater., 69:224-235, 2014.
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Fig. 1: Ag segregation to a θ´ (AlCu2) precipitate. The
micrograph shows Ag bilayers on the θ´-matrix interfaces
in an Al-Cu-Ag alloy. The curve shows the HAADF-STEM
intensity profile.
 

 
Fig. 2: Chemical order in γ´ precipitates. The HAADF-STEM
micrograph (Exp.) is compared with simulations for ordered
and disordered structures. The experimental image shows
no evidence of chemical order.
 

 
Fig. 3: Ag segregation to a γ´ (AlAg2) precipitate in an Al-Ag alloy. HAADF-STEM micrograph (Exp.) and simulations (for
foil thickness=42.9 nm) with monolayer and bilayer Ag segregation. The boundary between the hcp γ´ phase and the
fcc matrix is indicated. Monolayer segregation best reproduces the experimental image.
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The interfaces between solid-state precipitates and the crystalline matrix in which they are
embedded are key to fundamental processes such as nucleation and growth. This is
particularly true in high-strength aluminium alloys, which derive their mechanical properties
from a fine and even distribution of high aspect ratio precipitates [1]. Understanding the
development and preservation of precipitate shape requires knowledge of the
precipitate-matrix interfaces at the atomic scale. Yet despite their critical importance, most
such interfaces have not been characterised structurally or chemically. The chief reason for
this deficiency has been the experimental difficulty in characterising embedded interfaces.
We used a dual-aberration-corrected FEI Titan3 80-300 scanning transmission electron
microscope (STEM) at 300 kV, in high-angle annular dark field (HAADF) mode, to image the
interfaces of the θ′ precipitate phase in an Al-1.7at.%Cu alloy. The Al-Cu alloy system is the
textbook example of precipitation hardening [2]; it also forms the basis of a significant class of
commercial alloys used in the aerospatial industry [1]. As shown in Fig. 1, we found that the
two types of interfaces shared by θ′ precipitates with the Al matrix α, a coherent interface and
a semi-coherent interface, exhibit structures that are not simple combinations of the structures
of the bulk phases θ′ and α [3,4]. First-principles calculations using density functional theory
(DFT) indicated that these unusual structures do not correspond to the lowest energy states
[3,4], but to intermediate states with low activation energy barriers. The determined structures
suggest atomic-scale mechanisms for the two growth modes: lengthening (Fig. 2) and
thickening (Fig. 3).
Knowledge of the interfacial structures and growth mechanisms provides an explanation for
the observed segregation behaviour of elements such Sn and Ag on the θ′ precipitate
interfaces [5,6].
[1] B.C. Muddle, S.P. Ringer and I.J. Polmear, Trans. Mater. Res. Soc. Jpn 19B (1994) 999. [2] G.
Kostorz (Ed.), Phase Transformations in Materials, Wiley-VCH, Weinheim, (2001). [3] L.
Bourgeois, C. Dwyer, M. Weyland, J.F. Nie and B.C. Muddle, Acta Mater. 59 (2011) 7043. [4] L.
Bourgeois, N.V. Medhekar, A.E. Smith, M. Weyland, J.F. Nie and C. Dwyer, Phys. Rev. Lett. 111
(2013) 46102. [5] L. Bourgeois, C. Dwyer, M. Weyland, J.F. Nie and B.C. Muddle, Acta Mater. 60
(2012) 633. [6] J.M. Rosalie and L. Bourgeois, Acta Mater. 60 (2012) 6033.
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Fig. 1: HAADF-STEM images of θ′ precipitates showing (a) the microstructure and location of the coherent (C) and
semi-coherent (SC) interfaces, displayed at high resolution in (b) and (c) along [100] and [110] respectively. Both
interfaces exhibit structures that are not simple combinations of the structures of the bulk phases θ′ and α (Al matrix).
 

 
Fig. 2: Proposed atomistic mechanism for precipitate
lengthening. (a) Starting interfacial structure deduced from
Fig. 1(b)-(c); (b)-(d) atomic steps leading to motion of the
SC interface. Cu atoms are shown in yellow/brown and Al
atoms in blue.
 

 
Fig. 3: (a) Proposed atomistic mechanism for precipitate
thickening from 2cθ’ to 2.5cθ’, based on the structure of the
coherent interface; red/orange circles indicate Cu atoms
and white circles vacancies; (b) energy per Cu atom, as
calculated by DFT.
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Commercial titanium alloys undergo a series of thermo mechanical processes and subsequent
heat treatments at the high temperature β (BCC) phase and lower temperature α + β (HCP+
BCC) phase to achieve desired properties. The microstructure and global texture is heavily
influenced by the processing parameters such as temperature, strain and strain rate. The
widmansttaten α (HCP) laths form by slow cooling of β or isothermal aging at α + β phase
maintaining a burgers orientation relationship (BOR) with β phase given by (1-10)β || (0001)α
and <111>β || <11-20>α. Upon thermo mechanical processing and subsequent heat
treatment, the lath structure transforms to equiaxed, a process known as globularization. The
globularization does not lead to a completely random texture and many a times, we may
retrieve the initial α orientation with certain spread even after heavy deformation. In addition,
the microtexture associated with globularization is an interplay between the α and β phases
and recrystallization in beta can happen in combination with α to form special angle, epitaxial
grain boundaries in both α and β phases as suggested by some of previous studies in this
direction [1][2].
In the present work, we incorporate transmission electron microscopy (TEM) based orientation
electron microscopy (OIM) assisted by precession electron diffraction (PED) to investigate the
triggering points of recrystallization events having special angle boundaries in both α and β
phases, at resolutions beyond conventional scanning electron microscopy (SEM) based
electron backscattered diffraction (EBSD). A 200 KV FEI T20 S-TWIN microscope coupled with
Nanomegas-ASTAR precession and data collection system was used for this study. Events of
epitaxial recrystallization of fine α associated with special angle boundaries in β around the
alpha was frequently observed. Two interesting examples are shown here. In Figure.1, the
recrystallized α maintains a common <10-11> pole with the other α with a special β grain
boundary evolving from α / α interface. In Figure.2, a fine β layer is observed around the
globularizing α laths maintaining BOR with α and in special angle boundary with parent β grain,
suggesting altogether a new mechanism for α globularization.
Many more of the above discussed events were observed in our study. The resulting global
texture is a sum of these discontinues recrystallization events and the deformation texture
associated with parent β and α phase. We have observed consistently that the original BOR is
restored by these events.
1. C. Cayron, Scripta Materialia. 59, 570 (2008).
2. E. Lee, R. Banerjee, S. Kar, D. Bhattacharyya, and H. L. Fraser, Philosophical Magazine. 87,
3615 (2007).
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Fig. 1: Epitaxial recrystallization in α phase associated with special angle grain boundaries in β and the corresponding
pole figures with 10-11 and 110 common poles.
 

 
Fig. 2: Globularization in α associated with formation of a fine β layer, which is in burgers orientation relationship (BOR)
with α and maintains special angle relationship with parent β grain.
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Understanding crack propagation is fundamental for the investigation of the underlying
mechanisms of stress corrosion cracking (SCC). While conventional surface techniques are well
suited for an initial observation of the sample and selection of important areas, only
high-resolution techniques such as Transmission Electron Microscopy (TEM) or Atom-Probe
Tomography (APT) can deliver novel results with regard to the relationship between crack
propagation and chemistry.
High-resolution analytical TEM has been used to study intergranular SCC in stainless steels
(SS) that have been exposed to simulated Pressurized Water Reactor (PWR) primary water
conditions for 702 h at 360°C under constant load. The main focus of this study is the oxide
chemistry and the microstructure around the crack. As it will be shown, analytical TEM is
capable of resolving and imaging nanoscale features in order to determine the exact location
of the crack tip, the composition of the surrounding oxides and their interaction with the
microstructure. Electron diffraction and tilt-series have been used to study the microstructure
and oxide structure within and around the crack tip. Figure 1 illustrates a tilt series recorded of
a crack tip in an SUS316 SS sample. It can be observed, that at different tilt angles, different
crystallographic features come into view and its 3D morphology can be deduced (i.e. a Ni-rich
region around an oxidized portion of the grain boundary in Figure 1a, deformation bands (DBs)
in Figures 1c and 1d or the grain boundary ahead of the crack tip in Figure 1e). In Figure 1b
grain 1 appears darker than grain 2, suggesting different crystallographic orientations which
have been identified via electron diffraction patters (DP) as shown in Figures 1b-1 and 1b-2.
Thus, it was verified that deformation bands appeared parallel to {111} planes as expected.
Further analysis has been carried out via EDX, which allows the determination of the oxide
types and compositions inside and around the crack. Figure 2 shows the HAADF image (Figure
2a) and the EDX elemental maps of O, Fe, Cr and Ni (Figure 1b-e) located at a crack tip in an
SUS304 SS sample. The Z-contrast in the HAADF image (Figure 1a) allows the distinction
between the matrix and the open crack which is filled with two different types of oxide. The O
map (Figure 2b) indicates where oxides are present within the crack region. While the Fe map
(Figure 2c) suggests the existence of an Fe-rich and an Fe-depleted oxide region, the Cr map
(Figure 2d) shows the absence of Cr in the Fe-rich oxide. The Fe-depleted oxide seems to be Cr
rich. Lastly, Ni enrichment can be observed ahead of the crack tip in the Ni map (Figure 2e)
which could be an important factor in the study of crack propagation.
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Fig. 1: STEM (BF mode) tilt series of crack tip in an SUS316 stainless steel sample using a JEOL 2100; y tilt = 0° in all
images a) x tilt = -24°; b) x tilt = -16°; b-1) DP in upper grain (grain 1); b-2) DP in lower grain (grain 2); c) x tilt = 4°; d)
x tilt = 10°; e) x tilt = 25°
 

 
Fig. 2: EDX analysis of crack tip in an SUS304 stainless steel sample using a JEOL 2100 in STEM mode; a) HAADF image
of crack tip region; b) Elemental map of Oxygen (O); c) Elemental map of Iron (Fe); d) Elemental map of Chromium
(Cr); e) Elemental map of Nickel (Ni)
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When a material is loaded under stresses, the accumulating elastic energy eventually sets off
dissipative processes such as plastic deformation. Such processes are mediated generally by
dislocation slip and deformation twinning, or stress-assisted phase transformations. It is the
nature of materials to take an easy way to deform, but sometimes the high-cost paths have to
be taken when the easy deformation way is suppressed or bypassed. Among these
deformation mechanisms, stress-assisted phase transformation is often an efficient outlet to
accommodate the imposed straining, such as in transformation-induced plasticity steels and
shape memory alloys. As far as is known, the occurrences of phase transformations under
straining are mostly observed in the materials with polymorphs (such as iron with α-Fe, γ-Fe
and ε-Fe). However, there are also materials, such as elemental molybdenum (Mo) with the
body-centered-cubic (bcc) structure, for which no other polymorphs have ever been found
before. Indeed, computer calculations have predicted that alternative crystalline lattices of Mo,
for example a face-centered-cubic (fcc) phase, would have an energy much higher (0.2~0.4
eV/atom) than that of bcc Mo. As such, a fundamental question regarding such materials is
whether their deformation can ever be coupled with structural transformation that leads to the
emergence of new (metastable) crystalline lattices/forms.
In the present work, we report a direct observation of two sequential phase transitions bcc→fcc
and fcc→bcc in Mo, a novel plastic deformation mechanism in bcc metals in response to the
enhanced external loading, by carrying out in situ high-resolution transmission electron
microscopy (HRTEM) investigation. Under tensile loading, the grain changes from the <001>
(henceforth denoted as bcc1) to the <111> (denoted as bcc2) orientation via a
bcc1→fcc→bcc2 phase-transition process, which corresponds to a grain rotation of 54.7°.
Molecular dynamics simulations confirm the bcc1→fcc→bcc2 transition process under a shear
stress. Here the refractory Mo is a powerful example to show that even for a highly stable bcc
crystal, when it (or a local region) is subjected to very high shear stresses while other plastic
deformation routes (such as twinning) are suppressed or bypassed, the crystalline structure
can be forced to change to release the local stress concentration. Specifically, the
energetically uphill bcc to fcc transition becomes viable in Mo, when driven by sufficiently high
applied stresses.
Reference
1. S.J. Wang, et. al. NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4433
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Fig. 1: In situ HRTEM observations under tensile loading. a-d, Time-resolved HRTEM images of Mo (5nm scale-bar). A
<111>-oriented bcc-2 grain, outlined by red dots, formed and grown inside the <100>-oriented bcc-1crystal. e-g, FFT
patterns of bcc-1, bcc-2, and both together. h, A schematic illustration showing the distribution of bcc1 and bcc2
crystals.
 

 
Fig. 2: Three structural variationsin Mo. a, Atomic-resolution HAADF-STEMimage (0.5nm scale-bar) showing regions I
(bcc-1,blue), II (fcc, red), and III (bcc-2, green). b,Distribution of the angle between two basic vectors (x and y) in the
entire imaged area.c-g, The nanodiffractionpatterns from regions I,II, III, I+II and II+III, respectively.
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Ferritic, high-chromium cast irons can be used as a heat-resistance material at up to 1050oC in
applications such as furnace and sinter plant parts, burner nozzles and recuperator tubes [1].
The high level of chromium increases resistance to both oxidation and corrosion. Effect of Si
addition on improving oxidation of these irons is of interest. In the present work, electron
microscopy study on oxidation behavior and phase transition in 31wt%Cr-1wt%C irons
containing up to 3wt%Si was therefore addressed. For oxidation tests, polished samples were
exposed to air at 1000oC for 1-48 hours followed by weight-gain measurement at the different
times. The oxidized surfaces and their cross-sections were characterized by light microscope
(LM) and scanning electron microscopy (SEM). For phase stability test, the as-cast samples
were held at 700-1000oC for 2-8 days. The nature of secondary phases was examined by SEM
and transmission electron microscopy (TEM). It was found that the as-cast microstructure of
these irons consisted of M7C3 eutectic carbide and ferrite matrix. The iron containing 1wt%Si
possessed the highest oxidation resistance. SEM analysis revealed a formation of multi-oxide
layers on the iron surface, including SiO2, Cr2O3, (Fe,Cr)2O3, (Fe, Cr)3O4 and Fe2O3. It is suggested
that, at the optimum content of Si, the formation of continuous SiO2 layer reduce susceptibility
for oxidation of these irons (Fig. 1). Excessive Si addition will leads to spalling and hence
further oxidation, possibly because of reduced adhesion of the multi-oxide layers [2]. After
stability test, a secondary phase was observed along M7C3 carbide/ferrite interfaces (Fig. 2).
TEM analysis revealed that this phase is M23C6 carbide (Fig. 3 and 4). The volume fraction of
M23C6 was increased with increasing Si content.
References :
[1] Boyes, J.W., (1966) “High-chromium cast irons for use at elevated temperature”, Iron and
Steel, 39, 102-109.
[2] Bamba, G. et al, (2006) “Thermal oxidation kinetics and oxide scale adhesion of Fe-15Cr
alloys as function of their silicon content”, Acta Materialia., 54, 3917-3922.
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Fig. 1: SEM-BEI of 31wt%Cr-2wt%Si cross section sample
shows oxide layer (1) and SiO2 film (2) at the oxide-metal
interface.
 

 
Fig. 2: SEM-BEI shows phase transformation along M7C3

carbide/ferrite (α) interfaces of 31wt%Cr-2wt%Si after
holding at 800oC for 2 days.
 

 
Fig. 3: Bright-field TEM image shows the M23C6 secondary
phase around M7C3 eutectic carbide.
 

 
Fig. 4: Selected area diffraction pattern from the M23C6

carbide.
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The development of austenitic stainless Fe-Cr-Mn-steels alloyed with carbon and nitrogen was
shown to result in an increased strength with good plasticity and toughness at the same time
[1]. Adding Mn as an austenite stabilizer decreases the stacking-fault energy (SFE) in the steel,
which favors mechanical twinning over dislocation glide. The strain-hardening of TWIP steels is
commonly attributed to the formation of deformation twins, as twin interfaces act as strong
obstacles to dislocation glide. This effect is consequently controlled by interaction of perfect
and partial dislocations with twin boundaries and twinning kinetics [2]. In this investigation, an
austenitic steel with the chemical composition of Fe–14 wt.% Cr –16% Mn–0.3% C–0.3% N was
studied after tensile deformation to 1 and 20 % strain. Detailed microstructural properties
were observed by high resolution TEM (HRTEM) and Scanning TEM (STEM) by utilizing image
and probe-corrected FEI Titan microscopes.
Figure 1 exhibits the formation of two different deformation twins systems active in the same
grain for 20% strain. The diffraction pattern (inset of Fig. 1) clarifies that the twin boundaries
are parallel to the (111) plane. The same area investigated by HRTEM clearly shows the atomic
arrangement in the twin boundary (see Fig. 2). In this image the grain was tilted to the [011]
zone axis. In order to interpret the images obtained by HRTEM, they were used as a basis for
the reliable measurement of atomic distances at the twin boundary or in the neighboring
matrix area. The precise atomic column positions were calculated with the imTools software
package. These coordinates were used as input for further real space structure analysis and
calculation of the displacement field and the strain field in the twin boundaries. Figure 3 shows
the real space analysis of a twin boundary which used to obtain precise atom coordinates in
the twin boundary. Using the coordinates, the displacement vector and its magnitude were
calculated. The strain field in the twin boundary was also calculated by different approaches
and the implications for the materials properties will be discussed.
Refrences:
[1] H. berns, V.G. Gavriljuk, S. Riedner, and A. Tyshchenko: Steel Res Int 78, 9, 2007, P. 714
[2] T.-H. Lee, C.-S. Oh, S.-J. Kim, S. Takaki, Acta Materialia 55, 2007, P. 3649
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Fig. 1: Bright Field image of twins and stacking faults after
20% deformation exhibiting two sets of active twins.
 

 
Fig. 2: High Resolution TEM image of a ca. 10 nm wide twin
after 20% deformation
 

 
Fig. 3: a) enlarged section of the HRTEM image of a twin boundary in Fig. 2, b) the real space analysis used to calculate
atomic coordinates. From these coordinates, c) strain fields are calculated at the twin boundary and in its vicinity.
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Transmission Electron Microscopy has been used to study the microstructure of Zr-1.0Nb
alloys, which show excellent corrosion resistance under autoclave conditions1. Samples
oxidised for 225 days and 585 days have been chosen to be representative of the
pre-transition and post-transition periods of the oxidation process respectively. Cracks and
pores are found to be associated with small equiaxed grains near the sample surface,but at a
lower density than commonly reported in oxides on other alloys. A periodic pattern of
columnar-equiaxed-columnar grain structure is observed, where the width of the columnar
grains is greater than normally reported in oxides on other alloys2. In the post-transition
sample, the equiaxed grains are associated with cracks parallel to the metal-oxide interface.
Two types of second phase particles (SPP) are observed, one containing only Nb, the other with
both Nb and Fe. The second type of SPP is present at a lower number density and tends to be
amorphous once incorporated into the oxide or near the metal-oxide interface. Near this
interface, Fresnel imaging reveals the existence of both parallel and some vertically
interconnected porosity along the columnar oxide grain boundaries towards metal-oxide
interface, where disconnected porosity is seen. Electron Energy Loss Spectroscopy (EELS)
analysis has also revealed a suboxide layer in the pre-transition sample with compositions in
different regions of ZrO or Zr3O2, with significant local variations in thicknesses from 15nm to
more than 260nm, much thicker than observed previously in other oxidised zirconium alloys3.
High dislocation densities are found in the metal grains under the metal-oxide interface, some
associated with second phase particles. These observations will be compared to previous
reports of less corrosion-resistant alloys studied by the same techniques.
1. Wei, J. et al. Autoclave study of zirconium alloys with and without hydride rim. Corros. Eng.
Sci. Technol.47, 516–528 (2012).
2. Yilmazbayhan, A. et al. Transmission electron microscopy examination of oxide layers
formed on Zr alloys. J. Nucl. Mater.349, 265–281 (2006).
3. Ni, N. et al. How the crystallography and nanoscale chemistry of the metal/oxide interface
develops during the aqueous oxidation of zirconium cladding alloys. Acta Mater.60, 7132–7149
(2012).
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Fig. 1: (a) A HAADF image of a region of the metal–oxide interface from the 225 day Zr-1.0Nb sample oxide. Three
EELS oxygen line scans have been taken revealing suboxides of following thickness; (b) 150 nm with Zr:O=1:1, and (c)
15 nm with Zr:O=1:1 and 100nm with Zr:O=3:2.(d) 130 nm with Zr:O=1:1 and 100nm with Zr:O=3:2
 

 
Fig. 2: Through-focal imaging of fine pores (circled) on the 225 days Zr-1.0Nb sample. Three different types of porosity
are revealed at different locations: 100nm from metal-oxide interface: (a) parallel interconnected pores; (b) vertically
interconnected pores along the columnar oxide grain boundary; (c) near the metal-oxide interface: disconnected pores
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V-Ti-Cr alloys are potential candidate materials for many advanced engineering applications.
Based on Miedema model three compositions of V-Ti-Cr alloys have been identified and
prepared by vacuum arc melting. Phase and structural information have been studied through
different transmission electron microscopy (TEM) techniques using FEI Tecnai G2 F30 U-TWIN
TEM.
  Detailed TEM studies confirm the stability of a bcc solid solution phase at the V-rich corner of
the V-Ti-Cr ternary system. For a ternary extension of the binary TiCr2 Laves phase, formed by
addition of V to the extent of a 7 atom%, thermodynamic calculations predict the stabilization
of an amorphous phase. TEM studies have been carried out to: (i) identify the atomic columns
and (ii) determine whether the phase is binary or ternary. Zero loss phase contrast microscopy
has been carried out to distinguish the atomic columns unambiguously. In case of zero loss
imaging only the elastically scattered electrons contributes in the contrast generation and
hence the system can be considered more closely to an ideal weak phase object. Results
indicate that Ti and Cr atoms are not imaged simultaneously at all thickness – defocus
combinations; this is further confirmed by phase contrast image simulation [Fig.1(a-c)].
Though the exit wave function contains information relating all atomic columns over the
thickness range of 15nm to 70nm, variation in Ti and Cr exit wave profiles as a function of
thickness convoluted with the instrument CTF results the disappearance specific atomic
columns at specific thickness ranges. A comparison of the experimental and simulated electron
intensity profiles confirm that V can substitute for both Ti and Cr lattice sites and V-doped TiCr2

exists as a pseudo-ternary Laves phase with a modified stoichiometry of (A,B´)(B,B´)2. 
For binary V-Ti alloys, thermodynamic calculations suggest the occurrence of a phase
separation tendency which is reduced with the addition of Cr. The lamellar nanostructured
domains with incoherent interfaces seen in the phase contrast mode are indicative of a phase
separation event. STEM - HAADF studies indicate the compositional modulation perpendicular
to the lamellar domains and further examined through STEM-XEDS and STEM-EELS confirming
a Ti rich phase separates out from the matrix (Fig2). 
  Different TEM based techniques at near atomic resolution have been successfully applied to
study phase transformations in V-Ti-Cr alloys. A combination of phase contrast and Z contrast
microscopy coupled with spectroscopic imaging, phase contrast image simulation and atomic
structure modelling have been successfully analyse the materials related issues of V-Ti-Cr
alloys which is otherwise not possible through any of the conventional techniques.
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Fig. 1: (a) Zero-loss phase contrast image from a region of the V doped TiCr2 alloy. Annotations indicate planes indexed
with cubic TiCr2 Laves phase cF24 structure. (b) & (c) show the phase contrast simulated image along with the atomic
structure model confirming that only the Cr atomic columns of a specific location are imaged.
 

 
Fig. 2: (a) STEM-HAADF image from the V-Ti alloy exhibiting compositional fluctuations, (b) the corresponding XEDS
profile for V and Ti along the marked line in (a).
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Early failures in 100Cr6 roller and ball bearings, which are caused by microstructural changes
and material degradation leading to the formation of white etching areas (WEA) have become
a serious problem in many technological applications, the most prominent example being wind
turbines. [1] WEA appear in subsurface regions associated with the maximum of Hertzian
stress and have been observed in numerous applications running under high cycle conditions
and high loads. As a result of WEA formation, systems of cracks (WEC, cf. Fig.1a) are formed
and extend to the surface resulting in catastrophic bearing failure as a consequence of
massive pitting at the bearing raceway. Since the failure mechanism of WEA formation is still
not fully understood, the lifetime of the components is unpredictable and WEA analysis is in
focus of interest.
Cross-sections of bearings after failure were investigated in different etching conditions by a
complementary use of Light Optical Microscopy, SEM with focus on the use of Electron
Channeling Contrast Imaging (ECCI) and EBSD analysis, EPMA, FIB preparation and TEM.
ECCI was used for the first time to give insight in the grain structure within regions with altered
microstructure considered to be regions of WEA formation in detail. It was observed that WEA
are composed of areas with different grain sizes down to nanoscale. Electron Diffraction in TEM
was performed to reveal that the very homogenous nanocrystalline parts of the WEA are
consisting of a bcc structure with a slightly increased lattice parameter. Using EBSD analysis
evidence was found that WEA formation and accompanying crack growth are without relation
to prior austenite grain boundaries or other microstructural features (cf. Fig. 2). Furthermore, it
was shown that the larger-sized grains inside the WEA usually are textured. The
inhomogeneous chemical structure of WEA as a result of carbide dissolution was investigated
using SEM (cf. Fig. 1b), EDX, EPMA and EFTEM. A detailed characterization of the role of
iron-chromium carbide decay and chromium transport in WEA formation was obtained. Hence
it was clearly shown that chromium and carbon are involved in the white etching area
formation.
[1]H.Swahn and P.C.Becker. Martensite decay during rolling contact fatigue in ball
bearings. Chemical Analysis, 7, 1976,
M. H. Evans. White structure flaking (wsf) in wind turbine gearbox bearings: Effect
of ’butterflies’ and white etching cracks (wec). Material Science and Technology,
28(1):3–22, 2012,
O.H.E.West, A.M.Diederichs, K.V.Dahl. Application of Complementary Techniques for Advanced
Characterization of White Etching Cracks. Practical Metallography, 50(6): 410-431, 2013.



 
Fig. 1: Figure 1a) LOM image showing WEA appearing in
white and a typical example of a branching crack network
as result of WEA formation in the subsurface of a bearing
raceway (etched with 2% Nital), b) SEM image showing the
dissolving iron-chromium carbide structures (highlighted by
an arrow) within a WEA (etched with 2% Nital).
 

 
Fig. 2: Figure 2: EBSD IPF map of a branching crack faced
with nanocrystalline WEA running through a prior austenite
grain (marked with a white square), grains of different sizes
embedded into the nanocrystalline parts of the WEA (too
fine to be measured with EBSD, thus black in the image)
are visible.
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Recently, dilute Mg-Zn-Y alloys have attracted great attention because of their excellent
mechanical properties, and their key microstructural feature strongly depends on a long period
stacking/order (LPSO) phase. So far, four types of LPSO structures, 10H, 18R, 14H and 24R
have been reported for Mg-Zn-Y alloy, and all of them are systematically described by two
common structural units; AB stacking of hcp structure and AB’C’A stacking where B’ and C’
layer have local fcc environment [1]. The chemical order occurs to synchronize with stacking
order. That is, Zn/Y atoms distribute at the particular four layers at AB’C’A.
The LPSO structures are also observed in several Mg-transition metal-rare earth systems. In
Mg-Co-Y alloys, novel types of LPSO structures are observed [2] as well as those described
previously (i.e., 10H, 18R, 14H and 24R). We investigate the details of these novel LPSO
structures in Mg-Co-Y alloys, based on scanning electron microscopy observations and first
principles calculations.
Figure 1 shows three novel LPSO structures, 15R, 12H and 21R. They are described by two
structural units composed of AB stacking and AB’C stacking, and Co/Y atoms distribute at three
particular layers AB’C. For the previous LPSO structures, the local AB’C’A stacking is attributed
to intrinsic-2 (I2)-type stacking fault (SF) with respect to the original 2H stacking. However, the
AB’C stacking represents intrinsic-1 (I1)-type SF; therefore, the present LPSO structures are
systematically described as periodic introduction of I1-type SFs into 2H stacking and solute
segregations at the SFs. Hereafter, we denote these LPSO structures as I2-LPSO and I1-LPSO
structures.
Figure 2 shows the interfaces between the LPSO and 2H crystals. Generally, I2-SF is introduced
into 2H by an <a> dislocation and I1-SF is introduced by an <a+c> dislocation. Fig. 2a shows
the partial <a> dislocations at the end of LPSO, but in fig. 2b no dislocations with <c>
component could be observed. At the interface, phase inversion between AB structural unit of
LPSO and 2H periodically appear because AB’C stacking invert ABAB… into BABA..., forming
I1-LPSO without <a+c> dislocation motion.
[1] E. Abe et al, Philos. Mag. Lett. 91 (2011)
[2] S. B. Mi and Q. Q. Jin, Scr. Mater. 68 (2013)



 
Fig. 1: Electron diffraction patterns and HAADF-STEM image of a: 15R-, b: 12H- and c: 21R-LPSO structure. d: structure
model of three types of I1-LPSO structures.
 

 
Fig. 2: HAADF-STEM images of the interface between 2H-Mg and a: I2-LPSO, b: I1-LPSO and (c, d): structure models of
them.
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Mg alloys containing a small amount of TM (transition metal) and RE (rare earth) form a unique
long period stacking/ordered (LPSO) structures and show excellent mechanical properties.
Kink-deformation is believed to play a key role for realization of the excellent properties of the
LPSO-Mg alloys. Kink deformation is phenomenologically understood as a result of
polygonizations of a large number of dislocations that have migrated on the (0001) basal
plane, which is limited as single-variant for the anisotropic crystals such as a hcp structure.[1]
In the present work, we investigate kink-deformed microstructures in the LPSO-Mg alloys,
focusing on dislocation characters around the kink-band using advanced electron microscopy
and first principles calculations. We selected two LPSO-Mg alloys; hot-extruded Mg97Zn1Y2 (at.
%) alloy with an extrusion ratio of 10:1 and cold-rolled Mg85Ni6Y9 (at. %) alloy with 30%
reduction. The microstructures were observed by a scanning transmission electron
microscopy, and first principle calculation was performed with the Vienna Ab-initio Simulation
Package (VASP).
TEM observations confirmed that kink-deformation occurred in these alloys (Fig. 1(a)). A
number of dislocations are regularly arrayed along the c-axis to form a definite interface,
across which the relevant crystal is sharply bended with an angle of 1~2 degree (Fig. 1(b) (c)).
Atomic-scale STEM observations from [11-20]hcp direction were performed to determine the
dislocation core structures. Fig. 2(a) shows that extra half planes are indeed inserted, and the
corresponding burgers circuit is shown in Fig. 2(b). The results indicate that some dislocations
on the kink-boundary are mixed dislocations; the dislocation line is inclined by ~60 degree
with respect to the burgers vector (Fig. 2(c)); this feature is different from that expected for
moving dislocations in hcp-metals. It is found that the slip plane in Fig. 2 (a) is located between
the richest layer and the second richest layer (Fig. 3 (a), interlamellar2), the dislocation seems
to be unfavorable for moving. We calculate γ-surface and theoretical shear strength (τmax)
using first principles calculations, and derive a Peierls stress (σp) accroding to Joos&Duesbery
equation[2]. As a result, the Peierls stress appear to be not much different from the lowest
stress of interlamellar 1 (Fig. 3(b)).
References
[1] J. B. Hess, C. S. Barett, Metals Transactions, 1949
[2] B. Joos and M.S. Duesbery, Phys. Rev. Lett., 1997
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Fig. 1: Fig. 1 Bright field TEM images obtained from (a),(b) Mg85Ni6Y9 (at %) alloy observed from [11-20]hcp direction and
(c) Mg97Zn1Y2 (at %) alloy observed [1-100]hcp direction. White line shows the trace of the basal plane, orange dotted
lines show the kink-boundaries, and red triangles show the end of the kink-boundaries.
 

 
Fig. 2: Fig. 2 (a), (b) HAADF-STEM images taken from
[11-20]hcp direction. The red dotted line shows the slip
plane. (c) Schematic model of the dislocation. The blue line
shows the dislocation line and the red arrow shows the
burgers vector.
 

 
Fig. 3: Fig. 3 (a) Ideal model of 10H-type LPSO structure.
The rich layers (fcc-stacking layers) contains L12-type order
structure. (c) Calculated theoretical shear strength (τmax)
and Peierls stress (σp)
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Recent years have witnessed increasing research efforts concerning materials for the
next-generation nuclear fission reactors (Gen IV – sodium fast reactor), which will need to work
at higher temperature and radiation levels. For these applications, oxide dispersion
strengthened (ODS) steels are the most promising candidates.
We present a study by scanning transmission electron microscopy coupled with electron
energy-loss spectroscopy (STEM-EELS) of an ODS steel with the nominal composition
Fe-14Cr-1W-0.3TiH2-0.3Y2O3 (wt.%). After denoising the spectrum-images via principal
component analysis (PCA), elemental maps were generated (Y-M3, Ti-L2,3, O-K, Cr-L2,3 and
Fe-L2,3), showing a (Y-Ti-O)-Cr core-shell structure (fig 1c) and Cr segregation at the matrix
grain boundary. Y-M3 and Ti-L2,3 elemental maps (fig 1b) show alternately Ti-rich and Y-rich
atomic planes with the interreticular distance of d~2.87Å, which correspond to the (222)
family planes of cubic pyrochlore Y2Ti2O7 (d222=2.91Å). HAADF images showing alternately
bright (Y) and dark (Ti) (222) planes (fig 1a) and oriented along [110] axis (fig 2) also confirm
the Y2Ti2O7-pyrochlore structure. EELS quantification was performed on Ti2O3 powder as a
reference sample and on these nanoparticles: the result O/Ti~3.25 is close to the value of 3.5
for stoichiometric Y2Ti2O7. The smaller O/Ti ratio and the non homogeneity of the interreticular
distance d222 through the particle (fig 1a) was interpreted due to defects in the particles
structure: Y-Ti-O nanoparticles in ODS can present numerous defects and are often non
stoichiometric [Yamashita et al, J Nucl Mater 2004].
The Ti oxidation, bonding state and site symmetry was studied using the Ti-L2,3 and O-K fine
structure (ELNES), which is sensitive to Ti local environement. Furthermore, novel multivariate
statistical analysis such as independent component analysis (ICA) [De la Peña et al.
Ultramicroscopy 2011] was used after PCA to separate the individual spectral reponses of the
EELS signal. The Ti oxidation state is shown to vary from the center of the nanoparticles to
their periphery from Ti4+ in distorted Oh symmetry to a valency often lower than 3+. After ICA,
the obtained independent components allow us to generate bonding maps (fig 3, 4): the
particle center presents Ti4+, O and Y signatures where its periphery presents a reduced-Ti
signature without crystal field splitting (CFS), depleted in Y and O.
The sensitivity of the Ti “white lines” ELNES to local symmetry distortions is also shown to be
useful when investigating the strain induced in the nanoparticles by the surrounding matrix as
can be seen in fig. 4a where the asymmetric Ti-L3 eg peak reflects the tetragonal distortion of
the octahedral symmetry.
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Fig. 1: (a) HAADF image of a nanoparticle and its RGB
elemental maps : (b) red=Y-M3, green=Ti-L2,3, blue=O-K and
(c) red=Cr-L2,3, green=Ti-L2,3, blue=Fe-L2,3

 

 
Fig. 2: (b) HAADF image oriented along [110] axis with
(222) family planes of Y2Ti2O7, (a) the FFT taken from the
nanoparticle and (c) the HAADF intensity profile
(orthogonal to (222) planes) of the nanoparticle
 

 
Fig. 3: results of the ICA with Y-M2,3, Ti-L2,3 and O-K edges;
maps of the components corresponding to (a) (Ti4+, Y, O)
and (b) reduced-Ti<3+, (c) Spectra of these two components
 

 
Fig. 4: results of the ICA with Ti-L2,3 and O-K edges; (b) RGB
bonding map (red=native oxide layer on the sample
surface, green=Ti4+, blue=reduced-Ti<3+), (c) spectra of
these three components and (a) Ti-L2,3 of the component 0
(Ti4+)
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Low-loss electron energy loss spectroscopy (EELS) was used to detect and study the spatial
distribution of He and Li in boron-alloyed steel after neutron irradiation. Both products of the
10B(n, α)7Li nuclear reaction have a low solubility in the steel Fr/Cr matrix. As a consequence,
they form nano-sized precipitates or bubbles, which influence the steel’s mechanical
properties. Their detailed characterization is an important step towards understanding
microstructural changes in steels caused by both products of the transmutation reaction.
Previous TEM studies of He detection and distribution revealed that the He 1s-2p line from the
He filled bubble is clearly detectable on the plasmon matrix signal [1], whereas the detection
of metallic Li precipitates in metals was not described in the literature. We present the new
method for the direct detection of Li and He in the Fe/Cr matrix based on the analysis of EELS
spectra in the low-loss range. Calculation of the Fe/Cr plasmon structure using the Gaussian
function or, in some complex cases, linear extrapolation and separation of the Li plasmon
(9eV) and He 1s-2p line (22.4eV) allow for the generation of elemental maps showing the
spatial distribution of Li and He (Figs. 2-3).
Fig. 1a shows a plasmon spectrum of the Fe/Cr matrix. Fig. 1b presents the spectrum of a
bubble containing both Li and He lines. The intense He line at 21.7eV and the same line after
background subtraction (insert) are visible in Fig. 1b. Left from the He line, an intense Li
plasmon peak at 12eV (9.5eV - 10.5eV after subtraction of the Fe plasmon) can be observed
clearly.
In Fig. 2 a Li drop of 22 nm in size is located in a 50 nm large He-filled bubble. The Li fills
approximately ¼ of the bubble volume. This is clearly visible in (b) the He map and (c) the Li
map. The map obtained by the 2.5eV window positioned at 7.5 eV shows the increased
plasmon intensity on the drop’s surface (part d), whereas the map obtained at 11eV (part e)
reveals nearly the same spatial distribution as the entire Li plasmon shown in part (c).
Fig. 3 presents an area with numerous bubbles that appear dark in the HAADF image. Several
bubbles do not contain He, because they are located on the specimen surface – for example,
the large bubble at the bottom right of the scanned area. The observation of numerous
bubbles with Li drops or Li/He-filled cavities shows that the width of the Li plasmon peak is
variable.
The spatial distribution of Li inside the Fe matrix on the nano-scale level was detected and
investigated by means of EELS plasmon spectra. Some bubbles are half filled with Li and half
with He.
[1] S. Fréchard, et.al J. Nucl. Mater. 393 (2009) 102
[2] M. Klimenkov, et.al Micron 46 (2013) 51–56



 
Fig. 1: EELS spectra of the Fe/Cr matrix (a) and a spectrum
of a bubble showing Li and He lines.
 

 
Fig. 2: HAADF image (a) as well as  He (b) and Li (c)
elemental maps. Parts (d) and (e) show the spatial
distribution of Li surface and bulk plasmons
 

 
Fig. 3: HAADF image and Li and He elemental maps
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Thermal treatment is of vital importance in producing metal alloys with the desired
performance. Many industrial tempers are designated by the temperature and duration
adopted to treat the materials. Though tremendous microstructure characterizations have
been done to understand the transformation process induced by heating, ambiguities
pertaining to the underlying mechanisms still persist even for the well-known phenomenon
such as precipitation hardening. The reason is related mainly with the fact that the
microstructure observation and heat treatment weren’t done simultaneously in most previous
literatures. In the present study, by using MEMS based in situ heating holder (DENSsolutions)
we successfully carried atomic-scale real-time scanning transmission electron microscopy
(STEM) investigations on the micro-structural evolution in metal alloys (AlCu alloy, AlCuMg
alloy, AMgSiCu alloy and NiAl superalloy). The same thermal history as that used for treating
metal alloys in factory has been applied on the specimens inside TEM. Solution treatment,
quenching and annealing can be precisely controlled regarding the temperature, time as well
as heating/cooling rate. This detailed study provides valuable data for quantifying the
thermodynamics and kinetics governing the micro-structural evolution including nucleation,
growth and coarsening of individual strengthening precipitate (θ' (AlCu2) and γ' (Ni3Al)) (Fig. 1).
The direct atomic-scale imaging of the thickening and lengthening of the plate-like θ' (AlCu2)
phrase generates new mechanistic insights into the growth process (Fig. 2 and 3). It is
noteworthy to mention that the tip of the θ' precipitate is slightly broader than the inner part
(Fig. 2). Contrary to this, the tip of this precipitate in Fig. 3 is narrower than the inner part
possibly because of the proximity to another precipitate. Such kinds of local changes provide
new insights into the interaction of different growing precipitates due to the overlap of
diffusion field. The alloying elements diffusion behaviours monitored during heating are critical
for unravelling the factors affecting the formation of the effective strengthening particles
especially those in the confusing multi-step ageing frequently used in processing high
performance aluminium alloys. Our study also demonstrates that in-situ heating electron
microscopy is a powerful tool to assess the effect of alloying elements and tempers on the
microstructure and is fruitful for developing metal alloys with enhanced properties.
 

Acknowledgement: This work is financially supported by ERC NEMinTEM Project under contract
no. 267922, and partly by the National Natural Science Foundation of China (No. 51171063,
51371081); Instrumental Innovation Foundation of Hunan Province (No. 2011TT1003). C.H. Liu
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Fig. 1: Snapshots from a video showing the evolution of plate-like precipitates viewed along [001]Al direction in AlCu
alloy aged at 180℃ from as-quenched to 10 h.
 

 
Fig. 2: Snapshots from a video showing the thickening of θ'
precipitate viewed along [001]Al direction in AlCu alloy aged
at 180℃. The arrow points to the changing position of the
growth ledge.
 

 
Fig. 3: Snapshots from a video showing the lengthening of
θ' precipitate viewed along [001]Al direction in AlCu alloy
aged at 180℃. The arrow points to the changing position of
interface. The red box represents the unit cell of θ' phrase.
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Severe plastic deformation (SPD) techniques are convenient methods to force a mixing of
usually immiscible elements. Supersaturated solid solutions or extended solubilities were
reported for several systems [1–3]. The microstructures of so-called “far-from-equilibrium”
materials show specific characteristics compared to conventional coarse-grained materials
from which unique material properties can arise [4, 5]. SPD deformation of two-phase alloys
usually leads to highly defective microstructures with extremely small grain sizes and
exceptional grain boundary morphology. The large volume fraction of grain boundary regions,
the grain shape, which can vary from equi-axed to fiber-like, and supersaturation or
amorphization processes strongly influence the mechanical properties. A correlation between
microstructure and material properties is essential for tailoring the materials performance for
specific applications. In order to study this relationship CuAg alloys were produced by powder
consolidation and subsequent high-pressure torsion processing. Varying composition
(Cu‑25/50/75wt% Ag) and process parameters led to a multitude of microstructures. The
defect-rich microstructure of a Cu‑25wt%Ag is shown in Fig 1a with a grain boundary revealed
by high-resolution TEM (HRTEM) in Fig 1b and c. Such non-uniform faceted grain boundaries
are typical for SPD materials [6]. In Cu‑50wt%Ag alloys a very fine-grained, partially
amorphous structure was observed (see Fig 1d and e). Disordering occurs mainly at former
grain or phase boundaries, but also in the grain interior. Further investigations will include a
detailed TEM analysis of the microstructure combined with mechanical testing and annealing
experiments.
[1] H. Shen, Z. Li, B. Günther, A. V Korznikov, and R. Z. Valiev, Nanostructured Mater., vol. 6,
pp. 385–388, 1995.
[2] A. Bachmaier, M. Kerber, D. Setman, and R. Pippan, Acta Mater., vol. 60, pp. 860–871,
2012.
[3] A. Bachmaier, J. Keckes, K. S. Kormout, and R. Pippan, Philos. Mag. Lett., vol. 94, no. 1, pp.
9–17, 2014.
[4] R. Z. Valiev, R. K. Islamgaliev, and I. V Alexandrov, Prog. Mater. Sci., vol. 45, pp. 103–189,
2000.
[5] A. Bachmaier and R. Pippan, Int. Mater. Rev., vol. 58, no. 1, pp. 41–62, 2013.
[6] X. Sauvage, G. Wilde, S. V Divinski, Z. Horita, and R. Z. Valiev, Mater. Sci. Eng. A, vol. 540,
pp. 1–12, 2012.
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Fig. 1: Figure 1: (a) TEM bright-field micrograph of a Cu-25wt%Ag alloy with corresponding HRTEM images of a grain
boundary in (b) and (c), and (d) TEM bright-field image of a Cu-50wt%Ag alloy with HRTEM image in (e).
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One of the well-known intermetallic phases which form in the Fe-Cr system is the sigma
(σ)-phase. It has a tetragonal unit cell (space group P42/MNM) with a = 8.80 Å and c = 4.54 Å
[1]. In general, the σ-phase forms during long-time exposure in the temperature range of 565
to 980°C and it’s composition varies quite widely which makes it difficult to give an exact
stoichiometry. The formation of the σ-phase is one of the main reasons for the deterioration of
stainless steel properties. As an example, it has been reported that the precipitation of
σ-phase on grain boundaries consumes chromium and as a result, there is a loss in corrosion
resistance [2]. The present investigation was conducted to investigate the σ-phase formation
caused by the addition of molybdenum as one of the ferrite stabilizing alloy elements in order
to control the σ-phase nucleation mechanisms.
A high purity model alloy containing 68 wt% Fe, 30 wt% Cr and 2 wt% Mo, manufactured by
ThyssenKruppVDM, was annealed in vacuum for 1000 h at 700°C. Later, the specimen was
prepared using the focused ion beam (FIB) technique in a FIB Strata 205 from FEI.
Microstructural analyses were carried out using the Libra 200 FE and Titan-T TEMs under an
acceleration voltage of 200 KV and 300 KV respectively.
The formation of the σ-phase along the grain boundaries as well as within the grains are shown
in Figure 1. Two types of precipitates with contrast difference are detected on σ-phases formed
on grain boundaries (figure 1.b). Figure 2 shows the bright-field (BF) TEM images and SAED
patterns of these two precipitates. The BF images, figure 2.a and 2.c, show that the bright
precipitate (marked as L2 in fig 1.b) contains a higher density of planar faults than the dark
one (marked as L1 on fig 1.b). Furthermore, the analyses of the SAED patterns also confirms
that the dark and bright precipitates were identified as chromium-carbide and chi (χ)-phase,
respectively (fig 2.c and 2.f). The BF images also revealed that part of the σ-phase close to the
chromium-carbide precipitates has less planar faults than the one close to χ-phase
precipitates.
The matrix/σ-phase interface from σ-phase formed on grain boundaries and inner grains
(marked L1 and L3 in figure 1 respectively) were further investigated by means of
high-resolution imaging technique. Figure 3 shows an example of the high-resolution (HR)
image of σ-phase formed on grain boundaries which contains faults at the interface.
References
[1] B.G. Bergman and D.P. Shoemaker, The space group of the σ-FeCr crystal structure, J.
Chem. Phys, 19, 515, 1951.
[2] N. Lopez, M. Cid, and M. Puiggali, Influence of σ-phase on mechanical properties and
corrosion resistance of duplex stainless steels, Corr. Sci, vol. 41, no. 8, pp. 1615-1631, 1999.
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Fig. 1: (a) SEM-BSE micrographs of the investigated specimens showing σ-phase precipitated on grain boundaries and
inside grains as well as selected areas marked by A1 (b) and A2 (c) where FIB lamella were prepared.
 

 
Fig. 2: Bright-field (BF) images and SAED patterns of two precipitates, Cr-carbides and χ-phase, which were found on
σ-phase formed on grain boundaries (marked by L1 and L2 on fig 1.b). The BF and SAED pattern show that the σ-phase
contains numerous planar faults.
 

 
Fig. 3: High-resolution (HR) image taken from matrix/σ-phase interface of σ-phase formed on grain boundary (marked
L1 in figure 1.b) with the electron beam parallel to the [001] matrix zone axis.
 



Type of presentation: Oral
 

MS-4-O-3282 Electron diffraction tomography study of MgZn precipatates in Mg
matrix
 

Klementová M.1, Palatinus L.1, Němec M.1, Gärtnerová V.1
 
1Institute of Physics of the AS CR, v.v.i., Na Slovance 2, 182 21 Prague 8, Czech Republic
 

Email of the presenting author: klemari@fzu.cz
 
Low density, high specific strength and the ease of recycling make magnesium and its alloys
potentially good candidates for numerous structural applications [1]. One of the most common
alloying elements in magnesium is Zn. Besides remarkable improvement of mechanical
properties via solid solution and/or precipitation strengthening, Zn is together with Mg
classified as a biocompatible element. Thus, Mg-Zn based systems can also be considered as
an attractive material for implants.

Binary magnesium alloy with nominal composition Mg-12 wt.% Zn was prepared by die casting
under Ar atmosphere and subsequently annealed at 320°C for 20 hours followed by warm
water quenching. The goal of this work is to describe the crystal structure of Zn based particles
present in the binary magnesium alloy.

Samples were studied by transmission electron microscopy performed on a Philips CM 120
(LaB6, 120kV) equipped with a NanoMEGAS precession unit DigiStar, an Olympus SIS CCD
camera Veleta (2048x2048), and an EDAX windowless EDS detector Apollo XLTW.
Precession-assisted electron diffraction tomography (EDT) in microdiffraction setup was used
to acquire data for structure determination of MgZn precipitates and their orientation within
the Mg matrix.

Precipitates of several micrometers in size (Fig. 1a) correspond to Mg21Zn25 phase with
rhombohedral structure, space group R-3c, lattice parameters a~26 Å, c~8.9 Å (Fig. 1b). The
structure was determined from 1711 independent reflections (averaged from 13026 measured
intensities, Rint=24.09), and refined using kinematical approximation to R-value of 26.53 %.
The structure model matches very well the previously reported structure of Mg21Zn25 [2]. The
matrix is formed by hexagonal Mg, space group P63/mmc, lattice parameters a=3.2 Å, c=5.2 Å.
Orientation relationship of MgZn precipitates in Mg matrix was observed as (10-1)Mg || (010)MgZn

and [101]Mg close to [201]MgZn (Fig. 2a,b). However, this relationship might vary significantly as
the precipitates are quite coarse and therefore loss of coherency is expected.
[1] Pollock T.M. Weight Loss with Magnesium Alloys. Science (2010) 328, 986-987.
[2] Cerny, R. and Renaudin, G. Acta Cryst. (2002) C58, 154-155.
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Fig. 1: (a) Bright-field image of MgZn precipitates in Mg matrix, (b) results of structure solution from EDT data of a
MgZn precipitate viewed down [001] (top - map of electrostatic potential, bottom - structural model).
 

 
Fig. 2: Oriented SAED patterns of a MgZn precipitate in Mg matrix. (a) viewed down Mg [101], (b) viewed down MgZn
[201].
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The increasing interest in nanostructured materials in recent years has provided incentive to
develop new kind of composites containing carbon nanotubes (CNTs). In particular, Copper-
multiwall carbon nanotube nanocomposites (Cu-MWCNT) have been considered as a promising
material for applications in electronic materials, heat exchangers and structural elements
[1,2].
It has been reported that the addition CNTs in a Cu matrix can increase or decrease the
mechanical and transport properties of the matrix depending on the Cu-CNT interface, CNT
integrity as well as on the CNT uniform distribution, which are directly correlated with the
nanocomposite synthesis and processing(sintering).
The main objective of this work is to characterize structurally, morphologically and analytically
a Copper –5 wt% MWCNT nanocomposite produced by chemical synthesis and thermo
mechanical processing (Spark plasma sintering), by means of transmission electron
microscopy (TEM).
Nanocomposite powders were produced by dissociation of a homogeneous suspension
containing Cu(NO3)2.3H2O–MWCNT,previously functionalized in tetrahydrofuran solution,
followed by H2 reduction of the obtained CuO-MWCNT precursor. Bulk nano-composite pellets
were obtained using a Doctor Sinter Lab Machine (SPS 1050) applying 70 MPa pressure, at 600
°C for 5 minutes.
TEM samples were prepared from the powder synthesis material and from the obtained final
pellets. The former sample was prepared using a dispersion of few milligrams of powder
inisopropyl alcohol, followed by ultrasonic agitation. One drop was placed on a nickel TEM grid.
The later was made using a FEI Nova FIB-SEM instrument. A TEM -FEI Titan operating at 300kV
equipped with EDS, and EELS were used as main characterization tool.
After chemical synthesis Cu powder particles with spherical and faceted morphologies
decorating the MWCNTs were observed. The particles were in the 5-100nm range (Fig.1a),
showing good adherence at the interface (Fig.1b).
After consolidation into pellet and sintering, good consolidation and heterogeneous grain
growth (50nm–2μm range) were observed in the Cu matrix. Remaining porosity and annealing
twins are present at the lamella. TEM-BF images show regions with high dislocations density as
well as the presence of CNTs at the Cu grain boundaries and its transformation into amorphous
carbon, nanoribons and graphitization (Fig 2).
Elemental mapping using STEM-EELS allowed us to identify the presence of carbon, copper
oxide and metallic copper at the interface Cu-MWCNT (Fig. 3). Notwithstanding, possible
re-oxidation after sample preparation can be considered.
References
[1] K. T. Kim, et al. Materials Science and Engineering A 430 ( 2006) 27-33.
[2] K.Tae, et al. Materials Science and Engineering A 449-451 (2007)46-50.
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Fig. 1: Fig 1. MWCNTs decorated by copper nanoparticles and good adherence at the interface are observed in the TEM
bright field images (a and b).
 

 
Fig. 2: Fig. 2. (a and b). TEM-BF images show regions with high dislocations density and typical strain fields as well as
big damage of CNTs. HRTEM (Fig 2 c) shows a carbon nanostructure like ribbon as product of MWCNT transformation
during the sintering processes.
 

 
Fig. 3: Fig. 3.Elemental mapping using STEM-EELS allowed us to identify the presence of carbon, copper oxide and
copper at the interface Cu-MWCNT.
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CoPt alloy undergoes disorder-order transformation from a cubic disordered phase to a
tetragonal ordered phase at 1045 K. Because of decrease in crystal symmetry, three ordered
variants are formed. An ordering heat-treatment under a magnetic field was performed to
control formation and selection of preferred variant with its tetragonal c-axis parallel to the
applied magnetic field. However, the ordering process and mechanism of variant selection
have not been clarified yet because of its multi-scale changes of microstructure over nm to µm
scale. In the present work, multi-scale microstructure observation with the novel SEM was
carried out using the channeling contrast imaging techniques to clarify the process of
microstructure formation and variant selection in single crystalline CoPt alloy ordered by the
two-step heat-treatment under a magnetic field of 10 T and without magnetic field. In order to
understand the origin of various contrasts in the obtained SEM images, TEM and STEM
observations were carried out and studied correspondence between SEM, TEM and STEM
results.
In the early stage of growth process, many {101}L10 twins were successfully observed in SEM
observations and the contrasts of channeling BSE images well corresponded to TEM
observation results in nm scale (Fig. 1). In addition, the variant which has c-axis parallel to the
applied magnetic field was developed preferentially compared to other two variants. After all
of the heat-treatment process, those twins were vanished and single variant structure was
obtained. On the other hand, without magnetic field, coarsening process of the micro-twins in
the early stage of growth heat-treatment was strongly limited because of competition among
three variants. In addition, it was clarified by wide-range observation with SEM that the three
variants formed self-accommodation structure of {101}L10 twins (Fig. 2) which was similar to
that in thermoelastic martensitic transformation. These results indicate, after the diffusional
ordering process in the early stage, invariant deformation process becomes dominant and
three variants accomodates martensite-like structure.
In this work, we successfully evaluated the microstructure development process of
disorder-order transformation in single crystalline CoPt alloy in multi-scale by SEM
observations with channeling contrast imaging technique. These results show promising
performance of the novel SEM in multi-scale evaluation of microstructures.
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Fig. 1: (a) Channeling BSE image and (b) TEM bright field image for the specimen heat-treated at 773 K for 30 min
under magnetic field of 10 T and at 1023 K for 3 min in the first and second steps, respectively.
 

 
Fig. 2: Channeling BSE image for the specimen heat-treated at 773 K for 30 min under magnetic field of 10 T and at
1023 K for 180 min in the first and second steps, respectively.
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Super martensitic stainless steels (SMSS) exhibit a good combination of strength, toughness,
corrosion resistance and weldability properties. Due to these properties, they have been
increasingly applied in the oil and gas industries to substitute the more expensive duplex
stainless steels for onshore and offshore tubing applications [1]. The chemical compositions of
SMSS are based on Fe–Cr–Ni–Mo system and lower contents of the C (≤ 0.02 wt %), N (≤ 0.002
wt %) and P, S (≤ 0.003 wt %). This steels present good strength, toughness and corrosion
resistance mainly when microalloyed with Al, Nb, Ti and V [2]. In this work was used the SMSS
with high phosphorus content (SMSS+P = 0.012 % C, 12.5 % Cr, 5.36 % Ni, 2.11 % Mo, 0.29 %
Mn, 0.19 % Si, 0.0013 % S, ↑0.017 % P (≤ 0.003%), and 0.001 % N). The steel was produced
with extra low residual impurity contents in a vacuum induction-melting furnace and hot rolled
to 29 mm diameter round bars in Villares Metals Research Centre. The samples of SMSS+P
steel were heat treated at: 1000 °C/45 min/oil + 610 °C/2 h/air. Chemical and microstructural
characterizations were performed by transmission electron microscopy (TEM) in a TECNAI G2
F20 microscope (200KV), withh Energy Dispersive X-ray chemical microanalysis system. Fig.1
(a) presents a bright field STEM image showing ultra-fine martensite-lath morphologies with
recrystallized grains inside and also the presence of subgrains. Fig. 1 (b) presents the
corresponding selected area electron diffraction pattern (SAEDP) revealing the high
deformation state of the sample and the presence of subgrains. The white circle in Fig. 1 (a)
represents the region where it was zoomed in Fig.2 (a), which presents a bright field STEM
image showing phosphorus-rich nanoprecipitates (point 1), and in in Fig.2 (b), which presents a
dark field STEM image showing nanoprecipitates with sizes of about 8 nm, and that the
precipitation occurs preferentially in dislocation lines. The SAEDP in the inset of Fig. 2 (b)
shows a diffraction ring of such precipitation together with matrix spots. Indexation of SAEDP
revealed the presence of CrP4 along [0,1,0] zone axis, which was confirmed by EDX analysis
(Fig 2a, point 1 as indicated) revealing the higher content of phosphorous (0.07 weight%)
when compared with the matrix (Fig 2a, point 2 as indicated) where phosphorous was not
detected. The presence of such precipitates can justify the good obtained mechanical and
corrosion resistance properties.
References: [1] X. P. Maa, et al. Mat. Sci. Eng. A-Struct., A539 (2012) 271.
        [2] C. A .D. Rodrigues, et al., Mat. Sci. Eng. A-Struct., A460 (2007) 149.
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Fig. 1: Fig.1. (a) Bright field STEM image showing the ultra-fine martensitic-lath morphologies with recrystallized grains
inside and also the presence of subgrains, and the white circle corresponds to the region where this image was zoomed
in Fig. 2. (b) the SAED pattern of the martensitic matrix.
 

 
Fig. 2: Fig.2. (a) Bright field STEM image showing phosphorus-rich nanoprecipitates (point 1) located into subgrains of
the SMSS+P steel. (b) Dark field STEM image showing nanoprecipitates with size approximate of 8 nm, and top right
hand side present the corresponding SAED pattern of the nanoprecipitates.
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Al alloys have important applications in the automotive and aerospace industries because of
their high specific strength for the weight reduction and better fuel economy. However,
mechanical properties of conventional Al alloys are often not suitable for some extreme
applications. High pressure torsion (HPT) has been found to be effective to refine the grain
size, enhance the precipitation hardening, and finally improve the performance of Al alloys.
The enhanced precipitation hardening can be directly correlated to the different type
precipitates formed during HPT and subsequent aged treatments. Full characterisation and
quantification analyses of the precipitates evolution is thus of great importance to optimize
conventional Al alloys in service and develop new Al alloys.
In this contribution, advanced electron microscopy was employed to characterise the evolution
and chemistry composition of precipitates formed along grain boundary and / or within the
matrix in Al alloys subjected to HPT. Furthermore, in situ heating and cooling in high resolution
TEM (STEM) was also employed to elucidate the evolution of precipitates, thereby optimize the
heat treatment and finally improve the mechanical properties. It was demonstrated that
advanced electron microscopy is of great necessity to reveal mysteries in conventional
research fields, e.g. casting and / or solidification. However, more attentions have to be paid to
the differences caused by the size effects. For example, the temperatures of precipitates
observed by in situ heating of thin TEM foil is slightly higher than that measured by DSC
heating of bulk samples. An combined application of advanced electron microscopy and other
analysis techniques (i.e. DSC) can provide a comprehensive information of the precipitation of
Al alloys.
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The objective of the work is to synthesize and study the structural and morphological changes
in nanocrystalline Fe-50%Al alloy prepared directly by mechanical alloying in a high energy
rate ball mill. The phase transformations, structural and morphological changes occurring in
the studied material during mechanical alloying (MA) were investigated by X-ray diffraction
(XRD) and Scanning electron Microscopy. Fig. 1 shows the morphological evolution of Fe1-xAlx
alloy samples as a function of milling time. As a result of intensive fracture and cold welding
during the ball milling, the structure and shape of the particles have been changed drastically.
The initial shape of crystallites disappeared completely, and their structure became an
amalgam of small and large irregular and angular shaped particles with wide range of sizes.
During ball milling, the grain size of constituents was decreased to the nanometer range and
the constituents dissolved at the nanograin boundaries, which provided the strong conditions
for the solid-state synthesis reaction. This phenomenon is a result of the existence of a balance
between the fracture and re-welding processes. The formation of FeAl intermetallic alloy from
elemental Fe and Al powders appears to be composed of two steps: progressive refinement of
Fe and Al grains within the sandwich type microstructure, followed by FeAl formation,
presumably at the interfaces between Fe and Al grains. From SEM images, it is clear that the
iron and aluminium elemental distributions are closely correlated indicating that the two
elements are completely alloyed and the FeAl solid solution is formed. These results are very
consistent with the XRD analysis.



 
Fig. 1: SEM micrographs of Fe1-xAlx alloy as a function of milling time.
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Al-Cu based alloys have important applications in the automotive and aerospace industries
because of their high specific strength for the weight reduction and better fuel economy.
However, their hot tearing tendency hampers their wider applications. Sc addition into Al-Cu
based alloys has been found to be effective to refine the grain size, reduce the hot tearing
tendency, enhance the precipitation hardening and finally improve the performance of Al-Cu
based alloys. Grain refinement can be directly correlated to the enhanced heterogeneous
nucleation of primary Al3Sc or Al3(Sc,Zr,Ti) phase for α-Al. While, enhanced precipitation
hardening can be mainly attributed to different precipitates formed during heat treatments.
In this contribution, advanced electron microscopy was employed to characterize the
precipitates formed along grain boundary and / or within the matrix in Al-4.5Cu-0.2Sc (wt.%)
alloys after T6 heat treatment. It was found that (i) Sc partitions into the Al2Cu phase (Figure
1), which was believed to improve the thermal stability of Al2Cu phase, and (ii) Compared with
Al-4.5Cu (wt.%) based alloys (not shown here), the size of the Al2Cu precipitates decreases,
however, the number density of the precipitates increases (Figure 2). Furthermore, high
resolution STEM was employed to characterize the Al2Cu precipitates and the interface
between Al2Cu precipitates and α-Al matrix (Figures 3 and 4). The Al2Cu precipitates appear to
be no-coherent with α-Al matrix when viewed from {011}α-Al (Figure 3c) and {001}α-Al
(Figures 4c,d). The loss of coherency indicates that the precipitation process may be in the
stage of peak ageing or over ageing. At this stage, the precipitation microstructure becomes
more stable, and the mechanical properties is enhanced. It should be also noted that one lost
atomic layer (step) was observed at the interface between Al2Cu precipitate and α-Al matrix,
as shown in Figure 4c. Although this observation could be due to the beam damage, it also
strongly demonstrates that advanced electron microscopy is of great necessity to reveal the
mysteries (i.e. the precipitate interface structure and composition) in conventional research
fields, e.g. solidification and / or precipitation. Full characterization on the precipitates from
micro to atomic scale is of great importance to optimize conventional Al-Cu based alloys in
service and develop new Al-Cu based alloys.
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Fig. 1: Figure 1: Sc partitions into the Al2Cu phase in
Al-4.5Cu-0.2Sc (wt.%) alloys.
 

 
Fig. 2: Figure 2: The smaller precipitates with higher
number densities in Al-4.5Cu-0.2Sc (wt.%) alloys.
 

 
Fig. 3: Figure 3: The interface between Al2Cu precipitates
and α-Al matrix. The precipitates appear to be no-coherent
when viewed from {011}α-Al.
 

 
Fig. 4: Figure 4: High resolution STEM images of the Al2Cu
precipitates (a) and the interface between Al2Cu
precipitate and α-Al matrix (b-c). The Al2Cu precipitate
appears to be no-coherent when viewed from {001}α-Al.
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To improve wear resistance, tungsten (W) has been added into high chromium white cast irons
as a carbide-forming element. Recent work has reported that W at low content led to the
formation of WC1-x, W6C2.54 and W3C [1]. However, at high tungsten content, Fe7W5C2 and possibly
W2C or WC are formed [2]. In the present study, carbides in as-cast (27-28) wt.%Cr – (2.4-2.9)
wt.%C alloys with 0-10 wt.% W addition were investigated by TEM. Effects of W addition on the
microstructure of the alloys and on formation of different carbides are discussed and
compared with the results based on SEM and XRD in previous work [1,2].
TEM thin foils were prepared by twin-jet electropolishing (Fishchion, Model 110) at 20 V and
-10°C. The electrolyte was a solution containing 10 vol.% perchloric acid and 30 vol.% of
2-butoxyethanol in absolute ethanol. TEM investigation was performed at 200 kV using a
TEM/STEM JEOL JEM2010 equipped with an EDS detector (Oxford, Inca).
SEM backscattered electron images of alloys studied are shown in Figure 1. The matrix is
austenite partially transformed to martensite. TEM analysis of carbides is given in Figures 2 to
4. Only eutectic M7C3 was found in the reference alloy without W addition. Two forms of
W-containing M7C3 were found in the alloys with 1 wt.% and 4 wt.% W : one as large blocky,
primary M7C3 and another as eutectic M7C3. In the alloy with 10 wt.% W, only large blocky,
primary M7C3 was found. Streaking in SAED patterns (shown in Figures 2(b) and 3(b)) and the
low FeKα/CrKα (ca. 0.4) and WLα/CrKα (ca. 0.02) peak height ratios in EDS spectra (shown in
Figures 2(c), 3(d) and 4(d)) are characteristics of M7C3. The W content in M7C3 increased as the
overall W content of the alloys was increased. High W addition promotes formation of M23C6 and
M6C. These carbides formed in the later stage of solidification from W-segregated liquid,
resulting in carbides with higher M:C ratio than that of the M7C3. W-rich M23C6 and M6C are
distinguishable by electron diffraction from certain zone axes and also by TEM-EDS. FeKα/CrKα
and WLα/CrKα peak height ratios of ca. 0.6 and 0.1, respectively, are characteristics of M23C6,
whereas those of ca. 1.7 and 0.9, respectively, are of M6C. Fish-bone M23C6 colonies
encapsulating the M6C structure were found in the alloy with 10 wt.% W addition. In the
present study, M3C, M2C or MC has not been found in any of the alloys. The reason for the
absence of these carbides can be attributed to the higher M:C ratio in the alloys in the present
study as compared to those in previous work [1,2].
References
[1] Lv Y., Sun Y., zhao J., Yu G., Shen J., Hu S., Mats Design 39 (2012) 303-308.
[2] Heydari D., Skandani A.A., Haik M.A., Mats Sci. Eng. A 542 (2012) 113-126.
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Fig. 1: Backscattered electron images in SEM show the
microstructure of the alloys : (a) the reference iron without
tungsten, (b) 1 wt.%W addition, (c) 4 wt.%W addition, (d)
10 wt.%W addition.
 

 
Fig. 2: (a) Bright-field TEM micrograph shows austenite (γ)
and M7C3 in the reference iron. (b) Corresponding SADP
from the [100] M7C3 zone axis. (c) TEM-EDS spectra from
austenite (γ) and M7C3, respectively.
 

 
Fig. 3: (a) Bright-field TEM micrograph shows M7C3 and M6C
in the alloy with 4 wt.% W. (b) and (c) Corresponding
SADPs from the [122] M7C3 and the [112] M6C zone axes. (d)
TEM-EDS spectra from austenite (γ), M7C3 and M6C.
 

 
Fig. 4: (a) Bright-field TEM micrograph shows M23C6 and M6C
in the alloys with 10 wt.% W. (b) and (c) Corresponding
CBEDs from the [111] M23C6 and the [111] M6C zone axis. (d)
TEM-EDS spectra from austenite (γ), M7C3, M23C6 and M6C.
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It is demonstrated here that the rapid cooling rate imposed by the spray forming equipment is
convenient to reprocess the Al 7000 alloy machining chips from the manufacture of aeronautic
components resulting in a good microstructure with refined hardening η’ precipitates within
the matrix, refined grains and low segregation of the elements. The final microstructure after
the hot-extrusion, solution and aging heat treatment is composed by GP zones, metastable
phase η’, equilibrium η phase, Al3Zr nanometric precipitates and the coarse intermetallic
Al7Cu2Fe phase. The microstructure was characterized using X-ray diffraction (XRD),
differential scanning calorimeter (DSC) and scanning electron microscopy (SEM). Transmission
electron microscopy (TEM) analysis together with associated techniques (HRTEM, STEM,
spectral imaging and EFTEM) was realized in an FEI Tecnai G2 TEM/STEM 200 kV equipped with
EDS (EDAX DX-4) and a Gatan Image Filter (GIF) Tridiem – Electron Energy Loss Spectroscopy
(EELS) detector. After the homogenization heat treatment the only remaining phase was the
intermetallic Al7Cu2Fe. After the extrusion, partial recrystallized regions were found in the
microstructure. Precipitation of intermetallic phases occurred during processing, in this way, a
solution heat treatment was needed. Then, the artificial aging provided a fine nanometric
precipitates distribution of hardening (η’) precipitates and GP zones within the Al-fcc matrix
and equilibrium precipitates (η) distributed along the grain boundaries. Advanced transmission
electron microscopy techniques are fundamental to characterize nanometric precipitates and
GP zones such as the ones formed during aging of 7050 Al alloy.
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Fig. 1: HRTEM image in the [100]Al-fcc zone axes showing the nanoscale precipitates and Fourier transfor (FT) for the
whole image, equivalent to SAED pattern
 

 
Fig. 2: EFTEM (energy filtered TEM) images of 7050 Al alloy sample aged at 160oC for 16 h showing maps of Al, Mg, Zr
and Zn edges.
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Composites provide a possibility to tune materials properties by a combination of the
properties of the matrix and the reinforcing material. An application specific good compromise
can be reached in hardness, fracture toughness, tribological and other physical parameters. An
improvement in properties is expected by reducing the grain size and particle size to the
submicron level for the nanocomposites produced by powder metallurgy (PM).
Al-Al2O3 nanocomposites were produced by cryogenic milling and subsequent sintering. There
are three problems to be solved in this process. First, production of nano-sized mixed powder
required cryogenic milling. Second, spark plasma sintering (SPS) was used to prevent grain
growth during sintering. Third, solution was needed to overcome of the problem of high
melting point alumina (both native oxide on the surfaces of grains and the alumina
nanoparticles in the mixture) surrounding the low melting point Al and so hindering the
sintering process.
The sintered nanocomposites were characterized by densitometry, measurement of hardness,
tribology, electron microscopy and related analytical techniques (SEM, TEM and EDS). Effect of
additional elements (mixed to the Al-powder) was also studied. Optimization of the sintering
parameters improved density and mechanical properties.
Both pure Al and alloyed Al were mixed with 30% Al2O3. Best densification (97%) and lowest
wear rate (4.1*10-4 mm3/m) was achieved with pure Al, sintered at 600°C, while the hardest
composite was obtained with an Al-27%Si-7%Ni alloy. The same hardness (2.75 GPa) was
reached with two preparation conditions for the 70%( Al-27%Si-7%Ni alloy)+30%Al2O3 samples.
First, 600°C sintering temperature was needed for powders milled in Ethanol at room
temperature. Second, the same powder mixture milled in liquid nitrogen sintered to the same
hardness at 560°C. Dry sliding properties were studied with pin-on-disc geometry at low speed
(0.3 m/s) at low load (1 N). The wear mechanism involved is dominated by adhesion.
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Fig. 1: Figure 1. SEM secondary electron image of broken
surface of a 70%Al+30%Al2O3 sample. Milled in Ethanol at
room temperature for 1 h at 600 rpm with ZrO2 balls. Spark
Plasma Sintered at 647°C for 5 minutes. Uniform
distribution of the Al2O3 particles is seen.
 

 
Fig. 2: Figure 2. SEM secondary electron image from the
surface of a 70%Al+30%Al2O3 sample after tribology
measurement. Milled in Ethanol at room temperature for 1
h at 600 rpm with ZrO2 balls. Spark Plasma Sintered at
640°C for 5 minutes. Traces of adhesion are seen.
 

 
Fig. 3: Figure 3. TEM bright field image from a
70%(Al-27%Si-7%Ni alloy)+30%Al2O3 sample. Milled in
Ethanol at room temperature for 1 h at 600 rpm with steel
balls. Spark Plasma Sintered at 600°C for 5 minutes. Traces
of porosity are seen next to the Al2O3 particles. EDS proved
that Al and Si remained separated even after sintering.
 

 
Fig. 4: Figure 4. Apparent density (that includes open
porosity) for samples prepared from pure and from alloyed
Al. Mass fraction of Al2O3 is 30% in each case. Sintering
(SPS) temperature is indicated as labels above the
columns. Nominal density for pure Al is 2.70 g/cm3, while
for the Al-27%Si-7%Ni alloy it is 2.72 g/cm3.
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Melting metallurgy processes of NiTi shape memory alloys can lead to undesirable
contamination of the melt and forming of oxide inclusions. One possible solution of this
problem is reactive sintering using pure elemental powders. Reactive sintering method
enables to produce high-purity materials. In this process, compressed mixture of metallic
powders is transformed to bulk intermetallic phases via thermally activated exothermic
reactions. The evolved heat sustains and helps to propagate the reaction front through the
body of the reactants. Therefore this process is called “Self-sustainable High-temperature
Synthesis” (SHS). This work aims to optimize the parameters of the SHS process for the
preparation of NiTi shape memory alloy to obtain a high-purity, low-porosity material.
Results revealed that heating rate strongly affects the structure of this alloy. Using slow
heating (20 °C.min-1) leads to extremely heterogeneous structure composed of various Ni-Ti
phases and high porosity (Fig. 1).The microstructure consisting of NiTi and Ti2Ni phases can be
obtained in this material by rapid heating (approx. over 300 °C.min-1) (Fig. 2). Sufficient
reactive sintering temperature to obtain NiTi phase is 900 °C. At 800 °C, the structure
composed of Ni and Ti elemental powder particles was observed (Fig. 3). No Ni-Ti intermetallic
phase was observed after sintering at 800°C. Further increase of the SHS initiation
temperature to 1100 °C reduces porosity and the amount of the Ti2Ni phase. The lowest
porosity and lowest amount of the undesirable Ti2Ni phase were achieved by the utilization of
coarse titanium powder (200-600 µm) with fresh surface, produced by mechanical machining,
or by the increase of nickel content in the alloy (Fig. 4). However, the change of the nickel
content will affect the transformation temperatures and induce the formation of Ni4Ti3 phase.
Reactive sintering process is completed during less than 20 min in the investigated material. It
was proved that the formation of Ti2Ni phase always accompanies this process, even though its
content can be minimized by the proper choice of the SHS parameters. To eliminate this
phase, further thermal or thermo-mechanical treatment will be required.
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Fig. 1: Microstructure of Ni-50at%Ti alloy prepared by SHS
process at 1100°C for 20 min, heating rate of 20 °C.min-1,
Ti particle size < 10 µm, light microscopy.
 

 
Fig. 2: Microstructure of Ni-50at%Ti alloy prepared by SHS
process at 1100°C for 20 min, heating rate > 300
°C.min-1, Ti particle size < 10 µm, light microscopy.
 

 
Fig. 3: Microstructure of Ni-50at%Ti alloy prepared by SHS
at 800°C for 20 min, heating rate > 300 °C.min-1, Ti particle
size < 10 µm, light microscopy.
 

 
Fig. 4: Microstructure of Ni-50at%Ti alloy at 1100°C for 20
min, heating rate > 300 °C.min-1, Ti particle size 200 - 600
µm, light microscopy.
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The cast iron is accounting for the main part of industrial products, and improvement of the
mechanical property is always an important issue. By performing the rounding of the graphite
by additive elements (Mg) in the cast iron, various superiority of the mechanical property can
be obtained. After this, many studies have been accomplished about the mechanism of
rounding graphite. However, the role of the additive trace elements has not been reported yet.
In this study, the broad area detection by X-rays signal to the distribution of the Mg was
performed. The broad area detection means to get to know the position of Mg in the entire
organization of the Spheroidal Graphite Cast Iron. It is expected that especially the X-ray signal
of Mg in graphite is extremely small, because its volume is very small and Mg is surrounded by
graphite. Therefore, other than the example confirmed accidentally, there has been no
example that showed Mg distribution as a core of spheroidal graphite. However, by estimating
the minimum dose of electron beam that detect Mg in spheroidal graphite, high-speed
detection was realized and enabled the broad area detection. The Spheroidal Graphite Cast
Iron that added 0.05% Mg by weight was used, and the X-rays measurement performed by
WDS-EPMA JEOL 8900R. By applying the trace element mapping method, the detection was
performed in the broad area of approximately 1,500μm x 1,500μm. The spheroidal graphite
having Mg micro-core is identified by putting Mg signals on the reflection electron (COMPO)
image recorded at the same time.
A composition image by the Mg Kα line is shown in Fig.1 and COMPO image is shown in Fig.2.
On each figure, the broad area detection (low electron dose condition) is compared with the
usual trace element mapping (high electron dose condition). Although a noise seems to be
large in the broad area detection, Mg micro-core can confirm to be in the inside of the
spheroidal graphite. The distribution of graphite with Mg micro-core confirmed by broad area
detection is shown in Fig.3. A red round mark shows the graphite position where Mg micro-core
was detected, and a blue round mark is the graphite in which Mg micro-core was newly
detected after polishing about 1~2μm from surfaces. Thus, the distribution of spheroidal
graphite with Mg micro-cores is changed with polishing a slight micrometer from the surfaces.
Only when the Mg micro-core in graphite is exposed to the observation surface, the X-rays
signal can detect.
These data improve a possibility that Mg micro-cores exist also in the spheroidal graphite in
which Mg was not detected, and these data also may become the proof that the micro-core of
an additive element is deeply related with the rounding of graphite.



 
Fig. 1: Mg Kα images (the broad area detection (low electron dose :left) is in comparison with the usual trace element
mapping (high electron dose :right)). The red dotted line is a shape of the spheroidal graphite by COMPO image in
Fig.2.
 

 
Fig. 2: Reflection electron (COMPO) images (the broad area detection (left) is in comparison with the usual trace
element mapping (right)).
 

 
Fig. 3: Distribution of spheroidal graphite with Mg micro-core in cast iron. Red round marks show the spheroidal
graphite positions where Mg micro-core was detected, and a blue round marks show where Mg micro-core was newly
detected after polishing the surfaces. The only red circle* remains Mg micro-core, after polishing.
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It is well-known that materials of the same nominal composition processed in a different way
yield different microstructure and phase constitution, which result in diverse physical
properties. Mechanical alloying (MA) via ball milling represents a relatively simple way of
preparing materials with a micro- to nanograin crystalline and/or amorphous metastable
structure. MA is a high-energy process where the energy developed during high speed rotation
of grinding vial and balls is transferred to the powder particles which are brought to contact
and exposed to severe mechanical deformation. This leads finally to formation of an alloy of
the required mostly thermodynamically unstable composition.
In this work we have studied three binary systems in various states of MA by means of
analytical electron microscopy (SEM and TEM). The Fe–Al system is frequently exploited for its
low cost, high temperature corrosion resistance and good mechanical properties. The studied
composition Fe82Al18 is close to the phase boundary between bcc Fe–Al solid solution and Fe3Al
phase. Poor mutual solubility of Fe and Mo restricts the fabrication of Fe–Mo alloys by
conventional technologies. MA helps substantially as shown here for Fe80Mo20 composition.
Fe20Ni80 is studied as a representative of Fe–Ni alloys with extraordinary magnetic, mechanical
and electrical properties. For details of materials preparation see e.g. Jirásková et al, J. Alloys
and Comp. 568 (2013) 106-111.
A TESCAN LYRA 3XMU FEG/SEM scanning electron microscope, a Philips CM12 STEM and a JEOL
JEM-2010F transmission electron microscopes (all equipped with an XMax80 Oxford
Instruments detector for energy dispersive X-ray (EDX) analyses) were used for microstructural
studies. The comparison of evolution of the three systems during milling has shown how the
rate of mixing visualized by powder  morphology and chemistry depends on the properties of
constituents and on pertinent binary phase diagrams.
The alloying of the Fe-Al is observed already after 5 h of milling yielding bcc-Fe(Al) coexisting
with α-Fe (Fig. 1). After 30 h EDX analyses have shown the dominant peak close to nominal
composition. The alloying of Fe and Mo proceeds more slowly. Mo starts to dissolve in bcc-Fe
and vice versa after 10 h of milling and bcc-FeMo and bcc-MoFe phases are formed (Fig. 2).
Details observed in TEM after 250 h of milling (Fig. 2c) show the microstructure consisting of
dense packed nanoparticle cores (< 10 nm). TEM yields a similar morphology also for Ni-Fe
(Fig. 3) after 15 h of milling and the diffraction pattern confirms the formation of Ni3Fe phase.
The SEM micrographs of all samples document similar final morphologies of the powders
formed by small particles (< 500 nm) and the larger agglomerates up to tens of micrometers.
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Fig. 1: SEM micrographs of Fe-Al powders after ball milling for 5 h (a), 20 h (b) and 30 h (c).
 

 
Fig. 2: Electron micrographs of Fe-Mo powders after ball milling for 60 h (a, SEM image) and 250 h (b, SEM image and
c, TEM image).
 

 
Fig. 3: Electron micrographs of Fe-Ni powders after ball milling for 2 h (a, SEM image), 20 h (b, SEM image) and 15 h (c,
TEM image with selected area diffraction pattern).
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Pt-modified nickel aluminide coatings are used in order to improve the high-temperature
oxidation resistance of the components of the gas turbines produced from Ni-based
superalloys. This explains an interest in the low-Al part of the Al–Ni–Pt system. On the other
hand, the interest in the Al-rich part is because of the formation of complex intermetallics
attractive for both basic and applied research.
In the present work the phase equilibria in Al–Ni–Pt were studied in the whole compositional
region. DTA, powder XRD, SEM/EDX and TEM were applied. The liquidus and solidus surfaces,
isothermal section at 1100 °C and partial isothermal sections at 1000, 900 and 790 °C were
constructed. The reaction scheme was proposed.
The total compositional region of the ternary phase diagram can coarsely be divided into three
peculiar subregions (see Ref. [1] and references therein):
•Above ~70 at. % Al this alloy system is characterized by the formation of complex binary and
ternary phases. The boundary Al–Pt phase diagram was completed with the recently revealed
high-temperature ‘‘Al3Pt’’ ξ-phase (Bmmb, a = 1.9718, b = 1.6228, c = 1.4266 nm) [2], which
was found to extend up to 1.6 at. % Ni. Two ternary structures were identified in this region: χ
(P31c, a = 1.2095, c = 2.6932 nm), ε6 (Pnma, a = 2.3119, b = 1.6416, c = 1.2171 nm).
•Between ~40 and 70 at. % Al the structures based on the CsCl type configuration dominate.
The ternary extension of the Al2Pt phase (β*) separates the compositional regions extending
from Al3Ni2 and Al3Pt2. At 900–1100 °C no complete separation was revealed between the
compositional fields of the β and β* phases. With decreasing temperature the total β + β* field
shrinks around the compositional lines Al2Pt–Al2NiPt and AlNi–Al2NiPt.
•Below ~40 at. % Al the structures are based on the FCC (Ni, Pt) solid solution. Two ternary
structures were identified: γ* (P4/mmm, a = 0.3872, c = 0.3548 nm) and γ♦ (Cmmm,
a = 0.7902, b = 0.7258, c = 0.3932 nm). The low-Ni limit of the γ♦ phase region, probably
extending at low temperatures from Al3Ni5, was found to be below 4 at. %.
[1] B. Grushko, D. Kapush, J. Alloys Compd. 594 (2014) 127.
[2] B. Grushko, D. Kapush, J. Su, W. Wan, S. Hovmöller, J. Alloys Comp. 580 (2013) 618.
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Magnesium-Rare Earth (RE) alloys exhibit favorable combination of high specific strength and
good ductility, making them suitable for various applications in aerospace, aircraft, and
automotive industry. Understanding the effect of RE elements on alloys’ properties is
considered a key aspect in alloy develepoment and processing. RE elements tend to segregate
to the grain boudaries affecting kinetics of the grain growth, texture and mechanical properties
of Mg-based alloys. The phenomenon generates much interest from the academic and
industrial communities and recently has been a subject of intense studies [1].
In the present work, we investigate the distribution of solute elements in the structure of
Mg-0.28at.%Gd and Mg-0.36at.%Sm binary alloys by high-angle annular dark field (HAADF)
imaging in scanning transmission electron microscopy (STEM) and by electron energy loss
spectroscopy (EELS) techniques [2]. The structure of Mg-0.28at.%Gd and Mg-0.36at.%Sm solid
solutions is characterized by STEM in Z-contrast, down to the atomic scale. We show that
Gd(Sm) are present in two different forms: (i) in solid solution as quasi-random atoms
distributed in Mg matrix and (ii) as segregates at high angle grain boundaries forming 1-2 nm
Gd(Sm)-rich clusters (Figure 1). The analysis of the structural models for atomically resolved
images of the clusters at grain boundaries suggests the stabilization of the face-centered cubic
Gd phase (Figure 2). The results validate the already reported predictions about segregation of
RE elements at grain boundaries in Mg-RE alloys, and ultimately provide a direct visualization
of the distribution of the solute atoms in the structure of Mg-Gd and Mg-Sm alloys. The
segregation phenomenon of solute atoms at grain boundaries can be directly correlated to the
decrease of the grain size in the Mg-Gd and Mg-Sm alloys as compared to pure Mg. The
present study provides new insight towards understanding the effect of RE elements on the
texture development during alloy processing and recrystallization, and thereby the mechanical
behavior and properties of Mg-RE alloys [3,4].
References:
[1] J.D. Robson, Metall Mater Trans A, (2013). DOI: 101007/s11661-013-1950-1
[2] M. Bugnet, A. Kula, M. Niewczas, G.A. Botton, submitted.
[3] A. Kula, R.K. Mishra, M. Niewczas, in preparation.
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Fig. 1: HAADF-STEM image of a high angle grain boundary in a Mg-0.28at.%Gd alloy, and EELS line scans illustrating
the substantial segregation of Gd.
 

 
Fig. 2: (a-c) High resolution HAADF-STEM image of Gd-rich clusters at high angle grain boundaries in a Mg-0.28at.%Gd
alloy.
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The welding of steel parts by Submerged Arc Welding (SAW) is one of most traditionally
processes used in manufacturing of structural components. High levels of strength and
toughness can be achieved if SAW weld metals are mainly composed by acicular ferrite (AF), a
microconstituent whose its nucleation depends of the existence of a non-metallic inclusion
distribution. However not all of these particles take effectively part in the formation of ferrite
laths during the iron gamma-alpha phase transformation, being also autocatalytic nucleation a
important mechanism for acicular ferrite formation. SAW was carried out on low-carbon steel
substrate to produce a bead-on-plate weld metal with different heat input welding (HI: 1, 2 and
3 kJ.mm-1). Disks with 50-100 µm thick were carefully cut from cylinders with 3 mm diameter,
which were machined parallel to the welding direction. Thin foil samples were obtained after
double-jet electropolishing using Struers Tenupol-3. Transmission Electron Microscopy (TEM)
observations were carried out in a Philips CM120, operated at 120 kV and equipped with EDAX
DX-4 Materials Thin System for EDS microanalysis.
Figure 1 shows TEM bright field micrographs of the typical interlocking laths of AF, where each
ferrite lath have usually measured between 1-10 µm length and 0.5-2 µm width. In these
micrographs some of the inclusions appeared to be acted as substrate for acicular ferrite
formation, i.e. some ferrite laths grow outwards from the particles while other ones seem like
non-nucleant inclusions. That behaviour may be associated to size, shape and composition of
the inclusions, become their effect on the formation of AF quite complex.
The role of the inclusions was investigated by TEM according to nucleant or non-nucleant
behaviour for acicular ferrite. Figure 2 shows examples of both kinds of particles where clearly
1 and 2 no contribute to formation of ferrite laths, unlike of the particles 3 and 4. A nucleant
particle may be able to form one or more AF laths on its surface. In general, larger and more
intricate inclusions (lower roundness) are more efficient to nucleate AF laths than smaller and
rounder ones. However, increasing of roundness was observed in the nucleant inclusions
formed with higher HI, Figure 2(b), suggesting that effect may be related to composition of
these particles. Figure 3 shows mean amounts (%wt) of elements such as Al, Si, S, Ti and Mn
determined by EDS in the nucleant and non-nucleant particles. Non-metallic inclusions are
essentially complex oxides but presence of higher concentration of titanium is expected for
improving their nucleant AF behaviour in the SAW weld metal.
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Fig. 1: Typical thin foil TEM BF micrographs showing AF laths and rounded non-metallic inclusions in weld metal. SAW
performed under different heat input (HI): 1 kJ.mm-1 in (a), 2 kJ.mm-1 in (b) and 3 kJ.mm-1 in (c).
 

 
Fig. 2: TEM BF micrographs showing examples of non-nucleant (1-2) and nucleant (3-4) particles. Effect of heat input
on the size and morphology of nucleant particles for AF in (b).
 

 
Fig. 3: Variation of mean composition (%wt) of non-nucleant and nucleant particles for acicular ferrite laths with
different SAW heat inputs.
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Super304H austenitic steels containing small amount of Cu and Nb elements are widely used
as superheated tubes in 600°C USC power plants. The precipitation of Cu-rich phases in
Super304H austenitic steels has been extensively investigated and it has been well recognized
that nano-scale Cu-rich precipitates can improve creep strength of the Super304H steel.
However, the precipitation of nano-scale MX phases received little attention until now. In this
work, the precipitation of nano-scale MX Phases in the Super304H steel crept at 650°C/447
hours has been observed by TEM. Based on the TEM observations, the precipitation
mechanism of nano-scale MX Phases was discussed additionally.
The chemical composition of the Super304H austenitic steel is 0.08C, 0.23Si, 0.80Mn, 0.027P,
0.001S, 9.5Ni, 18.5Cr, 2.81Cu, 0.51Nb, 0.11N, 0.0034B (in mass %) with the balance of Fe. The
TEM samples were cut from the steel crept at 650°C/447 hours and were prepared by twin-jet
electro-polishing in a 5 vol.% perchloric acid and 95 vol.% ethanol solution at about 243 K and
at 60 V. TEM observations were conducted on JEOL 2100F machine operating at 200 kV. Fig. 1
is a TEM micrograph of crept Super304H steel, showing high density of nano-scale circular
shaped Cu-rich precipitates with a weak contrast and small amount of cubical-shaped
precipitates with nano-scale diameter and dislocations with a dark contrast in the austenitic
matrix. Fig. 2(a) is a HRTEM micrograph along the [011] direction of the austenitic matrix,
showing a character of Moire fringes of the cubical-shaped precipitate. The FFT diffractogram
as shown in Fig. 2(b) and EDS result in Fig. 2(c) acquired from the precipitate indicate that the
cubical-shaped precipitate is fcc-structured NbC with a lattice constant of about 0.4454 nm
and a cubic/cubic crystallographic relationship with the austenitic matrix. The interface of
nano-scale NbC with the austenitic matrix is the (111) plane. Fig. 3 are TEM micrographs,
which showing the precipitation of nano-scale MX phases at different locations in the austenitic
matrix. Fig. 3(a) shows that MX phases precipitate together with the Cu-rich phases owing to a
relatively high concentration of Nb near the Cu-rich precipitates in the matrix. Moreover, MX
phases often precipitate along dislocation line as shown in Fig. 3(b), because small carbon or
nitrogen atoms are easily clustered at dislocation core. Fig. 3(c) shows MX phases precipitating
along glide dislocations, which interacting with the Cu-rich precipitates. These TEM
observations confirm an interaction of nano-scale MX and Cu-rich precipitates with glide
dislocations in the austenitic matrix, which obviously enhances creep strength of the
Super304H austenitic steel.
Acknowledgement: This research is financially supported by the NSFC under Contract no.
50931003 and by the STCSM under Contract no. 13dz2260300.



 
Fig. 1: TEM micrograph of Super304H austenitic steel crept at 650°C/447 hours.
 

 
Fig. 2: HRTEM micrograph (a), FFT diffractogram (b) and EDS result (c) of the MX precipitate in the austenitic matrix.
 

 
Fig. 3: TEM micrographs of MX phases precipitating together with the Cu-rich phase (a), MX phases precipitating along
dislocations (b) and MX phases precipitating along glide dislocations interacting with Cu-rich phases (c) in the
austenitic matrix.
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Allvac 718Plus is a high strength, corrosion resistant nickel-chromium-iron based superalloy
used for applications in power generation, aeronautics and aerospace [1]. Its typical chemical
composition is: Ni-18Cr-10Fe-9Co-5.1(Nb+Ta)-1W-2.7Mo-0.7Ti-1.5Al-0.03C (wt%). The 718Plus
microstructure consists of a γ matrix (Ni-based solid solution) with ordered face centred cubic
γ' Ni3(Al,Ti)-type phase and some orthorhombic δ (Ni3Nb)-type particles precipitated at the
grain boundaries. The primary strengthening mechanism for this alloy is a precipitation
hardening, therefore properly sized and distributed precipitates are critical for good alloy
performance. The aim of this study was to describe 718Plus microstructure and apply FIB-SEM
tomography to 3D imaging and metrology of the precipitates.
Microstructural investigation and phase chemical compositions were performed using
SEM-NEON CrossBeam 40EsB (Zeiss) and TEM – a probe Cs corrected Titan3 G2 60-300 (FEI)
equipped with ChemiSTEM, a Super-X EDS detector with 4 windowless diodes and an X-FEG
high brightness electron gun. The TEM study was conducted on the lamella prepared by FIB.
FIB-SEM tomography is based on a serial slicing technique employing a FIB-SEM dual beam
workstation [2]. The NEON 40EsB CrossBeam with Ga-ion beam was used to perform a precise
in-situ milling. Consequently, the acquired stack of images was transformed directly into a 3D
data volume with a voxel resolution of 12×12×12 nm. Repeated removal of layers as thin as a
12 nm allowed exploring a total volume of 10.7 x 7.2 x 7.7 μm.
Fig. 1 shows 718Plus microstructure observed using SEM-EsB detector (Z-contrast). Needle
shaped particles, identified as δ-phase by EDS analysis, were observed at grain boundaries
and occasionally at twin boundaries. Distribution of chemical elements between γ, γ' and
δ phases was determined using STEM-EDS (ChemiSTEM) (Fig.1c). It can be seen that
precipitates with round-to-blocky morphology are randomly dispersed within the matrix. Some
primary Nb-rich MC and Ti-rich M(C,N) particles were also observed. Fig. 2 shows 3D
visualization of the shape and distribution of δ phase at γ grain boundary in 718Plus. The
results achieved confirm the ability of FIB-SEM tomography to reconstruct 3D structures with
dimensions in the range of 100 nm or even smaller. Such 3D reconstructions can serve as a
basis for quantitative analysis of complex structures in a nanoscale. Further investigation of
718Plus superalloy by analytical TEM is in progress.
References
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Fig. 1: Microstructure and chemical composition of 718Plus superalloy: a, b) microstructure of non-etched sample
observed in Z-contrast (SEM – EsB detector), c) chemical element distribution maps obtained by STEM-EDS.
 

 
Fig. 2: Three-dimensional visualization of tomographic reconstructed volume of 718Plus superalloy by FIB-SEM
tomography: a) reconstructed volume 10.7 x 7.2 x 7.7 μm at different angle of view, b) shape and distribution of
δ phase precipitated at the γ grain boundary.
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Developments of high-strength aluminum alloys have always faced a difficult problem: owing
to their small size, the early-stage strengthening precipitates are difficult to characterize in
terms of composition, structure and evolution. Even for the widely used AlCuMg alloys, in
which the phenomenon of precipitation hardening in metals was first discovered by Wilm more
than a century ago, the essential questions remain: how many different precursors exist for
the most effective strengthening precipitates (referred to S-phase), and how do they transform
to the S-phase? Here we employ atomic-resolution electron microscopy imaging and
first-principles energy calculations to address these problems. Our study demonstrates that
the early-stage S-phase precipitates are highly dynamic in both composition and structure.
Having their own genetic double Cu–Mg atomic walls to guide their evolution, these dynamic
precipitates initiate, mature and grow with thermal aging following three evolution paths,
leading to the S-phase precipitates formed, without exception, with even numbers of Cu–Mg
atomic layers. By employing atomic-resolution imaging to follow the growing S-phase
precipitates in the Al-matrix, it is demonstrated that the growth of a S-phase crystal is rather
anisotropic and temperature-dependent, and is furthermore accompanied by low-dimensional
phase transformations. There are actually two types of well-defined characteristic
Guinier-Preston (GP) zones that determine the growth mechanism of a S-phase crystal at an
elevated temperature.
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Advanced intermetallic γ-TiAl based alloys are considered for high temperature application in
the aerospace and automotive industry as lightweight materials which can withstand
temperatures up to 750°C, while maintaining attractive thermal and mechanical properties [1]
[2]. TNM alloys, exhibiting a nominal base composition of Ti-43.5Al-4Nb-1Mo-0.1B (in at.%), are
multi-phase γ-TiAl-based alloys, where the microstructure is determined by the manufacturing
process as well as subsequent heat treatments. It has been established that the formation of
ωo (B82)-phase takes place in βo (B2)-phase during thermal processing [1-3]. In this work we
studied the development and growth mechanism of ωo-phase which forms in the βo-phase
during heat treatments (HT) and creep tests conducted at 750°C, 780°C and 800°C. In situ
high energy X-ray diffraction experiments were conducted to investigate the decomposition
behaviour of the ωo-phase as well as to determine their dissolution temperature. High
resolution transmission electron microscopy (HRTEM) was used to study the coarsening of
wo-grains during creep. Figs. 1 and 2 show a Cs-corrected HRTEM image of the fine wo
precipitates within the βo-matrix after HT (i.e. before the creep test) and one, dislocation free,
segment of the atomically abrupt and coherent βo/ωo interface after the creep test,
respectively. The analysis of the Fourier transformed image shows that the {11-20} and
{-1010} lattice planes from the ωo-phase are parallel to the {1-10} and {11-2} planes from
the βo-matrix. The chemical composition of bo and wo was determined by means of energy
dispersive X-ray microanalysis (EDX). In particular, the impact of the Mo content on the growth
of the ωo-grains within the βo-matrix was investigated. Fig. 3 presents EDX line scans of a
region with ωo-grains in the βo-matrix. The intensity of Mo reveals an inverse trend at the
transition to the βo/ωo-interface. In the ωo-grains the Mo content decreases whereas in the
βo-phase it increases (Fig. 3b). Additionally, nano-hardness measurements in γ,α2, βo, and
(βo+ωo) grains were performed by cube corner indentation and the trend how the hardness
develops was established. The results show that pure βo is not the hardest phase in the
TiAl-Nb-Mo alloy system. More details about the experimental conditions and the obtained
results are given in the original full-length paper in [4].
[1] F. Appel, J. Paul, M. Oehring Gamma Titanium Aluminide Alloys Science and Technology.
WILEY-VCH; 2011.
[2] H.Clemens, S. Mayer, Adv. Eng. Mat.,15 (2013) p.191.
[3] W. Wallgram, T. Schmolzer, L. Cha, G. Das, V. Güther, H. Clemens, Int. J. Mat. Res., 100
(2009), p.1021
[4] M. Schloffer,B. Rashkova, T. Schöberl, E. Schwaighofer, Z. Zhang, H. Clemens, S. Mayer,
Acta Mat., 64 (2014) p. 241.



 
Fig. 1: Microstructure and distribution of the constituent phases after HT. a) TEM BF image of βo-phase containing ωo

precipitates, surrounded by γg-grains and (α2/γ)-colonies. The substructure inside the βo-phase arose from the presence
of fine ωo-domains interrupted by γp-platelets b) HRTEM image showing the ωo-precipitates within the βo-phase.
 

 
Fig. 2: Microstructure after the creep test. a) TEM BF image shows ωo-grains with a globular shape uniformly distributed
in the βo-phase, surrounded by γp- and γg-grains. b) a Cs-corrected HRTEM image of one, dislocations free, segment of
the coherent βo/ωo interface along the <111>βo and [0001]ωo zone axes.
 

 
Fig. 3:  a) TEM BF image of a βo-grain with ωo-particles and γp-grains. The inset shows the position of the EDX-line scan.
b) EDX line scans of region with alternating ωo-grains in the βo-matrix. The intensity of the Mo content increases at the
transition to βo-phase and shows an inverse trend to that in the ωo-phase.
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Scanning and transmission electron microscopy (TEM) was applied to study the structure of
oxide dispersion strengthened (ODS) ferritic–martensitic steel T91 (9 wt.% Cr, 1 wt.% Mo)
before and after mechanical deformation at elevated temperatures.
The microstructure of investigated samples consists of two kinds of ferrite grains, with nearly
no defects, and with a high defect density due to formerly martensite. In the as received
samples, the grain boundaries are decorated by relatively large, non-regular shaped M23C6

carbides where M is metal. Additionally, there are finely distributed Y2O3 round ODS
nanoparticles.
Figure 1a shows high angle annular dark-field (HAADF) scanning TEM (STEM) image of as
received sample. The small precipitates with a dark contrast are Y2O3 particles showing
energy-dispersive X-ray (EDX) linescan through the precipitate as illustrated in Figure 1b. The
high resolution TEM (HRTEM) images (here not shown) yield the Y2O3 particle with bcc structure
and a lattice parameter of 1.06 nm. Note that Y2O3 particles are arranged close to dislocations
D inside the ferrite grain as is shown in enlarged region in Figure 1a.
In Figure 2a, conventional bright-field TEM image of as received sample is presented. Analysis
of corresponding diffraction pattern in Figure 2b shows the coherence relationship between the
ODS particles and the matrix: <100> Y2O3 || <110> Fe.
HRTEM analysis of M23C6 in as received samples (here not shown) reveals that carbide has fcc
structure with a lattice parameter of ~ 1.07 nm. The relation between the carbide and ferrite
is: <112> M23C6 || <110> Fe. The detail EDX analysis of the carbide regions shows the
existence of Cr21Mo2C6. Many {111} stacking faults in the large carbide inclusions are
observed.
The EDX study combined with the diffraction analysis of other inclusions in the investigated
steel shows the presents of MX phases with fcc (rock salt) structure and lattice parameter of
0.44 nm, where M is metal and X is C,O or N.
The first investigations of the samples deformed at elevated temperatures from 500 to 700 °C
show, that mean particle diameter of ODS particles in these samples increases and their size
distribution broadens. The number of the grains without defects extremely decreases.
Additionally, some extremely large non-regular shaped M23C6 carbides have been found that is
caused by Ostwald ripening during the deformation at higher temperatures.
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Fig. 1: a) HAADF STEM image of as received sample. In insert enlarged region by D marked dislocations. b) EDX
linescan taken along dash line of a).
 

 
Fig. 2: a) Bright-field TEM image of as received sample close to [001] Fe-zone axis with b) corresponding diffraction
pattern.
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It is attempted to determine the differences in shape, size, and structure between Au2O3
particles synthesized using the Bioreduction [1] method, using tannic acid or galic acid as a
reducing agent, controlling the value of pH with the addition of NaOH, and working at room
temperature. Oxidized gold nanoparticles have been subject of several studies since they are a
matter of interest due to the different applications they have [2], however it has been
observed that when they are synthesized in aqueous solutions they might get oxidized
becoming at once an interesting subject of study. The solutions are prepared in 5 ml distilled
water with a concentration of 0.3 mM tannins (tannic acid or gallic acid), which has been
subjected to an ultrasonic treatment for 1 minute. After fixing the pH, the solutions are taken
to the ultrasonic cleaner again for 15 minutes and then centrifuged at 5000 rpm for 15
minutes. Afterwards, HAuCl4 deluted in 5 ml distilled water is added and for it to mix
homogeneously, the ultrasonic cleaner is used again for 20 minutes before introducing it to the
centrifuge at 5000 rpm for 20 more minutes. The whole process is performed at room
temperature. Electron microscopy characterization included transmission electron microscopy
(TEM), high resolution transmission electron microscopy (HRTEM). The samples were prepared
by adding a drop of the solution on carbon-coated copper grids and then they were left to dry.
Electron microscopy was performed in a JEOL JEM-2010F FasTem, equipped with analytical
devices. High resolution images were obtained under several different conditions and the
images were analyzed by obtaining digital spectra by FFT (Fast Fourier Transforms), to achieve
more precise measurement. The FFT was obtained from the images with the Digital Micrograph
software and indexation was performed with the program DPIP developed within our group [3].
The analysis performed was developed in three stages in order to observe size, structure and
shape of the particles. Using the same molar proportions and fixing the pH value, we find that
the number of particles in the case of the gallic acid is relatively smaller than the one obtained
with tannic acid. The sizes and structures found in both cases are relatively similar. The study
is also performed for different pH values. [1] R. Herrera-Becerra, J. L. Rius, y C. Zorrilla, Tannin
biosynthesis of iron oxide nanoparticles, Applied Physics A. (2010) 453-459. [2] Luis K. Ono
and Beatriz Roldan Cuenya, Formation and thermal stability of Au2O3 on gold nanoparticles:
size and support effects, J. Phys. Chem., C 112, (2008) 4676-4686. [3] Galicia, R., Herrera, R.,
Rius, J L & Zorrilla, C. & Gómez, A., Revista Mexicana de Física 59, (2013)102–106.
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Fig. 1: HRTEM image of an Au2O3 particle and its FFT
where tannic acid was used.
 

 
Fig. 2: HRTEM image of an Au2O3 particle and its FFT
where gallic acid was used.
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The excellent hydrogen storage properties of Mg-based hydrides are dependent of a refined
microstructure to provide the required interfaces to enhance the kinetics of hydrogen sorption.
The usual way to obtain such characteristic was the processing by high-energy ball milling
(HEBM), reactive or not, which result in nano-grained MgH2 powders containing, most often,
additions of transition metals, their oxides or their fluorides [1]. More recently, bulk Mg and
Mg-based alloys have been produced by different severe plastic deformation techniques [2,3].
In this work we present the production of ultra-fine grained Mg-Fe alloys using a combination
of rapid solidification followed by extensive cold rolling. A fine mixture of Mg and Fe (8 wt%)
was obtained by high-energy ball milling (HEBM) after 2h processing in a planetary mill; the
mixture was then cold compacted before further processing by melt spinning. Melt spinning
was carried out under argon atmosphere, using a graphite crucible in a single roller
melt-spinning wheel at a tangential wheel speed of 42 m/s. Microstructural characterization in
ion beam milled foils was carried out by transmission electron microscopy (TEM), in a Philips
CM120 and in a FEI TECNAI G2 F20 200 kV microscopes. Figure 1 shows a bright field TEM
micrograph of the as-spun Mg-Fe ribbons; the rapid solidification processing resulted in grain
sizes in the range of few microns. The dark particle is Fe, which was distributed in the
microstructure in a large size range. The smaller size Fe particles can be observed in Figure 2,
which shows a dark field STEM micrograph of the as-spun ribbon. Fe particles are distributed in
a rather uniform way inside and in the grain boundaries. Figure 3 shows a STEM dark field
image of the Mg-Fe ribbons after being further processed by cold work. An important grain
refinement was observed after this step, with grain sizes in the range of 100 to 200 nm. Figure
4 shows a HAADF image of the same cold rolled ribbon. Very small Fe particles are distributed
in the ultra-fine grained Mg both inside and in the grain boundaries and such refined structure
are expected to contribute to good hydrogen sorption properties.
References :
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T. Klassen, A. Fernandez and Ǻ. Kvick. Scripta Mater. 52 (2005) pp. 719-724.
[2] D.R. Leiva, D. Fruchart, M. Bacia, G. Girard, N. Skryabina, A.C.S. Villela, S. Miraglia, D.S.
Santos and W.J. Botta. Int.J.Mat.Res., 100 (2009) 12, pp. 1739-1747.
[3] W.J. Botta, A.M. Jorge Jr, M.Veron, E.F. Rauch, E. Ferrie, A.R. Yavari, J. Huot, D.R. Leiva.
J.AlloysComp 580 (2013) S187–S191.
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Fig. 1: Bright field TEM micrograph of the as-spun Mg-Fe
ribbons with grain sizes in the range of few microns.
 

 
Fig. 2: Dark field STEM micrograph of the as-spun ribbon
with Fe particles distributed in uniform way inside and in
the grain boundaries.
 

 
Fig. 3: STEM dark field image of the Mg-Fe ribbons
processed by cold work, with grain sizes in the range of
100 to 200 nm.
 

 
Fig. 4: HAADF image of the Mg-Fe ribbons processed by
cold work with very small Fe particles distributed in the
ultra-fine grained Mg both inside and in the grain
boundaries
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CoCrMo alloy are widely used for artificial hip and knee joints because of their excellent
corrosion and wear resistances as well as good mechanical properties and biocompatibility.
Despite of these excellent material properties, the problem with the commonly hot forged
as-cast and wrought CoCrMo alloy appear to exhibit inferior tensile and fatigue properties,
especially for load-bearing application. Moreover, the process of producing the final parts
involved several steps, usually three steps. It also requires high energy for the application of
high strain rate in the forging process. This approach is an innovative process that will
enhance the mechanical properties of the materials against the conventional processing
technique while reducing the number of steps and energy consumption in producing the final
parts; hence more economical. This published work is a preliminary research to improve the
tensile properties as well as fatigue properties of the alloy for load bearing application.
Significant grain refinement is expected to enhance both properties. Prior to the low strain rate
upset forging process, preforms are prepared and their properties are studied. The influence of
sintering temperature and holding time on the microstructure and properties of CoCrMo
preform has been investigated. The alloy powder were mixed with ZnS as binder at three
different milling time, 1h, 3h, and 5h. The ball to powder ratio is 3:1. The formulated powder is
then compacted at 12T. Samples are sintered at three different temperature, 1150C, 1250C
and 1350C. Experimental results shows increasing values of bulk density with increasing of
milling time sintering temperature.
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Magnesium alloys containing rare earth elements are known to show good heat resistance.[1]
The Mg-Gd alloy shows good age-hardenability, and the Mg-Gd-Y alloys have been developed
for practical Mg alloys by Kamado et. al. to reduce the density of alloy and these alloys have a
good creep resistance, even 523 - 573 K.[1] In our previous study, Mg-Gd-Y alloys show the
mono-layer structure has been discovered before β” phase with DO19 structure in the aged
sample at 473 K, and the β” and β’ phases with bco structure co-existed at the peak aged
condition.[2] Recently, Nishijima et al. detailed examinations on the precipitation behaviours of
Mg-Gd alloy and Mg-Y alloy by high angle annular dark field - scanning transmission electron
microscopy (HAADF-STEM) technique.[3] They concluded that the arraignment of bright dots
indicates the short range ordered state and the β’ phase nuclide in the short range ordered
structure. And they have a doubt for the existence of the β” phase with DO19 structure.
Moreover, they presented a new structure model for the β’ phase, an Mg7RE-type structure
different from the previously proposed Mg15RE-type. In this study, the early stage of aging in
Mg-2.9at.%Gd-0.8at.%Y alloy has been observed by high resolution transmission electron
microscopy (HRTEM), HAADF-STEM and calculations of images and electron density and bond
overlap population (BOP) by first principal to understand the origin of precipitation in this alloy.
Fig.1 shows HRTEM image in as-quenched specimen. In HRTEM image, some lines which has
brighter ( or darker ) dots having spacing of 0.64 nm on the mono-layer of {1-100}Mg plane in
the as-quenched sample.
Fig.2 shows HRTEM image obtained for the alloy aged at 473K for 7.2ks. The β’ phase has four
atomic layers periodicity in the [1-100]Mg, and the arrangement of the bright dots with space of
0.64nm is observed.
At the under-aged condition, precipitates observed by HRTEM were classified as follows;
mono-layer, a part of β”, β’. By HAADF-STEM observation, zig-zag structure, small hexagonal
network, and β’ can be recognized. The small hexagon of 0.37 nm is the first precipitate in this
alloy, and this is the evidence of short range ordering close to DO19 structure. This is referred as
the pre β”-phase. Finally, we concluded that the proposed precipitation sequence is as follows;
S.S.S.S. → pre β” phase having DO19 SRO → β” → β’.
[1] S. Kamado, Y. Kojima, S. Taniike, I. Seki and S. Hama : Proc. of the International Conf. on
Magnesium Alloys and Their Applications, (1998), 169-174 .
[2] T. Kawabata, D. Nakagawa, S. Saikawa, J. Nakamura, S. Ikeno and K.Matsuda, Materials
Transactions, Vol. 54, (2013), 225-230.
[3] M. Nishijima and K. Hiraga, Materials Transactions, Vol. 48, (2007), 10-15.



 
Fig. 1: HRTEM image obtained for as-quenched sample.
 

 
Fig. 2: HRTEM image obtained for aged sample at 473K for 7.2ks.
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Silver alloys with high spring property have been developed for using in jewelry spring articles.
Usually copper is a main alloying element for improving the formability and strength [1-4]. To
improve spring property and maintain anti-tarnish ability, a combination of Cu, Sn and Be
additions was introduced. In the present work, effects of heat treatments on the microstructure
of 935 silver alloy with 5.9 wt.%Cu, 0.35 wt.%Sn and 0.25 wt.%Be has been investigated by
transmission electron microscope(TEM).
TEM samples were prepared by cutting the cast bars as thin slices with 200 µm in thickness
using a high precision cutting machine (Struers, Accutom 50). The thin slices were ground
down to 30-50 µm, then punched out as a discs of 3 mm, and subsequently electropolished at
voltage of 7-9 V in potassium cyanide solution 10%(wt/vol) using a twin-jet electropolishing
machine (Fishchion, Model 110) at room temperature. A JEOL2010 TEM/STEM was utilized and
operated at 200 kV with attached Oxford Instrument, Inca, energy dispersive X-ray
spectroscopy (EDS) detector.
TEM analysis of the silver alloy after-solution heat treatment at 750°C for 1 hr and
subsequently aging at 350°C for 1 hr revealed a dispersion of precipitates with Moire’ fringes
and size of 3-10 nm in diameter as shown in Figure 1. Strain fields around precipitate at P1
were found by coherency effect, SADP and TEM-EDS analyses suggested that the precipitate is
fcc α-(Cu,Sn), a = 3.655 A. Comparable precipitation was also observed in the silver alloy after
aging at 350°C for 30 minute without solution heat treatment. Effects of this precipitation
behavior on improvement of spring property of the silver alloy will be discussed.
References
[1] Gardam G.E., Metallurgia, 1953; 47 (279):29–33.
[2] Nisaratanaporn S. and NisaratanapornE., J Met. Mat. Min., 2003; 12(2): 13-18.
[3] Nisaratanaporn E., Wongsriruksa S.,Pongsukitwat S. and Lothongkum G., Mat Sci. Eng.
A-Struct, 2007; (445-446): 663-668.
[4] Sakultanchareonchai S. and Nisaratanaporn E., Proceedings of the 26th Annual Conference
of The Microscopy Society of Thailand held at the Empress Hotel, Chiang Mai, 28-30 January
2009: 27-28.
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Fig. 1: a) Bright-field TEM micrograph the silver alloy after solution heat treatment at 750°C for 1 hr and subsequently
aging at 350°C for 1 hr, b) Corresponding SADPs form the [001]α-Ag, c) corresponding SADP analysis (• is fcc α-Ag , ♦is fcc
α-(Cu,Sn), d is double diffraction) and d) TEM-EDS spectra from precipitates and the silver matrix.
 

 
Fig. 2: a) Bright-field TEM micrograph of the silver alloy BF-TEM after aging at 350°C for 30 minute (b) corresponding
SADP from [011 ̅]α-Ag
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Focused Electron Beam Induced deposition (FEBID) is a mask-less, resist-less technique that
has gained popularity due to its superior precision. In FEBID, precursor molecules are
introduced inside a scanning electron microscope (SEM) using gas injection system. High
energy electron beam of the SEM decomposes the precursor molecules adsorbed on the
surface. This technique has already proven it’s potential for fabricating magnetic materials for
nanomagnet logic devices, MOS capacitors and platinum based humidity sensors. FEBID has
not been used so far to produce i) Fe-Au multilayer structure or ii) Fe-Au nanoalloys. This work
will present an approach to produce multilayer and multi-material nanoalloys deposited by
FEBID.
Multi-layer nanostructure of multi-material is required for various other applications such as
CMOS transistors, photonic crystals etc. In addition, multi-metal structures such as nanoalloys
have made substantial advances due to their promising magnetic, optical properties.
To investigate the possibility of a FEBID multi-layer structure and Fe surface oxidation issue, a
1×1 μm2 of Au was deposited on top of 2×2 μm2 Fe using 3kV acceleration voltage and 1nA
beam current. Experimental results points that the deposited Au structure reduced the
oxidation of underlying Fe deposit in a large degree. The resulting structure is presented in
Figure 3. The FIB cross section showed no compositional changes to the initial Fe layer due to
FEBID of the top Au structure. Both surfaces seen homogenous with no gaps in between the Fe
and Au section, as expected.
Among different multi-metal nanoalloys, Au-Fe nanoalloys are considered as prospective
materials for data storage application. Due to the possibility to directly write nanostructures at
nanometer resolution, FEBID is also an appropriate candidate to realize such Fe-Au nanoalloys.
In order to fabricate nanoalloys, Fe and Au metal precursors were injected simultaneously to
deposit Fe and Au within the same structure. Au precursor flux was kept constant, while Fe
precursor flux was varied. These structures showed a uniform mixture ratio of iron and gold.
The chemical composition confirmed the formation of Fe-Au nanoalloys. The resulting
nanoalloys is show in Figure 4. The effect of Fe precursor flux on the deposition rate and
elemental composition of the alloy structures will be addressed.
In summary, this work will show that FEBID is a suitable technique for fabricating multilayer 
nanodevices. FEBID is also a promising technique to deposit multi-metal nanostructures for 
potential data storage applications in nanoelectronics.

Shawrav, M. M., Belić, D., Gavagnin, M., Wachter, S., Schinnerl, M., Wanzenboeck, H. D. and 
Bertagnolli, E. (2014), Electron Beam-Induced CVD of Nanoalloys for Nanoelectronics. Chem. 
Vap. Deposition, 20: 251–257. doi: 10.1002/cvde.201407119

Acknowledgement: The research leading to these results has received funding from the
European Community’s Seventh Framework Programme (FP7/2007-2013) under grant
agreement number ENHANCE-238409



 
Fig. 1: Schematics of Focused Electron Beam Induced
Deposition process.
 

 
Fig. 2: SEM image of a complex structure deposited by
FEBID
 

 
Fig. 3: SEM image of a multilayer Au/Fe structure
 

 
Fig. 4: SEM image of Fe-Au nanoalloys
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With the increasing demand for steel properties tailored to specific applications, understanding
the microstructure development in all stages of the manufacturing chain becomes more and
more important.
In order to get a deeper insight into the dynamic recrystallisation processes during hot rolling,
a series of 12 differently deformed samples from Rastagaev compression tests have been
examined by performing EBSD and SEM analyses after the test.
As material, a fully austenitic high-Mn-steel of the composition X30MnAl23-1 was chosen.
Cylindrical Rastagaev samples of a diameter of 10mm and a height of 15mm were compressed
in a servo-hydraulic testing machine by Schenck at a temperature of 1050°C and a strain rate
of 0.1/s. The analysed target strains ranged from 0.05 to 0.5 (cf. Fig. 1). In order to ‘freeze’ the
state of microstructure evolution after the test, the samples were quenched in water directly
after they had been deformed to their final height.
The SEM / EBSD analyses were performed with a Hikari camera by EDAX-TSL attached to a
JSM-7000F by JEOL.
The results (cf. Fig. 1) of the EBSD analyses clearly show the different degrees of
microstructure evolution from the starting growth of subgrain boundaries at the existing
high-angle grain boundaries to the growth of recrystallized grains.
These observed microstructure changes are compared to existing models for the
recrystallisation process (e.g. Ponge & Gottstein 1998).

Reference:
D. Ponge and G. Gottstein, 1998, Acta materialia 46(1), 69-80.
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Fig. 1: Stress over strain hardening rate- and stress over strain curve during the compression test and corresponding
Kernel Average Misorientation plots, KAM(450nm,5°). (a) and (b) show subgrain boundaries growing from the
large-angle grain boundaries. (c) and (d) show the presence and growth of recrystallised grains (marked in (c)).
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In the Nb-Zr-C based ternary alloy system, Nb-1%Zr-0.1%C shows optimum high temperature
properties. Adding 1wt.% of zirconium to niobium greatly improves its resistance to oxygen
absorption and also its strength by solid solution strengthening. Carbon, the other alloying
element in the alloy, increases the strength of the material by forming various carbide
precipitates. Solubility of carbon in niobium is limited (~0.1 at.% at 1200 oC) at low
temperatures. Therefore, excess carbon atoms precipitate out to form carbon-rich Nb-C phases
during cooling from high temperatures. In the present study, the Nb-1%Zr-0.1%C alloy was
prepared by electron beam melting technique. Subsequently, the as-solidified Nb alloy was
extruded at different temperatures. These deformed samples were recrystallized by annealing
at 1300 OC for 3 hrs. These three samples (as-solidified, deformed and annealed) were
characterized using optical microscopy, X-ray diffraction and electron microscopy techniques.
Microstructural characterization of all the samples revealed that the formation of type of
carbide phase depends on the processing condition of the sample. The as-solidified sample
had needle morphology of γ-Nb2C type of carbide phase (Fig.1), deformed samples had needle
morphology of α-(Nb,Zr)2C as well as cuboidal morphology of (Nb,Zr)3C2 carbide phases (Fig.2)
and the recrystallized samples had spherical morphology of (Nb,Zr)C type of carbide phase
(Fig.3). This study showed that among all the carbides the (Nb,Zr)C carbide is the stable
carbide phase in the Nb alloy. Based on the crystallographic analysis, the formation
mechanism for all the carbide phases has been inferred. It showed that transformation of Nb to
Nb2C take place by the occupation of carbon atoms at octahedral sites in bcc Nb lattice. This
transformation does not involve a large movement of Nb atoms. The detailed crystallographic
analysis of this structure based on orientation relationship showed that (Nb,Zr)C has formed by
diffusional phase transformation and to form (Nb,Zr)C carbide phase, large movement of Nb
and C atoms is required. Detailed carbide phase formation study has shown that phase
formation sequence for the formation of stable (Nb,Zr)C carbide phase as:
γ-Nb2C → α-(Nb,Zr)2C + (Nb,Zr)3C2 → (Nb,Zr)C.



 
Fig. 1: A typical bright field TEM micrograph of needle morphology precipitates present in the as-solidified Nb alloy. The
inset figure shows the presence of heavy faults within the precipitate.
 

 
Fig. 2: TEM micrographs of the deformed Nb alloy sample showing the presence of (a) needle and (b) cuboidal
morphology precipitates.
 

 
Fig. 3: Bright field TEM image of the annealed sample showing the presence of fine spherical morphology precipitates.
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The research deals with the study of the impact of microstructure on the tribological properties
of PM S390 MC high-speed steel (Böhler), prepared by powder metallurgy with chemical
composition in weight % of 1.64 C, 0.60 Si, 0.30 Mn, 4.80 Cr, 2.00 Mn, 4.80 V, 10.40 W, 8.00
Co and the rest was Fe. Different microstructure conditions of high-speed steel were obtained
by heat treatment in two ways: conventional (vacuum hardening, three high-temperature
temperings) and deep cooling (vacuum hardening, deep cryogenic treatment,
high-temperature tempering). In some experiments, nitriding in plasma of ionising gases was
also carried out.
Thin foil specimens for transmission electron microscopy (TEM) were prepared using Jeol
EM-09100IS Ion Slicer and further analyzed by TEM (Jeol JEM-2100 and Jeol ARM 200F) using
conventional TEM (CTEM) and energy dispersive X-ray spectroscopy (EDS, Jeol JED-2300
Series) at 200 kV electron accelerating voltage. Detailed characterization of the microstructure
was performed on thin foil specimens, and electron diffraction method was used as well to
carry out the microstructure–crystallographic analysis of the phases. In the martensite
microstructure some nanometre sized areas of possible other phase were observed. This study
tries to explain whether these areas are nanometre sized carbide precipitates.
The research showed that the microstructure obtained by deep cooling and nitriding compared
to conventional heat treated resulted in an increase of wear resistance of PM S390 MC
high-speed steel.
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Stress Corrosion Cracking (SCC) of Alloy 600 (Ni-base alloy) in Pressurized Water Reactors
(PWRs) is known to be one of the most expensive and challenging phenomena in the nuclear
industry. SCC is difficult to observe, investigate and predict and often it occurs although no
obvious signs of corrosion are present. Over the last decades great research efforts have been
made to understand SCC of Alloy 600 under PWR conditions and many mechanisms based on
different theories have been proposed to explain crack initiation and propagation. One thing
they all have in common is the lack of definite experimental proof in favour of one of them.
Although Alloy 600 suffers from intergranular failure under PWR primary water conditions,
experimental evidence capable of explaining the failure mechanism and its link to
microstructure is still insufficient. A combination of detailed microscopy investigations and
micromechanical testing of individual grain boundaries (GBs), oxidized in simulated PWR
primary water, now provides a novel tool for studying the specific fracture behaviour (e.g.
brittle failure, plastic deformation etc.) of oxidized GBs. Utilizing a recently developed novel
approach to fabricate and micromechanically test micron-sized cantilevers (Figure 1), we are
now able to obtain information about the elastic moduli, yield stress and fracture toughness of
tested GBs. The same GBs are also characterized by 3D FIB Slicing and (S)TEM, thus enabling
the correlation of their measured mechanical response to the specific 3D microstructure and
degree of oxidation (Figure 2). This includes the extraction of the grain orientations via
Selected Area Diffraction (SAD) as well as analytical mapping of the grain boundary region
after testing (Figure 2), providing further insights on how the crack propagates. Employing the
crystal plasticity Finite Element Method (CPFEM) the experimental data can then be used to
gain quantitative information about the SCC initiated failure of GBs by building realistic
computer models of the fracture experiments. These models enable us to not only simulate the
basic fracture experiments but also to consider the realistic plastic response of the tested
microcantilevers. The presented approach consequently allows for the quantification of the
stress necessary to fracture individual oxidized GBs and adds valuable qualitative and
quantitative data to the study of stress corrosion cracking as well as the role of (intergranular)
oxidation with unprecedented detail.
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Fig. 1: SEM images of a FIB-machined microcantilever before (top) and after (bottom) the micromechanical bending
test. The bottom image shows how the oxidized portion of the grain boundary failed intergranularily after testing.
 

 
Fig. 2: HAADF image of the crack region along an oxidized GB after the test (left). EDX elemental maps revealing the
chemistry of the GB region (right). The results show that (a) the oxide grows along the GB and around a carbide, (b)
the crack proceeds along the metal/oxide interface and (c) that the crack stops exactly where the oxide vanishes.
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Contact materials used for electrical breakers are often made with silver alloys. Mechanical
and thermodynamical properties as well as electron emission of such complicated alloys
present a lack of reliable and accurate experimental data. At present, new types of contactors
with longer duration are marketed, but manufacturers do not understand well why this
improvement.
The influence of industrial conditioning (polishing, mechanical shocks and electrical arcs in air)
on the microstructure, the composition, and the morphology of internally oxidized Ag-ZnO
contacts was investigated. The microstructure, physical properties and electronic emission
behavior of Ag-ZnO materials were studied.
Contacts were mounted in a contactor working repeatedly on air (laboratory atmosphere).
When submitted to 500 opening electric arcs, the electron work function of an
electromechanically conditioned contact Ag-ZnO (92/8), measured photoelectrically by using
Fowler’s method of isothermal curves, is F = (4.82 ± 003) eV.
The melting temperature of the zinc oxide is greater than that of silver. Thus, zinc oxide melts
after evaporation of silver base material. However, the zinc oxide increases the viscosity of the
molten composite and reduced mass losses by radial ejection of the liquid metal.
Microanalyses EDS indicate the presence of Ag, Zn, O, C, Al, Si, Cl, ... etc. The additives
migrate to the periphery of the contact, as usual. Examination by SEM and and microanalyses
by EDS of the conditioned cathode AgZnO have been performed to produce proofs of these
phenomena.
 



 
Fig. 1: Micrographs for (a) a virgin and unpolished contact, Ag-ZnO (92/8) SEM magnification x 2000, for (b) a virgin
and unpolished contact, Ag-ZnO (92/8) SEM magnification x 8000, and for (c) a virgin and polished contact, Ag-ZnO
(92/8) SEM magnification x 8000
 

 
Fig. 2: EDS line scans of two representative points (one bright and one dark) for the central contact surface of the
conditioned cathode (500 arcs), Ag-ZnO (92/8). SEM magnification x 2000.
 

 
Fig. 3: EDS line scans of two representative points (one bright and one dark) for the peripheral contact surface of the
conditioned cathode (500 arcs), Ag-ZnO (92/8). SEM magnification x 2000.
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Over the last decade, a diamond particle reinforced Al matrix, namely diamond/Al, composite
has been developed for thermal management applications, mainly in the microelectronic
industry. This composite has demonstrated an excellent combination of a Thermal Conductivity
(TC) as high as 600 W/m k and a Coefficient of Thermal Expansion (CTE) lower than 10 ppm/K,
being compatible with that of electronic components. However, considering the TC (~ 1800
W/m K) of the diamond particles incorporated, it is clear that the overall TC enhancement has
not been completely exploited in the composite. The key is then pointed to the diamond/Al
interface, which should provide good adhesion as well as maximal Interfacial Thermal
Conductance (ITC) in order to facilitate thermal exchange across the interface.
Our analytical modeling has recently predicted that introduction of a W interface nanolayer is
one of the most efficient ways to achieve high ITC, which provides a practical guide for
interface engineering [1]. Accordingly, a cost-effective sol-gel process has been tentatively
used to deposit a W coating for diamond surface metallization. Compared with the diamond/Al
counterpart without a W nanolayer, TC of the composite with a W nanolayer has been
improved more than 20 % [2]. In this work, Scanning Transmission Electron Microscopy
(STEM)/Energy-Dispersive X-ray spectroscopy (EDX) has been performed in order to
investigate interface configurations of a W-coated diamond/Al composite. The aim is studying
the effect of interface formation, reaction and diffusion on the ITC.
The deposited W coating is discontinuous, which is made of nanoparticles with a size in the
range 30-400 nm and homogenously covering the surface of the diamond particle (Figs. 1a
and 1b). The average coating thickness is estimated to be around 200 nm (Fig. 1c). The
STEM/ADF image in Fig. 1d shows that the formed diamond/Al interface has a heterogeneous
configuration at the nanoscale where Al grain contrasts and a particle with high Z contrast are
revealed. STEM/EDX mapping in Fig. 2 displays a W-rich (or W-Al rich) interfacial particle.
Visible O traces can be related to fine microstructural features. Alternatively, a 'clean'
diamond/Al interface is tightly-adhered and is not rich in O (Fig. 3). Different chemical nature
of the bonds at the interface can have a pronounced effect on the local ITC.
[1] Tan Z Q, Li Z Q, Xiong D B, Fan G L, Ji G, Zhang D, Materials and Design 55 (2014) 257–262.
[2] Tan Z Q, Li Z Q, Fan G L, Guo Q, Kai X Z, Ji G, Zhang L T, Zhang D, Materials and Design 47
(2013) 160–166.
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Fig. 1: Scanning electron microscopy images showing the morphologies of (a) a W-coated diamond particle, (b)
deposited nanoparticles, (c) deposition thickness measured by scanning probe microscopy and (d) STEM/Annular Dark
Field (ADF) image of a diamond/Al interfacial area prepared by focus ion beam.
 

 
Fig. 2: STEM/EDX analysis of the diamond/Al interfacial area
containing a deposited particle: (a) ADF image, (b) W, (c) O
and (d) mixed Al and C elemental maps.
 

 
Fig. 3: STEM/EDX analysis of the 'clean' diamond/Al
interface: (a) ADF image, (b) Al, (c) C and (d) O elemental
maps.
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The 9-12% Cr creep-resistance steels are mainly used as components of high temperature
boilers, steam turbines and heat exchangers in power plants. The wonderful high temperature
properties of these steels are based on the complex microstructure of stable precipitates and
dislocations. It’s known that the steels are strengthened by: i) solid solution with a high
concentration of Cr, Mo, ii) refined grains by the formation of tempered martensitic lath
structure, iii) uniformly dispersed M23C6 (M: Fe, Cr, Mo) and MX carbonitrides (M: Nb, V, Ti, X: C,
N), and iv) high dislocation density in the lath matrix. The inhibition of dislocation migration,
annihilation and/or recovery by precipitates, and grain boundaries during service are
considered to be the predominant mechanism of the strengthening. The creep properties of
the steels, in turn, depend on the stability of microstructure. In the past decades,
microstructural study of the P92 steel upon aging or creep rupture test has been extensively
carried out.
In this work, to investigate 1) the effect of heat treatment on the creep rupture behavior, 2)
microstructural evolution after heat treatment and creep rupture, 3) the role of the Laves
phase on the creep properties, as-received (AR) P92 steels were heat treated at 632°C for 500
and 1,000 hrs before creep rupture test. Both the AR and heated treated specimens were
creep tested at 650°C with constant applied stress of 120 and 100MPa. The electron
backscattered diffraction (EBSD) and backscattered electron (BSE) imaging was used to study
the tempered lath and Laves phase. Both the 3mm disk thin foils and carbon extraction
replicas of precipitates specimens were analyzed by using transmission electron microscopy
(TEM).
Up to 500hrs of heat treatment, the creep life did not change (Fig. 1a). However, the life has
reduced sharply after aging of 1000hrs or longer, which showed a direct relation to the growth
of Laves phase from 245nm to 354nm. Microstructural observation shows that the formation
and growth of the Laves phase with heat treatment time (Fig.1b, c). Slight coarsening of
M23C6 was observed at the heat treated and crept ruptured specimens (Fig.2). In addition,
upon heat treatment and/or creep test, the elongated lath grains evolved to equiaxial grains
with the decrease of low angle grain boundary, suggesting occurrence of grain recovery
(Fig.3). The investigation suggests that Laves phase also played a role on the strengthening
mechanism of the heat resistant steel when it was in fine size and homogenously distributed in
the matrix. The effect of creep parameters on the evolution of M23C6 and Laves phase will be
also discussed.
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Fig. 1: (a) Heat treatment and creep test parameters, (b) and (c) BSE images showing the formation of Laves phase in
the 500 and 1,000hrs heat treated specimens, respectively.
 

 
Fig. 2: TEM images of the test P92 steels: (a) AR, (b) 1,000hrs heated treated and (c) creep ruptured at
650°C/120MPa/408hrs.
 

 
Fig. 3: EBSD inverse pole figure images of the test P92 steels: (a) AR, (b) 1,000hrs heated treated, and (c) creep
ruptured at 650°C/120MPa/408hrs.
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During the last years a lot of new light metal alloys for automotive and aerospace applications
have been developed. Most of them have been generated based on practical experience. So
there is a demand for a deeper insight of the inner structure and the resulting mechanical
properties of these materials. In this project four Austrian institutes (OFI, OGI, SZA, ZFE) – all
members of the Austrian Cooperative Research (ACR) – are focusing their knowledge and
efforts to receive a holistic view of these materials.
Heat resistant aluminium-alloys possess good creep strength and high thermal stability and
can be used for permanent casting. Their strength properties are based on specific
precipitations in the
structure of the materials.
The main goal of this project is to characterise the fundamental mechanism, which affect the
high temperature strength and the creep strength, the connectivity and the corrosion
resistance. Based on these findings an optimization of these alloys should be achieved.
The focus of this work is the multi-scale-analysis of the structure of modern
aluminium-cast-alloys. Classical metallography is combined with micro- and
nano-characterisation methods using scanning electron microscopy (SEM) (Fig. 1) and
transmission electron microscopy (TEM) as well as 3D-methods as computer-tomography (CT)
and in-situ-ultramicrotomy (3viewTM) [1] (Fig. 2) in an environmental scanning electron
microscope (ESEM) or focused ion beam (FIB) techniques.
Special attention is turned on the micro- and nano-analysis of phases and precipitations and
the influence of dopant elements on the structure and behavior of these aluminium-cast-alloys.
For the micro-characterisation the SEM is used in combination with energy dispersive x-ray
spectroscopy (EDXS), wavelength x-ray spectroscopy (WDXS) and electron backscatter
diffraction (EBSD). Out from regions of interest TEM-lamellas from regions of interest are
prepared with the FIB and transfered to the TEM for the nano-characterisation of the samples,
using EDXS and electron energy loss spectrometry (EELS/EFTEM) methods and electron
diffraction techniques [2]. High resolution scanning transmission electron microscopy analysis
on an atomic scale level is focused on the dopant elements (Fig. 3) and is compared with
HREM simulations (Fig. 4). This versatile combination of methods leads to a
multi-scale-analysis of the investigated materials and helps materials scientists to deepen their
know-how.
Ref.:
[1] Zankel, A.; Reingruber, H.; Schröttner, H.: 3D Elemental Mapping in the ESEM - Imaging &
microscopy 2 (2011) 35–37
[2] Albu, M.; Li, J.; Kothleitner, G.; Schumacher, P.; Hofer, F.: Atomic resolution STEM analysis of
Sr and Yb addition in Al-Si alloys - Mg; Al; Ti Science and Technology (2013) 162 – 162
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Fig. 1: SEM Backscatter electron image of an AlSi7 alloy.
 

 
Fig. 2: 3D reconstruction of the intermetallic phases of an
Al-Si-Cu-Mg alloy based on in-situ-ultramicrotomy in an
ESEM [1].
 

 
Fig. 3: Scanning Transmission Electron Microscopy High
Angle Annular Dark Field (STEM-HAADF) image of the
eutectic silicium phase with strontium atoms in the
interstitial position and EDXS spectra of the marked area
[2].
 

 
Fig. 4: HAADF simulation of the eutectic silicium phase with
strontium atoms in the interstitial position.
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Owing to their suitable mechanical properties and acceptable corrosion resistance, Mg-RE (rare
earths) alloys were recently regarded as one of the most potential degradable biomaterials [1].
From their preparations to their final applications these magnesium alloys are subjected to the
environments containing hydrogen (H).  Yang et al. reported that NdH2 was formed in
Mg-2wt.% Nd alloy with T4 treatment [2]. The formation of NdH2 was attributed to the reaction
of Nd with the previously dissolved hydrogen during casting. In the recent, another different
explanation was suggested by Peng et al. [3]. They suggested that the formation of hydride in
Mg-Gd alloys can also proceed during sample preparations or mechanical deformation if
subjected to H-containing environment.
The present work investigates the influences of alloying element Dy and heat treatments on
the formation of hydrides in Mg-Dy alloy. The alloys with different contents of Dy were
prepared by permanent mould direct chill casting. The heat treatments such as T4 or T6 were
performed. The samples for the observations of optical microscopy and scanning electron
microscopy (SEM) were machined and polished with water or without water. The X-ray
diffraction (XRD) was used to identify the phases .
Figure 1 shows SEM micrographs of Mg-20Dy alloy with T4 treatment. Lots of hydride particles
are observed on its surface when the sample was wet machined and mechanical polished with
water. In contrast, the hydride particles are hardly found on the surface of the sample with dry
machined and electropolished. The formed hydrides have a cuboid morphology with a size of 2
to 5 micrometers. The content of Dy influences the formation of hydrides (Figure 2(a)). With
the increment of Dy content, the amount of hydrides increases. In addition, the amount of
hydrides is also affected by heat treatment (Figure 2(b)). On the surfaces of the samples with
as-cast or T6 treatment, XRD test cannot identify the existence of hydrides, indicating that the
amount of hydrides is very less.
In conclusion, the formation of hydrides in Mg-Dy alloys is affected by Dy content and heat
treatment. Their formation mechanism is attributed to the surface reaction of Mg-Dy alloys
with water.
References
[1]. Hort N, Huang Y, Fechner D, Störmer M, Blawert C, Witte F, Vogt C, Drücker H, Willumeit R,
Kainer KU and Feyerabend F (2010). Acta Biomaterialia, 6, 1714-1725.
[2]. Yang Y, Peng L, Fu P, Hu B and Ding W (2009). Journal of Alloys and Compounds, 485,
245-248.
[3]. Peng Q, Huang Y, Meng J, Li Y and Kainer KU (2011). Intermetallics, 19, 382-389.



 
Fig. 1: SEM micrographs of Mg-20Dy alloy with T4 treatment, (a) machined and polished with water, and (b) dry
machined and electropolished.
 

 
Fig. 2: X-ray diffraction patterns showing the phases, (a) effects of Dy content and (b) effects of heat treatments.
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In pure titanium, solidification occurs at 1668 OC with the formation of body centred cubic
(BCC) crystal structure known as β titanium. An allotropic transformation occurs at 888 OC
where the BCC transforms to hexagonal close-packed (HCP) structure known as α titanium.
The temperature above which the microstructure is 100% β titanium is referred to as the
β transus. Certain elements will raise the β transus and are known as α-stabilizers such as
aluminium while others like vanadium will lower the β transus and are known as β-stabilizers
[1]. In Ti–6wt%Al–4wt%V, the two phases coexist together. The alloy has excellent
combinations of desired properties making it a preferential alloy in many modern applications
[1].
In this work, scanning electron microscopy (SEM) and optical microscopy were used to study
the effects of duplex heat treatment on the microstructure of a commercial cast Ti-6Al-4V. The
duplex heat treatment (two stage treatment; solution treatment then aging, each followed by
water quenching) the solution treatment was at 975 OC for 15 minutes followed by water
quenching and then aging conducted at two different temperatures of 490 OC and 595 OC for 6
hour duration (each aging followed by water quenching) as depicted schematically in figure 1.
In figure 2(a), the microstructure of the as-received cast sample shows a fully lamellar dendrite
structure consisting of alternating laths of α and β phases intertwined in a “basket-weave”
pattern (Widmanstätten pattern).
In figure 2(b) for the quenched sample from 975 OC which is below the β transus temperature,
and is within the α+β phases field in the phase diagram [1], the primary α is interlaced with β
phase in which a fraction had transformed into acicular α\ martensite phase (supersaturated
α HCP) [2].
The aging leads to the decomposition of the nonequlibrium α\ into fine β and α and delineating
grain boundaries as shown in figure 2(c) and 2(d) for 480 OC and 595 OC respectively. No
martensitic structure was observed or expected by quenching from these temperatures [3].
However, aging at 595 OC leads to a finer observed structure. Optical microscopy
complimented the SEM observations as shown in figure 2(e) for the sample aged at 480 OC .
These observed microstructures strongly affect the hardness, wear and corrosion rates relative
to the as-received alloy as wil be presented.
References
[1] G. Welsch in “Materials Properties Handbook: Titanium Alloys”, ed. G. Welsch, (ASM-Ohio)
(1994), p. 1501.
[2] E. Morita et al, Materials Transactions 46 (2005), p. 1681.
[3] P. Pinke et al, Proceedings of 12th CO-MAT-TECH Conference 2004, Bratislava, Slovakia,
p.1042.



 
Fig. 1: Figure 1: A schematic of the heat treatment regime followed in this study.
 

 
Fig. 2: Figure 2: SEM micrographs (x1000) of as-received in (a) and quenched from 975 OC in (b) and aged for 6 hours
at 480 OC in (c) and at 595 OC in (d), the scale bar = 100 μm. And an optical micrograph (x200) in (e) for the sample
aged at 480 OC, the scale bar = 50 μm.
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Steel fibre reinforced polymers are gaining considerable attention because of their remarkable
flexural strength, fatigue resistance and the ability to tailor directional mechanical properties.
Here, we investigate an annealed AISI-316L stainless steel microfiber sample using advanced
electron microscopy and spectroscopy to understand the chemical composition and
morphology of surface oxide layers on these fibres. When a steel fibre surface is thermally
treated or even simply exposed to natural atmospheric conditions, a thin layer of oxide is
instantaneously formed at the surface of the steel. This oxide layer not only plays an important
role in protecting the steel from further corrosion, [1] but also acts as the interface with the
matrix when using these fibres in composite materials. There are several literature reports
which explain the effect of annealing on the thickness of the oxide layer [2]. The objective of
the present study was to characterize this surface layer using HRTEM in combination with
energy-dispersive X-ray (EDX) analysis and electron energy loss spectroscopy (EELS). SEM
images from the surface of the steel microfibers showed the presence of small chromium rich
particles with spinel structure and spherical morphologies. TEM specimens for the studies were
prepared using Focussed Ion Beam (FIB) technique enabling the preparation of cross-section as
well as on-axis samples. HRTEM images showed the presence of a very narrow gradient
surface oxide layer with approximately 5.0 nm thickness at the surface of the steel fibre. EDX
analysis revealed that this narrow gradient consists of three sublayers – an external layer rich
in iron, an intermediate layer rich in chromium and an inner layer rich in nickel. ELNES studies
reveal that the fine structure of the Fe-L2, 3, Cr-L2, 3 and Ni-L2, 3 edges obtained from the
surface are different from those obtained from the bulk of the alloy, confirming the oxidised
character of the surface layer. The insight gained from these studies is valuable considering
the fact that these types of metal fibre alloys are widely used commercially.
References:
[1.] G. Renaud, Oxide surfaces and metal/oxide interfaces studied by grazing incidence X-ray
scattering, Surface Science Reports, 32, 1-90 (1998).
[2.] H. Singh, D. Puri, S. Prakash, Rabindranath Maiti, Characterization of oxide scales to
evaluate high temperature oxidation behavior of Ni–20Cr coated superalloys, Materials Science
and Engineering A, 464, 110–116 (2007).
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Fig. 1: SEM image showing particles on the surface of
AISI-316L stainless steel microfibre.
 

 
Fig. 2: SEM image of a cross-section of AISI-316L stainless
steel microfiber.
 

 
Fig. 3: HRTEM image of an oxide layer formed on the
surface of AISI-316L stainless steel microfibre.
 

 
Fig. 4: EDX map of the phases present within the surface
oxide layer formed on AISI-316L stainless steel microfibre.
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Steels are the most used engineering material in many industrial fields, due to their relative
low cost, availability and excellent properties. Development of new metal forming processes
such as severe plastic deformation (SPD) makes it possible to extend, the range of steels
application. However, the SPD can be an effective method of producing ultra fine-grained with
submicron and nanocrystalline structure, even in steel bulk semiproducts, as well as increasing
in mechanical properties [1]. Thus, some products of high-alloy steels might be replaced by
carbon steel or low alloy ones. For that reason, at the Department of Production Engineering,
an attempt was made to develop one discontinuous SPD method for upsetting square shaped
billet by V-shape dies, Fig.1(a). The V-shape die compression is multistage process in which,
after single compression stage, sample is removed from the dies and rotated for 90º in
anti-clockwise direction and returned into the dies.
Experimental application of the compression by the V-shape dies was conducted using a
normalized carbon rod steel CK15 with 0,14%C and ferrite-pearlite microstructure, Fig.1(b).
The samples of 14x14x70 mm were compressed in eighteen turns, without any lubrication on
hydraulic press. The influence of the processing parameters was evaluated by TEM
microstructure analysis using FEI Tecnai F20. For TEM sample preparation FIB (Quanta 3D FEG)
TEM sections of the carbon steel upsetting specimens were prepared with in-situ, lift-out
technique, Fig.1(c).
TEM micrographs and corresponding diffraction patterns of the ferrite region in the
as-compressed samples are present in Fig.2(a-d). After the second turn, Fig.2(a), the ferrite
microstructure mainly consisted parallel bands of elongated grains having width 0,2-0,3 μm.
The band boundaries are predominantly in low-angle missorientations. It is also apparent that
inside the band, the interior dislocation cell boundaries are also present. This kind of boundary
microstructure is typical in heavily deformed metals.
The TEM microstructures and corresponding ring patterns, after eight, twelve and eighteen
turns are shown in Fig.3(b-d) respectively. Equiaxed grains with an average size of 0,15-0,3 μm
were formed in all three samples. The presence of equiaxed grains, i.e. the grains with high
angle boundaries confirmed by ring patterns with large number of reflections and a TEM
contrast at the grain boundaries.
Moreover, the grain refinement during the eighteenth turn is not significant compared to
twelfth. In addition, from the results presented it can be concluded that multistage
compression by V-shape dies might be used as a severe plastic deformation method for the
steels.
[1] R.Z. Valiev, R.K. Islamgaliev, I.V. Alexandrov, Progr. Mat. Sci. 45 (2000), 103-189.
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Fig. 1: a) V-shape die b) as-received microstructure c) FIB sample preparation
 

 
Fig. 2: TEM micrographs of as-compressed low-carbon steel after: a) second b) eight c) twelve d) eighteen turns
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High pressure torsion (HPT) is the most effective method among severe plastic deformations
techniques to produce bulk nanocrystalline or amourphus materials and to achieve the largest
degree of strain. Moreover, one is perspective to investigate the process of mechanical
alloying. Two systems as model ones of positive heat of mixing, Ag-Cu, Au-Co, and one of
negative heat of mixing (Cu-Zn) to compare with previous were studied at various strains via
increasing the number of rotations of Bridgman anvils, at different temperature ranges
(cryogenic and room) and under loads of 6-10 GPa. Then, applying of transmission electron
microscopy characterisation, scanning electron microscopy studying of crack surface
deformation morphology (fractogtaphy), X-ray characterisation, synchrotron radiation
diffraction analysis, combined by mechanical properties investigation via microhardeness tests
and shear strength vs. strain measurements during the deformation, it has been found that the
mechanical alloying by HPT process can be divided into stages up to obtaining of solid
solutions with differnt characteristic mechanisms of deformation, type of fracture. Besides, it
was established that deformation at cryogenic temperatures requires higher degrees of strain
to obtain the solid solution in contrast with one at room temperature. The correlated
retardation of low temperature nucleation of point defects and lock of the dislocation climb and
cross slip processes are decay mechanisms of the alloying.
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The present paper deals with a characterization of a class of aluminium alloys that are
developed through a unique processing route that contains two different types of
strengthening coherent precipitates in the aluminium matrix. The two types of precipitates are
Al2Cu (θ’, tetragonal structure) and Al3Zr (L12 structure). The alloy belongs to Al-Cu binary
system with minor additions of Zr, Nb and Zr, Hf. A unique three stage sequence of heat
treatment was given to a chill cast alloy yielding final microstructure containing coherent finely
dispersed L12 Al3Zr precipitates that formed at high temperature and coherent disk shaped θ’
precipitates heterogeneously nucleated on the prior Al3Zr particles. Therefore, tuning the heat
treatment time and temperature for Al3Zr precipitation, it is possible to achieve a finely spaced
precipitate distribution of θ’ disks that are resistant to coarsening at high temperature. We
show that this leads to remarkable high temperature strength with 0.2% proof stress of about
250 MPa at 250ºC, thus opening a new window for high temperature aluminium alloy
development. The first stage of the heat treatment was done at three different temperatures
that are 375ºC, 400ºC and 450ºC till the time the peak hardness was achieved. The
precipitation and coarsening was monitored through hardness measurements (Vickers
hardness, Hv) and STEM HAADF contrast images were used to calculate the change in length
of θ’ disks, number of disks and their spacings for different temperatures and time. The final
microstructures were also characterized by High Resolution Transmission Electron Microscopy
(HRTEM) and atom probe tomography (APT).
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Fig. 1: TEM darkfield image taken from a superlattice spot in [110] Al direction
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In dual phase (α + β) Ti alloys, the phase ratio of α-Ti (hcp) and β-Ti (bcc) can be controlled by
adjusting chemical compositions and heat treatments. This feature realizes the wide range of
mechanical properties such as strength, ductility and so on. Note, however, that most of the
alloying elements are expensive, by which α-Ti and β-Ti phases are stabilized. Then,
production cost of the dual phase Ti alloys should be reduced in order to widely apply them to
various fields. Ti-Fe-O-N alloy is one of the commercially available dual phase Ti alloys
consisting of low-cost alloying elements. The maximum tensile strength of Ti-1.5Fe-0.5O-0.05N
is increased more than 1 GPa by exposing at 573 K and 623 K for 400 hr and more [1]. So,
Ti-1.5Fe-0.5O-0.05N alloy has been recognized to be a suitable alternative material to replace
Ti-6Al-4V, since mechanical properties in both alloys are equivalent. In this study, we observe
the microstructural evolution during heat-treating at 623 K and unveil the strengthening
mechanism in Ti-1.5Fe-0.5O-0.05N. In addition, we report a novel secondary phase
precipitated in α-Ti phase with prolonged heating. Figure 1 is a SEM-BSE image in solution
treated Ti-1.5Fe-0.5O-0.05N alloy. The dark and light gray areas correspond to α-Ti and β-Ti
phases, respectively. The area fraction of α-Ti is approximately fifth times as large as that of
β-Ti. We confirm that the phase ratio is almost the same after the heat-treatment for more
than 1000 hr at 623 K. Figure 2 is hardness of α-Ti and β-Ti as a function of heating time at
623 K. The hardness of β-Ti increases with heating time. In contrast, that of α-Ti is hardly
changed by long-term heating. It means that the strengthening of alloy is caused by
microstructural evolution in β-Ti. Figure 3 is taken in the alloy with heating for 720 hr. (a) is a
DF-TEM image of ω particles in β-Ti taken by selecting 1-101ω reflection. (b) is a BF-TEM image
in α-Ti under a two beam condition of g = 11-20α. In Fig. 3 (a), there are many cuboidal ω
particles in the size of range of 20 to 40 nm, which is well known to be harder than β-Ti. From
other TEM observations in various heat-treated alloys, the size of ω particles is confirmed to be
gradually increased with heating time. This precipitation and growth of ω phase lead to the
strengthening of β-Ti as shown in Fig. 1. In Fig. 3 (b), there are many coherent precipitates
with “coffee-bean” strain contrast in α-Ti. This precipitate is firstly observed in α-Ti of the Ti-Fe
system with long-term heating, although the precipitate hardly contributes to the
strengthening.
[1] H. Fujii, K. Fujisawa, M. Ishii, Y. Yamashita, Nippon Steel Technical Report, 85 (2003),
107-112.



 
Fig. 1: SEM-BSE image in solution treated Ti-Fe-O-N alloy.
 

 
Fig. 2: Hardness of α-Ti phase and β-Ti phase in Ti-Fe-O-N
alloy as a function of heating time at 623 K.
 

 
Fig. 3: TEM observation in Ti-Fe-O-N alloy with heating at 623 K for 720 hr. (a) is a DF-TEM image in β-Ti phase taken by
selecting 1-101ω reflection. (b) is a BF-TEM image in α-Ti phase showing strain contrast due to novel secondary phase.
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In convention AISI M42 tool steel production route the steel is cast and then forged in
temperature window between 1100 °C to 1150 °C. At those temperatures metastable M2C
carbide phase transforms in stable carbides as M6C and MC following the phase transformation
M2C + matrix → M6C + MC. This is well known and accepted equation. In the present study SEM
based EBSD and EDS analysis was applied to characterize the transformation of eutectic
carbides during annealing of AISI M42 steel at the typical forging temperature of 1100 °C.
Specific large eutectic carbide grains were characterized before and after annealing for
different times. It was found that MC carbides appeared to form independently from the
transformation of M2C to M6C. During M2C transformation some vanadium diffuses out of the
newly formed M6C and enriches the surrounding matrix. Due to a higher concentration of
vanadium in matrix, formation of vanadium rich MC carbides is favourable (Fig. 1). Results
have also shown an interesting difference in carbide transformation reactions on the surface
versus the bulk of the alloy, presumably due to the operation of different diffusion processes.
Observing the transformation in the bulk shows that the transformation of M2C to M6C started
on the M2C/matrix boundary and grew into inner region, while observing the carbide
transformation phenomena on surface shows that the metastable carbides as well as the
matrix is covered by a thin layer of M6C. It has been proven that in-situ analysis might not give
the same results as you get it when the sample is annealed and cut in order to observe inner
region.



 
Fig. 1: Transformation of carbides during annealing at 1100 ºC for 30 minutes. The arrows show the EBSD spot
analysis performed at certain carbides.
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The NiTi Shape Memory Alloys are known by two unique behaviors, both crystallographic
dependent. Thermally or mechanically activated they are: the shape memory effect, and the
pseudoelastic effect; the former, ensuring the recovery of the original shape even after large
deformations and, the latter, the maintenance of a constant applied force in correspondence of
significant displacements. Biomedical applications are an outstanding one of its alloys, so, a
NiTiAg is believed to be a functional/antibacterial biomaterial. Samples of an Ni53,1Ti42,9Ag4%wt
alloy was carefully sectioned and prepared metallographically by an specific procedure.
Analysis of the microstructure alloy were performed in a TESCAN Vega3 SEM equipped with
x-act SDD EDS detector and AZtec EDS analysis software – Oxford Instruments – installed in
Scanning Electron Microscopy Laboratory of Instituto Tecnológico de Aeronáutica – ITA. In large
columnar grains, Ag particles do not present any pattern distribution (Fig. 1a-b). As-cast
microstructure show preferred precipitation at the interdendritic regions (Fig. 2a), in addition
to a large range of particles sizes (Fig. 2b). Regarding the Ag content higher than the solubility
limit and the process of solidification – e.g., upward in Figure 1a – is acceptable that
interdendritic precipitation occurs. After solution treatment at 900°C for 1 hour, Ag particles
re-arrange in a cellular-like structure, suggesting a high-temperature-austenite grain boundary
segregation (Fig.3a). Etching to martensitic microstructure (Fig. 3b), one can see that there are
left few austenitic phase, with no Ag surrounding it, as well as the same Ag particles
arrangement. Accounting the alloy composition – equiatomic between Ni and Ti – a martensitic
microstructure should be expected at the room temperature, however few austenite phase
areas are identified after etching; the Ag content reduces the martensitic transformation
temperature, yielding a martensitic/austenitic microstructure at room temperature. Inciting the
formation of a surface oxide, EDS X-ray maps show the constitution of the scale (Fig.4). Ti,
thermodynamically stronger to oxide formation, diffuses from inner regions to the surface of
the sample, leaving back a Ni-rich layer, besides no Ag oxidation was observed; the scale
formation in NiTiAg alloys behaves like any other NiTi alloy. Microstructural and chemical
concluding remarks are: 1) the Ag precipitates has spherical shapes ranging from nano to
micrometer; 2) beyond the influence of Ni and Ti content on the final microstructure of the
alloy, Ag effectively lower the martensitic transformation temperature, then changing the
microstructure of the alloy; 3) no Ag are lost in scale formation during heat treatment.
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Fig. 1: Fig. 1:Cross section of Ni53,1Ti42,9Ag4%wt. (a) Large
columnar grains (stereoscope), and (b) SEM micrograph of
the surface (a).
 

 
Fig. 2: Fig. 2: As-cast polished surface. (a) Interdendritic
preferred segregation (BSE image), and (b) nano to
micrometer spherical Ag precipitates.
 

 
Fig. 3: Fig. 3: Solution-treated sample (900°C, 1h). (a)
Cellular-like structure, and (b) martensite + austenite
microstructure and the cellular arrangement of Ag
particles; etched.
 

 
Fig. 4: Fig. 4: Qualitative chemical data of the
Ni53,1Ti42,9Ag4%wt and the scale formed during heat
treatment. (a) Oxide and carbide layer (scale) –from middle
to the left – and NiTi matrix containing Ag precipitates. (b)
Ni, (c) Ti and (d) Ag X-ray maps.
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It has been known that Cu-addition or Ag-addition to Al-1.0mass%Mg2Si alloy (Al-Mg-Si-Cu
alloy and Al-Mg-Si-Ag alloy) has higher hardness and elongation than those of
Al-1.0mass%Mg2Si alloy [1]. It has been reported that the “negative effect” is observed for
Al-Mg-Si alloy with two-step aging while the “positive effect” is observed for Al-Zn-Mg alloy
with two-step aging [2]. Cu-addition or Ag-addition to Al-1.0mass%Mg2Si alloy shows higher
hardness and elongation than that without Cu or Ag. In this study, the 2- step aging behavior in
Al-Mg-Si alloy with Cu or Ag has been investigated by hardness test and TEM observation to
understand the effect of Cu and Ag addition on precipitation.
The chemical composition of the alloys are Al- 0.7%Mg – 0.35%Si(base), Al -0.68% Mg -0.37%Si
-0.35%Cu (0.35Cu), and Al -0.67% Mg -0.35%Si -0.33%Ag (0.35Ag) alloys (at%). Sheets of
these alloys with 1 mm thickness for micro-Vickers hardness and 0.2mm for TEM observation
were made by hot extrusion and cold-rolling. The specimens were solution heat treated at
878K for 3.6ks in an air furnace and quenched in chilled water. Two step aging was for The
pre-aging treatment was performed at 343K for 600ks and followed by aging at 473K in oil
bath. Thin specimens for TEM observation were prepared by electrolytic polishing method and
microstructures were observed by Topcon EM-002B operation at 120kV.
The age hardening curves obtained for two-step aged these alloys showed typical
age-hardening, and there was no remarkable difference for the peak-hardness of those alloys
between with and without pre-aging. On the other hand, the hardness decreased once for the
0.35Ag and 0.35Cu alloys aged at 473K just after pre-aged at 343K for 600ks. This means that
the 0.35Ag and the 0.35Cu alloys show the reversion. Fig. 1 shows TEM bright-field images
obtained from base and 0.35Ag and 0.35Cu alloys peak aged at 473K without pre-aging. There
are only needle-shape precipitates parallel to <100>Al direction. The number density of the
precipitate in the 0.35Ag and 0.35Cu alloys were higher than that of the base alloy. Fig. 2
shows TEM bright-field images of three alloys peak aged at 473 K after pre-aged at 343K for
600ks. There are also only needle-shape precipitates parallel to <100>Al direction. The
number density of the precipitate was higher in the base alloy peak-aged at 473K after
pre-aged at 343K than the same alloy just aged at 473K. The classification of those
precipitates using by HRTEM and its result will be reported in the presentation.
[1]K.Yokota, T.Komatubara, T.Sato, A. Kamio, J. Japan. Inst. Light Metals, vol.42 (1992)149-154.
[2]D.W.Pashley, M.H.Jacobs, J.T.Vietz：Philo.Mag, 16（1967）51．
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Fig. 1: TEM bright field images of (a)base, (b)0.35Ag and (c)0.35Cu alloys peak-aged at 473K.
 

 
Fig. 2: TEM bright field images of the (a)base, (b)0.35Ag and (c) 0.35Cu alloys peak aged at 473K after pre-aged at
343K for 600ks.
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Z-phase is a complex nitride with CrNbN stoichiometry and tetragonal crystal lattice [1]. It was
first found in 1950s in austenitic steels and its precipitates have been attributed beneficial
strengthening effects. A renewed interest in Z-phase launched in 1990s when it was detected
in 9-12% Cr creep resistant ferritic steels for power plant applications [2-3]. Slowly
precipitating Z-phase in ferritic steels consumes fine dispersion of (Nb,V)(C,N) particles and
severely deteriorates long term creep properties. A precise knowledge of thermodynamic
parameters of Z-phase is crucial for complete assessment of multicomponent systems and for
reliable prediction of creep life.
In this work we study the Z-phase in model Cr-Nb-N alloys by means of analytical electron
microscopy (SEM and TEM). Cr-Nb alloys with 1-14 at.% Nb were arc melted under the Ar+N2

atmosphere. The resulting content of N was 15-20 at.%. Samples were annealed for a long
time at 1100 and 1300 °C to reach states close to thermodynamic equilibrium. Here we
present the results obtained on 70Cr-14Nb-16N (at.%) sample annealed at 1100 °C for 48
days, i.e. the one after the longest annealing time where the Z-phase was found. A TESCAN
LYRA 3XMU FEG/SEM×FIB scanning electron microscope and a Philips CM12 STEM transmission
electron microscope (both equipped with an XMax 80 Oxford Instruments detector for energy
dispersive X-ray (EDX) analyses) were used for microstructural studies.
Figure 1a shows microstructure with a distribution of bright coarse needles/plates and with a
mixture of two phases between needles. A closer look (Fig. 1b) reveals fine two-phase
microstructure also inside needles. This indicates the dissolution of (Cr,Nb)2N phase originally
present in as cast alloy and its substitution by Z-phase and Cr. The stable equilibrium of the
reported sample at 1100 °C is presumably Cr solid solution + Z-phase. X-ray analysis
confirmed the Z-phase together with a bcc Cr phase and traces of (Cr,Nb)2N. EDX analyses in
SEM support the conclusion that there are only two equilibrium phases; one of them (the dark
regions in SEM micrographs) around 98Cr-1Nb-1N (at.%) and the second one close to 1:1:1
stoichiometry. N content in both phases was confirmed also by wave dispersion X-ray
analyses. Elemental distribution is clearly shown on EDX maps in Figure 2. Identification of
phases was accomplished by TEM inspection of thin lamella prepared by focused ion beam
(FIB) in SEM (Figures 1c and 3).
[1] Jack DH, Jack KH: J. Iron Steel Inst. 209 (1972) 790-792.
[2] Buršík J, Merk N: In: Mechanical Behaviour of Materials at High Temperature, NATO ASI
series, Vol. 15. Eds. Branco CM et al. Kluwer Academic Publishers (1996) 299-307.
[3] Strang A, Vodárek V: Mater. Sci. Tech. 12 (1996) 552-556.
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Fig. 1: SEM micrographs of Cr-Nb-N sample, signal of backscattered electrons. Low magnification overview (a), a detail
of needle microstructure (b) and a scene from TEM lamella preparation (c).
 

 
Fig. 2: A detail of microstructure (SEM, signal of backscattered electrons) with elemental distribution maps measured
by EDX.
 

 
Fig. 3: TEM micrographs of lamella prepared by FIB. The whole lamella at low magnification (a), a detail of two-phase
microstructure (b) and SAD patterns of the two phases – Cr solid solution and Z-phase (c).
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An equiatomic CoCrFeMnNi high-entropy alloy, which crystallizes in the face-centered cubic
(fcc) crystal structure, was produced by arc melting and drop casting. The drop-cast ingots
were homogenized, cold rolled and recrystallized to obtain single-phase microstructures with
three different grain sizes in the range 4–160 μm. Quasi-static tensile tests at an engineering
strain rate of 10-3 s-1 were then performed at temperatures between 77 and 1073 K [1].
Microstructures after heat-treatment and tensile deformation were investigated using
advanced high angular annular dark field (HAADF) and high resolution transmission electron
microscopy (HRTEM) techniques. The recent HAADF stereo-imaging method [2] helped to
characterize planar slip of {111} a/2<110>-type dislocations and their dissociation into {111}
a/6<112>-type Shockley partials. HRTEM experiments yielded full local information on the
type and geometry of nanoscale deformation twins that were observed after interrupted
tensile tests at 77 K. We have shown that the relative orientations of the parent crystal and the
twins can be described by the twinning elements K1 = (-11-1), η1 = [-112], K2 = (-111), η2 =
[-11-2] and a shear s = 1/√2, analogous to a compound fcc twin commonly reported in fcc
crystals. Results of the two TEM techniques provided insight into the relation between
microstructure and the rather unique mechanical properties of this compositionally complex
alloy.
[1] F. Otto et al.: Acta Mater. 61 (2013) 5743 - 5755.
[2] L. Agudo Jácome, G. Eggeler, A. Dlouhý: Ultramicroscopy 122 (2012) 48 - 59.
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Ductile cast iron that is developed in spheroidizing flake graphite by added Mg alloy is broadly
used for autoparts and mechanical structure parts by it has sterling mechanical property. And,
RE is added as spheroidizing agent. But, RE makes for formation of chunky graphite on heavy
sectioned castings. Chunky graphite decrease mechanical property. Sb is added in order to
avoid formation of chunky graphite. It has been reported that Sb brings forward to pearlite on
matrix. But, it is not clear what the effect of Sb on shapes of graphite in ductile cast iron is.
After development of ductile cast iron, there are many reports about the formation and growth
mechanism of spheroidal graphite. In addition, it is not clear what the effect of Sb on shapes of
graphite in ductile cast iron. Therefore, the aim of this study is the observation of spheroidal
graphite in ductile cast iron to clarify the effect of Sb addition for formation of spheroidal
graphite. For scanning electron microscopy of graphite structure, the metallic matrix was
dissolved away by deep etching in a 10% nitric acid solution. The cross-sectional TEM
specimens of the spheroidal graphite were prepared by Focused Ion Beam System (FIB). The
microstructures of spheroidal graphites were observed by SEM with S-3500H (Hitachi, Co., Ltd.)
and TEM with Topcon EM-002B.Fig.1 shows the optical microscope image of base alloy and
0.097Sb. As a result of observation, chemical compound and porosity existed mostly in region
of less than 5µm. Therefore, the image analysis performed in region of more than 5µm. As a
result of image analysis, almost all the graphite particles present in the heats have circular in
shape. Compared with the base alloy, graphite like a perfect circle increased in 0.097Sb. Fig.2
shows the particle size distribution of base alloy and 0.097Sb obtained by image analysis.
Spheroidal graphite in 0.097Sb increased below 15µm in particle size distribution compared
with base alloy and the average size of spheroidal graphite decreases. In SEM observation, the
surfaces on spheroidal graphite were asperity in base alloy, while it was smooth in 0.097Sb. In
TEM observation, cross-section of the central part in spheroidal graphite was observed the
shape of a fan that it was framed blocks, while the internal structure was observed smoother
with the spheroidal graphite in 0.097Sb. The domain below 5µm in nearly center of the
spheroidal graphite was analyzed in the incidence orientation [0001] of graphite structure. The
incidence orientation was analyzed that is [0001] Tilted 90 degrees in circumference of the
spheroidal graphite.



 
Fig. 1: The optical microscope images of base alloy and 0.097Sb alloy.
 

 
Fig. 2: Particle size distribution of basic alloy and 0.097Sb.
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Al-Mg-Si alloys are known as the age-hardening alloy. Addition of transition elements and
thermo-mechanical treatments have been reported as methods to improve the mechanical
properties of these alloys[1]. Ultrafine-grained (UFG) materials produced by SPD have
attracted considerable attention over the last decade because of their superior mechanical and
physical properties. HPT is an attractive processing route because there is good evidence that
it leads to a greater refinement of the microstructure and to a higher incidence of high-angle
boundaries. The HPT samples, in the form of disks with diameters in the range of ~10 mm, are
held between anvils and subjected concurrently to a high pressure and torsional straining [2].
The aim of this study, to study the effect of HPT on aging behavior and microstructure in
Cu-added excess Mg-type Al-Mg-Si alloys by means of hardness tests and TEM.
The Al-1.1%Mg2Si-0.4%Mg alloys (at.%) including Cu were obtained by the laboratory casting.
The specimens were solution heat treated at 848K for 3.6ks in an air furnace, quenched in
chilled water and subsequently HPT processed or rolled, followed by an aging treatment at 343
and 373K for different periods. The specimens were processed by HPT using imposed
pressures of 6.0GPa for 5 rotations at a rotation speed of 1 rpm. The Micro vickers hardness
was measured using Mitutoyo HM-101 hardness tester. After the aging treatment, samples
were polished by using electrolytic solution (perchloric acid: ethanol=1:9) for making thin films
for TEM observation. The microstructure was observed using TEM(TOPCON EM-002B) operated
at 120kV.
Fig. 1 shows the age-hardening ability (ΔHV) of HPT processed ex.Mg-type alloys aged at 373K.
ΔHV is the difference between each point of the value of hardness and the hardness of as
HPT.ΔHV increases in aging treatment at 373K in Fig. 1. ΔHV is high in order of ex.Mg,
ex.Mg-0.2%Cu and ex.Mg-0.7%Cu alloy. This is regarded as influence of amounts of the
additional element. These results were same as the result on aging treatment at 343K
Fig.2 shows the bright field images of HPT-processed ex.Mg-0.7%Cu alloy aged at 373K for
6000 ks. Some fine-grains were observed, and a few dislocations in the crystal grain were
observed. The typical needle-shaped precipitates of Al-Mg-Si alloys were not observed in the
matrix. But precipitates were observed on grain boundary. β, S and Q phase were observed
from the analysis of SAED ring pattern.
References
[1] Kenji Matsuda, Kosuke Kido, Tokimawa Kawabata, Yasuo Uetani, Susumu Ikeno: Journal of
Japan Institute of Light Metals, Vol.53 (2003) 528-533.
[2] Zenji Horita : Journal of Japan Institute of Light Metals, Vol.60 (2010) 134-141.



 
Fig. 1: Age-hardening ability of HPT-processed ex. Mg-type alloys aged at 373K.
 

 
Fig. 2: The bright field image of HPT-processed ex. Mg-0.7%Cu alloy aged at 373K for 6000 ks.
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The Austempered Ductile Iron (ADI) is advanced material used increasingly for many tough
engineering components in automotive, trucks, construction, agricultural and railway industry.
The ADI is produced by austempering of ductile iron, where a unique microstructure -
ausferrite (mixture of carbon enriched, stable, retained austenite and ausferritic ferrite) is
obtained. By varying austempering parameters the different morphologies of ausferrite and
amounts of retained austenite could be achieved. For that reason, characterization of
microstructure and its influence on mechanical properties is of great importance.
In this paper, the ADI materials were produced by austenitisation at 900°C/2h and
austempering at 300°C/1h, 400°C/1h and 400°C/3h. The microstructure was examined by
“Leitz-Orthoplan” light microscope, while fracture mode by SEM JEOL JSM 6460LV, at 20kV. To
identify microstructures a standard etching by 3% nital and heat tinting etching (heating in air,
at 260°C/5h) was carried out.
The microstructure of ductile iron was mostly ferritic, with spheroidisation >90%, graphite
amount 10.9%, nodule size 25÷30 μm and nodule count 150÷200 per mm2; while the
mechanical properties were: Rm=473 MPa, Rp0.2=326 MPa, A=22.2%, KO=119 J. The ADI
austempered at 300°C/1h posses high strength and low ductility (Rm=1513 MPa, Rp0.2=1395
MPa, A=3.8%, KO=68 J), while ADI austempered at 400°C/1h had low strength and high
ductility (Rm=1042 MPa, Rp0.2=757 MPa, A=14.2%, KO=140 J). At 400°C/3h, strength of ADI
remained at same level, but ductility decreases (Rm=1060 MPa, Rp0.2=780 MPa, A=9.8%,
KO=95 J).
The difference in mechanical properties is due to different microstructures, Fig. 1-2. After 1
hour austempering, microstructure is fully ausferritic. When temperature increases from 300 to
400°C the ausferritic morphology is changing, from needle-like (Fig. 1a) to more plate-like (Fig.
1b), while amount of retained austenite increases from 16 to 31.4%. The 3h austempering time
results in decrease of retained austenite to 24.1%, due to decomposition to bainite (mixture of
ferrite and carbides), Fig. 1c, 2c. The occurrence of carbides (white in Fig. 2c) makes the
material brittle and thus, it should be avoided. The effect of microstructure on fracture mode is
presented in Fig. 3, where the fracture is changing from mix mode to fully ductile with
increases of retained austenite amount, Fig 3a and 3b. On the contrary, the carbides presence,
formed during prolonged austempering time, has opposite effect on fracture mode, i.e.
fracture becomes fully brittle produced by quasi-cleavage mechanism, Fig. 3c.
Finally, based on presented results it could be summarized that the optimum mechanical
properties of an ADI can be achieved upon achieving appropriate microstructure.
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Fig. 1: Microstructure of ADI: a) 300°C/1h, b) 400°C/1h, c) 400°C/3h; etched by 3% nital
 

 
Fig. 2: Microstructure of ADI: a) 300°C/1h, b) 400°C/1h, c) 400°C/3h; heat tinting (purple - reacted, carbon enriched
retained austenite - the higher the carbon, the darker the purple color; light blue - unreacted, low carbon retained
austenite; beige - ausferritic ferrite; white or cream - carbides, and dark blue - martensite)
 

 
Fig. 3: Fracture mode of ADI: a) 300°C/1h, b) 400°C/1h, c) 400°C/3h
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Microstructure evolution in terms of coarsening and redistribution of carbide and nitride
precipitates in two grades of 9-12% Cr steels, X20CrMoV121 and X10CrMoVNb91 after
long-term tempering was investigated. Samples for SEM imaging were prepared from three
characteristic microstructures, namely base metal (α) and two heat affected zone (HAZ)
regions, i.e., inter-critical (α+γ) and coarse-grained (γ) microstructures. All three
microstructures were tempered for 6 months at 750 °C and 2 years at 650 °C. Applying an
accelerating voltage of 15 kV, SEM images were taken at magnifications of 5000× and
10000×, which were found to be optimal for analysis of size and distribution of precipitates.
Additional image enhancements were necessary for more reliable results before automatic
image analysis. Besides this statistical SEM characterization, a more detailed microstructure
examination was performed using HR-TEM and the EDS analysis. The main reason of using
these techniques was the observation and characterization of very small carbide particles,
which were impossible to characterize using the SEM at the magnifications applied. The EDS
point analysis and mapping of carbide and nitride precipitates were performed, focusing on
carbide and nitride forming elements such as Cr, V and Nb. The results of size, distribution and
inter-particle spacing of carbide and nitride precipitates were then compared to the measured
stationary creep, where important correlations were found and as such they can be used as a
means of predicting the long-term behavior and the lifetime of studied materials.
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Fig. 1: Steel X20CrMoV121 at the initial state (tempered
martensite).
 

 
Fig. 2: Steel X20CrMoV121 after 1 year of tempering at 750
°C.
 

 
Fig. 3: Steel X10CrMoVNb91 at the initial state (tempered
martensite).
 

 
Fig. 4: Steel X10CrMoVNb91 after 1 year of tempering at
750 °C.
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In this work, a vanadium-containing medium-carbon steel was studied. Through the isothermal
treatments, the nanometer-sized fibrous carbides adjacent to the nanometer-sized
interphase-precipitated carbides were obtained. Thereby, TEM could provide direct orientation
information about the transition of different precipitation modes [1-3]. The montage of TEM
micrographs in Figure 1 was taken from the region covering the interphase-precipitated
carbides, the fibrous carbides and pearlite in a ferrite matrix in the treated specimen. It is
revealed that the interphase-precipitated carbides are intimately connected with the fibrous
carbides in the ferrite grain. The direct crystallographic information for the transition from
interphase-precipitated carbides to fibrous carbides within a ferrite grain is presented in Figure
2, which provides TEM bright-field and dark-field images with corresponding diffraction
patterns. As analyzed in Figures 2d, e and f, both interphase-precipitated carbides and fibrous
carbides are identified as VC carbide with NaCl-type crystal structure; both carbides are also
within the same ferrite grain. Interphase-precipitated carbides adopt only one variant of
Baker-Nutting orientation relationship (B-N OR) with respect to the ferrite: (0 0 1)VC || (0 0 1)ferrite

and [-1 1 0] VC || [0 1 0]ferrite, as identified in Figure 2e. Fibrous carbides also exhibit only one
variant of B-N OR with respect to the same ferrite: (0 0 1)VC || (1 0 0)ferrite and [ -1 1 0]VC || [0 1
0]ferrite , as identified in Figure 2f. The TEM results in Figures 2e and f clearly indicate that the
transition from the mode of interphase precipitated carbides to that of fibrous carbides leads
to a new selected variant via a 90° rotation of VC carbide crystal around [-1 1 0]VC. The results
provide strong evidence to suggest that during the transition the carbide broad plane (0 0
1)VC|| (0 0 1)ferrite shifts from the position most closely aligned to the α/γ interface to that almost
perpendicular to the α/γ interface.
References
1. D.V. Edmonds, J. Iron and Steel Inst., 210 (1972) 363.
2. A.D. Batte, R.W.K. Honeycombe, J Iron Steel Inst., 211 (1973) 284.
3. R. Okamoto, A. Borgenstam, J. Agren, Acta Mater., 58 (2010) 4783.
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Fig. 1: A montage of TEM bright-field image taken from the region covering interphase-precipitated carbides, fibrous
carbides and pearlite in ferrite matrix.
 

 
Fig. 2: (a) TEM BF image; (b) DF image (002)VC reflection of interphase-precipitated carbides; (c) DF image (002)VC

reflection of fibrous carbides; (d) SADP revealing two variants of Baker-Nutting B-N OR; (e) interphase-precipitated VC
carbides adopt 1st variant of B-N OR; (f) fibrous VC carbides adopt 2nd variant of B-N OR with the same ferrite.
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Nanobelt-like precipitates with high density were found in the Al-Si-Mg-Hf-Y aluminium alloy
after high temperature heat treatment, and identified as Si2Hf structure by combining HRTEM,
EDX techniques[1]. The alloy with these precipitates was found to evident improvement on
creep property which is beneficial for application of automobile cylinder head.
In this study, we used FIB-SEM technique to investigate Si2Hf nanobelt-like precipitation to
understand how the precipitations distributed in three-dimensional space. From Fig.1a, we
could clearly observe the nanobelt-like precipitates growing along some certain directions. The
close-up of the precipitates in red marked area from Fig.1a was analysed, and ten different
growing orientation naonbelt-like precipitations were found as shown in Fig.1 b-d. In addition,
many other precipitations with rectangle shape were also observed, and their chemical
composition and crystal structure are under investigation.
Fig.2 shows the EBSD inverse pole figure (IPF) map of the same sample as described above,
from which one can obtain the crystallographic orientation of the Al matrix in the studied
region. By combining FIB 3D-reconstructed result with the EBSD result we could calculate the
orientation index of these nanobelt-like precipitations in the Al matrix. The work is still going
on.
Keywords: FIB, EBSD, precipitate, Al alloy
Reference:
[1] Z.H. Jia, L. Arnberg, Nanobelts in multicomponent aluminum alloys, Appl. Phys. Lett., 2008,
093115.
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Fig. 1: Fig. 1 3D reconstruction of the Al-Si-Mg-Hf-Y aluminium alloy: (a) 3D visualization of the nanobelt-like
precipitates, (b)-(d) close-up view of marked area from (a). The precipitates with different distributed directions were
indicated by arrows with corresponding colours and numbers.
 

 
Fig. 2: Fig. 2 An inverse pole figure map of the Al-Si-Mg-Hf-Y alloy
 



Type of presentation: Poster
 

MS-4-P-3084 Electron and Scanning Probe Microscopy Characterization of Shape
Memory Alloy Micro-Pillars Array Along Nano-Compression Test
 

Gómez-Cortés J. F.1, San Juan J.1, López G. A.2, Jiao C.3, Nó M. L.2
 
1Dpto. Física de la Materia Condensada/Facultad de Ciencia y Tecnología/Universidad del País
Vasco, Bilbao, Spain, 2Dpto. Física Aplicada II/ Facultad de Ciencia y Tecnología/Universidad del
País Vasco, Bilbao,Spain, 3FEI, Achtseweg Noord 5, 5651 GG Eindhoven, The Netherlands
 

Email of the presenting author: josefernando.gomez@ehu.es
 
Shape memory alloys (SMA) are materials that exhibit a martensitic phase transformation,
leading two interesting thermo-mechanical properties, the shape memory and the
superelasticity effects. The martensitic phase transformation is a first order and diffusionless
crystal phase transition between two crystallographic phases, which can be induced thermally
(shape memory effect) or by the application of stress (superelasticity effect). These
thermo-mechanical properties make SMA very useful in a wide variety of applications like
actuators and sensors [1].
The current device miniaturization tendency has led to growing interest in developing SMA for
microelectromechanical systems (MEMS) motivated by its high work output per volume unit.
This approach has been applied mainly using NiTi based alloys, with which some MEMS have
already been fabricated [2]. Nevertheless, in recent years it was demonstrated that Cu-Al-Ni
SMA have also notable properties at micro and nano-scale [3-5], opening a new promising
possibility in this area.
In this work we present the microscopic characterization of the top shape of Cu-Al-Ni
micro-pillars during a long superelastic cycling in nano-compression tests. The array of 4x4
micro-pillars studied were milled by Focused Ion Beam technique using a 3D-nanoprototyping
program on a (100) Cu-Al-Ni single crystal. All pillars were tested in an instrumented
nanoindenter with a sphero-conical diamond indenter. Electron and scanning probe microscopy
images were taken along nano-mechanical tests (Figure 1). A residual plastic deformation was
observed on the top of all tested pillars and its evolution and stabilization during de tests is
explained and discussed. Fully recoverable and reproducible superelastic behaviour has been
obtained during long term cycling tests above thousand cycles (Figure 2). These promising
results open the door for designing potential applications doing use of 3D devices of SMA,
which could be integrated in MEMS technology.
[1] K. Otsuka and C. M. Wayman in “Shape memory alloys”, ed. Cambridge University press,
(1998).
[2] S. Miyazaki et al in “ Thin film shape memory alloys” ed. Cambridge University press,
(2009).
[3] J. San Juan, M. L. Nó, and C. A. Schuh, Advanced Materials 20 (2008), p. 272.
[4] J. San Juan, M. L. Nó, and C. A. Schuh, Nature Nanotechnology 4 (2009), p. 415.
[5] J. San Juan, J. F. Gómez-Cortés, G. A. López, C. Jiao, and M. L. Nó, Appl. Phys. Lett. 104
(2014), p.011901
 

Acknowledgement: The authors thanks to the Spanish Ministry of Economy and Competitivity
MINECO, project MAT2012-36421 and CONSOLIDER-INGENIO CSD2009-00013, the
Consolidated Research Group IT-10-310 and the ACTIMAT-2013 from ETORTEK from the
Basque Government. J. San Juan and M.L. Nó also acknowledge the support from EOARD
through the Grant FA8655-10-1-3074. J.F. Gómez-Cortés thanks the Ph.D. Grant from the
MINECO



 
Fig. 1: CuAlNi 4x4 micro-pillars array. a) SPM image of array before nano-mechanical tests, b.) SPM image of single
pillar before nano-mechanical tests, c.) and d.) SEM and SPM of array and single pillar respectively after
nano-mechanical tests
 

 
Fig. 2: Superelastic nano-compression tests performed on single pillar, after 1005 previous cycles, in load control mode
at a loading rate of 250 mN s-1. The loading-unloading cycles for cycles 1006 to 1010 have been superimposed to show
the reproducibility of the behavior
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The main alloying elements in 6xxx aluminium alloys are Silicon and Magnesium. Lean alloys
where the content of alloying elements is typically less than 1 atomic percent (at %), are often
used in rolling and extrusion, yielding the material medium strength and more ductility than
for higher alloying contents. The goal in this work has been to replace a small amount in at %
of Si and Mg with an even lower amount of other elements such as Cu, Ag and Ge and keep the
peak hardness at the same level or higher. Achieving this goal would open the possibility of
producing alloys with improved extrudability. It is known from previous studies that additions
of Cu, Ag and Ge improve material strength, and these elements enter the crystal structure of
hardening precipitates [1-3].
Three alloys were investigated, defined as a lean reference, a denser reference and a Cu, Ag
and Ge-added lean reference, with the total solute content higher than the lean reference, but
lower than the dense reference. A final heat treatment of 4 hours of artificial ageing at 195 ⁰C
produced conditions close to peak hardness for all alloys. It was found that adding Cu, Ag and
Ge leads to an increased hardness compared to the lean reference, but the hardness was still
lower than that of the denser reference. Precipitate type, size and volume fraction were
determined for the three alloys using conventional transmission electron microscopy (TEM)
and are presented in Table 1. Further characterization of precipitate types was performed
using aberration corrected high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM). The distribution of the heavy Cu, Ag and Ge elements in the
precipitate structure was determined.The denser reference alloy and the alloy with Cu, Ag and
Ge additions are illustrated in Fig. 1 (a) and (b) respectively. The images are taken from similar
thicknesses in the material and are therefore directly comparable. High number densities of
relatively small needles (Fig. 1 (a)) produce a higher hardness than the lower number densities
of larger needles (Fig. 1 (b)).
[1] C. D. Marioara, S. J. Andersen, T. N. Stene, H. Hasting, J. Walmsley, A. T. J. Van Helvoort and
R. Holmestad, The effect of Cu on precipitation in Al-Mg-Si alloys, Philos. Mag., ISSN
1478-6435, vol. 87, 2007, 3385-3413.
[2] S. Wenner, C. D. Marioara, Q. M. Ramasse, D. M. Kepaptsoglou, F. S. Hage and R.
Holmestad, Atomic-resolution electron energy loss studies of precipitates in an Al–Mg–Si–Cu–Ag
alloy, Scripta Mater., ISSN: 1359-6462, Vol. 74, 92-95, 2014.
[3] R. Bjørge, S. J. Andersen et al., Scanning transmission electron microscopy investigation of
an Al-Mg-Si-Ge-Cu alloy, Philos. Mag., ISSN: 1478-6443, DOI:10.1080/14786435.2012.700129,
vol. 92(32), 3983-3993, 2012.
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Fig. 1: TEM micrographs of the microstructure after 4 hours of artificial ageing at 195 ⁰C in a) the denser reference
alloy and b) the alloy containing Cu, Ag and Ge.
 

 
Fig. 2: TEM micrograph of a β" - like precipitate cross
section in the alloy containing Cu, Ag and Ge, after 4 hours
of artificial ageing at 195 ⁰C.
 

 
Fig. 3: Average cross sections, needle lengths and number
densities for the alloys. The numbers are based on
measurements of at least 100 cross sections and 1000
needle lengths from one grain in each condition.
 



Type of presentation: Poster
 

MS-4-P-3136 Hf-containing precipitates in the Al-Si-Mg-Hf aluminum alloy
 

Jia Z. H.1, Wang X. L.1, Huang H. L.1, Xing Y.1, Liu Q.1
 
1College of Materials Science and Engineering, Chongqing University, Chongqing, China
 

Email of the presenting author: zhihongjia@cqu.edu.cn
 
Hf element has the same group as Zr and Sc elements in the elemental table. For the latter
two, there are many research reports because of their efficient effect on the alloy properties
by adding a small amount of them. Particularly, co-addition of Zr and Sc could form core-shell
structure which is more stable and homogeneous distributed comparing to either individual
addition. However, fewer studies on Hf addition into aluminum alloys can be found. A new
precipitate were reported by one of the present authors, which shows nanobelt-like
morphology with Si2Hf structure [1].
In this work, different Hf-containing precipitates in Al-Si-Mg-Hf alloys were found. The
precipitates show various kinds of morphologies, such as nanobelt-like, rectangle, triangle,
trapezoid etc.(Figure 1) The chemical compositions and crystal structures of these precipitates
were investigated by STEM-EDS and HRTEM with diffraction techniques. It was shown that the
formation of the Al-Hf or the Si-Hf precipitate is closely related to the heat treatment
conditions. The precipitates formed at high temperature of 560oC were investigated in more
detail. The distribution and the orientation relationship of the nanobelt-like precipitate were
studied by FIB 3D-imaging reconstruction combined with EBSD and HRTEM as well. In addition,
the growth mechanism of the nanobelt-like precipitate preferentially along one-dimension will
be discussed.
Keywords: Aluminum alloy, Precipitation, TEM, FIB
Reference:
[1] Z.H. Jia, L. Arnberg, Nanobelts in multicomponent aluminum alloys, Appl. Phys. Lett., 2008,
093115.
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Fig. 1: Figure 1 TEM investigations of the Hf-containing precipitates in the Al-Si-Mg-Hf alloy. (a) nanobelt-like precipate;
(b-c) triangle and trapezoid shaped precipitates; (d) rectangle shaped precipitate.
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Beta-titanium alloys are used as materials for bio-application. Their properties suitable for this
purpose are low Young’s modulus, high strength, good corrosion resistance etc. These
properties are attached with microstructure (phase composition, grain size etc.). These alloy
exhibit very coarse grains in as-cast state. Therefore hot rolling (or hot forging) is desirable
process step in order to obtain fine grained microstructure with desired mechanical properties.
Fine grained microstructure is also suitable for subsequent cold deformation that may result in
further improvement of mechanical properties. In this work hot rolling of-as-cast beta titanium
alloys (type TiNbTaSn) was performed at temperatures between 900 and 1080°C in several
steps. The total section reduction was about 50%. Subsequently rolled rods were solution
treated at 850°C/0.5h/water quenched. The effect of Sn addition (6, 8 and 10 wt.% - marked
6Sn, 8Sn and 10Sn) has been studied by using light microscopy (LM) and electron microscopy
(electron back scatter diffraction – EBSD).
The microstructure of hot rolled specimens consists mainly of very coarse and elongated
grains of β-Ti (bcc) phase. These grains originate from as-cast grains. Inside these grains
significant amount of low angle grain boundaries has been detected by EBSD analysis for all
studied materials. This signs, that these coarse grains are deformed. Along their grain
boundaries relatively fine grains occured in all studied specimens (e.g. Fig.1). This means that
dynamic recrystallization took place during hot rolling on grain boundaries (places with higher
accumulated deformation). Recrystallization was observed in solution treated 6Sn and 8Sn
specimens, where fine equiaxed β-grains has been observed (Fig.2). In 6Sn specimen areas
consisting of α”-martensitic phase are present (Fig3). These areas were not indexed during
EBSD analysis (dark areas in Fig.2) This signs that MS (martensite start) temperature is
lowered below room temperature by Sn addition, because no martensite has been observed in
specimens 8Sn or 10Sn addition. In 10 Sn specimen both recrystallized and deformed grains
has been observed (Fig.4). The recrystallization took place in this specimen only in highly
deformed regions (original grain boundaries) during solution treatment, so the Sn hinders
recrystallization in this type of alloys.
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Fig. 1: Inverse pole figures of hot rolled 6Sn specimen (RL)
 

 
Fig. 2: Inverse pole figures of solution treated 6Sn
specimen (RL)
 

 
Fig. 3: Light micrograph of and solution treated 6 Sn
specimen (RL)
 

 
Fig. 4: Inverse pole figures of solution treated 10Sn
specimen (RL)
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The Al-Mg-Ge alloy is one of the age-hardening aluminum alloy after solution heat treatment.
It has been proposed that the age-precipitation behavior of Al-Mg-Ge alloy is different from
that of Al-Mg-Si alloy according to our previous works about the microstructure on Al-Mg-Ge
alloy over-aged at 523K1). There a few reports about microstructure on Al-Mg-Ge alloys
observed by TEM for different aging temperature. But the age-precipitation structure of
Al-Mg-Ge alloy has not been became clear. In this work, Al-Mg-Ge alloys observed
age-precipitates were analyzed about their types of crystal lattice by HRTEM to understand the
age-precipitation.
The alloy of Al-1.0mass%Mg2Ge was obtained by laboratory casting. This alloy sheet with
1.5mm thickness and 15mm width was made by hot extrusion. The specimens were solution
heat treated at 873K for 3.6ks in an air furnace, quenched in chilled water. Aging treatment
was done in oil bath at 473K. After the aging, specimens are polished by using two type
electrolyte, perchloric acid: ethanol=1:9, nitric acid: methanol=1:3 and make specimens for
TEM. The microstructure was observed using TOPCON EM-002B operated at 120kV.
Figure 1 shows HRTEM images obtained for Al-1.0mass%Mg2Ge alloy aged at 473K for 600ks.
The hexagonal network of the bright dots in this cross section of precipitate was observed with
the spacing about 0.72nm.It is recognized as the b’-phase in Al-Mg-Ge alloy.
Figure 2 shows HRTEM images obtained for Al-1.0mass%Mg2Ge alloy aged at 473K for 600ks.
The large precipitate is identified as the type-A precipitate in this alloy. It shows a rectangle
network of 0.36nm and 0.69nm. This large precipitate are similar to the A-type precipitate in
the Al-Mg-Si alloy with excess Si. It is found that the age-precipitates are b’phase and type-A
precipitate in Al-1.0mass%Mg2Ge alloy over aged at 473K for 600ks.
References
1) K. Matsuda , T. Munekata , T. Kawabata , Y. Uetani and S. Ikeno: J. Inst. Light. Metals,56,11



 
Fig. 1: HRTEM images of obtained for samples aged for 600ks: b’ phase.
 

 
Fig. 2: HRTEM images of obtained for samples aged for 600ks: Type-A precipitate.
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Duplex stainless steels (DSSs) have been increasingly used for a variety of applications in
marine construction, chemical industries and power plants, due to their excellent combination
of mechanical property and corrosion resistance. It is well known that such good properties
depend on the two-phase microstructure of a mixture of approximately equal amounts of
austenite (γ) and ferrite (α). Generally, the steel cold forging process is a very cost effective
metal forming method for mass produced parts and it includes several benefits with respect to
other forging methods such as a reduction in waste material, energy saving and production of
a net shape or near-net part with little or no machining requirements. In most production
processes, in order to obtain high product rate, the initial billets usually are hot processed to
forging parts by rough forge at the beginning and subsequently processed by finish hot-forge.
Even so, the processing of DSS steels still requires special care due to the poor hot workability,
which may lead in many cases to the presence of cracks if hot working parameters are not in
the optimum conditions. However, there is still a lack of knowledge concerning the study on
cold working characteristics of duplex stainless steels and it is possible to obtain a more
fundamental understanding of microstructural behavior of duplex stainless steels under these
conditions.
The aim of the present work was to undertake a detailed investigation of the microstructural
evolution of a dual-phase α-ferrite/γ-austenite 2205 duplex stainless steel deformed by cold
forging process. The cold forged parts were produced using a multi-station cold forming press
and deformed through an uniaxial compression by three deformation passes with the same
loading direction. Microstructural analyses were carried out by means of Electron
Back-scattered Diffraction (EBSD) and Transmission Electron Microscopy (TEM). The results
indicate that the applied deformation causes significant microstructural modifications in terms
of grain size, misorientation distribution, grain subdivision and texture. The EBSD orientation
maps qualitatively show the formation of deformation bands within the α and γ grains as the
deformation is applied. Furthermore, from the grain boundary analysis, an increased density of
Low Angle Grain Boundaries (LAGBs) appears, mainly in austenite grains, and the beginning of
subgrains' formation is suggested. In addition, phases orientation relationships evolution
between neighbouring grains of α and γ phases were analyzed as a function of the
deformation. Moreover, in this paper, a direct comparison of images obtained by using EBSD
and TEM techniques for the deformed microstructure is presented by inspecting exactly the
same zone of the sample.
 

Acknowledgement: The authors are grateful to Zoppelletto Spa ( Torri di Quartesolo, Vicenza,
Italy) for the material supplying and cold forging tests.



 
Fig. 1: a) EBSD grain map and inverse pole figures of b) ferrite and c) austenite phase of the as-received sample.
 

 
Fig. 2: a) EBSD grain map and inverse pole figures of b) ferrite and c) austenite phase of cold-forged sample.
Compression axis is orthogonal to the investigated area.
 

 
Fig. 3: a) EBSD orientation map and b) phase map of cold-forged sample. c) TEM micrograph of the corresponding
EBSD area; fine deformation twins are marked by a white arrows whereas red lines indicate the grain boundaries.
 



Type of presentation: Poster
 

MS-4-P-3269 Shell-wise growth of (Nb,Ti)(C,N) precipitates during cyclic cooling of
microalloyed steel
 

Wojcik T.1, Kozeschnik E.1
 
1Institute of Materials Science and Technology, Vienna University of Technology, Vienna,
Austria
 

Email of the presenting author: tomasz.wojcik@tuwien.ac.at
 
The nucleation and growth characteristics of NbC- and TiN-precipitates, as well as complex
Ti-Nb-carbonitrides in microalloyed steel, have been investigated numerous times. Due to
different solubility products, TiN nucleates at higher temperatures than NbC in austenite. Both
phases have the same fcc crystal structure with similar lattice constants and are able to form
complex Nb-Ti-carbonitrides. In the present work, Nb-Ti-microalloyed steel samples are
exposed to a cyclic cooling profile with nine quenching and reheating cycles between 1200°C
and 800°C. The temperature oscillations have amplitudes of over 100K. The actual
composition of the precipitates depends on the temperature and chemistry of the matrix. A
TEM-investigation of samples treated in this way shows various particle populations. The
largest ones, which nucleated at the first stages of the heat treatment, are platelet shaped
with diameters of over 200 nm. The EDX and EFTEM characterisation shows an alternating
structure of shells with local Nb- and Ti-enrichments. In HRTEM micrographs of these particles,
local variations in the lattice parameter are measured. The number of shells corresponds to
the number of applied thermal cycles. The smallest precipitates are spheroidal NbC
nanoparticles with diameters up to 10 nm. The experimental setup is modelled with the
thermo-kinetic software MatCalc, which allows for the simulation of the precipitate evolution in
the course of this cyclic treatment. The calculated results are in good agreement with the
experimental data.
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In this reserach, the carbon content of multiple bainitic laths are determined via accurate
convergent beam electron diffraction method (CBED). The misorientation angles betweeen
bainitc ferrite laths can also be determined simultaneously. A 0.1C-3Mn-2Si steel was used in
this research, and carbide-free bainite was formed, which is currently widely studied due to
potential mechanical behaviour as a result of TRansformation Induced Plasticity effect (TRIP).
For the first time, misorientation angles between and carbon content in bainitic laths are
gathered at the same time, allowing more clear understanding of the characteristics of bainite
transformation. Misorientation angles are identified using Kikuchi lines and simulating
software, while the carbon concentration was deduced CBED high order Laue zone (HOLZ)
lines shift due to lattice parameter expansion.  It was found out that the misorientation
angles between the adjacent bainitic ferrite laths generally has two type, either KS-variants
related or in very small angle. The prior one is due to variant selection during austenite to
bainite transformation, while the latter one is possibly due to plastic accomodation of austenite
after the formation of previous bainitic ferrite. The carbon concentration of each lath was also
individually determined, and results are in accord with previous researches using atom probe
tomography (ATP), suggesting the reliability of CBED method. Simultaneous morphological,
crystallographical and chemical informations can be obtained using CBED method.   
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Engineering Research Center (ASMC-ERC) in National Taiwan University, founded by China
Steel Corporation and Companhia Brasileira de Metalurgia e Mineração. The authors also thank
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Fig. 1: STEM image of multiple bainitic ferrite laths. The laths are seperated by M/A phase. Misorientation angle can be
determined by Kikuchi lines fitting, while carbon concentration can be deduced by HOLS lines shift.
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The superior properties of the 9Cr1MoNbV steel (P91) at high temperatures depend on the
maintenance of its microstructure throughout its service life: a high density of dislocation with
M23C6 and MX type I (NbCN), type II (VN) or type III (“wings”) precipitates.
As precipitation strengthening is one of the most effective mechanism active in the P91 steel,
the precipitates present in the fusion zone (FZ), coarse-grained (CGHAZ), fine-grained (FGHAZ)
and intercritical (ICHAZ) heat affected zones generated by a FCWA process, with a rutilic slag
wire as filler material, were identified by means of TEM on carbon extraction replicas, before to
doing the PWHT.
Precipitates found in the base material (BM) were shown in a previous work. The M23C6 carbides
(M = 55.4Cr-32.2Fe-11.5Mo-0.9V) were the major observed precipitates They were followed by
isolated or clusters of VN precipitates with a chemical composition of 54.9V-22.3Cr-22.8Nb and
“wings”.
The FZ exhibited inclusions (18.8Cr-2.9V-41Mn-34.2Ti-3.1Nb) and a fine distribution of
elongated M3C (M = 16.6Cr-83.4Fe) formed as a result of autotempering during cooling (Fig. 1).
The CGHAZ subzone (Fig. 2) showed a reduction in the quantity and size of M23C6 carbides
compared to the base material. Almost all had a spherical shape and the EDS analysis of these
carbides showed that the most of them had M = 51.2Cr-36.6Fe-8Mo-4V, but few carbides with
M = 56.2Cr-22.2Fe-21.6Mo were also detected. Equiaxed particles, approximately 90 to 290
nm in diameter, were identified as primary NbCN (M = 89.9nb-5.7V-3.2Cr-1.1Ti). The size and
morphology suggest they are residual precipitates undissolved during the thermal cycle
experienced by CGHAZ subzone. Minority, small spherical NbCN (M = 83.4Nb-6.9V-9.6Cr) and
VN (M = 24.4V-49Nb-26.6Cr) precipitates were also observed.
The FGHAZ subzone M23C6 (M = 50.4Cr-34.5Fe-10.9Mo-3.5V) isolated or clusters as shown in
Fig. 3. Then, the NbCN precipitates (M = 87.5Nb-6.4V-6.1Cr) were identified and a few “wings”
with very little VN particles were observed.
In the ICHAZ subzone, M23C6 carbides with M = 57.1Cr-31.6Fe-9.3Mo-2V and M =
42.3Cr-38.1Fe-19.6Mo were observed. Then, all types of MX were identified: NbCN (M =
82.8Nb-9.7V-7.5Cr), VN (M = 61.8V-21.3Nb-16.8Cr) and elongated wings. (Fig. 4).
The M23C6 carbide was the major observed precipitate in all zones. According with
thermodinamic calculations its dissolution is completed at ~900 ºC but it was observed even in
the CGHAZ. Only traces of the VN were detected in the CGHAZ and in the few “wings”
observed in the FGHAZ. A change in a chemical identity of the MX precipitates, from V-rich to
Nb-rich was observed in the FGHAZ. The ICHAZ showed large M23C6 particles and all types of MX
precipitates, included the NbCN which was not observed in the BM.



 
Fig. 1: TEM micrograph of a carbon replica extracted from
the FZ.
 

 
Fig. 2: TEM micrograph of a carbon replica extracted from
the CGHAZ.
 

 
Fig. 3: TEM micrograph of a carbon replica extracted from
the FGHAZ.
 

 
Fig. 4: TEM micrograph of a carbon replica extracted from
the ICHAZ.
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Due to their corrosion resistance, excellent mechanical properties, low density (one-quarter
that of steel) and formability, magnesium-aluminium alloys are widely used. Especially
automotive industry applications make many efforts to increase the fuel efficiency, but the
amounts of magnesium per vehicle are very small in comparison to other materials such as
steel, aluminium and plastics and therefore as one alternative step magnesium developed as a
serious candidate for light weighting. And even for artificial replacements and biomedical
implants magnesium alloys are considered to be the new basic material because of its good
biocompatibility and biodegradation.
Continually improved and pushed by an ecological friendly awareness the early
magnesium-aluminium alloys turned into the Environment COnscious magnesium alloys (ECO
Mg). Some examples of alloys in use are AM50, ECO AM50, AZ91 and ECO AZ91. However, the
properties of all are attributed to the combined effects of chemistry, heat treatment and
microstructure. Especially the diffusion behaviour of aluminium in magnesium and in case of
an ECO alloy the presence of calcium is important (Figure 1 and 2). But also knowledge of
temperature caused the θ´´ to θ´ phase transition is essential. Optimizing the functionality of
materials often depends on a precise control of the size, shape, crystal structure and
composition of the material being synthesized. Many analysing methods were established in
order to characterise solids in an appropriate way. Among several investigative tools and
techniques like electron back scatter diffraction (EBSD) and transmission electron microscopy
(TEM) the 3D micro-structural characterization of four different alloys (AM50, ECO AM50, AZ91
and ECO AZ91) were carried out on the FEI Nanolab Nova200 dual beam focused ion beam
(DB-FIB) equipped with an energy dispersive X-ray detector (10 mm²) Quantax 400 system
from Bruker using the Esprit software version 1.8.5. The serial sectioning thickness was
selected to be 100 nm. Final data visualization was performed using the Avizo Fire software.
The results give a three dimensional comparison of the differences in the elemental
distribution, the chemical composition of the precipitates and the cell volumes. As an example
Figure 3 and 4 shows a quantitative line scan of ECO AZ91.
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Fig. 1: Aluminium distribution in ECO AZ91
 

 
Fig. 2: Calcium distribution in ECO AZ91
 

 
Fig. 3: Scan direction
 

 
Fig. 4: Quantitative elemental distribution
 



Type of presentation: Poster
 

MS-4-P-3421 Transmission electron microscopy and X-ray diffraction studies of
Ni-W/ZrO2 metal-matrix composites
 

Indyka P.1,2, Beltowska-Lehman E.2, Kania B.2, Jany B. R.3
 
1Jagiellonian University, Faculty of Chemistry, Krakow, Poland , 2Polish Academy of Sciences,
Institute of Metallurgy and Materials Science, Krakow, Poland , 3Marian Smoluchowski Institute
of Physics, Jagiellonian University, Krakow, Poland
 

Email of the presenting author: paulina.indyka@uj.edu.pl
 
     Studies on preparation and microstructure-property relationship of particle reinforced
metal-matrix composite (MMC) coatings are of fundamental importance mainly due to the
potential breakdown of classical scaling laws and the accompanying demands for advanced
materials of physical properties in the nanostructured limit. With the emergence of
nanostructured materials, electrodeposition techniques have been widely applied to obtain a
variety of new nanomaterials, including nanocomposites of enhanced mechanical properties
[1]. Such MMC coatings could be relevant for many technological applications like
thermo-resistant, hard-wearing materials [2] and as important alternatives to hard chromium
coatings. Electrodepositited composites containing hard ceramic particles incorporated into a
Ni-W alloy matrix has been the subject of few papers [3,4], but none was related to the
Ni-W/ZrO2 system.
     The sample structural features were investigated using X-Ray diffraction and
high-resolution transmission electron microscopy (HRTEM), high-angle annular dark-field
scanning transmission electron microscopy (HAADF STEM), in combination with electron
energy loss spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDX) at nanometer
scale.
     A detailed characterization on the structural and chemical composition of ZrO2 nanoparticles
embedded in a Ni-W supersaturated alloy matrix of about 10 nm grain size is presented. As
seen in Fig. 1. deposited composite material was crack free, compact, and well adherent to the
steel substrate. We report structural and compositional inhomogenities found in the Ni-W
matrix, where the local changes in Ni-W alloy composition were found to reach 10 wt%. EDX
results exemplified in Fig. 1a show tungsten segregation/enrichement in between the ceramic
nanoparticles regions, being consistent with complementary EELS data. In addition, changes in
the O K edge was observed at the surface of the ZrO2 particles.
     These observations, complemented by microhardness, wear and corrosion resistance tests,
allow for detailed understanding of tungsten-based alloy and composite systems functional
properties.

[1] Z. Zhang, D.L. Chen, Scripta Materialia 54 (2006) 1321–1326.
[2] C. Kerr, D. Barker, F. Walsh, Transaction of the Institute of Metal Finishing 78 (2000)
171–178.
[3] B. Han, X. Lu, Surface & Coatings Technology 203 (2009) 3656–3660.
[4] E. Beltowska-Lehman, P. Indyka, A. Bigos, M. Kot, L. Tarkowski, Surface & Coatings
Technology 211 (2012) 62–66.
 

Acknowledgement: Funding from the Polish National Science Centre under grant number NCN
2011/01/B/ST8/03974, 2011 – 2014 is acknowledged.



 
Fig. 1: In the background SEM BSE overview image of the Ni-W/ZrO2 MMC deposited on a steel substrate,(a) STEM
HAADF overview image and EDX color maps of the system, showing the Zr, O, Ni and W distribution, notice different
Ni/W repartition, (b) EELS signal of Ni (Ni-L3,2 edge 855 eV), W (W-M5,4 edge 1809 eV) and Zr (Zr-L3,2 edge 2222 eV).
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Among the ferromagnetic shape memory systems the metallic compound Co-Ni-Al shows
particularly advantageous properties such as good oxidation resistance, low density and
appreciable ductility at room temperature, therefore current research activities are focussing
on a better understanding of the structure and the behaviour of this alloy.
In the present work austenitic single crystals with nominal composition Co38Ni33Al29 were studied
by means of X-ray Kossel diffraction within a scanning electron microscope. The samples were
grown in [100] direction by the Bridgman method and wet-polished using conventional
metallographic techniques. Fig. 1 shows a SEM micrograph with two crystal phases present in
the sample, the matrix B2-β-phase with filigrane precipitates of A1-γ-phase.  In the X-ray
diffraction studies, a further unusual doubling of X-ray Kossel reflections was observed close to
the phase boundary besides the Co-Kα and Ni-Kα (111) reflections in each case as can be seen
in Fig. 2. This doubling could be explained by an abnormal overlapping of Kossel reflections of
the two different crystal phases whilst allowing to determine precisely the orientation
relationship as Kurdjumow-Sachs:
                                                        (111)A1 || (110)B2, [110]A1 || [111]B2.
      
Moreover, remarkable dark regions (lower backscatter coefficient η due to a channeling effect)
between the B2 matrix and the γ-phase were seen using backscattered electrons (see Fig. 1).
On the basis of Kossel investigations it may be concluded that this structure along the
boundary is connected to the measured exact plane orientation relationship between the
phase and the matrix: (111)A1 || (110)B2 (misorientation within a few tenths of a degree) and
therefore reveals areas of excellent crystal quality with very low dislocation density.
 

Acknowledgement: The authors are grateful to M. Melo for his experimental help.



 
Fig. 1: SEM micrograph showing the different crystal phases using backscattered electrons.
 

 
Fig. 2: X-ray Kossel diffraction pattern of the ferromagnetic shape memory alloy Co-Ni-Al at the matrix close to the
phase boundary. Overlaps of two Kossel reflection systems between the A1 and the B2 crystal phases can be seen.
 



Type of presentation: Poster
 

MS-4-P-3474 The influence of the number of constrained groove pressing cycles on
the microstructure of twin-roll cast aluminum alloy.
 

Cieslar M.1, Bajer J.1, Poková M.1, Zimina M.1, Zrník J.2
 
1Charles University in Prague, Faculty of Mathematics and Physics, Prague, Czech Republic,
2COMTES FHT a.s., Dobřany, Czech Republic
 

Email of the presenting author: cieslar@met.mff.cuni.cz
 
Mechanical properties of metallic materials are very sensitive to the grain size. A reduction of
the mean grain size increases the yield stress and the tensile strengths according to the
Hall-Petch relationship. Severe plastic deformation (SPD) is frequently used for the grain
refinement of metals and alloys [1]. The basic principle of the SPD process consists in inducing
the extremely high plastic strain into the material resulting in a substantial grain refinement
and improved strengths. Among them three methods are the most suitable for processing of
continuous UFG strips. They are the accumulative roll-bonding [2], continuous confined strip
shearing [3] and constrained groove rolling or its discontinuous version - constrained groove
pressing (CGP) [4]. In our study the mechanical properties and stability of the microstructure of
aluminum alloy after 1 – 3 CGP steps were studied using the microhardnes measurements and
light and electron microscopy characterization. One of the main benefit of the CGP technique is
the improvement of the mechanical properties withoutanydimensional changes of the material.
The homogeneity and final thermal stability of the grain structure in aluminum alloys depends
on the processing temperature, number of CGP cycles but also on the grain size of the initial
material and the size and distribution of coarse primary particles which are generally present
in the ingot cast and cold-rolled sheets. Therefore the thermal stability and homogeneity is
improved in materials with fine particles and small grain size which is typical for continuously
twin-roll cast (TRC) aluminum alloys. Microhardness mappings were done on the material with
ultra-fine grained structure prepared by CGP of twin-roll cast AA3003-based aluminum strips. A
commercial TRC alloy modified by a small addition of Zr was used in the study. Light optical
microscopy and electron microscopy were used for the microstructure investigations.
[1] R. Z. Valiev, A. V. Korznikov, and R. R. Mulyukov, Mater. Sci. Eng. A168 (1993), p.141.
[2] Y. Saito, H. Utsunomiya, N. Tsuji, T. Sakai. Novel ultra-high straining process for bulk
materials – development of the accumulative roll-bonding (ARB) process. Acta Mater. 47
(1999) 579-583.
[3] J.-Ch. Lee, H.-K. Seok, J.-H. Han, Y.-H. Chung: Controlling the textures of the metal strips via
the continuous confined strip shearing (C2S2) process. Materials Research Bulletin 36 (2001)
997-1004.
[4] J.W. Lee, J.J. Park: Numerical and experimental investigations of constrained groove
pressing and rolling for grain refinement. J. Mater. Process. Technol. 130-131 (2002) 208-213.
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Fig. 1: Light optical micrograph of the twin-roll cast AA3003
aluminum alloy after 3 cycles of constrained groove
pressing.
 

 
Fig. 2: Distribution of microhardness HV 0.1 (in MPa) in the
specimen from Figure 1.
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Materials used to provide both electrical current flow and creation of electric arc in low voltage
switchgear devices such as contactors, relays, circuit breakers and switches, are made of silver
based alloys, (Ag-CdO (88/12), Ag-ZnO (92/8), Ag-SnO2 (88/12), Ag-Ni (70/30), Ag-Ni (60/40)
and Ag-W (50/50)). Properties both in terms of mechanics and thermodynamics, and from
point of view of electronic emissivity remain very poorly known for these complex aggregates
where oxides are more or less dispersed in the silver matrix. Currently new contact types with
increased longevity were marketed but manufacturers do not have enough knowledge about
this improvement. Unfortunately, one must note the lack of rational scientific explanations on
improving the performance of new materials; new switches currently on the market perform
thousands of operations under load without failure. The aim of this work is to define, measure
and explain from both theoretical and experimental point of view, the phenomena of electron
emission for the following material (Ag-Ni (60/40)), pure silver is the material reference. To
better define this work, one can say that we will be able to identify at the end of this study the
bases for a better understanding of the electron emission at the surface of the alloy formed
from the silver matrix; thus, the role played by the metal alloy nanoparticles (Ni, W) will be
more clearly identified.
The observations made in the present investigation reveal the multiple layer structure of the
silver-nickel alloys. Indeed, segregation of nickel interfaces of a solid solution Ni-Ag is
important. A multilayer model taking into account the strong intergranular and volume
segregation gives a good interpretation of the results. The observations with the scanning
electron microscope and analyses by energy dispersive X-ray spectroscopy (EDS) have shown
the evolution of the surface composition for contact material after heating treatment.



 
Fig. 1: EDS line scans of two representative points (one
bright and one dark) for the central contact surface of the
conditioned cathode (500 arcs), Ag-Ni (60/40). SEM
magnification x 2000.
 

 
Fig. 2: EDS line scans of two representative points (one
bright and one dark) for the peripheral contact surface of
the conditioned cathode (500 arcs), Ag-Ni (60/40). SEM
magnification x 2000.
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Pure components were used to make the L12 long range ordered intermetallic Co3Ti alloy that
was homogenised for 100 hours at 950 °C to dissolve dendritic structures. To accomplish an
amorphous phase the alloy was severely plastically deformed (SPD) by high pressure torsion at
4 GPa with 80 rotations. Methods of transmission electron microscopy (using a Titan
operatingat 300 kV) were applied to analyse the specimens. After SPD the specimens contain
both, crystalline and amorphous regions. In the amorphous phase nanocrystals are
encountered. Fig.1 shows an annular dark field (ADF)image with nanocrystals having dark or
bright contrast corresponding to the given diffraction conditions. It is the aim of this study to
find out whether the nanocrystals contain retained crystalline structures or if they were formed
during the SPD process.
Local chemical variations in the specimens are studied by high angle annular dark field
(HAADF) images and electron energy loss spectroscopy (EELS). Fig.2 shows a HAADF image of
the amorphous region with embedded nanocrystals (cf. Fig.1). The contrast variations in the
HAADF image indicate chemical variations in the specimen. To analyse the chemical
composition of the nanocrystals EELS line scans were acquired for the nanocrystals and the
surrounding matrix. The elemental concentrations of Ti, Co and O are deduced from the
integrated EELS intensities between different positions; their concentration profiles are shown
in Fig.3. The evaluation leads to the result that the nanocrystals exhibit a higher ratio of Ti / Co
than the surrounding amorphous phase. The concentration of Ti at the positions of the
nanocrystals is about 15% higher than the one in the surrounding amorphous phase. This is an
indication that the embedded nanocrystals contain Laves phases (Co2.1Ti0.9 or Co2Ti) and are not
retained crystalline material. Therefore, we conclude that the nanocrystals are formed in the
amorphous phase during SPD by a dynamic non-polymorphic crystallisation process.
In addition, a few nanoparticles revealing pronounced dark contrast in the HAADF images were
encountered. As shown in Fig.4 the concentration profiles indicate that they contain
preferentially Ti and O. Their Ti concentration is about 50% higher than the one of the
surrounding amorphous phase. These nanoparticles are therefore interpreted as titanium oxide
particles (cf. [1]).
[1] ''Fluctuation electron microscopy of an amorphous-crystalline composite material'', Ebner
C., Gammer C., Karnthaler H.P., Rentenberger C., this conference
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Fig. 1: Annular dark field image of a HPT deformed Co3Ti
specimen showing nanocrystals embedded in an
amorphous phase.
 

 
Fig. 2: HAADF image of the specimen area shown in Fig.1.
The outlined regions correspond to segmented
nanocrystals in the ADF image.
 

 
Fig. 3: Concentration profiles deduced from an EELS line
scan across a nanocrystal showing a higher amount of
titanium and a lower one of cobalt at the nanocrystal.
 

 
Fig. 4:   Concentration profiles deduced from an EELS line
scan across a nanoparticle showing both, a high titanium
and oxygen concentration.
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M152 steel belongs to the class of Fe-12Cr (12 wt.% Cr) martensitic stainless steels. It has a
good combination of properties which include good ductility, high strength, uniform properties
through thick sections and favorable strength at temperatures up to about 480°C [1].
Martensitic stainless steels possess a body-centred tetragonal (bct) crystal structure after
quenching from an austenite phase (face-centred cubic structure) at high temperature. The
chromium content is generally in the range of 10.5 to 18.0 wt.%, and carbon content may
exceed 1.2 wt.%. The actual chemical composition of the investigated alloy is presented in
Figure.3. The M152 alloys finds application in steam turbine and gas turbine parts where their
outstanding fracture toughness and good oxidation resistance up to approximately 425°C [1,2]
come into play.
This paper describes the microstructure in an M152 rotor that had seen significant service in a
power generation turbine. Detailed microstructural analyses were performed using the JEOL
2011 high resolution TEM equipped with a LaB6 gun and a high resolution pole piece. The TEM
samples were prepared using standard electro-polishing technique. The steel showed
microstructure typical of tempered martensitic steel with body centered cubic structure as
shown in Figure.1. The precipitates present in this steel and their sizes are shown in Figure.2
and 4. Ni was observed to form a thin austenitic film in between two neighboring laths which
has been proposed as a mechanism to increase the fracture toughness of the alloy [2]. Cr rich
precipitates are homogenously distributed in the matrix with sizes ranging from 200 – 600nm.
In addition a high density of MC (M=W, Mo, V) and M2C (M=Cr) precipitates were also
observed. Both the MX and M2X are oriented either parallel or perpendicular to g (200) in the
{001} zone axis of the matrix. They are found pinned to dislocations indicating therefore that
they are strong contributors to creep strengthening.
References:
1 Davies JR (Ed). Stainless steels, ASM Specialty Handbook, ASM International, Ohio, 1994.
2. J.W. Schinkel, P.L.F. Rademakers, B.R. Drenth, and C.P. Scheepens: Ferritic Steels for
High-Temperature Applications, ASM, Metals Park,OH, 1982, pp. 131-49.



 
Fig. 1:  Structure typical of martensitic steel with laths
boundaries
 

 
Fig. 2: Types of precipitate observed (a) MX; (b) M2X; (c) Ni
rich; (d) Cr-O;(e) SiO2; (f) Ni rich austenite film (g) Cr rich
precipitates. 
 

 
Fig. 3: Alloy composition of M152 steel
 

 
Fig. 4: Precipitate size distribution
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Commercial titanium alloys undergo a series of thermo mechanical processes and subsequent
heat treatments at the high temperature β (BCC) phase and lower temperature α + β (HCP+
BCC) phase to achieve desired properties. The microstructure and global texture is heavily
influenced by the processing parameters such as temperature, strain and strain rate. The
widmansttaten α (HCP) laths form by slow cooling of β or isothermal aging at α + β phase
maintaining a burgers orientation relationship (BOR) with β phase given by (1-10)β || (0001)α
and <111>β || <11-20>α. Upon thermo mechanical processing and subsequent heat
treatment, the lath structure transforms to equiaxed, a process known as globularization. The
globularization does not lead to a completely random texture and many a times, we may
retrieve the initial α orientation with certain spread even after heavy deformation. In addition,
the microtexture associated with globularization is an interplay between the α and β phases
and recrystallization in beta can happen in combination with α to form special angle, epitaxial
grain boundaries in both α and β phases as suggested by some of previous studies in this
direction [1][2].
In the present work, we incorporate transmission electron microscopy (TEM) based orientation
electron microscopy (OIM) assisted by precession electron diffraction (PED) to investigate the
triggering points of recrystallization events having special angle boundaries in both α and β
phases, at resolutions beyond conventional scanning electron microscopy (SEM) based
electron backscattered diffraction (EBSD). A 200 KV FEI T20 S-TWIN microscope coupled with
Nanomegas-ASTAR precession and data collection system was used for this study. Events of
epitaxial recrystallization of fine α associated with special angle boundaries in β around the
alpha was frequently observed. Two interesting examples are shown here. In Figure.1, the
recrystallized α maintains a common <10-11> pole with the other α with a special β grain
boundary evolving from α / α interface. In Figure.2, a fine β layer is observed around the
globularizing α laths maintaining BOR with α and in special angle boundary with parent β grain,
suggesting altogether a new mechanism for α globularization.
Many more of the above discussed events were observed in our study. The resulting global
texture is a sum of these discontinues recrystallization events and the deformation texture
associated with parent β and α phase. We have observed consistently that the original BOR is
restored by these events.
1. C. Cayron, Scripta Materialia. 59, 570 (2008).
2. E. Lee, R. Banerjee, S. Kar, D. Bhattacharyya, and H. L. Fraser, Philosophical Magazine. 87,
3615 (2007).
 

Acknowledgement: Laboratory for mechanical testing, Materials Engineering, IISc Bangalore



 
Fig. 1: Epitaxial recrystallization in α phase associated with special angle grain boundaries in β and related 10-11 and
110 pole figures with common poles.
 

 
Fig. 2: Globularization in α associated with formation of fine β layer, which is in BOR with α and maintains special angle
relationship with parent β grains
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In this work, three experimental steel strips involved the investigation; they had the same base
composition of 0.05C-1.7Mn-0.08Nb (wt%), one without Mo addition and the other two with 0.1
and 0.3 Mo (wt%), respectively. The steel strips were fabricated by a combined process of
controlled-rolling and accelerated-cooling. Through microstructural characterization of optical
microscopy, scanning electraon microscopy, and transmission electron microscopy, it was
found that the microstructure consisted of allotriomorphic ferrite and granular bainite in all hot
rolled strips. The morphology of granualr bainite is considered as similar as that of
allotriomorphic ferrite in observation of SEM images. Therefore, the effect of Mo on the
suppression of allotriomorphic ferrite in Nb containing hot rolled strips will not be resolved
unless the character of granular bainite can be clearly identified and then quantitated in SEM
images. The subunits within bainite sheaves were studied and appeared the high gradient of
misoreintation, 3°/10μm with "point to origin" linescan in electron backscattering diffraction
(EBSD) orientation mapping.1 The gradient of misoreintation is definely different from that of
allotriomorphic ferrite.2 Thus, present study aims to utilized the difference to recognize the
granular bainite in sequence in EBSD orientation mapping then complete the qualification of
phase balance in all hot rolled strips. It is surprised to find that only high addition of Mo,
0.3wt% can effectively raise granular bainite from 64 Vol% to 80 Vol% in Nb-Mo containing hot
rolled strips.
[1]. E. Keehan, L. Karlsson, H.K.D.H. Bhadeshia and M. Thuvander. Electron backerscattering
diffraction study of coalesced bainite in high strength steel weld metals. Mater. Sci. Technol.
2008; 24: 1183-1189.
[2]. M. Calcagnotto, D. Ponge, E. Demir, and D. Raabe. Orientation gradients and geometrically
necessary dislocations in ultrafine grained dual-phase steels studied by 2D and 3D EBSD.
Mater. Sci. Eng. A. 2010; A527: 2738-2746.
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The microstructure of thermally-aged nickel-based 718Plus superalloy is investigated using
transmission electron microscopy (TEM). Samples are annealed at 980 °C for 30 minutes,
quenched to room temperature, and then isothermally aged at 788 °C for a range of aging
times 1, 5, 10, 25 and 50 hours. The size, number density and phase fraction of gamma-prime
precipitates are measured using dark-field TEM. The coherent gamma-prime phase gives rise
to super-lattice reflex spots additional to the fcc diffraction pattern of the nickel-base matrix;
and using these supplementary spots it is possible to uniquely image the population of
gamma-prime precipitates. Using energy-dispersive x-ray spectroscopy (EDX), elemental maps
have been obtained which reveal the distribution of alloying elements within the matrix and
the gamma-prime precipitates, as well as the larger incoherent delta phase precipitates. It is
observed that Al, Mo, Nb, Ni, Ti and W are all increased within the gamma-prime phase, while
Fe, Co and Cr are excluded. In the case of the delta phase, the distribution is the same as that
for the gamma-prime phase with the exception of Co, which is found to collect in the
precipitates. In order to relate the microstructure to macroscopic properties of the alloy, yield
strength tests have been made at each of the aging times. This data is then compared with
simulated data, based on traditional theoretical models of precipitate strengthening, which
take into account the shearing of preciptates by dislocations based on the effects of
coherency, modulus and the anti-phase boundary which forms in the gamma-prime phase.
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Fig. 1: STEM image of 718Plus superalloy showing a dense
population of gamma-prime precipitates and three larger
delta precipitates
 

 
Fig. 2: STEM image showing details of individual
gamma-prime precipitates
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Nanostructured materials (NSM) processed by severe plastic deformation (SPD) have provided
new opportunities for nanostructure refinements in metals and alloys with unusual properties
which are very attractive for various structural and functional applications [1]. In the present
work, a commercial 6061 Al-Mg-Si alloy (Al-1.0Mg-0.6Si in wt.%) was processed by equal
channel angular pressing (ECAP) at 110 °C. Post ECAP microstructure characterization was
carried out by using a JEM2010 (HRTEM).
All SPD procedures rely upon imposing a very heavy strain to the material so that a very high
dislocation density is formed. By using the weak-beam dark-field (WBDF) method under special
diffraction conditions, dislocations can be imaged as narrow lines. Figure 1(a) and (b) show
WBDF TEM micrographs of dislocations in an ECAPed alloy by using the diffraction vectors, g
=11-1 and g = 200 respectively. Under the present ECAP condition, the average projected
dislocation density expected to be in the order of 1.4x10E17m-2 [1]. However the observed
dislocation density in Fig.1 is much lower than this, suggesting that the majority of perfect
(unit) dislocations had already passed through the Al alloy during the ECAP process. This can
be further confirmed in the HRTEM image of Fig.2, where typical dislocation structures involve
two partial dislocations connected by a stacking fault. The detailed configurations of partial
dislocations in the present face-centered-cubic Al system has earlier been reported by the
present authors [2], and an example is shown in Fig. 2(b) where a unit screw dislocation
dissociated into two 30 ° partial dislocations connected by an intrinsic stacking fault is
seen. The precipitation sequence in this alloys is generally accepted to be supersaturated solid
solution → GP-I (II) zones → β’’ → β’. All these hardening phases are formed by nucleation and
growth along Al {100} planes. Figure 3(a) shows a low magnification micrograph under
multi-beam bright-field TEM mode from one [001] orientated Al grain. The homogenous
disk-like precipitates can be found in the figure. Further HRTEM results of these disks-like
precipitates microstructure are shown in Fig. 3(b), where it can be seen precipitates without
any obvious lattice structure. These precipitates could be identified at very initial stage of
dynamic precipitation.
TEM microstructure characterizations revealed most possibly in supersaturated solid solution is
identified from the HRTEM investigations. Dislocation distribution investigations by using WBDF
TEM reveal that most unit dislocations possibly already passed through this Al alloy during
ECAP, which could also serve as driving force for promoting present dynamic precipitation.
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[1] AP Zhilyaev and TG.Langdon, Progress in Materials Science 53 (2008), p. 893.
[2] MP Liu, HJ Roven and YD Yu, Zeitschrift für Metallkunde, 3 (2007), p. 184.



 
Fig. 1: Weak-beam dark-field TEM micrographs show
dislocation microstructures by using diffraction vectors of
(a) g = 11-1 from Al [011] orientation and (b) g = 200 from
Al [001] orientation.
 

 
Fig. 2: (a) Typical dislocation structure in Al [011]. (b) A unit
screw dislocation dissociated into two 30 ° partial
dislocations connected by an intrinsic stacking fault.
 

 
Fig. 3: (a) Bright-field TEM micrograph shows homogenous precipitates, and non-sharp precipices on the lower part
image are caused by specimen bending and locally missed accurate Al [001] orientation. (b) The corresponding HRTEM
image shows precipitate lattice structure.
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In thermal spraying of powders, deposition in the solid state is accompanied by intensive
plastic deformation; deposition of fully or partially molten particles proceeds through the splat
formation and particle dispersion upon impact. Thermal action on the powder particles can
cause chemical interactions of the powders with the gaseous environment and between the
phases of the composite materials. Due to involvement of several physical and chemical
phenomena, the microstructure development in thermally sprayed coatings is a complex
process while the coatings are challenging objects for Electron Microscopy. In our
investigations, we use Scanning and Transmission Electron Microscopy to study the
microstructure of detonation sprayed metal matrix composite (MMC) coatings. Their phase
composition is either inherited from the powders or evolves during spraying. In the TiB2-Cu
system, we found that the size of the titanium diboride particles depends on the O2/C2H2 ratio
increasing with increasing O2 content in the mixture. The ceramic reinforcement in TiN-Ti,
TiCxNy-Ti and titanium oxides-Ti MMC coatings formed in situ as a result of chemical reactions
of titanium with the gaseous phase during spraying, the coatings possessing a layered
hierarchical structure composed of the matrix metal and the reaction products (Fig.1). The
Ti3SiC2-Cu system is of great interest, as it can be sprayed in both solid and molten states. In
the latter, reaction Ti3SiC2 + Cu → TiCx + Cu(Si) occurs. We have shown that it is possible to
preserve the Ti3SiC2-Cu phase composition in the coatings only in cold conditions of detonation
spraying ― at an explosive charge of 30% of the barrel volume at O2/C2H2=1.1. Calculations
show that the temperature of copper particles 40 μm in size sprayed under these conditions
does not reach the copper melting point (Fig.2). Chemical etching of the polished surface of
the cross-sections of the coatings helped us better reveal the microstructural features of the
coatings. In the coating deposited at an explosive charge of 30%, the lines reflecting the
microstructural features of the Ti3SiC2-Cu powder agglomerates produced by mechanical
milling show random orientation (Fig.3). This indicates solid-state deposition of the Ti3SiC2-Cu
composite particles. In the coating deposited at an explosive charge of 40%, these lines have
preferential orientation parallel to the coating/substrate interface (Fig.4) indicating the
presence of a characteristic layered structure formed by partially molten composite particles.
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Fig. 1: Cross-section of the titanium oxides-Ti coating
produced by detonation spraying of titanium at O2/C2H2=2.5
and air as a carrier gas, BSE image.
 

 
Fig. 2: Calculated temperatures of detonation sprayed
copper particles 40 μm in size upon leaving the gun barrel
at different explosive charges (O2/C2H2=1.1; carrier gas –
air).
 

 
Fig. 3: Cross-section of the coatings produced by
detonation spraying of the Ti3SiC2-Cu composite powder
(etched in FeCl3 solution; the coating/substrate boundary is
horizontal): O2/C2H2=1.07, explosive charge 30%, BSE
image.
 

 
Fig. 4: Cross-section of the coatings produced by
detonation spraying of the Ti3SiC2-Cu composite powder
(etched in FeCl3 solution; the coating/substrate boundary is
horizontal): O2/C2H2=1.07, explosive charge 40%, BSE
image.
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Magnesium and its alloys are promising lightweight materials with great potential in industrial
fields such as automotive, aerospace or biomaterials engineering. Zinc is one of the most
common alloying elements in magnesium alloys. Although Mg-Zn system has been thoroughly
studied for many years, there are many unsolved issues so far.
For example, the crystal structure of the phases, which are in equilibrium with α-Mg at lower
Zn concentrations, is still uncertain. These phases emerging as precipitates are, however,
often responsible for significant strengthening effect of Zn in Mg solid solution. The goal of this
work is to describe the microstructure of binary magnesium alloy with nominal composition
Mg-12wt.%Zn and to clarify phase distribution and crystal structure of Zn based particles in Mg
matrix.
Binary Mg-12wt.%Zn alloy was prepared by die casting in Ar atmosphere and subsequently
annealed at 320°C for 20 hours followed by quenching in warm water. The main experimental
technique used in this work is the transmission electron microscopy (TEM), particularly the
selected area electron diffraction (SAED) and the three-dimensional precession electron
diffraction (3D PED). On the base of experimental results crystal structure of the phases was
obtained. Simulation of the zone axes diffraction patterns using JEMS software was compared
with experimental data. Instead of commonly reported Mg12Zn13, the most common phase at
this temperature was found to be Mg21Zn25 with complex structure. Some other Mg-Zn
phases were also detected. The results are supported by X-ray diffraction data, which
confirmed the majority of the Mg21Zn25 phase in the Mg matrix.
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A typical compressor crankcase made up of grey cast iron is developed for truck applications
by optimizing the shell casting process with superior mechanical & metallurgical properties.
This crankcase requires high wear resistance and increased tensile strength combined with
good machinability properties. When the product was developed it did not meet the required
material specification. Even though many trials were being carried out, some of the properties
were adhered and some of them weren’t particularly metallurgical properties like ferrite
content and desired graphite flake size. Also the method to differentiate between steadite &
ferrite is not so precise. This deteriorates product performance and dissatisfies the customer.
This practical problem is addressed here and the bottleneck for the problem is identified and
completely eliminated after developing the desirable method of casting; and the etchant
solution is developed for differentiating and quantifying the steadite and ferrite micro
constituents under an ordinary metallurgical microscope.
The difficulty in the metallography of gray cast iron lies in the differentiation of ferrite and iron
phosphide eutectic (steadite) microconstituents by using normal etchant like nital, picral and
both these phases appears as bright under normal light microscope. Hence, it is difficult to find
out the relative amounts of phases, either photo micrographically or using sophisticated image
analysis software. In general industry practice, the samples are etched with 2% to 3% nital for
quantification of ferrite, steadite and cementite plus carbide particles under optical (light)
microscope. This method of inspection requires high skill to differentiate the ferrite and
iron-phosphide eutectic (steadite) microconstituents and also sometimes it leads to
misinterpretation. This led to the development of a novel etching method called Selenic
etchant, in which the steadite and ferrite constituents are differentiated at 100 % confidence
level and the precise quantification of phases were done.
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Fig. 1: The microstructire (x100) of gray cast iron etched
with 3% nital reveals presence of ferrite and steadite
microconstituents as same colour under normal
microscope.
 

 
Fig. 2: The microstructire (x1000) of gray cast iron etched
with Selenic composition reveals presence of ferrite as
white or yellow colour and steadite as green colour
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The nickel-based single crystal (SC) superalloys have been widely used to fabricate turbine
blades and vanes due to their excellent high temperature mechanical properties, oxidation and
hot corrosion resistance [1, 2]. Creep deformation was usually used to evaluate the higher
temperature mechanical properties of superalloys. There are two types of creep test, one is
the high temperature and low stress while the other is the low temperature and high stress
[3-5]. The superalloys are strengthened by ordered g′ phase embedded in a continuous g
matrix. The orientation of superalloys has a strong influence on the creep properties of
superalloys [6-8]. It is important to study the deformation behaviors in superalloys with
different orientation.
In this study, the creep deformation behaviors in [001] and [011] orientated SC superalloys
under low temperature and high stress were studied (750 ºC/750 MPa). The results show that
the [001] superalloys has a much longer creep life (~1500 h, Figure 1a) than those of [011]
superalloys (~70 h, Figure 1b). Analysis on fracture surfaces (Figures 1c and d) show that the
[011] superalloys, having a regular cleavage plane, was fractured in a brittle way, while the
[001] superalloys, having both cleavage plane and holes, fractured in a ductile way. TEM
studies show that fracture of the superalloys was mainly caused by stacking fault cutting into
the g′ phase (Figures 1e and f). <span>As can be seen from Figure 1e, the stacking faults in
[001] superalloys has a orientation angle, indicating more than one type slipping systems are
activated during creep. On the other hand, only one type of stacking fault can be find in [011]
superalloys (Figure 1f), indicating only one slipping system is activated. 
<span>
[1] M. Gell, Superalloys 1980.Warrendale, PA: TMS, (1980) 205-214.
[2] R. Hashizume, TMS (The Minerals, Metals & Materials Society), (2004) 53-62.
[3] S. Tian, Y. Su, B. Qian, X. Yu, F. Liang, A. Li, Materials &amp; Design, 37 (2012) 236-242.
[4] M. Sakaguchi, M. Ike, M. Okazaki, Materials Science and Engineering: A, 534 (2012)
253-259.
[5] X.P. Tan, J.L. Liu, T. Jin, Z.Q. Hu, H.U. Hong, B.G. Choi, I.S. Kim, C.Y. Jo, Materials Science
and Engineering: A, 528 (2011) 8381-8388.
[6] S. Tian, S. Zhang, C. Li, H. Yu, Y. Su, X. Yu, L. Yu, Metallurgical and Materials Transactions A,
(2012).
[7] V. Sass, Acta mater, 44 (1996) 1967-1977.
[8] G. Xie, L. Wang, J. Zhang, L.H. Lou, Scripta Materialia, 66 (2012) 378-381.
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Introduction
Bi-modal structure formed by a two-step aging (high to low temperature) of Ti-15-3 alloy
improves mechanical properties1). To clarify the origin, optical microscopy and TEM
observation have been performed. The results suggest a possibility of independent
nucleation-sites of α-phase precipitates depending on aging temperatures.
Experimental procedure
A commercial Ti-15-3 alloy was used. Solution treatment (ST) was done at 1123 K for 3.6 ks. A
two-step aging method was adopted; 873 K for 11 ks as the 1st-step aging and 673 K for 90 ks
as the 2nd-step aging. For TEM observations, a JEM 4000 EX electron microscope operated at
400 kV was used.
Results and discussion
1) Hardness testing
The  values of ST-specimen, 1st-step aged specimen and 2nd-step aged specimen were 265,
276 and 358, respectively. The hardness after 2nd-step aging indicated the highest value. The
low temperature aging following the high temperature aging improves a mechanical property.
2) Optical microscopy observation
Figure 1(a) and (b) show optical micrographs of 1st-step and 2nd-step aged specimens. Fig.
1(a) shows precipitates formed along one side of a grain-boundary. Precipitates are hardly
observed inside of grains. The feature of precipitates in Fig. 1(b) is more complicate; fine
precipitates appeared along grain-boundaries and inside of grains. They also appeared around
large precipitates due to 1st-step aging. These results suggest independent nucleation-sites of
precipitations due to 1st-step aging and 2nd-step aging.
3) TEM observation
Figure 2(a) shows a dark field image of 1st-step aged specimen. Fig. 2(b) indicates a diffraction
pattern from the central part of Fig. 2(a) and its key-diagram. Since Fig. 2(a) was taken using
-103α spot, bright and parallel line-like precipitates from a grain-boundary are α-phase
precipitates.
Figure 3 shows a dark field image of a 2nd-step aged specimen. Fig. 4(a) and (b) indicate
diffraction patterns of the central part and a large bright precipitate in Fig. 3. Fig. 4(a)
indicates overlap of diffraction patterns of 110 reciprocal plane of the matrix and 001
reciprocal plane of α-phase. Burger’s relationship is satisfied. Since Fig. 3 was taken using an
α-phase spots indicated by an arrow in Fig. 4(a), all precipitates are α-phase. Large
precipitates formed in 1st-step aging and fine precipitates formed in 2nd-step aging. This
image also suggests fine precipitates formed independently from large ones.
Summary
The obtained results make us understand that fine precipitates improve mechanical properties,
and nucleation-sites of α-phase precipitates due to high temperature and low temperature
aging are independent each other.
Reference: 1) N. Niwa: Tetsu to Hagane, 78 (1992), 493.
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Fig. 1: Figure 1 Optical micrographs of 1st-step aged
specimen (a) and 2nd-step aged specimen (b). (a) shows
precipitates formed mainly along grain-boundaries. (b)
shows fine precipitates formed along grain-boundaries,
inside of grains and around precipitates due to 1st-step
aging.
 

 
Fig. 2: Figure 2 Dark field image of 1st-step aged specimen
(a) and a diffraction pattern from the central part in (a)
with its key-diagram (b). The image was taken using
α-phase spot -103 in (b). Bright and parallel line-like
precipitates formed from a grain-boundary are visible.
 

 
Fig. 3: Figure 3 Dark field image of 2nd-step aged
specimen, taken using α-phase spot indicated by an arrow
in Fig. 4(a). Large and fine precipitates formed during
1st-step and 2nd-step aging, respectively. Their distribution
is good correspondent with the distribution in the optical
micrograph of Fig. 1(b).
 

 
Fig. 4: Figure 4 Diffraction patterns from the central part of
Fig. 3 (a) and a large precipitate (b). (b) indicates only
α-phase 001 pattern. (a) denotes overlap of 110 pattern of
the matrix and 001 pattern of α-phase.
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Detailed orientation and phase studies of nanocrystalline and severely plastically deformed
submicron-sized materials on a large scale present a challenging experimental task. A novel
automated crystal orientation and phase mapping technique in a transmission electron
microscope (TEM) has recently been introduced that benefits from the high spatial resolution
of TEM. This technique has been implemented onto a single instrument called ASTAR, which
enables incident electron beam precession and simultaneous scanning over up to 10 micron
sized sample area. The crystal orientation determination is performed through template
matching of experimental electron diffraction spot patterns to their pre-calculated theoretical
counterparts.
In the present work, the ASTAR technique has been applied to the study of electrodeposited
nanocrystalline Ni and a severely plastically deformed Ag-28.1 wt.% Cu nano-eutectic alloy.
The nanocrystalline Ni was studied in both the as-deposited state and after in-situ annealing
up to a temperature of 400 oC. The Ag-Cu alloy was subjected to surface mechanical attrition
treatment (SMAT) performed at room temperature for 60 min. The investigation was
performed using a Digistar device, manufactured by NanoMEGAS, attached to a JEM 2100F
TEM operated at 200 kV in a nanobeam mode. Spot/step size was ranging from 2 to 10
nanometers and the beam precession angle used was 0.7o. The orientation data obtained were
exported to the electron back-scattered diffraction (EBSD) Channel 5 software for
post-processing and visualization.
The as-deposited nanocrystalline Ni contained, apart from nanograins, also coarse (sub)grain
clusters having large internal misorientation gradients (Fig. 1). Contrary to some previous
suggestions, during annealing these clusters neither served as nuclei for the observed
abnormal grain growth nor displayed a tendency for (sub)grain coalescence. The abnormal
grain growth appeared to originate from randomly distributed nanograin nuclei and involved
the profuse formation of annealing twins. During the SMAT processing, the original
nanostructured eutectic Ag–Cu alloy with alternate Ag and Cu lamellae (Fig. 2a) became
progressively transformed, from the top surface towards the specimen core, into a composite
with the isolated Cu regions dispersed in the Ag matrix (Fig. 2b). The interphase boundaries
simultaneously changed from those having cube-on-cube and hetero-twin orientation
relationships (Fig. 2c) into general large-angle boundaries (Fig. 2d). In summary, the obtained
results have demonstrated that the ASTAR technique is well suited for the orientation and
phase study of nanocrystalline and heavily strained materials with a reasonable angular
resolution of around 1o.
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Fig. 1: (a) ASTAR orientation map of the as-deposited nanocrystalline Ni having <001> fibre texture (see the inset).
Nanograins and (sub)grain clusters are coloured in blue and green to yellow to red, respectively; (b) Enlarged
rectangular area highlighted in (a) containing a cluster; (c) Misorientation linescans along the arrow shown in (b).
 

 
Fig. 2: ASTAR orientation maps (a,b) and interphase misorientation spectra (c,d) for the nano-eutectic Ag-Cu specimen
core and SMAT treated surface, respectively. Ag and Cu are grey and white, respectively. The black, red, blue and
green lines are grain, twin, cube-on-cube interphase and non-cube-on-cube interphase boundaries, respectively.
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The present work has investigated the evolution of strain-induced NbC precipitates in a model
austenitic Fe-30Ni-Nb steel deformed at 925 °C to a strain of 0.2 during post-deformation
holding between 3 and 1000 s and their effect on the reloading flow stress. The microstructural
examination was performed using a JEM 2100F transmission electron microscope operated at
200 kV. A range of imaging and diffraction techniques was used to determine the crystal
structure, coherency state, size, shape, number density and volume fraction of the precipitates
in conjunction with the dislocation substructure. Extensive use of moiré-fringe technique
allowed to distinguish down to 3 nm scale precipitates clearly from the dislocation contrast
background. Foil thickness measurements, required for the precipitate volume fraction
estimation, were performed using the convergent beam electron diffraction. The precipitate
particles preferentially nucleated on the nodes of the periodic dislocation networks constituting
microband walls (Fig. 1a). Holding for 10 s resulted in the formation of fine, coherent NbC
particles with a mean diameter of about 5 nm (Figs. 1b and 1e) that displayed the
cube-on-cube orientation relationship with austenite (Figs. 1c and 1d) and caused the
maximum increase in the reloading steady-state flow stress. A further increase in the holding
time from 30 to 1000 s led to the formation of semi-coherent (Fig. 1f), gradually coarser and
more widely spaced particles with a mean diameter of 8 nm and above, which led to a gradual
decrease in the reloading steady-state flow stress. The holding time increase resulted in
progressive disintegration of the dislocation substructure and dislocation annihilation through
static recovery processes, which was also reflected by the measured softening fractions. The
precipitate particle shape changed during post-deformation annealing from elliptical to faceted
octahedral and subsequently to tetra-kai-decahedral.
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Fig. 1: TEM observations of the NbC particles at a strain of 0.2 and holding for 10 s (a-e) and 1000 s (f). (a) Bright-field
micrograph of the particles (circled) on the dislocations network constituting a microband wall; (b) Enlarged particle;
(c) Nanobeam diffraction pattern for (b); (d) Pattern indexing; (e,f) NbC/austenite interphase lattice images.
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Pearlitic steel filaments are usually twisted together to form the steel tire cords used for
truck/bus radial tires, due to their outstanding strength as well as acceptable ductility. In
response to the market trend toward lighter and higher performance tires, the strength
required for the steel filaments has been increased. In order to enhance the strength, it is
generally tried to increase the carbon content and to increase the drawing strain. [1] When the
drawing strain is progressively increased, cementite dissolution, in which carbon atoms in the
cementite lamellae diffuse into ferrite phase, occurs upon high drawing strain [2, 3]. It is
known that cementite dissolution affecting the fatigue resistance is related to the carbon
composition of specimen and the final drawn strain.[4] However, the effects of morphology
and behavior during drawing have been not understood yet. In this study, the cementite
dissolution behavior depending on drawing strain and cementite morphology have been
investigated by transmission electron microscopy (TEM) and laser-assisted atom probe
tomography (APT).
Chemical composition of specimens used in the present study was as follows: C 0.8%, Si 0.3%
and Mn 0.5%. The specimen were fabricated with various drawing strain(0, 0.63, 1.26, 1.82,
2.38, 2.96, 3.48). Fig. 1 shows lamella spacing and cementite thickness depending on drawing
strain. It was found that the thickness of cementite and lamellae spacing were dramatically
decreased at the early stage of the drawing, and then, slowly decreased. The cementite
dissolution could be observed right after the early stage. APT results suggest that cementite
dissolution occur only at above critical thickness of cementite and/or lamellae spacing. With a
drawing strain more than 2.38, the cementite dissolution could be suppressed, due to limited
carbon solubility of ferrite. Fig. 2 shows Microstructural changes during wire drawing by APT.
The result shows the existence of broken cementite clearly. It revealed that cementite which
had perpendicular direction to drawing axis was broken during drawing. The amount in
dissolution of the large angle cementite to drawing axis was higher than that of low angle
cementite (Fig.3). APT results also exhibited an important clue that the carbon in the
cementite lamellae actively diffused into ferrite region in case of cementite lamellae that
perpendicular to drawing direction.
Reference

1. G. Langford : Metall. Trans., 1A 465, 1970
2. V. N. Grindev, V. G. Gavrilyuk, I. V. A. Dekthyar, Y. Y. Meshkov, P. S. Nizin and V. G.
Gavrilyuk : Phys. Stat. Sol. A, 14 : 689, 1972
3. V. N. Grindev and V. G. Gavrilyuk : Phys. Metals, 4 : 531, 198
4. Y.S. Yang and J.G. Bae and C.G. Park : Materials Science and Engineering A, 508, 148, 2009
 
 



 
Fig. 1: Lamella spacing and cementite thickness measured
by TEM. Thickness of cementite and lamellae spacing were
dramatically decreased at the early stage of the drawing,
and then, slowly decreased
 

 
Fig. 2: APT result showing the microstructural changes
occurred during the wire drawing total (ε=2.96). cementite
which had perpendicular direction to drawing axis was
broken during drawing. The circled line presents
deformation behavior of cementite lamellae.
 

 
Fig. 3: Atom map and quantitative analysis of two colony (ε=2.38). (a) Many broken cementite lamellae in the colony 1
and cementite plate in the colony 2. (b) Projected image from the direction of dotted line (c) Amount of carbon in the
broken cementite in colony1. (d) Amount of carbon in the cementite plate in colony 2.
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A void is a three-dimensional cluster of vacancies embedded inside of a matrix. The presence
of voids can significantly impact on the performance of engineering alloys. To eliminate voids
or suppress void formation, it is important to understand the stability of voids and their
evolution under different condition such as temperature. Aluminium, as the most used
structural light alloy, is well-known to possess voids with truncated octahedron shape.[1] The
kinetics of void evolution as a function of temperature was also studied many years ago.[2,3]
However, no in-situ annealing or high-resolution imaging studies exist to date. Such studies
are important in order to develop an understanding of the atomic-scale mechanisms of void
evolution.
To fill this gap, we utilised a transmission electron microscope (TEM) JEOL 2100F at 160 kV and
200 kV and a Gatan 652 heating holder to observe the shrinkage of voids in aluminium under
in-situ annealing. The samples were 99.9999 wt% pure aluminium heat treated at 550°C for 30
mins, and quenched to room temperature. Isothermal annealing experiments were conducted
at various temperatures on void-containing aluminium tilted along the [110] direction, using
bright-field TEM mode.
Figure 1 shows a typical TEM image of a void in its early stage of evolution at 100°C.. The void
has clear {111} and {002} facets, as expected.[1] In our in-situ experiments, we recorded
movies of the void evolution at various temperatures and characterised the void shape and
size by measuring the distances between the main facets.
Void shrinkage was found to be a two-stage as shown in Figure 2: for aspect ratios larger than
a specific value corresponding to the equilibrium state, the void shrinks along <001> only,
while retaining the distance between the {111} facets constant. Once the aspect ratio reaches
equilibrium, the void keeps the ratio constant and shrinks equally in all directions. The vacancy
emission rates are distinctly different for the two stages, as only the {002} facets are
activated for shrinkage during the first stage. We explained this phenomenon through a
surface energy analysis: the void shrinks so to maximise the reduction in total surface energy
per vacancy emitted.
We observed that void shrinkage takes place layer-by-layer as shown in Figure 3. Initiation of a
new atomic layer starts from the kink at the facets' intersections and progressively glides
along the surface. It indicates surface diffusion is an important process in void shrinkage;
however bulk diffusion remains the rate-limiting process.
[1] M. Kiritani and S. Yoshida, J. Phys. Soc. Japan, 18 (1963) 915.
[2] T.E. Volin and R.W. Balluffi, Phys. Status Solidi, 25 (1968) 163.
[3] K.H. Westmacott, R.E. Smallman and P.S. Dobson, Met. Sci., 2 (1968) 177.
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Fig. 1: High-resolution TEM image of a typical void. The arrows indicate the distances between facets. These distances
are used to characterize the shape and size of the void: the aspect ratio is defined as D(111)/D(002).
 

 
Fig. 2: High-resolution TEM images of the void evolution process under in-situ annealing at 100°C showing the
two-stage process.
 

 
Fig. 3: (a) Layer-by-layer shrinkage initiated from a kink at the intersection of {002} and {111} facets. (b) Spreading of
atoms along a {002) facet; the size of the new layer is indicated by the yellow dashed line. (c) Almost complete new
layer. (d) Resulting movement of the {002} facet by one atomic layer.
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In the recent years, the nanoindentation in AFM (NI-AFM) technique has become a valuable
tool for materials science. The NI-AFM technique was used for quantitative measurements of
nano-hardness of the γ and γ’ phase. Investigation was performed on the 2nd generation (PWA
1484) and 4th (PWA 1497) single crystal nickel base superalloys for the samples of baseline
material (after heat treatment) and after creep tests at 980 °C.
Figures 1 show PWA 1484 surface topography revealed by AFM, before and after
nano-hardness measurements and Figs 2 those of PWA 1497 superalloy, after creep test. Ten
indents for each phase (γ and γ’) were performed for each sample. Scan size for each AFM
micrograph is 10 μm x 10 μm. Brighter color indicates γ matrix phase and γ’ phase precipitates
are represented by darker shade, the contrast is obtained due to differences in height on the
surface of the samples which are caused by difference in nano-hardness of the phases.
The comparison of the mean nano-hardness of both phases precipitated in both superalloys
show that the γ’ phase is always harder than the γ matrix phase. There is no tendency or clear
difference in the nano-hardness of γ and γ’ phases in the samples after different creep
deformation of both superalloys. This means that the nano-hardness does not change with
increasing creep strain or that the hardness changes are very small, therefore beyond a
resolution of applied measurement technique.
The nano-hardness of the γ’ precipitates in the PWA 1484 superalloy is slightly higher than the
nano-hardness of the γ’ phase of PWA 1497. The reason is most probably due to a difference in
alloy chemical composition; the PWA 1497 contains less Ta which act as a strengthening
element for γ’ phase. The γ matrix of the PWA 1497 superalloy is on average 0.8 GPa harder
than that of the PWA 1484, that might be explained by higher content of Re and Ru, since they
partition predominantly to the matrix phase.
The higher stability of 4th generation superalloy PWA 1497 is related to significantly stronger
solid solution strengthening, what results in higher hardness of γ matrix in comparison with
that of second generation PWA 1484 superalloy.
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Fig. 1: PWA 1484 superalloy, baseline material surface topography before (a) and after (b) NI-AFM tests (indents in γ
and γ’ phases are visible) revealed by AFM
 

 
Fig. 2: PWA 1497 superalloy, after creep test, surface topography before (a) and after (b)NI-AFM tests (indents in γ and
γ’ phases are visible) revealed by AFM
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Age hardenable Al-Mg-Si alloys are widely used as structural materials in automotive and
architectural industries due to their low density, high formability and corrosion resistance (1).
In these alloys, strengthening is due to the formation of needle-shaped β” precipitates, that is
controlled by the time and temperature of artificial aging. However, it has been reported that
room temperature (RT) pre-aging delays the formation of the strengthening precipitates (2),
whereas by pre-aging at temperatures of 70ºC or 100ºC, this delay is reduced (3). The detailed
process by which these effects take place is not yet fully understood. In this work, the
influence of pre-aging at RT and at 100ºC on the subsequent precipitation process during
artificial aging at 180ºC in an Al-Mg-Si alloy is addressed.
A commercial AW-6082 alloy with composition Al-0.64Mg–0.50Si–0.60Mn–0.05Cu–0.05Fe
(wt%), determined by optical emission spectrometry, and a mean grain size was 0.3 mm was
used. Specimens were solution-treated for 1 h at 530 ºC and water quenched. Before artificial
aging at 180ºC, one batch was aged at room temperature (RT) and another at 100ºC. The
resulting microstructure was characterized using a Tecnai F20 transmission electron
microscope.
Figure 1 shows two-beam bright field images with g = 200 obtained near the [011] zone axis of
specimens pre-aged for 3 hours at RT (a) or at 100ºC (b), and subsequently aged at 180ºC for
30 minutes. The observed contrast corresponds to needle-shaped β” precipitates whose
projections are parallel to the [0 1-1] direction. The density of precipitates is higher and the
average size is smaller in the specimen pre-aged at 100ºC than those in the RT pre-aged
specimen.
Figure 2 shows STEM annular bright field (ABF) images along the [001] zone axis of specimens
with 3 hours pre-aging at RT (a) or 100ºC (b), subsequently aged for 2 hours at 180ºC. Three
needle-shaped precipitate variants, oriented along the <100> matrix directions, are indicated.
Comparison of the precipitate lengths was carried out using such images, while that of the
precipitate diameters was done using High Resolution images (Figure 3). The results are shown
in Table I. Pre-aging at RT leads to fewer precipitates that grow to larger sizes, indicating that
pre-aging at 100ºC favours the nucleation of β” precipitates.
Table I: Comparison of precipitate sizes after pre-aging treatments of 3h at RT or 3h at 100ºC,
subsequently aged for 2 h at 180ºC (fig. 2).
Pre-aging | Mean length (nm) | Mean diameter (nm) |
RT | 20 ± 1 | 2.2 ± 0.2 |
100ºC | 14 ± 1 | 2.3 ± 0.2 |
References.
(1) I. Polmear, Light Alloys, 4th Edition, Butterworth-Heinemann (2005).
(2) C. Marioara et al., Acta Materialia 51 (2003), 789-796.
(3) T. Abid et al., J. of Alloys and Compounds 490 (2010), 166-169.
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Fig. 1: Bright field 2 beam images near the [011] zone axis in specimens 3h room temperature pre-aged (a) and 3h
100ºC pre-aged (b), subsequently annealed for 30 minutes at 180ºC.
 

 
Fig. 2: Annular Bright Field STEM images along the [001] zone axis in specimens pre-aged for 3h at RT (a) or at 100ºC
(b), and subsequently annealed for 2 hours at 180ºC.
 

 
Fig. 3: High Resolution images along the [001] zone axis in specimens pre-aged for 3h at RT (a) or at 100ºC (b), and
subsequently annealed for 2 hours at 180ºC.
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Due to their high specific strength and their relatively low cost, Al alloys are of great interest in
applications related to the automotive and aerospace industries. Because pure aluminium is
not hard enough for many of its target applications, different methods have been applied to
enhance its mechanical properties [1,2]. Among such approaches, powder sintering has gained
attention as an alternative method to obtain Al alloys that can provide the benefits of
conventional Al alloys but offering superior mechanical properties even at elevated
temperature exposures. Over the past years, increasing reliability has made it possible for Al
powder metallurgy to expand its implementation scope [3].
In this kind of alloys the mechanical properties are related to the distribution of the in situ
introduced Al2O3 dispersoids from the Al powder native oxide skin. The properties of the
resulting powder compact can vary significantly depending on the process by which the
compact is prepared and the original powder quality. Thus, microstructure must be studied in
order to understand the properties variations.
The aim of the present research was to study how oxide dispersoids distribute into an Al alloy
obtained by forging from ultra fine powders, and the oxide crystalline structure. In addition,
the evolution of the microstructure after annealing over 24 h at 520ºC was addressed.
Microstructural characterization was carried out with Transmission Electron Microscopy (TEM)
in a Philips CM200 microscope.
Figures 1 and 2 illustrate the microstructure of the “as forged” alloy. It can be observed that
the oxide distributes over the grain boundaries in the form of an oxide “skeleton” (Fig.1). High
resolution images of the oxide indicate that its structure is amorphous (Fig.2). Figures 3 and 4
display the microstructure after annealing. Whereas the mean grain size was not appreciably
altered, the structure and morphology of the oxide was significantly modified. Distinct oxide
particles are observed mainly along grain boundaries, but also inside grains (Fig.3), and their
structure is shown to be crystalline. Figure 4 shows a high resolution image and its
corresponding diffractogram. Analysis of such images indicates that the reflections are
compatible with the structure of γ-Al2O3.
Annealing was found to be detrimental to the strength of the alloy. Such changes are related
to the transformation of the oxides from amorphous to crystalline and the modification of their
distribution, leading to a loss in efficiency of grain boundary strengthening.
[1] I.Polmear. “Light Alloys: Metallurgy of the Light Alloys.” Butterworth-Heinemann (1995).
[2] J.Gilbert Kaufman. “Introduction to Aluminum Alloys and Tempers.” ASM International,
2000.
[3] M.Balog et al. Mat.Sci.Eng.A 504(2009)1-7.
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Fig. 1: Overview of the “as forged” Al alloy. The oxide
distributes as an almost continuous “skeleton” over the
grain boundaries.
 

 
Fig. 2: The oxide structure in the “as forged specimen
showed to be amorphous.
 

 
Fig. 3: Microstructure of the annealed alloy. Oxide particles
are distributed preferentially over grain boundaries but also
within grains.
 

 
Fig. 4: HRTEM image of an oxide particle showing
crystalline structure.
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The imaging of composite materials is steadily growing in importance and since the
contribution of the multi-phase composites combining metallic and non-metallic is rising
therefore imaging of these materials becoming more significant. When ceramic (or generally
non-conductive) matrix contains metallic phase components problems with phase analysis due
to charging of the sample is evident. Coating the sample with conductive layer is the standard
solution which may obscure fine surface details. This problem can be reduced using electron
microscopy at low landing energy while the information quality of signals usually connected
with high landing energies is preserved.
The aim of this investigation is to evaluate the possibility to distinguish different phases in
intermetallic alloy Ti - 46Al - 7Nb - 0.7Cr - 0.2Ni - 0.1Si using energy filtered Low Voltage
Backscattered electron images (impact energy less than 5 kV). Microstructure of the
specimens was examined using an Electron Backscatter Diffraction (EBSD) and results were
correlated with High Voltage BSE (HVBSE – impact energy 20 kV), Medium Voltage BSE (MVBSE
–impact energy 12 kV) and Low Voltage BSE (LVBSE – impact energy 2 kV) images.
The intermetallic alloy samples were analysed by electron diffraction technique and four main
phases were identified: α – Phase (hexagonal; SG 194), β – Phase (BCC; SG 229), γ – Phase
(tetragonal; SG 123) and Ti3Al – Phase (hexagonal; SG 194) (Fig. 1). These phases exhibit
different chemical composition, therefore at 20 keV in HVBSE image (Fig. 2) an obvious
difference in contrast between phases is generated. A decrease in impact energy to 12 keV of
the primary electrons causes an increase in image contrast (Fig. 3). For this case, the increase
in contrast is caused by combination of composition contrast and channelling contrast. When
the impact energy is lowered to 2 keV, detector positioned in the electron optics (in-lens) for
BSE has to be used. For low impact energies the contrast corresponding to phase differences is
still evident (Fig. 4) although it is accompanied by surface features (scratches, surface
deformation). The contrast mechanism at low impact energies does not depend on atomic
number or material density, but only on the bonding structure of the outer shell electrons.
There we get ionization losses, resonances (phonons, plasmons) or band gap losses [1].
Therefore contrast in LVBSE images is still visible and can even bring additional information in
some cases.
Low Voltage BSE imaging allows phase contrast imaging while decreasing charging of the
non-conductive components in composite materials.
[1] JAKSCH, H. CONTRAST MECHANISMS LOW-LOSS BSE IN A FIELD EMISSION SEM. In: MODERN
DEVELOPMENTS AND APPLICATIONS IN MICROBEAM ANALYSIS, 2012, p. 255-269.
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Fig. 1: Reconstructed EBSD phase map of Ti - 46Al - 7Nb -
0.7Cr - 0.2Ni - 0.1Si alloy.
 

 
Fig. 2: High Voltage BSE image at 20 kV of Ti - 46Al - 7Nb -
0.7Cr - 0.2Ni - 0.1Si alloy.
 

 
Fig. 3: Medium Voltage BSE image at 12 kV of Ti - 46Al -
7Nb - 0.7Cr - 0.2Ni - 0.1Si alloy.
 

 
Fig. 4: Low Voltage BSE image at 2 kV of Ti - 46Al - 7Nb -
0.7Cr - 0.2Ni - 0.1Si alloy.
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The understanding and the assessment of neutron irradiation in nuclear materials is critical in
the design of the next-generation nuclear fission reactors (Gen IV – sodium fast reactor) which
will need to work at higher temperature and higher radiation levels. Recent years have
witnessed increasing research efforts in this area. For these applications, oxide dispersion
strengthened (ODS) steels are amongst the interesting candidates. Here, one of the most
promising structural and fuel cladding materials, an oxide-dispersion-strengthened (ODS) steel
was implanted with He and Fe ions in order to simulate the transmutant He and the damage
(He/dpa) caused by neutron irradiation. The fine distribution of Y-Ti-O nanoparticles (NPs, 1-20
nm) in the Fe-Cr ferritic matrix is expected to improve thermal and mechanical properties [1].
Scanning transmission electron microscopy coupled with electron energy-loss spectroscopy
(Nion USTEM 200) was used to investigate at the nano- and atomic scale the structure and
chemistry of these NPs and the He bubbles generated. The ODS material (Fe-14Cr-1W-0.3TiH2-
0.3Y2O3, wt.%) was prepared by mechanical alloying of Fe-Cr-W-TiH2 and Y2O3 powders,
followed by hot extrusion. Ion irradiationwas carried out at 500°C, producing 5 dpa damage
(Fe) with 1000 appm/dpa He implantation. Core loss spectrum-images were denoised using
principal component analysis [2]. Implanted He is shown to be trapped in some Ti-O NPs (figs
1d-f) although bubbles also exist outside the NPs. The He-K line (21.2 eV for free atoms) shifts
to higher energy in the bubbles (fig. 2c, E=1.75 to 4.6 eV); this has been shown to be
correlated to the bubble He density and these shifts imply fairly high densities of up to ~150
at.nm-3[3]. The ion irradiation has also changed the Cr distribution, removing the Cr-shell
observed around the NPs in non-irradiated ODS samples, as seen in Fig.3 [4,5]. A detailed
study of the helium densities and pressures in the bubbles associated with the nanoparticles
and in the steel matrix will be presented.[Yamashita S et al, J Nucl Mater 2004].
[1] T. Yamamoto et al. J. of Nucl Mater 367–370 (2007) 399–410
[2] www.hyperspy.org
[3] S. Fréchard et al. Journal of Nuclear Materials 393 (2009) 102–107
[4] A. Hirata et al. Nature Materials 2011;10:922.
[5] V. Badjeck et al submitted to Phys. Rev.
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Fig. 1: (b) HAADF image of nanoparticles and He bubbles, (a) spectra of the bubble n°4 (He-K) and of the Fe-Cr matrix
around this bubble with the iron plasmon. (c) He-K normalized spectra of 4 He bubbles numbered in the HAADF image,
after subtraction of the iron plasmon signal
 

 
Fig. 2: (a) HAADF image and (b) Fe-L2,3, (c) Cr-L2,3, (d) O-K, (e) Ti-L2,3 and (f)He-K elemental maps with a the left and
right arrows showing He bubbles without and with Ti presence respectively
 

 
Fig. 3: Elemental maps of Ti,O Cr and Fe in a sample of the same steel before irradiation, showing the chromium shell
present around unirradiated particles
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Strain-induced NbC precipitation in multipass hot rolling of microalloyed steels is of a high
practical importance, however, its direct study is precluded by the phase transformation on
cooling from the hot rolling temperatures in these steels. The current investigation was
performed using Fe-30Ni-Nb model austenitic steel, that preserves the hot deformed
microstructure on cooling to ambient temperature. The hot deformation was carried out in two
passes, separated by isothermal holding (10, 100 and 300 s), in uniaxial compression at 925
°C at a strain rate of 1 s-1 using the first pass strain of 0.2 and the second pass strain of 0.2 to
0.6. High resolution EBSD and a wide range of TEM imaging and diffraction techniques were
employed to characterise the dislocation substructure and its interaction with strain-induced
precipitates. EBSD investigation after the first pass revealed that the microstructure in the
<110> fibre grains consists of the crystallographic microbands (MBs) aligned parallel to highly
stressed {111} slip planes. This is consistent with reported findings that, during straining to
medium levels, the MBs represent “transient” microstructure features that maintain their
crystallographic character, through continuously rearranging themselves, and do not follow the
rigid body rotation imposed by the plastic deformation. During inter-pass holding after the first
pass, the strain-induced NbC particles were observed to nucleate preferentially on the nodes of
periodic dislocation networks constituting MB walls. Over the increase of holding time from 10
to 300 s, the precipitates grew in size from 5 to 31 nm and the MB walls became increasingly
disintegrated. Interestingly, after second pass deformation the MBs maintained their
crystallographic character irrespective of holding time (Fig, 1). For shorter holding time, NbC
particles still occupied the MB nodes (Fig, 1a), which indicates that during reloading these
particles remained strongly pinned and became dragged by the rearranging MB walls. During
reloading after increased holding time the particles tended to become increasingly detached
from the MB walls and to follow the rigid body rotation (Fig. 1b). Ultimately, precipitate-free
MBs were created for the prolonged inter-pass holding (Fig. 1c). This might be attributed to
both the progressively reduced pinning force exerted by coarsening precipitates and the
reduced dislocation density in MB walls obtained with an increase in the inter-pass holding
time, which would allow the precipitates to move out of these walls during reloading. The
present observations made on partially pinned MB walls (see Fig, 1b) revealed that their
rearrangement on reloading occurred through cooperative migration of the corresponding
dislocation networks.
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Fig. 1: TEM dark-field micrograph of the microband wall occupied by NbC particles, obtained after double-pass
deformation with a strain of 0.2 at each pass and inter-pass holding of 10 s. The compression direction, diffraction
vector g and (111) trace are marked on the micrograph.
 

 
Fig. 2: TEM bright-field micrograph of the microband wall partly detached from NbC particles, obtained after
double-pass deformation with a strain of 0.2 at each pass and inter-pass holding of 100 s. The compression direction,
diffraction vector g and (111) trace are marked on the micrograph.
 

 
Fig. 3: TEM bright-field micrograph of the microband wall fully detached from NbC particles (arrowed), obtained after
double-pass deformation with a strain of 0.2 at each pass and inter-pass holding of 300 s. The compression direction,
diffraction vector g and (111) trace are marked on the micrograph.
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One possible way to obtain nanocrystalline multiphase composites is the intensive plastic
deformation (IPD) of alloys under a high pressure. This method was applied to Al-RE-TM alloys,
where RE- rare earth (La) metal and TR - transition metal (Ni, Fe). Two as received alloys,
namely Al85Ni9Fe2La4 and Al85Ni7Fe4La were studied by scanning/transmission electron
microscopy (STEM), energy dispersive X-ray (EDX) microanalysis and X-ray diffraction (XRD).
The microstructural analyses were performed in an aberration corrected TITAN 80-300
TEM/STEM (FEI, USA) and TITAN 60-200 S/TEM attached with a high sensitivity Super-X EDX
detector system and X-FEG source (ChemiSTEM technology). The specimens for transmission
electron microscopy (TEM) were prepared by an electrochemical or ion etching.
It was found that as received alloys exhibits similar mixed polycrystalline microstructure
containing four phases: face-centered cubic c-Al, binary phases Al3(Ni,Fe) and Al11La3 and a
quaternary phase, contained Fe (Fig.2). The structure of Al3(Ni,Fe) particles were orthorhombic
(Fe3C-type crystal structure, Pnma, a=0.661 nm, b=0.736 nm, c=0.481 nm) and Al11La3 also
orthorhombic (Immm, a=0.44 nm, b=1.31 nm c=1.01 nm). The electron diffraction together
with HAADF STEM analysis (Fig.2) and XRD of the quaternary phase indicated that it was
Al8Fe2-xNixLa adopted Al8Fe2Eu type structure (S.G. Pbam) and unit cell parameters
a=1.2530(6) nm, b=1.4503(4) nm, c=0.4036(1) nm. The Ni and Fe were homogeneously
distributed in the compound (see Fig.3) The planar defects with Al3.2Fe type structure
(monoclinic, S.G. С2/m) was observed inside the Al8Fe2-xNixLa particles (Fig.2). The atomic
resolution EDX (Fig.3) unambiguously demonstrated that these insertions were Al3.2FexNi1-x.
Again, the distribution of Ni and Fe in these defected areas was homogeneous.The interfaces
between Al8Fe2-xNixLa and Al3.2FexNi1-x were defect free because the atomic structure of
the correspondent (001) Al8Fe2-хNiхLa and (010) Al3.2FexNi1-x crystal planes match perfectly
to each other.
This work was supported by RFBR grant 13-02-12190 OFI-m.
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Fig. 1: Optical image of Al85Ni7Fe4La alloy: 1– c-Al, 2 –Al3Ni, 3 –Al11La3, 4 – Al8FeNiLa.
 

 
Fig. 2: The HAADF HR STEM image of Al8Fe2-xNixLa particle in B=[001] zone axis. The crystal structure of
Al8Fe2-xNixLa is in the inserts. The Al3.2FexNi1-x planar defects adopted Al3.2Fe structure type are shown by arrows.
 

 
Fig. 3: The STEM image of Al8Fe2-xNixLa particle in B=[101] zone axis. The atomic resolution Ni and Fe maps are in the
inserts.
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Extruded magnesium alloys AE42 and LAE442 were processed by Equal channel angular
pressing, what led to significant grain refinement and specific texture formation. The resulting
average grain size was ~1 µm in both alloys. Investigation by EBSD showed, that evolution of
the texture was defined by channel parameters and slip system activity during the processing.
In AE42 alloy was during the processing activated preferentially basal slip system. Fiber
texture formed by extrusion was replaced with specific texture previously observed in
magnesium alloys processed similarly: basal planes preferentially oriented 45 ° from the
processing direction. However, lithium addition in LAE442 alloy resulted in decrease of c/a
ratio, what facilitated prismatic and pyramidal slip during the thermomechanical processing.
Compared to AE42 was the texture after final stage of the thermomechanical processing
formed furthermore by grains with basal planes preferentially oriented parallel to the
processing direction. Therefore final texture was not so strong, when comapred to AE42 alloy.
Both grian refinement and texture formation had substantial effect on the evolution of yield
tesile strength in both alloys. Pronounced decrease of yield strength due to texture evolution
was measured in AE42 alloy despite significant grain refinement. Texture formed after final
stage of the processing was not so strong, moreover, the element representing basal planes
rotated 45 ° from the processing direction was weak. Therefore decrease of yield strength was
not measured.
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Two metal sheets of Titanium 21S have been stir welded at a rotation speed of 200 tr/min. and
a linear speed of 50 mm/min. The microstructure was studied by EBSD. The particularity of this
study is the very long duration of the EBSD acquisition experiment that was run over 9 days in
continuous. To set this experiment a combine stage/beam acquisition was started up after
having selected different areas including some large joined zones located at different positions
over the sample. This type of experiment is only possible if the SEM can be stable enough over
such a long period, which means that only a few schottky type FEG-SEM could be used. Figure
1 shows some typical areas (in blue) that were recorded. It shows also an orientation map
acquired on an area of 15 mm x 4 mm at a step size of 2 microns although the blues areas
(and others) were acquired at a step size of 0.2 micron (figure 2). The first one allowed a
general overview of the microstructure evolution and the others the detail observations on
specific parts. Doing some large areas combining stage en beam moves allow to be sure to get
all the needed data in one go all over some interfacial zones (like area 4 and similar, by
example).
At the initial state, the material is formed of an equiaxe grain size of about 35 microns. The
microstructure is becoming very fine at the centre of the welding and evolve trough the
thickness of the sheets. Orientation maps with the smallest step confirm the mean grain size in
the area number 1 of about 1 micron and in zones 2 and 3 of about 2 microns. This important
reduction is characteristic of a severe plastic deformation process. These small grains show a
very small intragranular misorientation not more than 1°. In the contrary, in area number 4
grains show large intragranular misorientations (figure 3).
The analysis of the texture clearly indicates that the tool generates, during its rotation, a very
strong shearing of the material.
 

Acknowledgement: Authors thank Mrs Millet and Goussain respectively from Timet and Institut
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Fig. 1: Weld section of the whole sample with typical small step acquisition areas, in blue. Left side: the retreating side,
right side: the advancing side.
 

 
Fig. 2: Grain sizes in zones 1, 2 and 3
 

 
Fig. 3: Variation of intragranular misorientation along an
interface containing small and large grains.
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Metastable β titanium alloys are widely used as construction materials in automotive and
aerospace industry. These applications demand materials with superior properties, such as
high specific strength, good ductility and excellent fatigue and corrosion resistance. The
improvement of strength can be achieved through ageing treatment which results in the
formation of small precipitates of thermodynamically stable α phase in the metastable β
matrix [1]. When the α precipitates are very fine and homogeneously distributed, the strength
of the alloy increases without a significant deterioration of the ductility [2]. This fine
microstructure can be achieved by employing such heat treatment in which the α phase
precipitation is preceded by ω phase formation. ω phase is a metastable phase occurring as
nanometric-sized, homogeneously dispersed particles. ω-assisted α phase nucleation results in
very fine α phase microstructure [3].
In this study, very small precipitates of the α phase were studied by scanning electron
microscopy (SEM). This observation allowed us to investigate the dependence of the resulting
α + β microstructure on various ageing conditions (time, temperature, cooling regime). The
SEM study was supplemented by the measurement of small-angle x-ray scattering (SAXS)
which provides precise information on crystallographic orientation between the β and α lattices
and on the shape and size of α precipitates. In order to assess the relationship of
microstructure and mechanical properties of the material, Vickers microhardness was
measured.
References:
[1] Banerjee D., Williams J. C. Perspectives on titanium science and technology, Acta Materialia
2013; 61:844.
[2] Lütjering G., Williams J. C. Titanium. Berlin; Springer-Verlag; 2007.
[3] Blackburn M. J. , Williams J. C. Transactions of the Metallurgical Society of AIME 1968;
242:2461.
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High strength at elevated temperatures is an important characteristic of heat-resistant cast
stainless steels, an example of these steels is ASTM A297, grade HP, which is used as radiant
tubes in pyrolysis and reformer furnaces. In operational conditions the wall temperature in
these tubes can reach a maximum of 950°C. During that operational condition, the gradual
deterioration of the catalyst in the radiant tubes can result in increased temperature over
1000°C in localized regions[1]. The radiant tubes usually take 100000 h as a reference lifespan
but, nowadays requirements for higher productivity have raised the demand for improved
performance. In this context Nb and Ti were added in the chemical composition of the normal
grade, resulting in the modified HP steels. Despite the improvement in the structural stability
by the additions of Nb and Ti, during service at high temperatures the microstructure changes
due to aging time [2]. Modified HP steels have a fully austenitic matrix with primary Cr and Nb
carbides along the interdendritic region. During aging time, besides the coalescence of the
primary interdendritic carbides, a fine secondary precipitation in the matrix and a partial
transformation of the primary NbC to a G-Phase (Ni16Nb6Si7) occurs [3]. Despite this, some
uncertainties remain concerning the integrity of tubes that don’t collapse during an
overheating events and the possibility of reusing them. In this context, the aim of this work is
evaluate the effects of the localized overheating on these modified HP steels aged in different
conditions during long term exposure in service by SEM and TEM. The microstructural analysis
was performed using samples in aged, over-aged and localized overheated conditions,
obtained from radiant tubes reached 70.000 h of service. The SEM samples were prepared by
conventional grinding and polishing techniques and TEM samples were prepared by
electro-polishing techniques. Despite the fragmentation of primary carbides, including the
G-Phase, the SEM analysis of the samples in the same region of different tubes showed mainly
a massive secondary precipitation in the aged condition and an apparently complete
dissolution of these precipitates in the overheated tube, Fig. 1. But in fact, the TEM analysis,
Fig. 3, showed a partial dissolution of the secondary precipitates. This fact broad the
discussions about the possibility of reuse these radiant tubes, who suffered the temperature
burst and showed a microstructure near than tubes in the aged condition.
[1] F.C. Nunes et al., Mater Charact. 58 (2007) 132. [2] G.D.A. Soares et al., Mater Charact. 29
(1992) 387. [3] R.A.P. Ibañez et al., Mater Charact. 30 (1993) 243.
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Fig. 1: SEM image of the microstructure an overheated
condition.
 

 
Fig. 2: TEM image of secondary precipitation.
 

 
Fig. 3: TEM image of secondary precipitation, aged
condition.
 

 
Fig. 4: TEM image of secondary precipitation, overheating
condition.
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It is recognized that grain boundaries (GBs) can adopt a diffuse structural nature, and be
described using diffuse interface theory, where the structure and chemistry of GBs, interfaces
and surfaces can go through 2-D transitions between thermodynamic states (termed
complexions) in order to minimize the interface energy [1-2]. As such, complexions for
interfaces are analogous to phases in the bulk.
To date, almost all of these studies have been conducted at GBs in single phase polycrystalline
systems, which by definition are not at equilibrium, and in some cases it is not even clear if the
identified complexions are at steady-state [3-4]. Similar questions have been raised regarding
interfaces in thin film studies, where the deposition process may be very far from equilibrium.
This presentation will focus on an experimental approach to address the structure, chemistry,
and energy of complexions at metal-ceramic interfaces which are fully equilibrated, from which
it can be demonstrated that a change in complexion reduces interface energy [5-6]. This will
be compared with complexions at solid-liquid interfaces, where a region of ordered liquid
exists adjacent to the interface at equilibrium [7-10], and the details of a reconstructed
solid-solid interface where the reconstructed interface structure accommodates lattice
mismatch for a nominally incoherent interface [11]. These three systems will be compared to
known reconstructed solid surfaces, which can also be described as complexions, within a
more generalized Gibbs adsorption isotherm.
References
1. D.R. Clarke, J. Am. Ceram. Soc. 70:15-22 (1987).
2. M. Tang, W.C. Carter, R.M. Cannon, J. Mat. Sci., 41:7691-7695 (2006).
3. R.H. French, H. Mullejans, D.J. Jones, G. Duscher, R.M. Cannon, M. Ruhle, Acta Mat.,
46:2271-2287 (1998).
4. S.J. Dillon, M.P. Harmer, J. Am. Ceram. Soc., 91:2304-2313 (2008)
5. M. Baram, D. Chatain, W.D. Kaplan, Science, 332:206-209 (2011).
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Properties of ceramics are strongly dependent on the grain boundaries (GBs) which has
different atomic structures due to the disorder in periodicity. The grain boundary structures are
also influenced by dopants and vacancies segregated at GBs, providing various functional
properties, which cannot be observed in a perfect crystal. In order to control GB structures to
improve the properties, we need to understand the relationships between GB characters,
atomic structures and chemistry. It is considered that the formation of vacancies reconstructs
the GB atomic structures, depending on the GB characters such as misorientation angle and
GB plane. In addition, the segregated dopants also should play an crucial role to change the
GB atomic structures, which is related to the GB structural transition.
In this study, well-defined GBs structures of CeO2 and co-doped MgO and Al2O3, which are
fabricated by the bicrystal techniques, are used as the model samples, and the behavior of the
GB structure reconstruction due to vacancies and co-dopants are systematically investigated
by combining aberration-corrected STEM, EELS and theoretical calculations. STEM observations
were performed using JEM-2100F and ARM-200F (JEOL) equipped with CEOS Cs-corrector. EELS
spectra were acquired in STEM mode by an Enfina spectrometer (Gatan Inc). For theoretical
approach, static lattice and density functional theory (DFT) calculations were used
complementary.
CeO2 has attracted much attention as electrolyte materials for solid oxide fuel cells. It has
been reported that GBs play an important role in the oxygen transport properties in CeO2,
which must be influenced by the vacancies introduced in GBs. Various types of GBs of CeO2
were characterized by STEM, in which the periodic structural units are formed. In the case of
Σ5 GB, nonstoichiometric GB core structure with oxygen vacancies is considered to be the
most suitable model for the experimentally observed Σ5 GB. On the other hand, the Σ3 GB has
the stoichiometric GB core structure. According to the DFT calculations, the structural
distortions at the Σ3 GB are not as clear as those at the Σ5 stoichiometric GB. These results
suggest that the oxygen stoichiometry at the GBs does not only depend on the atmosphere
but also on the GB atomic structure, which is closely related to the GB energies, dangling
bonds and strain. Co-dopant systems with aliovalent dopants were also investigated by the
same method. For the model GB with the co-dopants, Ca and Si doped Al2O3 and Ca and Ti
doped MgO were are selected for the present investigation. It was found that the two different
dopants form the periodic structures along the respective GBs to compensate the charge
neutrality at the GBs to relax their atomic structures.
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Spinels form a class of mixed-metal oxides with a general composition XY2O4, where X and Y
are divalent and trivalent cations respectively. The spinel structure is robust against irradiation
via fast neutron or ion beams, with minimal formation of defects or dislocations. Such radiation
tolerance in spinel structures has yielded applications in the nuclear industry, including use as
an inert matrix for fuel containment. Cation mobility and an ability to easily invert antisite
defects in the cation sublattice are thought to contribute to the radiation tolerance of spinel
and associated retention of an ordered anion sublattice. Direct imaging of the constituent ionic
sublattices under neutron or ion-beam irradiation is crucial in understanding the nanoscale
response of spinel to irradiation. Here we report on in-situ electron irradiation of spinel crystals
and direct visualisation of the atomic structure via aberration-corrected high-resolution
electron microscopy. Specimens of spinel prepared by ultramicrotomy were imaged using a
JEOL R005 aberration-corrected transmission electron microscope, operating at a beam energy
of 300keV and with Cs compensated to -4mm. The surfaces of spinel crystals were studied as a
function of dose, with figure 1(a) showing the initial surface structure and figure 1(b) the same
following a beam exposure of approximately ten minutes. Initially the crystal surface profile is
stepped, with small terrace lengths and short {111} facets showing enhanced surface
contrast. Following exposure to the electron beam elongated {111} facets are formed. Figure
2 shows a more detailed view of the structure of the {111} facets in a crystal that has been
exposed to the electron beam. The terminating atomic layer deviates from the bulk atomic
arrangement and shows enhanced contrast on the {111} facets. The indicated region in figure
2(a and b) has been compared to simulated exit-wavefunctions calculated for a range of
crystal thicknesses. Figure 2 (c) shows a simulated exit-wavefunction for crystal thicknesses of
4.6nm and yields a qualitative match of atomic column positions with the experimental data.
The location of the more intense of the two surface features is consistent with the positions
expected for Mg sites in a {111} surface terminated with Mg. The second less intense column
is consistent with either an aluminium or oxygen site. MgO layers have been reported to form
when spinel is subject to electric fields under high temperature. Here we confirm via direct
imaging, that a non-stoichiometric surface layer exists in nanoscale spinel, with electron
irradiation enhancing the formation of elongated {111} surfaces and the Mg ion diffusion that
contributes to the surface MgO layer.



 
Fig. 1: Phase of the reconstructed exit-wavefunction of spinel specimens. (a) Initial specimen. (b) The same area
following approximately 10 minutes of exposure to a 300kV electron beam.
 

 
Fig. 2: (a) Enlarged area of figure 1(b). Strong surface contrast is evident as marked with an arrow. (b) False-colour
image of the highlighted region in 2(a) with locations of the Mg sites indicated with arrows. (c) Simulated
exit-wavefunction phase for a 4.6nm thick section of spinel crystal.
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The development of next-generation secondary batteries continues to promote integration and
miniaturization. Al-solid-state Li-ion batteries using nonflammable solid electrolyte and thin
film electrode materials not only offer significant advantages in terms of improved safety and
chemical and thermal stability, increased power and energy densities, and large potential
windows, but also can be produced to much smaller dimensions than conventional Li-ion
batteries containing liquid electrolytes. As with conventional batteries, the performance of
thin-film batteries is influenced strongly by the nature of the embedded interfaces, such as
electrode/electrolyte and electrode/current-collector interfaces, as well as the grain and
domain boundaries within the electrode and/or electrolyte materials. Detailed knowledge of
the interface structures, which provides insights into formation mechanisms of the interfaces
and the effects of microstructure on electrochemical properties, is essential for efficient
materials and device design. Here based on a systematic study using state-of-the-art scanning
transmission electron microscopy (STEM), we report the epitaxial growth mechanism of a
typical cathodic LiMn2O4 thin epifilm by exploring the detailed structural and compositional
variations in the vicinity of a film/substrate interface, while reveal the structures and
composition of the domain boundaries (DBs) and consider their effect on Li-ion mobility and
ionic conductivity of La2/3-xLi3xTiO3 (LLTO) electrolytes.
Direct observation of atom columns shows the LiMn2O4 epifilm forms an atomically flat and
coherent heterointerface with the Au(111) substrate, but that the crystal lattice is tetragonally
distorted with a measurable compositional gradient from the interface to the crystal bulk. The
growth mechanism is interpreted in terms of a combination of chemical and
physicomechanical effects, namely a complex interplay between the internal Jahn-Teller
distortions induced by oxygen non-stoichiometry and the lattice misfit strain.
DBs in LLTO are shown to consist essentially of two types: frequently occurring 90° rotation
DBs and a much less common antiphase-type boundary. It is found that the 90° DBs are
coherent interfaces consisting of interconnected steps that share La sites, with occupancies of
La sites higher than in the domain interiors. The DBs suffer different degrees of lattice
mismatch strain depending on Li content. The lattice strain and resultant Li and O vacancies
and the high La occupancy at DBs are expected to result in lower interdomain Li-ion mobility,
which will have a deleterious effect on the overall Li-ion conductivity.1,2

[1] X. Gao, et. al., Chem. Mater. 2013, 25, 1607.
[2] X. Gao, et. al., J. Mater. Chem. A 2014, 2, 843.
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VO2 undergoes a reversible metal-to-insulator transition (MIT) at 68 oC from a high temperature
rutile tetragonal structure (R) to a low temperature monoclinic structure (M) accompanied with
a great change in both resistivity and IR transmittance, which are promising for broaden
applications such as smart window, switching and storage media. Since the microstructures of
a thin film, including interface [1], grain boundary, strain distribution, and doping effect, etc.
play a crucial role in its performance, the understanding of their relationship is essential for an
effective manipulation of MIT and application design.
In our work, the structures and chemistries of VO2/Al2O3 thin films are systematically
investigated by a Cs-corrected STEM. The twinning epitaxial structures, as well as the highly
orientated twin boundaries (TB) are reported for the pure M-VO2 thin film. As revealed by the
strain-sensitive low angle annular dark field (LAADF) imaging where a “colossal” bright
contrast is raised only for some TB, they can be classified into two families by their different
strain behaviors (Fig.1). Direct observations and measurements of the atomic displacement in
the vicinity of TB quantitatively demonstrate a local structure distortion from monoclinic
toward tetragonal accordant with their strain (Fig.2). Thus, these structural heterogeneities will
cause unsynchronized dynamic MIT process and broaden the transition [2].
Moreover, for most VO2 applications, a transition temperature around RT is generally required,
thus W doping, as established to be the most efficient method, is also studied. Distributions of
the W atoms in R-VO2 thin film are analyzed by EELS mapping and HAADF imaging, showing an
ordered W substitutional structure with the atomic clustering, and in particular along <010>R

orientations (Fig.3). These clustering are further confirmed by DFT simulations, which find the
most energetically favored W-W distances to be 4.23 Å along <010>R. The simulations further
suggest that the clustering may be an effective mechanism to localize and reduce the
W-induced structural distortions in the V-V chains, therefore, it may produce an efficient
balance between the electron doping and the weak structural distortion and contribute to
reduce the MIT temperature [3].
[1] Li et al. Scripta Mater. (2014) http://dx.doi.org/10.1016/j.scriptamat.2014.01.029
[2] Li et al. Acta Mater. 61 (2013) 6443–6452
[3] Li et al. submitted
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Fig. 1: Fig. 1 (a) STEM-BF and (b) LAADF images of VO2 thin film. Six orientations for twin boundaries are found and
classified into two sets of families.
 

 
Fig. 2: Fig.2 (a) STEM-HAADF image, (b) zoomed HAADF images boxed in (a) and the scheme descriptions of the
off-position measurement of the vanadium atom position. (c) Profiles of the atomic displacements.
 

 
Fig. 3: Fig. 3 (a) STEM-HAADF image of the W 0.02V0.98O2 thin film at zone axis [100]R, (b) Enlarged HAADF images of the
boxed grain. (c)the intensity profile of (b) along the bR axis.
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Structure, composition and bonding at grain boundary and interfaces affect the sintering
process, the microstructure control and the thermo-mechanical properties of advanced
ceramics. TEM has always played the leading role in pursuit of grain boundary nature: in the
pre-Cs time, equilibrium amorphous film was found at grain boundaries in Si3N4; in the
beginning of Cs era, rare-earth cations were directly imaged at specific sites of intergranular
films, which opened the door of detailed study of chemical bonding. However, between
structure and bonding, the composition of grain boundaries was not sufficiently studied as
compared either on scale or quality. Here I would like to present a comprehensive approach to
probe chemical composition and bonding based on a combined EELS methodology [1]. The
resultant quantitative knowledge on grain boundary chemistry may help us to gain deeper
insights into the nature of ceramic materials.
Difference in ELNES characters between the probed grain boundary film and the adjacent
grains allow the overlapping spectrum to be separated in a systematic procedure, which is
based on the “spatial difference” method combined with the principle of “Multiple-variant
Statistic Analysis”. Indeed the ~1nm thick amorphous film is made of silicate, hence the SiO4

bonding must be quite different from the Si-N4 bonding. As illustrated in Fig. 1, this approach
separates not only the specific ELNES for grain boundary film, but also the associated volume,
which results in corresponding chemical width and composition for the grain boundary film [1].
This is effectively an orthogonization process to find two independent vectors in the
vector-space of EELS spectra. This indirect approach could even obtain atomic level EELS
spectrum in the pre-Cs era in a suitable case [2].
The exclusive EELS spectrum reveals that the amorphous film is made of silicon oxynitride
instead of silicate. Ratio of N:O remains close to 1:2 in several doping systems, but it could
vary when the sintering could not fully densify [3]. More detailed study reveals further that
dopant cations segregated to the grain boundary film in a trend different from the film
composition, and the grain surfaces play also a role in the structure and chemistry of
amorphous films [4].The ELNES separation could also be applied to phase boundary to reveal
the exclusive spectrum corresponding to the boundary width [1]. It leads to finding amorphous
double-layer film at the boundary between a grain and a devitrified triple pocket phase in a
doped Si3N4 (Fig. 2). More details and implication of such a phenomenon will come soon.
[1] Ultramicroscopy 76 (1999), 159; 173.
[2] Ultramicroscopy 78 (1999), 22.
[3] Mater. Trans. 45 (2004), 2091.
[4] Int. J. Mater. Res. 101 (2010), 66.
 



 
Fig. 1: ELNES separation results in the specific spectrum of grain boundary film that contains no overlapping signal
from the adjacent grains, thanks to their difference in bonding nature [1].
 

 
Fig. 2: EELS line-scan across triple pocket in a La2O3-doped Si3N4 to reveal the double-layer for amorphous film at the
two-phase boundary. The EELS spectra were processed according to their ELNES differences between both phases as
described in [1].
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Lanthanum niobate (LaNbO4) is a promising material system in application as a novel proton
conductor due to its combination of properties allowing to withstand high levels of humidity
and CO2 containing atmospheres [1]. The materials conductivity can be further enhanced by
suitable choice of the type and amount of dopants and in particular a co-doping strategy is
highly attractive as a route towards improving functional properties of the LaNbO4 [2].
We present a detailed study of co-doping influence on the microstructure and compositional
homogeneity of LaNbO4 proton conductor using combination of high-resolution STEM-HAADF
imaging and spectroscopy techniques.
Series of co-doped LaNbO4 alloys were synthesized, where Ca, Ba or Sr acted as substitutes on
La-sites, and Ge, Ti or Al on Nb-sites. As an example, 1%-Ca and 1%-Ti co-doped LaNbO4 proton
conductor with nominal formula La0.99Ca0.01Nb0.99Ti0.01O4-δ (LCNT) is discussed in more detail in the
following. A low-magnification STEM-HAADF image acquired from an as-sintered sample is
shown in Fig. 1. LCNT is predominantly composed of low temperature monoclinic, randomly
oriented and well packed large grains showing hexagonal shapes and stress-induced stripy
patterns. Strong elemental contrast STEM-HAADF images provided indication for curved shape
secondary phase grains present in the host matrix, like grains denoted by letter ‘S’ in Fig. 1.
Core-loss EELS spectra revealed the compositional nature and established the presence of a
dopant-rich phase in LCNT (see Fig. 2). Furthermore, valence EELS spectroscopy confirmed the
same chemical nature for all studied secondary phase grains (not shown). Fig. 3 shows a
high-resolution STEM-HAADF image together with the corresponding electron diffraction
pattern acquired from one of the ‘S’ grain oriented along a low index zone axis. The crystal
structure of the secondary phase grain is highly ordered, layered and defect-free in the
observed projection. The layering was characterized by a representative periodicity of ~12.92
Å perpendicular to the layers. High spatial resolution core-loss EELS line profiles of the Ca-L23,
Ti-L23, and La-M45 absorption edge intensities are shown in Fig. 4. The ‘S’ grains contain La-rich
layers (also accommodating some amount of Ca) which are separated by Ti-Ca rich layers
accommodating some amount of La. By correlating experimental data with crystal structure
models, we identified that the secondary phase grains possess the lanthanum titanate
(La2Ti2O7) crystal structure with substantial amounts of Ca incorporated into them, where Ca
partly substitutes La.
References:
[1] R. Haugsrud, T. Norby, Nature Materials 5 (2006) 193.
[2] M. Ivanova, S. Ricote, W. Meulenberg, R. Haugsrud, M. Ziegner, Solid State Ionics 213
(2012) 45.
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Fig. 1: Overview STEM-HAADF image acquired from
La0.99Ca0.01Nb0.99Ti0.01O4-δ sample showing the presence of
secondary phase grains denoted by ‘S’.
 

 
Fig. 2: Core-loss EELS spectra recorded from the host
matrix and the ‘S’ grain.
 

 
Fig. 3: High-resolution STEM-HAADF image acquired from
the ‘S’ grain together with corresponding electron
diffraction pattern in the inset.
 

 
Fig. 4: High spatial resolution core-loss EELS elemental line
profiles plotted as a function of probe scanning position
perpendicular to the layers in the ‘S’ grain.
 



Type of presentation: Oral
 

MS-5-O-2601 TEM and STEM Investigations of SrO-doped Sr(Ti,Nb)O3-δ

Thermoelectrics
 

Čeh M.1,2, Jerič M.1, Ow-Yang C.3, Gülgün M. A.3
 
1Department for Nanostructured Materials, Jožef Stefan Institute, Ljubljana, Slovenia, 2Center
for Electron Microscopy and Microanalysis, Jožef Stefan Institute, Ljubljana, Slovenia, 3Materials
Science & Engineering, Sabanci University, Tuzla, Istanbul, Turkey
 

Email of the presenting author: miran.ceh@ijs.si
 
Sr(Ti1-xNbx)O3-δ solid solutions are promising materials for n-type high-temperature
thermoelectrics1. In our study 10 mol% of SrO excess was added to stoichiometric composition
with x=0.2 in order to introduce Ruddlesden-Popper (RP) type-planar faults2,3 into the material,
thus minimizing thermal conductivity. TEM and STEM were used to study possible ordering
and/or distribution of Nb on Ti sites in the perovskite structure. All results were obtained in a
Jeol ARM-200F with a CFEG and Cs probe corrector. HAADF imaging was performed at angles
from 70 to 175 mrad, while ABF imaging from 11 to 23 mrad. EDXS spectra were acquired
using JEOL Centurio Dry SD100GV SDD Detector.
RP planar faults, as viewed along [001] zone axis, are shown in HRTEM micrograph in figure 1.
The commonly observed number of perovskite unit cells between the planar faults is >2, which
corresponds to various homologous compounds with the formula Srn+1(Ti,Nb)nO3n+1. However,
solid solution Sr(Ti,Nb)O3-type grains with no RP faults can also be observed (bottom inset in
Fig. 1). A HR HAADF STEM image of ordered RP faults (Fig. 2) shows that while the measured
intensities of individual Sr atomic columns along a single fault do not scatter significantly, the
(Ti,Nb)O atom columns exhibit quite large differences in measured intensities, thus indicating
significant variation in Nb and Ti content within a single atom column. Quantitative analysis of
measured intensities is in progress. The comparison between simultaneously acquired HAADF
and ABF images of a single RP fault is shown in figure 3. While pure oxygen atomic columns
cannot be resolved in the HAADF image, they can be readily observed using ABF imaging. The
positions of oxygen atom columns along the planar faults are in full agreement with the
structural model of a RP planar fault. Additional information on Nb distribution within
perovskite matrix/RP faults was obtained by EDXS. While low magnification EDXS mappings
show enrichment of Sr at RP faults accompanied by a corresponding decrease in Ti and Nb
content, atom-resolved EDXS mappings confirm that individual mixed (Ti,Nb)O atom columns
contain different Nb content (annotated atom column). Additionally, the spot EDXS line
analysis (net counts) again shows much larger scatter in accumulated net counts for Ti as
compared with Sr. The results being presented clearly show that no Nb is incorporated into the
SrO RP faults and that the Nb is inhomogeneously incorporated within (Ti,Nb)O atom columns.
References
1. S. Ohta et al., App.Phy.Lett., 2005, vol. 87, p. 092108.
2. S.N. Ruddlesden, P. Popper, Acta cryst., 1958, vol. 11, p. 54 -55.
3. S. Sturm et al, J. Mater. Res., 2009, Vol. 24, No.8, p. 2596-2604.
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Fig. 1: HRTEM micrograph of RP faults as seen in the [001]
zone axis with the corresponding diffraction pattern. The
lower inset shows coexistence of Sr(Ti,Nb)O3 grains with
grains containing RP faults.
 

 
Fig. 2: HR HAADF STEM micrograph of ordered RP faults. Sr
and mixed (Ti,Nb)O atomic columns are clearly
distinguished due to different intensities. Large scatter in
measured intensities of (Ti,Nb)O atom columns is observed.
 

 
Fig. 3: HR HAADF and ABF STEM micrographs of a single RP
fault. The positions of oxygen atomic columns in APB
micrograph are clearly resolved at the faults as well as
within the perovskite matrix viewed along the [001] zone
axis.
 

 
Fig. 4: Low magnification and atom resolved EDXS
mappings of RP fault(s). The latter clearly shows atom
columns with different Ti and Nb content (marked). Zig-zag
pattern of Sr atom columns at the fault is also resolved.
EDXS line analysis is showing large scatter in Ti Kα net
counts across perovskite matrix.
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BiFeO3 (BFO) is a promising multiferroic for technological applications because its electric
polarization is coupled to antiferromagnetic ordering at room temperature. Recently, a
strain-driven rhombohedral (R phase) and super-tetragonal (T phase) mixed phase in BFO thin
films grown on LaAlO3(LAO) substrates has also been reported to exhibit electrically
controllable spontaneous magnetism[1]. To reveal the stability of both T-BFO and R-BFO, the
detailed local structures of the BFO/LAO interfaces and the T/R morphotroic phase boundary
were investigated by means of state-of-the-art Cs-corrected scanning transmission electron
microscopy (STEM) techniques.
Figure 1(a) shows the detailed atomic structure of the R-BFO/LAO interface observed by the
high angle annular dark-field (HAADF) STEM. A continuous expansion of the BFO crystal lattice,
and displacement of Fe ions occur at coherent super-tetragonal BFO/LAO and rhombohedral
BFO/LAO heterointerfaces, measured as c/a ratios given in Fig 1(b). A similar pinned interface
transition layer about two unit cells thick was directly observed at both interfaces. The
continuous ferroelectric polarization relaxations observed at both T-BFO/LAO and R-BFO/LAO
interfaces show different features, which are the result of competition between the tiliting of
Fe-O6 octahedra and the displacement of Fe ions, depending on the strain state of BFO thin
film [2]. However, the phase boundary between T-BFO and R-BFO is very sharp. The lattice
relaxed within 1-2 unit cells and no defects can be observed, as shown in Fig. 2. Such
information is important for rationaliz ing the varied and complex phenomena of BFO, and
adds to our rapidly growing understanding of the ferroelectric behavior of complex oxide
heterointerfaces.
References:
[1] Q. He et al., Nat. Commun., 2(2011) 255.
[2] R. Huang et al., Adv. Func. Mater., 24 (2014) 793.
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Fig. 1: (a) HAADF image of R-BiFeO3/LaAlO3 interface along the [010]c zone axis. (b) c/a ratios of T-BFO and R-BFO as a
function of distance from the interface.
 

 
Fig. 2: Atomic structure of T/ R phase boundary.
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Perovskite-related Li0.5-3xLn0.5+xTiO3 (Ln = lanthanides) are among the best Li ion conductors, with
potential for use as Li-battery solid electrolytes. In particular, Li0.5-3xNd0.5+xTiO3 (LNT) exhibits
spontaneous self-assembled nano-domains with well-defined 2-D periodicity, which appears to
be tuneable by Li concentration. Its potential application as a template for the assembly of
nanostructures has attracted significant interest in the nature of the 2-D modulated
nanostructure. However, due to the complexity of the structure together with difficulties in
detecting light and highly-mobile Li-ions and Nd-vacancies, the nano-domain structure of LNT
remains a subject of controversy.
In this work, we reveal further the intriguing nanoscale structure of LNT using scanning
transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS). We
used an aberration-corrected Titan 80-300 S/TEM, which can give a sub-Ångström STEM probe
with sufficient intensity for both atomic-resolution imaging and EELS mapping. The optimized
300kV STEM-EELS setup on our instrument is sensitive enough to measure the Li distribution in
[100]-oriented LNT, when care is taken to minimise beam damage. Using Ti-L and Nd-M EELS
signals (Fig. 1(c)), we reveal the atomic-scale elemental distribution in LNT along both [100]
and [001] zone-axes (Fig. 1(d-e)). The [100]-oriented Nd-map in Fig. 1(d) shows that along the
[001] direction (vertical direction) only every two perovskite unitcells contain one Nd
atomic-layer, indicating that the other A-cation sites are occupied by Li ions. This observation
provides the direct evidence of the Nd/Li cation-ordering in alternating (001) planes of LNT.
Similar atomic-resolution EELS mapping on defects, such as anti-phase boundaries and 90°
boundaries shown in Fig. 2, uncovers that the Ti-sublattice remains unchanged around the
defects, while Nd-ions are restructured to form different types of boundaries.
Based on atomic-resolution STEM imaging on [001]-oriented LNT, a strain modulation
associated with the twinning of the Ti-O octahedral tilt system is identified, which is at least
partly responsible for the formation of the 2-D modulated structure. In addition, we image
directly the tilted octahedra in LNT using annular bright-field (ABF) imaging in STEM and
measure the tilt angle to be 15°. Moreover, we show that the nano-domain contrast diminishes
when STEM collection angle increases - an indication that strain contrast is dominant, rather
than chemical contrast. These two observations suggest that strain plays a significant role in
the nano-domain formation.
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Fig. 1: Atomic structure of LNT in (a) [110] and (b) [001] zone axes. (c) EEL spectrum taken from LNT showing Ti-L, O-K,
and Nd-M edges. (d) Atomic-resolution STEM-EELS maps of [100] LNT. (e) Atomic-resolution STEM-EELS maps of [001]
LNT.
 

 
Fig. 2: Atomic-resolution STEM-HAADF image and EELS maps showing defects in LNT: (left) 90° grain boundary and
(right) anti-phase boundary.
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Atomically thin layered crystals isolated by mechanical exfoliation method have exhibited new
physical properties and provided novel applications. Moreover, hybrid structures of these
2-dimensional (2-D) layered materials with semiconductor thin films and nanostructures offer
additional functionalities, such as flexibility and transferability, thereby greatly extending the
applicability to the fabrication of electronic and optoelectronic devices [1,2]. Accordingly,
many efforts have focused on nanomaterials growth using 2-D materials as substrates. In order
to fabricate such nanomaterials with desired shapes and physical properties, however, the
study on the initial growth mechanisms, such as nucleation, nuclei growth, and orientational
relationship with substrate, should be accompanied in detail.
Here, we report on the initial growth behavior of nanomaterials on various 2-D layered
materials, including graphene, h-BN, and MoS2. “Direct growth and imaging” method was used
to image nanomaterials at the early growth stages to avoid unintentional damages arising
from conventional transmission electron microscopy (TEM) sample preparation processes, as
described in Fig. 1 [3]. In this method, electron-beam transparent 2-D layered materials were
exploited as supporting layers for TEM measurements as well as substrates for nanomaterial
growth. After 2-D layered materials were transferred onto a TEM grid by mechanical
exfoliation, ZnO nanomaterials were grown directly on these 2-D materials by metal-organic
chemical vapor deposition and TEM measurements were conducted.
Using this method, we could clearly observe the growth behavior of ZnO nanomaterials on 2-D
layered materials. At the initial stage of growth, ZnO clusters, a few tens of nanometer in size,
were sparsely observed, and diffraction peaks from ZnO were rarely obtained (Fig. 2).
However, they showed different growth behavior as the growth proceeded. Whereas
rectangular-shaped and randomly grown nanomaterials were grown on h-BN and MoS2,
respectively, only hexagonal-shaped nanomaterials grown along typical [0001] direction were
observed on graphene (Fig. 3). Disordered diffraction patterns of ZnO in the insets of Figs. 3a
and c suggest that each nanomaterial grew with different growth directions and in-plane
orientations on h-BN and MoS2. In addition, dispersive patterns from ZnO in the inset of Fig. 3b
indicate no epitaxial relationship with graphene. We believe that this study will lay down the
building block for fundamental understanding of the effect of substrates on material growth by
bottom-up approach.
[1] K. Chung et al. Science, 330, 655 (2010)
[2] D. I. Son et al. Nat. Nanotechnol. 7, 465 (2012)
[3] J. Jo et al. Advan. Mater. (2014) (online published)
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Fig. 1: Schematic diagram of the experimental technique for growing ZnO nanomaterials on 2-D layered materials and
performing TEM measurements. 2-D materials were transferred onto a TEM grid by mechanical exfoliation. Afterward,
ZnO nanomaterials were grown directly on these 2-D materials by metal-organic chemical vapor deposition and
observed by TEM.
 

 
Fig. 2: Initial stage of ZnO nanomaterials growth on various 2-D layered materials. Bright-field images were obtained
for ZnO grown on (a) h-BN, (b) graphene, and (c) MoS2 for 2 min, and the insets represent their corresponding SAED
patterns. ZnO clusters with a size of a few tens of nanometer were sparsely observed. A 4.15-μm-diameter aperture
was used.
 

 
Fig. 3: Morphology of ZnO nanomaterials grown on various 2-D layered materials. Bright-field images were obtained for
ZnO grown on (a) h-BN, (b) graphene, and (c) MoS2 for 15 min, and the insets represent their corresponding SAED
patterns. These images show different growth behavior of ZnO on different 2-D materials. A 4.15-μm-diameter aperture
was used.
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Representing a source of short-term stored energy, strontium aluminate phosphor compounds
of nominal stoichiometry (SrO)•(Al2O3)2 co-doped with 1 mol% Eu2+ and 1 mol% Dy3+ (SA2ED)
exhibit long persistence that is even further extended by the incorporation of boron1. To
elucidate the effect of boron on afterglow persistence, we synthesized the phosphor powders
using a sol-gel (i.e., modified Pechini) method2 and investigated the chemistry and structure by
applying high-resolution STEM imaging, energy dispersive X-ray (EDX) spectroscopy, and
electron energy-loss spectroscopy (EELS). Large single-crystal grains were analyzed from
as-reduced powders suspended on carbon-coated lacey formvar on copper support grids.
Individual crystalline particles were tilted onto a low-index [0001] zone axis and imaged in
both high resolution TEM and STEM, using a JEOL JEM-ARM 200CF, equipped with a cold field
emission tip and a probe-side Cs aberration corrector. High-angle annular dark-field (HAADF)
images were formed using an annular detector with an inner diameter of 70 mrad and an outer
diameter of 175 mrad, while annular bright-field (ABF) images were obtained from an annular
detector of 11-mrad inner diameter and 23-mrad outer diameter. EDX spectra were collected
using a JEOL Centurio Dry SD100GV SDD detector. EELS analysis was enabled by a Gatan GIF
Quantum ER spectrometer.
Rietveld refinement of XRD spectra obtained from the powders revealed a mixture of
(SrO)4•(Al2O3)7, (SrO)•(Al2O3)2 , and (SrO)•(Al2O3)6 phases. Single crystal particles of the
(SrO)•(Al2O3)6 phase were the most stable and allowed for tilting onto the [0001] zone axis for
qualitative identification of the atomic columns in HAADF and ABF micrographs. Quantitative
image simulations of the measured intensities are in progress. Local variations were observed
in the energy loss near-edge fine structure of the B-K, O-K, Al-L2,3 edges.
References
1. A.V. Uluc, Sabanci University, M.Sc. Thesis, 2008.
2. M.G. Eskin, Sabanci University, M.Sc. Thesis, 2011.
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Fig. 1: High-resolution HAADF STEM micrographs of a
SrO•(Al2O3)6 crystal tilted onto the [0001] zone axis. (a)
Experimental image, (b) noise filtered image. Inset: HRTEM.
 

 
Fig. 2: High-resolution ABF STEM micrographs of a
SrO•(Al2O3)6 crystal tilted onto the [0001] zone axis. (a)
Experimental image, (b) noise filtered image.
 

 
Fig. 3: The positions of the oxygen atomic columns in the ABF micrograph are clearly resolved in the SrO•(Al2O3)6 crystal
matrix, as viewed along the [0001] zone axis.
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Ferroelectric oxides integrated on a semiconductor substrate are of particular interest for
various applications such as memory or logic devices1,2. Among the ferroelectric materials,
BaTiO3 is an attractive candidate for large-scale applications compared to Pb- or Bi-based
compounds. It is a well-known perovskite largely studied for its dielectric, piezoelectric and
ferroelectric properties. However, the direct epitaxy of BaTiO3 on silicon is challenging due to
the oxidation of the silicon surface and due to the large lattice mismatch (4%) and thermal
expansion mismatch between the oxide and the semiconductor. Moreover, the control of the
ferroelectric polarization is a crucial topic for the targeted applications. The polarization must
point perpendicular to the Si channel.
In this study, a quantitative analysis of high-resolution transmission electron microscopy
(HRTEM) images using the geometric phase analysis (GPA)3 is proposed in order to support the
growth strategy of epitaxial BaTiO3 films with the desired orientation, i.e. with the c-axis of the
tetragonal structure perpendicular to the Si substrate. With GPA, maps of the strain in the
BaTiO3 films with respect to the Si substrate are determined with a high precision (0.1%) at the
nanometric scale (1-2nm). Strain maps with improved precision (0.05%), 5 nm spatial
resolution and with a large field of view (1 μm) are also proposed for selected samples, using
dark field electron holography4. From these maps, the local lattice parameters and thus the
tetragonality (c/a ratio) of the BaTiO3 films can be evidenced5. The HRTEM images and
holograms were acquired on a Hitachi HF3300S microscope (I2TEM-Toulouse) fitted with the
new aplanatic spherical aberration corrector B-COR from CEOS and a 4096x4096 camera.
Growth of the epitaxial BaTiO3 films was performed by molecular beam epitaxy (MBE) using an
SrTiO3 epitaxial buffer layer to reduce both thermal and lattice mismatches on Si (001).
Different process parameters like the growth temperature and cooling conditions were
explored to optimize the quality of 20 nm thick BaTiO3 films and to minimize the SiO2 interfacial
layer regrowth between Si and the SrTiO3 buffer. The influence of the thickness of the SrTiO3

buffer layer on the growth mode of 10 nm thick films was examined. Finally, in order to
investigate the first steps of the BaTiO3 formation, the growth behavior of thin films with
thicknesses ranging from 1.2 to 4 nm (3 to 10 monolayers) was considered.
1. J. Scott, Ferroelectric memories (Berlin: Springer), chapter 2 and 12 (2000)
2. S. Salahuddin et al., Nano Lett. 8(2), 405 (2008)
3. M.J. Hytch et al., Ultramicroscopy 74, 131 (1998)
4. MJ Hÿtch et al., Nature 453, 1086 (2008)
5. C. Dubourdieu et al., Nature Nanotechnology 8, 748 (2013)
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Fig. 1: HRTEM image of a MBE grown BaTiO3 film on a Si substrate using an SrTiO3 epitaxial buffer layer ; Strain maps in
the BaTiO3 film along two perpendicular directions ; Corresponding ratio profile of the retrieved BaTiO3 lattice
parameters revealing the tetragonality of the film with the largest parameter (c axis) being perpendicular to the
substrate.
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Oxide ceramics are widely used as structural materials for long-term high-temperature
applications in oxidizing atmospheres. Monolithic ceramics are not suitable for many
applications due to their brittle fracture behavior. This brittleness can be overcome by fiber
reinforcement of ceramics. The so called ceramic matrix composites (CMCs) show
pseudoplastic behavior, if the fibre-matrix bonding is relatively weak [1]. Weak fibre-matrix
bonds can be achieved e.g. by porous or low toughness fibre-coatings. A less expansively
alternative is according to Lange et al., the use of a highly porous Si3N4 or mullite matrix
instead of a dense matrix and a weak-fibre-matrix interphase [2]. In this work a CMC with
Al2O3-fibres and a porous Al2O3-matrix, produced at the German Aerospace Center Cologne, the
so called WHIPOX (wound highly porous oxide) CMC, which is a promising material for the
application in gas turbines, was characterized by Transmission Electron Microscopic (TEM)
methods. The WHIPOX-material was manufactured by filament winding as described in [3].
Thin cross sections from the samples embedded in an epoxy-resin were prepared by the
Focused Ion Beam (FIB) technique. The lamellae were investigated using a FEI Tecnai F20
(TEM) operated at 200 kV. For TEM investigation of the sinter degree within the Al2O3-matrix
and of the matrix-fibre interface TEM bright field images, selected area diffraction patterns as
well as STEM HAADF images and EDX spectra have been acquired experimentally. In addition
STEM Tomography has been performed. Figure 1 shows the overview STEM BF image of a
matrix area (sintering temperature 1200 °C) enclosed by two fibers. The Al2O3-grain size within
the fibers is homogeneous with a maximum diameter of about 200 nm, whereas the
Al2O3-grains within the porous matrix show a maximum diameter of about 700 nm. The STEM
HAADF image in Figure 2 shows the existence of small, below 100 nm in size, bright
ZrO2-particles with homogeneous distribution within the matrix, which can be found also
between matrix-grains and between matrix-fibre-grains. The ZrO2-particles got into the matrix
during preparation. The comparison with a sample which was manufactured without ZrO2,
leads us to the assumption that the ZrO2-particles decrease the sintering activity and hence
have a positive effect on the matrix-structure. Figure 3 shows a tomogram, which was
reconstructed from a STEM ADF tilting series (-60° till +60°). Besides the influence of the
ZrO2-particles also the influence of the sintering temperature onto the matrix-structure was
investigated.
References
[1] K. K. Chawla, Springer, New York, 2012.
[2] F. F. Lange, W. Tu, C. A. G. Evans, Mat. Sci. Eng. A 195 (1995) 145-150.
[3] M. Schmücker, P. Mechnich, W. Krenkel (Ed.), Weinheim, 2008.
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Fig. 1: STEM BF image of the matrix area between two
fibers
 

 
Fig. 2: STEM HAADF image of the matrix area between two
fibers
 

 
Fig. 3: Reconstructed tomogram: Al2O3-matrix grains and Al2O3-fibre (blue) und ZrO2 particle (red)
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Solid oxide fuel cell produces electricity directly from chemical reactions between a fuel and an
oxidant with high efficiency, fuel flexibility and low emissions. Ni/yttria stabilized zirconia
(Ni/YSZ) cermet is now the main anode material for commercial products. Ni/YSZ interface and
Ni/YSZ/pore triple-phase boundary (TPB) play important roles in SOFC. For specially designed
boundaries, the crystallographic orientation relationship between Ni and YSZ has been
investigated by transmission electron microscopy (TEM), and scanning TEM (STEM). The
orientation relationships are found to be easy and contact surfaces are low index, such as
Ni[1-10]//YSZ[1-10], Ni(111)//YSZ(111) and Ni[1-10]//YSZ[001], Ni(111)//YSZ(100). For
conventional cells, little is known on the orientation relationship, which is quite important for
the performance. In this study, we used a conventional Ni/YSZ anode of a button cell and
focused on the TEM and STEM investigations at the boundaries.
Ni/YSZ cell was prepared by conventional screen-printing/sintering/reduction procedures. The
TEM specimen was lifted out in a focused ion beam & scanning electron microscopy (FIB-SEM,
FEI Quanta 200i 3D). An advanced mill machine (Fischione NanoMill 1040) was used for the
post-FIB processing to remove damage layers. Microstructure observations were done using
two machines: JEOL JEM3200FSK and ARM200F. Elementary mappings were used to identify
the phases. High resolution TEM (HRTEM) and atomic resolution STEM images were taken at
different Ni/YSZ interfaces or TPBs.
As an example, Fig. 1 shows the diffraction patterns of YSZ(a), Ni(b) and interface(c),
respectively. Fig. 2a is the bright-field image of region of interest while Fig. 2b shows the
elemental mapping of Ni. These two images agree well with each other and the boundary of Ni
and YSZ is at the center line. The STEM image in Fig. 2c shows the boundary clearly. By
evaluating Fig. 1 and Fig. 2c, the facets like (111) and (113) of YSZ could be indexed easily.
Meanwhile, Ni is very close to [-112] direction. Its lattices could also be indexed with the help
of IFFT (Inverse Fast Fourier Transform). The orientation relationship is Ni[-112]~//YSZ[1-10],
Ni(220)~//YSZ(113), Ni(311)//YSZ(111). Step contact surfaces were expected. The misfit
between three layers of Ni(1-11) and two layers of YSZ(-1-11) is only 2.8% while it is 3.2%
between three layers of Ni(311) and one layer of YSZ(111). So Ni and YSZ match well.
Other cases will be presented. Compared with specially designed boundaries, the orientation
relationship between Ni and YSZ in a conventional cell was found to be much more
complicated. Misorientation could be frequently found.
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Fig. 1: Diffraction patterns of YSZ (a), Ni (b) and interface(c) along YSZ zone axis.
 

 
Fig. 2: Ni/YSZ boundary: left is Ni and right is YSZ. (a) bright-field (BF) image; (b) elemental mapping of Ni; (c) atomic
resolution STEM image, inset is the IFFT image of Ni.
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The current state-of-the-art scanning transmission electron microscope (STEM) equipped with
aberration correctors allows it handy for atomic scale imaging and elemental/electronic
structural analysis, due to its high-brightness electron source and highly focused subatomic
probe size available. The technique inevitably leads to a drawback associated with a high
density of focused electron probe and its small illuminating area (i.e., a small number of
sampling points), so that the probe can drill the sample or otherwise the obtained data may
contain high level noise accordingly. We have hence been engaged in an alternative
microanalysis method, instead of exploiting the atomic resolution in real space, using inelastic
scattering by channeled electrons in a crystal [1]. We have developed an ‘integrated electron
spectroscopic STEM’, where electron energy-loss spectroscopy (EELS), energy/wavelength
dispersive x-ray spectroscopy (E/WDXS) and cathode-luminescence (CL) are implemented in a
single STEM.
The incident electron beam is rocked about a pivot point on a sample, acquiring the
spectroscopic intensity data as a function of the incident beam direction (and the momentum
transfer vector in EELS) (Ionization channeling pattern: ICP). The sample orientation and beam
direction is monitored by the rocking image recorded by the ADF detector. The present method
exploits site selective information of the material associated with different electron densities
propagating along the specific atomic planes/columns by varying Bloch wave symmetries
excited in the crystalline sample.
We have examined Eu/Y doped Ca2SnO4 with red emissions associated with f-f transitions: Eu(Y)
occupies the Ca and Sn sites by the ratio of 7:3 (3:7) determined by EDXS (cf., Fig. 1), both
taking the tri-valent state by EELS [2] and the Ca site with the asymmetric ligand as the active
light emitting site by CL (Fig. 2). It is noted that the electric dipole transition (615 nm: 5D0-7F2)
changed in its intensity with the diffraction condition, while the magnetic dipole transitions
(5D0-7F1, 5D1-7F2) were independent of the diffraction condition. The present results directly
support the conventional idea [3] that Eu3+ occupying the asymmetric Ca site is a primary light
emitting specie induced by the enhanced electric dipole moment.
[1] K. Tatsumi, S. Muto and J. Rusz, Microsc. Microanal. 19 (2013) 1586; K Tatsumi and S. Muto,
J. Phys.: Condens. Matter 21 (2008) 104213.
[2] Y. Fijimichi et al, J. Solid State Chem. 183 (2010) 2127; S. Muto et al, Opt. Mater. 33 (2011)
1018.
[3] H. Yamane et al, J. Solid State Chem. 181 (2008) 2559.
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Fig. 1: Electron beam rocking pattern (a) and ICPs of Ca-K(b), Sn-L(c), Eu-L(d) and Y-K(e) characteristic x-ray emissions
from Eu/Y doped Ca2SnO4 near [100]. It is seen that Eu(Y) mainly occupies the Ca(Sn) site. The crystal structure of
Ca2SnO4 is inset lower left corner.
 

 
Fig. 2: CL spectra from Ca2SnO4 with the excitation error S of 100 reflection positive (red) and negative (blue).
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Mixed CeO2-Nb2O5-Bi2O3 nanoparticles were prepared using a resin-gel synthesis [1] and
subsequently analysed using transmission electron microscopy (TEM), energy dispersive X-ray
analysis (EDS), powder X-ray diffraction (PXRD), and X-ray photoelectron spectroscopy (XPS).
These oxides are of importance because of their interesting crystal structures and industrial
applications [2-4]. CeO2 and δ-Bi2O3 are both excellent ionic conductors, making them suitable
as the electrolyte component in solid oxide fuel cells (SOFCs). Nb2O5 has been used mainly as a
solid support to take part in redox reactions and as a solid acid catalyst. As each of the parent
metal oxides possesses useful properties, if all three metal ions can be contained in one
particle, they could show novel structures and characteristics.

The primary purpose was to form nanoparticles containing appreciable proportions all three
metal atoms, as at present there have been no investigations into the quaternary system
CeO2-Nb2O5-Bi2O3. The nanoparticles were then probed to see what crystal structures and
atomic arrangements were exhibited, as it was assumed that, due to the more relaxed crystal
structure prevailing at the nanoscale as compared to the bulk material, alternative cations
would be more easily accommodated, hence facilitating the formation of a solid solution.

The mixed metal oxide nanoparticles were synthesized via a resin-gel method using
polyethylene glycol (PEG mw=20,000) as the binding agent. The method used low
temperatures (350 °C) to calcine the samples and prevent sintering of the nanoparticles. The
synthesis was successful in producing mixed metal oxide nanoparticles with Scherrer analysis
indicating crystallite sizes of 5-8 nm. EDS analysis showed many of the crystalline
nanoparticles contained all three metals, however, elemental compositions calculated from
EDS data varied significantly with elemental compositions calculated from XPS data. This
evidence suggests that the distribution of elements within the particles is not homogenous,
with bismuth showing a strong preference for surface or near-surface sites. Using FFT data
from the electron microscope, d-spacings for the crystal lattices could be calculated. These
values corresponded to the fluorite, pyrochlore and perovskite phases. This agrees with the
PXRD data, which shows peaks indicative of these three phases.
[1] X.Li, H. Zang, F. Chi, S. Li, B. Xu and M.Zhao, Mat Sci Eng B., 10, 209-213, (1993).
[2] E.A Mamedov, Catal Rev., 36, 1-23, (1994).
[3] V.V.Kharton, F. M. Figueiredo, L. Navarro , E. N. Naumovich, A. V. Kovalevsky, A. A.
Yaremchenko, A. P. Viskup, A. Carneiro, F. M. B. Marques, J. R. Frade, J Mater Sci, 36, 1105–
1117, (2001).
[4] I.Nowak and M. Ziolek, Chem. Rev., 99, 3603−3624, (1999).
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Fig. 1: (a) HRTEM micrograph with showing a highly crystalline region of the CeNbBi oxide with d-spacings calculated
from the FFT giving values of 6.16 Å, 3.21 Å, and 2.83 Å indicating the pyrochlore structure has been formed. The
d-spacings correspond approximately to the {111}, {311} and {400} lattice planes respectively.
 

 
Fig. 2: (b) FFT of the region of the CeNbBi oxide shown in (a).
 

 
Fig. 3: (c) EDS spectrum of the area imaged in (a).
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The incidence of bone fractures worldwide is constantly increasing, due to increasing traffic
accidents and natural disasters. Filling of bone defect is a significant question in every day
clinical work. Hydroxyapatite (HAp) is a one of most used biomaterial. The natural-biological
origin HAp have several important advantages: worldwide availability in almost unlimited
supply, very low cost of raw materials, utilization of very simple and inexpensive apparatuses,
rapid and very efficient transformation from raw materials into HAp.
We prepared the nanostructured HAp from eggshells or seashell in different forms as powder
or polymer/HAp composite fibers. High efficient attritor milling was used for HAp production at
5 or 10 h. Structural characterization, mainly morphology, grain size, structure and elemental
composition of different types of HAp powders were studied. Structural observation confirmed
the average grain size about few 100 nm.  Elemental composition of HAp prepared from
eggshells showed  higher magnesium (Mg) content. On the other hand, HAp prepared from
seashell showed the higher sodium (Na) and strontium (Sr) contents.
In co-operation with Gangneung-Wonju National University, Korea we compared the biological
behavior of different HAp; prepared from eggshell, seashell or synthetic commercial HAp. In
vivo and in vitro studies showed that the recylcled HAp form eggshell and seashell showed
more regenerated bone volume than that the synthetic HAp. This biogenic HAp can be
considered a possible useful bone graft materials.
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Fig. 1: SEM images of nanosized HAp prepared from
eggshells
 

 
Fig. 2: SEM images of nanosized HAp prepared from
seashells
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Nowadays, lithium-ion batteries are an integral part of our mobile life. The cathode materials
used in such batteries should exhibit a high capacity and a high redox potential vs. Li+/Li. A
promising material is LiNi0.5Mn1.5O4 (LNMO), which crystallizes in a spinel structure allowing for
three-dimensional Li+ ion transport [1]. While the mass production of composite battery
electrodes with carbon additives and polymeric binders is well established, thin-film electrodes
are mostly prepared via costly sputtering techniques. A cheaper alternative is sol-gel
chemistry combined with spin or dip coating [2]. Here, liquid organic precursors are coated
onto a substrate and are converted to oxides via a heating process. High temperatures of
about 700 °C are needed to form crystalline oxides. However, many metallic substrates used
as current collectors cannot withstand such high temperatures in air. In basic research, pure
gold current collectors were used successfully [3-5]. As a cheaper alternative, we have
deposited Au layers onto stainless steel substrates.
To get information on the structure, the formation and the chemical composition of interlayers
between the LNMO films and the gold-coated substrate, we prepared a cross sectional lamella
using focused ion beam (FIB). This sample was than analyzed with scanning transmission
electron microscopy (STEM) in combination with energy dispersive X-ray spectroscopy (EDX).
These investigations reveal the existence of a mixed oxide interlayer at the LNMO/gold
interface containing oxygen, iron, nickel and chromium as can be seen in Fig. 1. The formation
of this layer is caused by the diffusion of iron and chromium from the stainless steel substrate
through the gold layer. Since the knowledge on the structural and chemical composition is
essential for understanding the influence of interlayers on the electrochemical performance of
thin-film batteries, STEM/EDX turns out to be a very useful method for this kind of materials.
[1] K. M. Shaju et al., Dalton Trans. 40 (2008) 5471.
[2] H. Liu et al., Journal of Solid State Electrochemistry 8 (2004) 466.
[3] Y. H. Rho, et al., Solid State Ionics 151 (2002) 151.
[4] K. Hoshina, et al., Solid State Ionics 209-210 (2012) 30.
[5] J. C. Arrebola, et al., Journal of Power Sources 162 (2006) 606.



 
Fig. 1: STEM image and EDX maps of a FIB prepared lamella. Between the LNMO film and the gold layer a mixed oxide
interlayer consisting of oxygen, iron, nickel and chromium has developed.
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γ-Ga2O3 is a metastable form and is transformed to a stable β form at high temperature.
However, it might be a more attractive because it has been reported that the metastable
γ form shows some unexpected properties; a blue light emission, room temperature
ferromagnetism on Mn doping, and selective catalytic reduction of NO in γ-Ga2O3-Al2O3 system.
We found a strange structure in γ-Ga2O3 layer grown on an MgO substrate. Many forbidden
reflections including both systematic absences and lattice absences were excited in electron
diffraction patterns and phase boundaries were observed in atomic column images using high
angle annular dark field images.
We proposed a structure model to explain the experimental results. First, cation vacancy
ordering is supposed to distort the γ-Ga2O3 crystal lattice. From an ab initio calculation, it is
found that the crystal lattice expands along one axis and matches a substrate lattice. Some
grains are formed and alter the directions to reduce the distortion for the other axis. Next, it is
supposed that the grains are truncated by {110} lattice planes and form rhombic
dodecahedrons. The grains are stacked to form honeycomb with {110} phase boundaries. A
TEM image and a diffraction pattern simulated by the structure model reproduce the
experimental results consistently. The systematic absences are excited by cation vacancy
ordering and the lattice absences are excited by double reflections between grains over the
phase boundaries.
The rhombic dodecahedral honeycomb structure with cation vacancy ordering is stabilized by
the lattice mismatch between the γ-Ga2O3 crystal and the MgO substrate, and it disappears at a
depth of 170 nm from the interface.



 
Fig. 1: A TEM image of γ-Ga2O3 layer grown on an MgO substrate (left) and electron diffraction patterns taken from
circled areas (right). Many forbidden reflections are seen in a middle panel of the diffraction patterns.
 

 
Fig. 2: An experimental diffraction pattern (left) and a simulated diffraction pattern based on a structure model
proposed in this paper. All forbidden reflections are reproduced in the simulated pattern.
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The physical properties of complex oxides depend crucially on small changes in their chemical
composition, as they can dramatically alter the local atomic configuration. These effects often
occur at the sub-angstrom scale, due to the presence of point or extended defects for
instance, and are therefore too local to be fully understood through bulk characterization
methods. Scanning transmission electron microscopy (STEM) is thus an essential tool for their
study, thanks to HAADF imaging and EELS chemical mapping. When these techniques are
combined with advanced statistical image analysis [1,2] it is possible to determine statistically
the chemical distribution of the different sites in these structures across a range of
compositions and to relate those to accurately measured small local atomic displacements
generated by these compositional changes [3]. Here, we present examples of combined
STEM/EELS and statistical image analysis in functional complex oxide systems where the
cation contents are varied to alter the materials' properties. For instance, the magneto-electric
oxide Ga1-xFexO3 shows an inherent spontaneous polarization which is dependent on the
distortions caused by a structural asymmetry of the cation sites [4]. Analysis of the HAADF
image intensities as well as detailed 2D EELS mapping is used to demonstrate that in the
intermediate compositions, cation intermixing occurs mainly in the Fe2 and Ga2 sites.
Template matching analysis of the HAADF STEM images [1] is used to determine the
respective displacement of the Fe2 and Ga2 sites in the order of a few pm between different
compositions (Fig. 1). Furthermore, the thermoelectric properties of the perovskite system
(1-x)SrTiO3-xLa2/3TiO3 can be fine-tuned by adjusting the La/Sr ratio, which in turn affects the
distribution of deficient sites. HAADF imaging revealed that in the La-rich side of the compound
series there are two distinct A lattice sites with strikingly different column intensities (fig. 2). In
combination with 2D EELS mapping it is revealed that one of the two A sites (site A1) is fully
occupied by La, while the other (A2) exhibits either a shared occupancy of Sr and La, or is fully
La-deficient. Further analysis of the EELS data as well as statistical analysis of the image
intensities [2,3] is used to determine the cation concentration at La-deficient sites (Fig. 2). The
structural variations derived from image and chemical map analysis are in turn related to fine
structure changes in the EELS maps, notably for the Ti L2,3 edge.
[1] P. Galindoet al , Ultramicroscopy 107 (2007), p.1186
[2] M.C. Sarahan et al., Ultramicroscopy 111 (2011), p.251
[3] S. I. Molina, et al., Ultramicroscopy 109 (2009), p.172
[4] A. Roy et al, J. Phys.: Condens. Matter 23 (2011) p. 325902
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Fig. 1: Ball-and-stick model and HAADF images (averaged from a stack of consecutive frames) of two Ga1-xFexO3
compositions, showing the atomic site displacements, template selection and selected and averaged motif, for the
HAADF images.
 

 
Fig. 2: a) Stack-averaged HAADF STEM image showing two distinct A sites in La0.6Sr0.1TiO3 and intensity profile of the A2
site, (b) histograms of the intensity distributions of the A2 sites from HAADF image and atomically resolved EELS maps.
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Recently, various kinds of piezoelectric nanocomposite materials have been developed for
self-powered devices, high power capacitors and large-scale flexible sensors [1-2]. The
nanocomposite materials are usually fabricated by dispersing piezoelectric nanoparticles on
the polymer matrix [3]. Therefore, control of uniformity and density of nanoparticles is a
critical issue to fabricate the high quality nanocomposite materials. Besides, the piezoelectric
properties of the nanoparticle itself determine the characteristics of the nanocomposite
materials. For all that, there are little discussions about piezoelectric properties of a single
crystalline nanoparticle. In this study, we investigated the piezoelectric properties of a single
BaTiO3 nanoparticle using the indentation technique. In other words, we measured the
electrical response when a single crystalline nanoparticle was mechanically compressed by a
conductive indenter. To make an accurate indentation of a single nanoparticle whose size is
below a few hundred nm, we used a Hysitron PI95 TEM pico-indentation system. Also, we
measured the mechanically induced currents on the BaTiO3 nanoparticles with Keithley 6485
picoammeter. Figure 1 is a typical TEM image which shows a cross-sectional view of the
indentation process of a BaTiO3 nanoparticle. Controlling the displacements of the conductive
diamond indenter, we could induce compressive stress to the single nanoparticle placed on the
Au film coated Si wedge fixture and also measure the mechanical (load) induced on the
particle (figure2) and electrical charge from the piezoelectric nanoparticle at the same time.
From the TEM-indentation results, we calculated the piezoelectric coefficient value (d33) of a
single BaTiO3 particle. The d33 value of a 100nm size particle is about 800pC/N which is about
6 times larger than that of polycrystalline BaTiO3 ceramics [4]. The present study reveals that
size effect of nanoparticles on the enhancement of the piezoelectric property.
References
[1] P. Kim et al., Adv. Mater., 7 (2007), 1001-1005.
[2] Z. L. Wang and J. Song, Science, 14 (2006), 242-246.
[3] K. Park et al., Adv. Mater., 24 (2012), 2999-3004.
[4] S. Sridhar et al., J. Appl. Phys., 85 (1999), 380-387.
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Fig. 1: A cross-sectional view of the indentation process of
aBaTiO3 nanoparticle.
 

 
Fig. 2: Compressive load induced on a BaTiO3nanoparticle,
(b) a cross-sectional view of the indentation process of
aBaTiO3 nanoparticle. The piezoelectric charge generated
at surfaces(red dotted line) was measured.
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Chromium-rich ash produced from incineration of tannery sludge was vitrified using SiO2, CaO
and Na2O vitrifying agents in various relative proportions. The aim of this work was to monitor
the extent of chromium incorporation inside a vitreous silicate matrix, considering its low
solubility in silicate melts. The experimental methods used include X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), Conventional and
High Resolution Transmission Electron Microscopy (TEM and HRTEM). These methods provide
morphological and structural information in a multiscale range, defining the sub-microscopic
properties that govern macroscopic performance. The motivation behind this work was to
investigate the ability to produce stabilized/solidified glass and glass-ceramic products, either
for safe disposal or for construction and/or decorative applications.
Processing of tannery sludge was carried out via incineration at 500οC for 1.5 h in anoxic
conditions, in order (a) to remove its organic content and (b) to suppress Cr(III) oxidation to
Cr(VI). Three different glass batch compositions (GL1, GL2 and GL3) were prepared using
various proportions of vitrifying agents and the Cr-rich tannery ash (20-15-10 wt%
respectively). The batch mixtures were heated for 2h at 1400οC and casted rapidly on a
refractory steel plate. In GL1 and GL2 products the most of the chromium is separated from
the matrix and formed Cr2O3 crystals [Figure 1]. Such phase separation was not detected for
GL3 product, which mesoscopic appears to be amorphous and chromium appears to be
incorporated in the glass matrix.
The devitrification of the as-casted products was carried out at temperatures determined after
DTA study of the as-casted samples. The as-casted products were thermally treated for 30
minutes. GL1 and GL2 devitrified products displayed bulk crystallization of the devitrite
(Na2Ca3Si6O16) crystal phase. On the other hand GL3 devitrified products displayed both bulk
and surface crystallization of the combeite (Na4Ca4(Si6O18)) crystal phase [Figure 2]. The
nanoscale structure of the samples was investigated using TEM. Fig 3 illustrates a HRTEM
image of GL3 showing dispersed crystalline nanoparticles in an amorphous matrix.
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Fig. 1: SEM micrograph from as-casted GL1 which contains
Cr2O3 crystallites
 

 
Fig. 2: Devitrified GL3 at 880οC, which contains needle like
combeite (Na4Ca4(Si6O18)) crystallites
 

 
Fig. 3: HRTEM image of GL3 showing dispersed crystalline nanoparticles in the amorphous matrix. The corresponding
selected area electron diffraction and an magnified nanocrystal are given as insets
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Positive temperature coefficient of resistivity (PTCR) materials are long-established in the
electronics industry and used for many applications such as temperature control, current
stabilisers and industrial sensing. Interestingly the PTCR effect can be observed in
donor-doped barium titanate near the ferroelectric transition temperature TC. The most
accepted model to explain the PTCR behaviour in modified BaTiO3 materials is the
Heywang-Jonker model, whereby the PTCR behaviour is said to arise from the presence of a
potential barrier at the grain boundaries; the barrier arising from the trapping of electrons by
acceptor species at the grain boundary1. Much work has been done studying the structural
aspects and grain boundary potential2, but still many important factors of the PTCR
phenomena are yet to be explored in depth. Transmission electron microscopy (TEM) has been
used here to investigate the relationship between domains and grain structure in BaTiO3 based
ceramics. As shown in Figure 1 and 2, domains can be continuous across a grain boundary
(allowing the material to behave more as a single crystal) and conversely domains can
abruptly change close to the grain boundary. Also, regions of different domain variant can
occur within grains where areas of fine domain patterns and changes in domain orientation
can be observed (Figs. 1 and 3). Internal stresses and defects are factors that add to the
complexity of this material, the thick domain walls displayed in Figure 1 reflect internal strain
generated due to the paraelectric-ferroelectric phase transition. The structural intricacy of
crystallographic axes dependence on domain dynamics will be discussed in further detail. In
addition, conductive-atomic force microscopy (c-AFM) studies will be presented to relate the
macroscopic PTCR behaviour in specific grains with domain dynamic behaviour. In-situ TEM
experiments such as heating and electrical bias, along with high resolution imaging, are being
undertaken in an attempt to bring further understanding in a complex phenomena; by
exploring the strong and delicate interplay between macroscopic polarization, switching
mechanism and crystal structure, both within grains and across grain boundaries.
1 W. Heywang, Solid State Electron., 3, 51, 1961
2 R.D. Roseman and N. Mukherjee. J. of Electroceramics, 10, 117-135, 2003
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Fig. 1: STEM image of domains continuing across a grain
boundary. Fine-scale domains can also be seen in some
regions where the domain configuration changes
orientation.
 

 
Fig. 2: STEM image of domains abruptly changing at the
grain boundary.
 

 
Fig. 3: STEM image of complex regions of different domain variant within a grain.
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The effect of stirring mechanism on the microstructure and morphology synthesis of
hydroxyapatite (Ca10(PO4)6(OH)2, HA) was investigated in this work. The HA samples were
prepared by wet method (co-precipitation), employing calcium hydroxide and phosphoric acid
as precursors [1-4]. A solution with 8 mL of H3PO4 and 235 mL deionizated H2O was prepared
and slowly dropped into a solution of Ca(OH)2, prepared with 14.75g Ca(OH)2 and 200 mL
deionizated H2O. Meanwhile the samples were stirring assisted by three different mechanisms:
ultrasonic bath (sample HA-b), magnetic-plate (sample HA-p), and ultrasonic tip/ultrasonic bath
(sample HA-s). All samples were carried out at a pH in the range of 8.5-9.0. Afterwards
powders were filtered, washed with distiller H2O, and dried at 100°C for 24h. The structure of
the samples was characterized by scanning electron microscopy (SEM), X-ray powder
diffraction (XRD). Lattice parameters and grain sizes were obtained by Rietveld refinement.
Figure 1 shows the SEM images of the three HA samples. Samples HA-p and HA-s show
elongated grains in the range of 100 nm, being more elongated in sample HA-s. Sample HA-b
shows rounded grains smaller than 100 nm. The SEM images suggest an important influence of
the stirring mechanism: it enhances or reduces the grain growth along a-axis and/or c-axis
producing elongated and/or rounded grains [2-3]. The hexagonal unit cell of the samples was
supported by XRD and Rietveld analysis. As shown in table 1, and in using the unit cell
parameters reported in reference [5], a decrement of the a-axis and an increment of the c-axis
were registered in the all samples. Sample HA-b presented the biggest increment (0.17%) in
the c-axis while sample HA-s was the lowest (0.11%). In the case of the a-axis, sample HA-p
presented the biggest decrement (0.17%) while the sample HA-b presented the lowest
(0.02%). Therefore, sample HA-b was the most influenced in the c-axis while samples HA-p and
HA-s present the same behavior practically: the percentage of decrement in the a-axis was the
percentage of increment in the c-axis. Therefore, the stirring mechanism plays an important
role on the replacement of atoms inside the unit cell of HA, producing type A and/or type B
materials [4].
[1] L. B. Kong, J. Ma, F. Boey, J. Mater. Scien. 37 (2002) 1131. [2] X. Guo, P. Xiao, J. Europ.
Ceram. Soc. 26 (2006) 3383. [3] W. Kim, F. Saito, Ultrason. Sonochem. 8 (2001) 85. [4] R. Roy,
D. K. Agrawal, V. Srikanth, J. Mater. Res. 6 (1991), 11. [5] M. J. Hughes, M. Cameron, D. K.
Crowley, Am. Mineral. 74 (1989) 870.
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Fig. 1: Table1 Lattice parameters, average crystal size and deviation percentage from the reported HA data:
a=0.94166 nm, c=0.68745 nm [5].
 

 
Fig. 2: Figure1 SEM images of samples A)HA-b, B)HA-p, C)HA-s
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Solid oxide fuel cell (SOFC) is considered as a highly efficient device to convert chemical fuels
directly into electrical power through the electrochemical oxidation of fuels in the anodes,
typically NiO-YSZ (yttrium-stabilized zirconia). The synthesis procedure will influence the
microstructure and further the performance. Sintering is one of the most important
procedures. Although quite a lot of work has been done on the shrinkage of NiO or YSZ as well
as the microstructure of cells sintered at high temperature (>1200 °C), little is known on the
microstructure evolution of electrodes during the sintering process. Herein, we use
high-resolution scanning electron microscopy (HRSEM) to observe the microstructure of
NiO-YSZ cells after sintering to different temperatures.
Four NiO-YSZ half-cells were prepared by using ethyl cellulose as a binder or pore former
through the screen-printing technique (C1). C1 was sintered in air to 700 °C (C2), 1100 °C
(C3), 1250 °C (C4) and 1400 °C (C5) respectively without holding, as well as 1400 °C with
holding for 3 h (C6). The heating/cooling rates were 2 °C/min. The surfaces and interfaces
morphology was observed in SEM (Zeiss ULTRA55) with four detectors: lateral secondary
electron (SE), InLens SE, energy selective backscatter (EsB) and angle selective backscatter
(AsB).
In Fig. 1(C1 & C2), the particles with sharp edges in SE images correspond to the gray colour in
the ESB images and they are NiO. NiO particles have relatively larger sizes than YSZ particles,
which are apparently round shape. ESB signal gives planar image and it is difficult to see the
boundary between two particles of one phase if they are closely connected. The connection of
particles becomes closer in C2 than that in C1 since ethyl cellulose is already burned away at
700 °C and the space is easily occupied by fine YSZ or NiO. The morphology of C3 is obviously
changed. Different particles start to sinter together and form short skeletons. The porosity
increases significantly compared with C2. In Fig. 1(C4), the ESB and ASB images are compared.
The ASB signal contains not only the contrast information as ESB, but also the morphological
information. So it is favourable to separate connected particles of one phase in ASB image.
Sintering becomes significant and porous skeleton is formed with pore size ranging from ~100
nm to ~2 μm. For C5 and C6, only the ASB images are shown. The sintering continues and the
skeleton becomes coarser and stronger from C4 to C6. The porosity is decreasing due to the
coarsening and shrinkage of particles. Also, it is noticeable more and more YSZ particles
migrate onto the top surface to form larger networks.
The particle size distributions as well as the activition energy were evaluated based on these
images.
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Fig. 1: SEM images of the surfaces of C1 ~ C6. Images were taken by different detectors at the same position. YSZ:
bright; NiO: gray.
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Transparent polycrystalline alumina is being promoted as a replacement for sapphire because
of its excellent mechanical and high temperature properties as well as the possibility to form
different shapes. Transparency in this material is only achievable by controlling porosity and
grain growth which is usually done by doping. Computational studies have been done on these
materials to simulate dopant segregation at the grain boundaries (e.g. Tewari et al. 2012,
Galmarini et al. 2011); however, there is lack of experimental analysis to quantify the dopant
concentration in the grain boundaries and validate the modelling which could then be used as
a predictive tool.
In this study α-alumina doped by 445 ppm of La and Y and sintered by spark plasma sintering
(Stuer et al. 2009) is used to investigate dopant segregation at grain boundaries with different
orientations. Thin sections about 300nm thick were made by focused ion beam (FIB) for
investigation by transmission electron microscopy (TEM).
Energy dispersive X-ray (EDX) spectroscopy shows strong cosegregation of La and Y atoms to
all grain boundaries observed. This is in agreement with atomistic simulation where no
energetic gain or loss for cosegregation over single dopant segregation was predicted. EDX
quantification on individual grain boundaries showed the average of 2.79 atoms/nm2 and 2.29
atoms/nm2 for Y and La respectively which is in a good agreement with the optimum total
dopant concentrations found in simulations 4-6 atoms/nm2 (Tewari et al. 2012). Also, we
detected Cl segregation in grain boundaries and triple points.
Finally, large angle convergent beam electron diffraction (LACBED) is performed to
characterize the grain boundaries studied by EDX. By using LACBED to identify the planes
parallel to the grain boundary in each adjacent grain, the angle between these planes can be
calculated. It was found that the grain boundaries studied here were all high angle ones (e.g.
(-7, -2, 4) & (1, 5, 5)). This data was used to simulate the same grain boundary for direct
comparison between simulations and experimental results for dopant segregation. It was found
that in contrast to the twin grain boundaries, which favor lower order GB complexions, general
grain boundaries favor higher order grain boundary complexions. It would also lead to higher
grain growth in general grain boundaries in comparison to twin grain boundaries.
Tewari, A., Galmarini, S., Stuer, M., Bowen, P., 2012. . Journal of the European Ceramic Society
32, 2935–2948.
Galmarini, S., Aschauer, U., Tewari, A., Aman, Y., Van Gestel, C., Bowen, P., 2011. . Journal of
the European Ceramic Society 31, 2839–2852.
Stuer, M., Zhao, Z., Aschauer, U., Bowen, P., 2010. . Journal of the European Ceramic Society
30, 1335–1343.
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Fig. 1: From left to right: bright field image of La ,Y codoped alumina, La intensity map and Y intensity map.
 

 
Fig. 2: From left to right: La intensity map, Y intensity map and normal line scan on one grain boundary in La, Y
codoped alumina.
 

 
Fig. 3: LACBED pattern from a grain boundary (left) and one of its grains (right). Grain boundary direction (known from
the left pattern) is shown with red line in the right pattern.
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The existence of phases ABO3(ZnO)m in the system ZnO-Fe2O3 is known up to a composition of
Fe2O3(ZnO)12 at 1350 °C [1]. These phases share the structural characteristics of the better
known compounds InFeO3(ZnO)m [2] which exist in the range m ≥ 1. ABO3(ZnO)m compounds
consist of wurtzite slabs separated by layers of AO6 octahedrons fully occupied by A3+ cations
such as In3+. Within the wurtzite layers B3+ ions occupy tetrahedral positions. The crystal
structures of compounds with low ZnO content were verified by single crystal X-ray diffraction
[3], however Fe2O3(ZnO)m compounds show an obvious super-structure in diffraction.
We obtained Fe2O3(ZnO)7 by solid state reaction of ZnO and ZnFe2O4 powders at 1600 °C. The
reaction product was quenched in water to retain the metastable high temperature phase. XRD
proves the layer structure of Fe2O3(ZnO)7, however, EDS measurements show a metal content
of 30% Fe and 70% Zn vs. nominal composition of 22% Fe and 78% Zn as derived from the
formula. Hence, the correct formula should be written as Fe2O3(Zn1-xFexO)7 with x ≈ 0.1. The
Compound crystallizes in the monoclinic system with lattice constants a = 5.566(8) Å, b =
3.234(5) Å, c = 24.00(3) Å and β = 95.35° with possible spacegroups C2, Cm or C2/m. EDS and
electron diffraction was conducted on a Philips CM30 with a Noran System 7 EDS system and a
twin lens providing large tilt angles of up to 45°. HAADF was conducted on a probe
Cs-corrected JEOL ARM200F equipped with a cold FEG.
Figure 1 shows an SAED pattern from Fe2O3(ZnO)7 in [100] orientation where additional
superstructure reflections 0klx are clearly visible as satellites to the main reflections. The
modulation vector q is about 34 Å measured from electron diffraction patterns. The periodicity
of the (00l) reflections corresponds to a 24 Å lattice plane spacing.
A HAADF micrograph in the same orientation is shown in figure 2. Multiple layers of Zn2+

cations show a wave like modulation along [010] direction. Also Fe3+ octahedral layers show
considerably less detail in atomic resolution which is attributed to significant displacements of
Fe3+ cations in FeO6-octahedrons. The misfit of the rather small Fe3+ cation in octahedral
coordination is considered to be the origin of the structure modulation.
These materials offer challenging crystallographic and analytical questions, such as Fe2+

distribution in the wurtzite layers, which can be tackled by advanced electron microscopy
methods, i.e. quantitative EDS and EELS analyses with high spatial resolution in TEM/STEM [4].
[1] N. Kimizuka et al., J. Solid State Chem. 103 (1993) p. 394
[2] N. Kimizuka et al., J. Solid State Chem. 74 (1988) p. 98
[3] I. Keller et al., Z. Anorg. Allg. Chem. 635 (2009) p. 2065
[4] H. Schmid et al., Ultramicroscopy. 127 (2013) 76-84



 
Fig. 1: SAED pattern of Fe2O3(Zn1-xFexO)7 in [100]. Periodicity of <00l>reflections is 24 Å, of <0k0> reflections is 34 Å.
 

 
Fig. 2: HAADF STEM micrograph of Fe2O3(Zn1-xFexO)7 in [100] orientation. Layers of FeO6-octahedrons are marked by
arrows.
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Perovskite-type oxides with formula ABO3 have received much attention due to their high
oxygen mobility and extensive applications in oxygen separation membranes, fuel cells,
sensors and catalysts [1-3]. In ABO3 perovskite structure, A denotes the rare earth element and
B denotes the transition metal. These oxides can tolerate significant partial substitution and
non-stoichiometry, while still maintaining the perovskite structure [4]. In this way, divalent
cation-doped lanthanum ferrite materials (La3+1-xM2+xFeO3-δ) (M= Ba2+, Sr2+ or Ca2+) exhibit a
variety of useful properties to be used as IT-SOFC cathodes due to their mixed ionic-electronic
conducting properties. Consequently, it is important to understand structural and magnetic
phase transformations that may occur at elevated temperatures to optimize the performance.
A perovskite sample of composition La0.5Ba0.5FeO3 has been prepared by two different synthetic
routes, solid-state reaction (LBFss) and glycine-nitrate route (LBFgn), in order to study the
sample preparation influence in the structure. The structure of these compounds cannot be
determined by X-ray or neutron diffraction unambiguously. Precession electron diffraction
(PED) (Figure 1) and convergent beam electron diffraction (Figure 2) techniques were used to
solve the structure of the compounds
TEM examinations were carried out using a TECNAI G2 20 TWIN microscope operating at 200
kV and equipped with a “SpinningStar” electron precession unit from Nanomegas. PED
patterns were obtained with a semi-angle of 2º.
The obtained results show that at room temperature the space group of samples synthesized
by ceramic (LBFss) and glycine-nitrate (LBFgn) synthetic routes is the same, Pm-3m, with
similar lattice parameters as determined by neutrons diffraction a= 0.39292nm and
0.39381nm and with small differences in the oxygen content, La0.5Ba0.5FeO2.91 and
La0.5Ba0.5FeO2.98, respectively.
[1] Chroneos, A, Vovk, R. V., Goulatis, I. L. and Goulatis, L. I., J. Alloy Compd.,
494(2010)190-195.
[2] Dailly, J., Fourcade, S., Largeteau, A., Mauvy, F., Grenier, J. C. and Marrony, M., Electrochim.
Acta, 55(2010)5847-5453.
[3] Blasin-Aube, V., Belkouch, J. and Monceaux, L., Appl. Catal. B: Environ., 43(2003)175-186.
[4] Pena, M. A. and Fierro, J. L. G., Chem. Rev., 101(2001)1981-2017.
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Fig. 1: Experimental precession electron diffraction pattern of the ZOLZ/FOLZ of [001] zone axe.
 

 
Fig. 2: Experimental CBED for ZOLZ of [-1-11] zone axe.
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Yttria-stabilized Zirconia (YSZ) has been widely used as structural and functional ceramic in
harsh chemical environments or at high operating temperatures. For most applications its
long-term stability is of importance. As the system Y2O3-ZrO2 exhibits a miscibility gap, spinodal
decomposition occurs depending on the Y2O3 content and the applied conditions. This also
holds for 8.5 mol% YSZ [1] one of the most common electrolytes for solid oxide fuel cells
(SOFC). During operation at 950 °C the spinodal decomposition of 8YSZ, which is characterized
by the microstructural coarsening of metastable t’’-YSZ precipitates (Fig. 1a) and the
accompanied evolution of chemical variations (Fig. 1b), leads to a significant degradation of
the oxygen-ion conductivity (40% within 5000 h). Besides the fact that the decomposition rate
depends on the temperature, it can also strongly be enhanced by pO2-sensitive trace elements
possessing strongly different solubility for 8YSZ in oxidizing or reducing atmosphere. Here, the
accelerated decomposition of Ni-containing 8YSZ in reducing atmosphere, which proceeds
more than 50 times faster than for pure 8YSZ (Fig. 1c), is investigated [2]. To understand the
underlying mechanisms, the fundamental processes like Ni indiffusion (oxidizing atmosphere)
and Ni exsolution/precipitation (reducing atmosphere) are investigated. The study comprises
the local analysis of the oxidation state of the dissolved Ni by EELS. Therefore, an optimized
procedure has been established to quasi-in situ prepare ideal metallic reference samples (Fig.
2a). It comprises the preparation of purely metallic Ni nanoparticles on Lacey carbon using a
H2-reactor (thermal treatment: 1 mbar Ar/H2, 650 °C). Such samples are directly transferred
into the microscope utilizing an inert-gas glove box plus a transfer holder. The high quality of
such metallic Ni particles is shown in Fig. 2b. It has to be mentioned here, that organic
residuals are pyrolyzed upon treatment in Ar/H2 (Fig. 2b, graphitic microstructure around the
particles) solving the common contamination problem. Figure 2c shows the obtained Ni‑L2,3

reference spectra for metallic Ni and NiO that were already used to determine the composition
of Ni precipitates (distribution of Ni2+, Ni0) that are typically found at 8YSZ grain boundaries
after the annealing in reducing atmosphere. The introduced procedure is applicable to
preserve the state of almost any TEM sample and will prospectively be extended even to
prepare the principal diffusion couples.
[1] B Butz et al, Acta Mater. 57 (2009) 5480-5490
[2] B Butz et al, Solid State Ionics 214 (2012) 37–44
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Fig. 1: a) Spinodal decomposition of 8YSZ at 950 °C: a) coarsening of t’’-YSZ precipitates within single 8YSZ grains and
b) chemical variations across a Y-depleted region. c) Accelerated degradation of Ni-containing 8YSZ in reducing
atmosphere (red data points) vs. oxidizing atmosphere (black data points).
 

 
Fig. 2: a) Ideal metallic reference particles for oxidation-state analysis: reduction in H2 and subsequent inert-gas
transfer (reactor → glove box → transfer holder → microscope). b) Microstructure and structure of metallic Ni particles.
c) Obtained Ni-L2,3 reference spectra. d) Oxidation-state analysis of Ni precipitates at 8YSZ grain boundary.
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A high temperature (1350 °C) route in sealed Pt tubes was used for the synthesis of pure
powders of (Sb1/3Zn2/3)GaO3(ZnO)3. Single-crystal X-Ray diffraction of crystals grown from K2MoO4

flux revealed the space group R-3m (a = 3.2366(3) Å, c = 41.793(8) Å) and the structural
characteristics as known from other members with general formula ABO3(ZnO)m [1].
(Sb1/3Zn2/3)GaO3(ZnO)3 consists of an alternate stacking of [(Sb1/3Zn2/3)O2]- and [(GaZn3)O4]+ units
corresponding to CdI2 and wurtzite structure type motifs, respectively. Inversions of the ZnO4

tetrahedra occur at the octahedral layers and halfway in the wurtzite type. There is no
indication for a cation-ordering on octahedral sites from X-ray data, but the Sb1/3Zn2/3

occupation of the octahedral is confirmed by refinement of the occupation factor.
Surprisingly, electron diffraction and HRTEM show an ordering of the cations within the
[(Sb1/3Zn2/3)O2]- octahedral layer by presence of superstructure reflexions (Fig 2) and contrast
modulations of the cation columns [2]. This cation ordering can be described by a model
deduced earlier for single defect layers in ZnO doped with Sb [3]. The description of the
ordered structure succeeds in space group P3112 (a = 5.60 Å, c = 42.02 Å). The observed
streaks parallel to 000l (Fig 2c) can be described by a statistic displacement of well ordered
octahedral layers among themselves.
To confirm the deduced structure model HAADF-STEM imaging was carried out on a JEOL
JEM-ARM 200CF . The present setup provides sub-Å resolution capability in HAADF STEM
imaging, whereas BF and particularly ABF with increased sensitivity for light elements enable
the elucidation of true atomic structures [4]. The QSTEM software [5] was used for simulation
of HAADF images (Fig 3).
HAADF imaging reveals the periodic order of Sb and Zn in the octahedral layers. The intensity
ratio of the Zn and Sb columns can be measured to 0.42. This corresponds to an exponent of
1.7 (Int(Zn)/Int(Sb)=301.7/511.7= 0.41), which is in agreement with theoretical predictions [6,7]. In
some areas the stacking of the octahedral layers corresponds well with the structure model in
P3112. However, the stacking of larger regions does not correlate to the ABC stacking, i.e.
stacking disorder occurs. This leads to streaks in SAED patterns (Fig 2).
References
[1] N. Kimizuka, T. Mohri, M. Nakamura, J. Solid State Chem. 81 (1989), p. 70-77.
[2] J. Garling, Diploma Thesis, Uni Bonn (2012).
[3] A. Recnik, N. Daneu, T. Walther, W. Mader, J. Am. Ceram. Soc. 84 (2001), p. 2657-68.
[4] H. Schmid, E. Okunishi, W. Mader, Ultramicroscopy 127 (2013), p. 76-84.
[5] C. Koch, PhD Thesis, Arizona State University (2002).
[6] R.F. Klie, Y. Zhu, Micron 36 (2005), p. 219.
[7] P.D. Nellist, S. J. Pennycook, Ultramicroscopy 78 (1999), p. 111.
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Fig. 1: Crystal structure of (Sb1/3Zn2/3)GaO3(ZnO)3 in P3112,
drawn as ball and stick model and as polyhedron
representation, respectively.
 

 
Fig. 2: Electron diffraction patterns of (Sb1/3Zn2/3)GaO3(ZnO)3

in principal orientations and calculated patterns using the
structure model in P3112. Diffuse scattering in (c) is caused
by stacking disorder of the octahedral planes.
 

 
Fig. 3: HAADF image (a), simulated HAADF image (b) and structure model (c) of (Sb1/3Zn2/3)GaO3(ZnO)3 in a-axis
orientation.
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Rare earth elements like cerium and lanthanum are currently involved in a wide range of
advanced technologies and in industrial chemistry. The initial rare earth (RE) mineral is
extracted, mechanically and physically concentrated, giving a main concentrate and mineral
wastes. These waste materials can be considered as “zero cost” initial sources of rare earth
oxides. Thus, the development of a simple chemical process allowing synthesis of rare earth
oxide phases from these waste minerals is part of sustainable and economic development. The
waste is rich in monazite and allanite which contain different proportions of rare earth
elements.
Different chemical processes were explored, in order to extract the interesting oxide phases
from these complex mixed materials. Transmission Electron Microscopy coupled with Energy
Dispersive Spectroscopy was performed at each step of the chemical process: it was the most
efficient way to check the efficiency of the removal of chemical species, and the crystallisation
and composition of the products. The first way explored was a solubilization of the minerals
through an acid attack followed by a selective precipitation of Re (OH)x [1]. The precipitation
of RE oxalates and their final annealing at 900 °C led to a new pyrochlore phase RE2Ce2O7 [2].
Another process started with an alkaline fusion, followed by a solubilization in nitric acid led to
two distinct crystallographic phases, related to the initial compounds: monazite and allanite.
Fig 1 shows two distinct morphologies: one can found spherical grains (Fig1: A grains) and
platelets (Fig.1: B grain). The spherical grains crystallize in the cubic CeO2 structure (Fig.2).
EDS analyses lead to the chemical formula of this oxide: Ce0.65La0.25Nd0.1O2. The diffraction
pattern of the cubic shaped grain can be indexed in a double cell of a tetragonal structure
along the [001] axis or in an ordered cubic double perovskite along the [001] axis (Fig.3). The
EDS analyses show that this oxide phase contains mainly lanthanum and iron, with a La/Fe
ratio around 2.
References
[1] J. C. Gomes, C. P. de Souza, U. U. Gomes, J. R. Gavarri, J. P. Dallas, Ch. Leroux, Materials
Research Forum, advanced Mat. Forum III, vols. 514-516, (2006) 1653.
[2] F. W. Bezerra Lopes, C. Pereira de Souza, A. M. Vieira de Morais, J.-P. Dallas and J.-R.
Gavarri, Hydrometallurgy, 97, (2009) 167.
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Fig. 1: Grains obtained after alkaline fusion. The grains labelled A are spherical and contain Ce,La,Nd,Th. The grain
labelled B contains mainly La and Fe.
 

 
Fig. 2: diffraction pattern of a grain labelled A on figure 1. It
is indexed in the CeO2 fluorite structure along the [001]
direction.
 

 
Fig. 3: diffraction pattern of a grain named B on figure 1,
showing a doubling of the perovskite cell.
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Silicon carbide fibers containing nano-sized iron of 0-2wt% are prepared by polycarbosilane
precursor route. The fibers are heated in high purity argon up to 100h from 700oC to 1100oC.
Microstructure of the resultant fibers is explored. It has been found that addition of iron
promoted the crystallization of silicon carbide evidently. Moreover, in Raman spectrum, the
presence of iron also show signs of facilitating the graphitization of pyrolytic carbon but at the
same time accelerating the decomposition of Si-C-O phase thus raising the amount of
amorphous carbon, which alters the calculated degree of graphitization non-monotonously.
Specific resistivity of those fibers is measured following the Japanese Industrial Standards (JIS
R7601-1680). The relative contributions of the phase structure to the specific resistivity are
evaluated by using Pearson coefficients. Among the factors studied, the grain size of β-SiC has
the greatest effect to specific resistivity, followed by the iron content, order degree of carbon
and oxygen content, which is contrary to the general belief that the order degree of free
carbon control the electrical properties of polymer-derived Si-C-O ceramics. TEM image
showed that although the fibers are still amorphous in majority after heating, each phase
within the fiber is isolated by others, revealing that the free carbon is not plenty enough to
form continuous path and the current should pass more than one single-phase domain to
break-over. Through optimization of the heat-treatment conditions, the resistivity of SiC fibers
can be varied from 13847 ohm.cm to 6 ohm.cm. Mechanism on microstructure evolution after
iron doping and heat treating is proposed.
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Fig. 1: Secondary electron images of (a) cross-section and (b) surface of the SiC fiber containing iron of 2wt%.
 

 
Fig. 2: Change on specific resistivity of the SiC fibers after heat treating. (F0, F1 and F2 refer to the undoped SiC fiber,
fiber from Fe-PCS with iron content of 1wt% and 2wt%, respectively.)
 

 
Fig. 3: TEM image of the SiC fiber with iron of 2wt% heated at 1100oC for 100 hours and deduced structure evolution
mechanism of the doped SiC fiber during heating.
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The search of novel materials with enhanced ionic conductivity for their application in energy
devices is an exciting direction in the expanding field of oxide interfaces [1]. In particular,
exploiting size effects in ionic conducting materials by the controlled reduction of sample
dimensions down to the nanoscale holds the promise to yield large improvements in the
performance of oxide based devices for energy generation and storage [1-3]. Epitaxial strain is
a key parameter to tune the enhancement of ion mobility at interfaces. A good example can be
found in the colossal increase of ionic conductivity observed in SrTiO3/Y2O3:ZrO2 (STO/YSZ)
superlattices, which has been the subject of intense debate [4-9]. It has been suggested that
disorder in the O sublattice at the interface, transfer of vacancies or interface reconstructions
may be responsible for the enhancement in ionic conductivity. Aberration-corrected scanning
transmission electron microscopy combined with electron energy loss spectroscopy
(STEM-EELS) is a powerful technique capable of providing simultaneous information about
structure, chemistry and electronic properties of materials. In this work we apply these
techniques to the study of STO/YSZ interfaces and we will discuss the structure, chemistry and
physical properties of fluorite/perovskite interfaces (as shown in Figure 1) of (111) oriented
ZrO2:Y2O3 (YSZ) films epitaxially grown on top of (1-10) YAlO3 (YAP) substrates (with small
epitaxial mismatch), where an enhancement of 5 orders of magnitude in ionic conductivity has
been measured near room temperature. Research at ORNL supported by U.S. Department of
Energy (DOE), Basic Energy Sciences (BES), Materials Sciences and Engineering Division.
Research at UCM supported by the ERC starting Investigator Award, grant #239739 STEMOX.
SuperSTEM is the EPSRC UK National Facility for Aberration-Corrected STEM.
[1] B. C. H. Steele and A. Heinzel, Nature (2001) 414, 345.
[2] N. Sata, K. Eberman, K. Eberl and J. Maier, Nature (2000), 408, 946.
[3] J. Maier, Nature Materials (2005) 4, 805-815.
[4] J. García-Barriocanal et al., Science (2008) 321, 676-680.
[5] X. Guo et al., Science (2009) 324, 465a.
[6] A. Cavallaro et al., Solid State Ionics (2010) 181, 592-601.
[7] T. J. Pennycook et al., Physical Review Letters (2010) 104, 115901.
[8] A. Rivera-Calzada et al., Advanced Materials (2011) 23, 5268.
[9] T. J. Pennycook et at., The European Physical Journal Applied Physics (2011) 54, 33507.
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Fig. 1: Z-contrast STEM image of a 70 nm YSZ thin film with an amorphous YAP capping. The yellow arrows show the
orientation of the substrate. a. Low magnification image of the thin film. b.High resolution image of the interface. Data
acquired in a Nion UltraSTEM200, operated at 200 kV.
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Polycrystalline diamond (PCD) materials can be found in a wide range of applications, from
machining of abrasive alloys, wood and plastics, to wire drawing and rock drilling. PCD
compacts consist of diamond powder that has been sintered at high pressure (5.5 GPa) and
temperature (>1400 °C) onto a WC/Co substrate. During this process the cobalt from the
substrate melts, infiltrates and causes the diamond grains to bond to each other, thus creating
a strong network of diamond grains. The cobalt metal is left behind as small pockets within the
composite material. An unfortunate consequence of the residual cobalt, is that it leads to a
degree of thermal instability when the material is exposed to temperatures exceeding 700 ºC
[1]. The cobalt metal acts as a carbon solvent and will graphitise diamond at atmospheric
pressure and elevated temperatures. In this study, PCD material was heated in an inert
atmosphere and the various microstructural changes were investigated, in order to gain an
understanding of this thermal degradation process.
Cobalt based PCD samples were heated in an argon atmosphere for various times and
temperatures. Temperatures of 700 ºC, 750 ºC, 800 ºC and 850 ºC were used at time intervals
of 30 min, 2 hours, 4 hours and 6 hours. X-ray diffraction (XRD) was performed to determine
the resulting phases and lattice parameters. In-situ XRD was performed in vacuum at 800 ºC in
order to track the changes in the material as a function of time. Transmission electron
microscopy (TEM) using the techniques of High Angle Annular Dark Field (HAADF)
Scanning-TEM (STEM) and Electron Energy Loss Spectroscopy (EELS) were used in order to
investigate the chemical changes of this material during the heat treatment.
The cobalt lattice parameter decreased as a function of heating temperature (Figure 1) and
time. The formation of graphite was preceded by η-phase formation at the cobalt/diamond
interface (Figure 2). At heating temperatures of 800 ºC and above, graphite formed in the
cobalt pools (Figure 3). The results of this study were used to propose a possible mechanism,
whereby the dissolved tungsten in the cobalt pool will combine with dissolved carbon and
cobalt to form η-phase instead of graphitic carbon. The dissolved tungsten will then delay the
process of graphite formation in the cobalt pool. If the tungsten levels are depleted or if the
rate of carbon influx is too high, then graphitic pools will form in the cobalt pool. In this model,
dissolved tungsten in the binder is thought to be beneficial to the thermal resistance of PCD.
References
1. Bex, P.A. and Shafto, G.R. (1984) Ind. Diam. Rev. 3 128.
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Fig. 1: X-ray diffraction pattern showing a shift in cobalt lattice parameter as a function of temperature for 2 hour
exposure.
 

 
Fig. 2: Bright-field TEM image showing a degraded cobalt
pool after heating at 700 ˚C for 2 hours. Dark particles
identified as the η-phase carbide with the aid of EDS
analysis and electron diffraction.
 

 
Fig. 3: HAADF-STEM image with EELS spot analysis of a
degraded cobalt pool after heating at 800 ˚C for 2 hours.
The EELS analysis show the presence of graphite inside the
cobalt pool.
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Titania in the rutile phase is able to form self-assembled, mesocrystalline, three dimensional
superstructures [1,2]. These dandelions are formed by hierarchical arrangements of nanorods
aligning radially on a common axis and have been documented during different synthetic
routes [1,2]. The cause of rutile dandelion formation and the crystallinity of the structure at the
common point have yet to be described.
In this study a form of rutile dandelions have been prepared using resin-gel synthesis. This
technique involves addition of a long chain coordinating polymer to a stable solution of metal
ions in the presence of a solvent [3]. The classic theory of resin-gel is that metal ions are held
apart by the polymer until ignition of the resin causes polymer degradation and forces the
metal ions to agglomerate and form a metal oxide. The strength of this technique lies in its
ability to form homogeneous non-stoichiometric mixed metal oxides nanoparticles. Evidence
supporting the formation of a polymer reaction chamber has previously been reported [4].
The primary aim of this study was to use HRTEM coupled with cryo ultra-microtome to obtain
crystalline information about the dandelion superstructure and polymer chambers as they
formed during the ignition stage of the resin-gel synthesis.
TiCl4 was added to distilled water containing HNO3. The solution was added to a stoichiometric
quantity of polyethylene glycol with a molecular weight of either 3000 or 10000 g/mol. After
complete solvent evaporation, the resins were heated until auto-ignition. Formvar coated TEM
grids were used to sample the molten intermediates at different points during the ignition in
an attempt to view the forming reaction chamber. Selected samples were cured in a resin
before being sliced using cryo ultra-microtome with the intention of obtaining superstructure
slices.
The results showed carbon lattice fringes surrounding growing nanoparticles supporting the
reaction chamber hypothesis. Nanorod tips were either rounded or tapered to a point with
various faces presenting at the tips. Imaging the common point of the nanorods showed
several ‘seed points’ that gave rise to fragments of the superstructure. These fragments then
formed the dandelion. Using the generated information, understanding of the polymer reaction
chambers within the gel is obtained allowing for the formation of either anatase, rutile
nanorods or mesoporous dandelions.
1. Zhang. D, Li. G, Wanga. F, Yu. C, CrystEngComm 12 (2010), 1759
2. Hu. W, Li. L, Tong. W, Li. G, Yan. T, J. Mater. Chem 20 (2010), 8659
3) Lin, J. et al., J. Phys Chem. C. 111 (2007), 5835
4) Franklyn, P. J, Narrandes. A, Proc. Nap 1 01 (2012), 40
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Fig. 1: Polymer surrounding growing nanoparticles during
the early stages of heating.
 

 
Fig. 2: Polymer sheets begin to wrap around growing
particles after heating for a while.
 

 
Fig. 3: Formation of a crystalline carbon reaction chamber.
 

 
Fig. 4: Ruitle nanodandelion formation with several seed
crystals at the common point.
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The resin-gel synthesis method is a modification of the Pechini method for the fabrication of
mixed-metal oxide nanoparticles and involves the addition of a long chain coordinating
polymer to a stable solution of metal ions in the presence of a solvent [1]. Literature describes
the metal ions fixed in positions apart from each other when coordinated to the polymer.
During the ignition stage of synthesis, the metal ions are forced to agglomerate and a mixed
metal oxide forms. This technique has the ability to form nonstoichiometric multi mixed metal
oxide nanoparticles provided that the mechanism of particle formation is fully understood.
Previous parameter variation work on TiO2 synthesis showed that using TiCl4 as the source of Ti
ions: the solvent, polymer chain length, heating rate and organic acids affect both the amount
of anatase or rutile formed and the size of the respective crystals produced. The incorporation
of citric acid inhibited the formation of rutile and hence no rutile mesoporous heirarchichal
superstructures were formed. The effects of citric acid were due to protection of the growing
anatase particles and caused the inhibition of its transformation to rutile.
Therefore, the aim of this study was to vary the Ti ion precursor to try to obtain similar results
as was achieved with citric acid. This would strengthen the proposed resin-gel particle
formation hypothesis. HRTEM would aid in individual crystal polymorph determination.
TiOSO4 was added into excess distilled water. HNO3 was added to aid complete dissolution. The
solution was then introduced into a stoichiometric amount of polyethylene glycol of various
molecular weights from 200 – 20000 g/mol. Following complete solvent evaporation, the resins
were heated in a sand bath to their auto-ignition point and ignited with a flame source. The
resulting powders were calcined at 773 K for 1 hour. All samples were analysed using HRTEM.
The results obtained showed an interesting trend: An increase in PEG molecular weight caused
an increase in the agglomeration of the formed anatase particles. Comparing the obtained and
simulated FFT of selected crystals showed that the particles were composed of anatase with no
evidence of rutile formation. This result is in accordance with that obtained when citric acid
was added to the reaction mixture. Due to the bulky structure of TiOSO4 it is possible that the
SO4 group had coordinated with developing anatase nanoparticles, protecting the high energy
surface of the particles and inhibiting their transformation into rutile. This experiment is
currently being repeated with a variety of different bulky Ti precursors. Similar results will
strengthen the proposed mechanism of particle formation.
1) Lin, J. et al., J. Phys Chem. C. 111, (2007) 5835
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Fig. 1: TiOSO4 forming anatase particles exclusively. The insert compares the calculated and detemined FFT illustrating
that the outlined crystal is in the 001 orientation.
 

 
Fig. 2: Anatase particles agglomerating into a cluster.
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Grain boundaries (GBs) in O2- conducting ceramics like doped ceria significantly degrade ionic
conductivity especially at intermediate temperatures (300 – 550 °C) [1]. High GB resistivity has
been attributed in part to a space charge double layer which creates a vacancy depletion
region emanating from grain interfaces. Other factors such as dopant segregation (and
segregated dopant species) may also influence GB electrical properties. Recent high resolution
elemental analysis in the TEM of 20 at% Gd-doped ceria by our group and others shows
significant Gd segregation to GBs yielding enrichment zones of approximately 60 at% Gd, far
exceeding the optimal Gd concentration (10 – 20 at%) for maximum ionic conductivity [1].
We have synthesized Ce0.8Gd0.2O2-δ (GDC), and Ce0.85Gd0.11Pr0.04O2-δ (GPDC) powders and fabricated
bulk samples for characterization of electrical properties via AC impedance spectroscopy, and
GB structure and composition via TEM. Electron energy-loss spectroscopy (EELS) in a JEOL
ARM200F probe corrected scanning TEM (STEM) has been performed to map the distribution of
dopant cations in the vicinity of GBs.
Fig. 1b shows an annular dark field (ADF) STEM image of a GB in GPDC with inset 2D EELS
spectrum image color map indicating the segregation of dopant cations to the GB. The color
map is created from integration of the background-subtracted Ce, Pr and Gd M45 white lines
(fig. 1a). Fig. 1c illustrates the compositional variation near the GB estimated by k-factor
analysis of background-subtracted white line integrated intensities. A distinct Ce M4:M5 white
line ratio decrease characteristic of the reduction of Ce4+ to Ce3+ was also observed, possibly
indicating an increased oxygen vacancy concentration associated with the structural disorder
of the GB core. The cation segregation zone was measured at full width half maxima (FWHM)
to be 1.6 and 2.0 nm in the GDC and GPDC, respectively. The average GB core composition in
the GDC was approximately 61%, and the preliminary results presented here indicate GPDC
GB core compositions of [Pr] ≈ 16% and [Gd] ≈ 29%. The relative dopant concentration (i.e.
[Gd]/[Pr]) also appears to vary with position near the GB.
We present characterization of electrical conductivity, microstructure, and nano-scale grain
boundary structure and chemistry of nominally Gd-doped and Gd/Pr doubly-doped ceria
fabricated using mixed oxide nanopowders synthesized by spray drying. We discuss
correlations between Ce4+ oxidation state variations, dopant segregation and resultant
electrical properties in these materials. In an attempt to elucidate the O2- vacancy environment
near GBs, the GPDC O K edge fine structure will also be discussed.
[1] Avila-Paredes, H.J. et al, Solid State Ionics 177 (2006) 3075-3080
 

Acknowledgement: We thank NSF GRFP-1311230 & DMR-1308085, and the J.M. Cowley HREM
Center at ASU



 
Fig. 1: (a) GPDC EELS with M45 white lines and background windows BPr and BGd (BCe omitted for clarity). (b) ADF STEM of
a GPDC GB with inset EELS spectrum image colored using the integrated intensities of Ce, Pr and Gd M45. (c) Cation
concentration profiles and Ce M4:M5 white line ratio across the grain boundary in (a).
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The engineered processing of luminescent ions-doped dielectric nanoparticles (DNPs)
embedded in silica-based optical fibers aims at providing an enhanced spectroscopic behavior
compared to pure silica. These DNPs should positively impact applications in high power fiber
lasers, light sources with new wavelengths and telecommunications.
The prevalence of large phase immiscibility domains in silicate systems containing divalent
metal oxides (Mg for instance) promotes the formation of DNPs through phase separation since
heat treatments take place during the MCVD process.
Even after 60 years of glass-ceramics research, lack of experimental data concerning early
nucleation stages imposes variations in composition and heat treatments as processing steps
[1]. Although classical nucleation theory was the first model proposed to explain those
phenomena, growth rate mismatches remain wide. According to this capillary
assumption-based model, nuclei and bulk share similar structure-composition relationship.
Recent articles disprove assumption of structure, pointing toward DNPs structural changes [2]
and transition from amorphous nuclei to crystalline DNPs [3]. Compositional changes for small
particle sizes (~1-10 nm) have been measured in alloys with Anomalous Small Angle X-Ray
Scattering (ASAXS) [4]. Recent advances in APT techniques and the development of the Local
Electrode Atom Probe™ have allowed the extension of high accuracy, sub nanometer
compositional measurements to glass-ceramics [5], and in the current work, we report APT
data disproving the second capillary assumption at the early stage of nucleation-growth
process.
The APT generated atomic distribution map of Mg DNPs in silica-based glass doped with Mg, P,
Ge and Er is reported in Figure 1. In addition, quantitative assessment of Mg, P and Er content
levels in DNPs smaller than 10nm in diameter (Figure 2) could refine the theories behind
nucleation and growth mechanisms.
References
[1] N. Karpukhina et al., Chemical Society Review (2014), DOI 10.1039/C3CS60305A.
[2] S.Y. Chung et al, Nature Physics 5 (2009), p. 68.
[3] P. Tan et al, Nature Physics 10 (2014), p. 73
[4] D. Tatchev et al, Journal of Applied Crystallography 38 (2005), p. 787.
[5] D.J. Larson et al., “Local Electrode Atom Probe Tomography” (Springer, New York 2014).
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Fig. 1: Mg-based dielectric nano-particles (pink) surrounded
by silica matrix (blue).
 

 
Fig. 2: Proximity histogram displaying the evolution of Mg,
Er, P, and Ge concentrations from the silica matrix toward
the center of the Mg-based dielectric nanoparticles.
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Joining is great importance in materials science to make complex shape products. Many
different methods serve for this purpose. Among them, capacitor discharge joining comes to
the fore with its fascinating properties, e.g. superfast and explosion occurrence. However, the
scientific mysteries behind the reactions during capacitor discharge process have not so far
unraveled. Here, we report a nano-scaled study of Ti atom behavior across the grain
boundaries, interfaces and lattices in Si3N4-SiAlON/Ti capacitor discharged joint ceramics as a
function of temperature through electron microscopy. Firstly, to make a bulk joint material with
ceramic and metal foil, the experimental setup and design were organized. Later, samples
were heat-treated in elevated temperatures between 900 and 1200°C under atmospheric
conditions. Afterwards, electron transparent specimens from the special regions including
Si3N4-SiAlON grains and Ti foil were prepared by using focused ion beam (FIB) lift-out method.
Finally, the investigations of resulting samples were carried out by the use of different
scanning and transmission electron microscopes (SEM and TEM). Based on the electron energy
loss (EEL)-spectrum imaging (SI) results that acquired in energy filtering transmission electron
microscopy (EFTEM) and scanning transmission electron microscopy (STEM) modes, the
intense movement of Ti atoms toward to Si3N4-SiAlON grains was observed. This gives rise to a
new type of nano-scaled phase formations in metal-ceramic interface and within foil by the
combination of Si and N atoms diffusion arising from the Si3N4-SiAlON grains. The chemical
compositions of these phases are well convenient with Ti3N2, Ti3N, Ti2N and Ti5Si3Nx. More
interestingly, depending on the heat-treatment temperature, the morphology of the phases
varies from the dendritic- to flower-type. Furthermore, Ti-rich cathodoluminescence (CL),
energy dispersive X-ray (EDX), electron backscatter diffraction (EBSD), EFTEM-3 window and
EELS elemental maps at grain boundaries and Si3N4-SiAlON grains revealed the nano-scale
pathway of Ti atoms. Thus, we now thermodynamically make a clarification on the reactions
that occur during the capacitor discharge process. These sequential ones will be also
presented.
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The corner sharing network of transition metal - oxygen octahedra (BO6) in the ABO3
perovskite can exist in a a variety of octahedral tilt patterns which affect materials
properties.[1] Octahedral tilt behavior at the homo- and hetero-interfaces has recently
attracted considerable attention as an important contributing factor for interface properties.
Quantitative annular bright field (ABF) images combined with annular dark field (ADF)
constitute a powerful tool that enables unit-cell-by-unit-cell analysis of octahedral tilt
patterns.[2] In this study, we investigate octahedral tilt behavior of epitaxial LaCoO3 (LCO)
films (a-a-a- tilt pattern in the bulk) for different film thicknesses and different epitaxial strain
on SrTiO3 and LSAT substrates.
LaCoO3 is a particularly interesting object of study since thin films show ferromagnetic
ordering under low temperatures, while the bulk compound is antiferromagnetic. For this
study, LCO thin films were deposited by pulsed laser deposition. X-ray photoelectron
spectroscopy studies of the films have demonstrated that Co 3p edges shift up to 2 eV for 15
u.c. and 20 nm films, indicating possible presence of 2D electron gas at the interface.
Differences in properties could be due to differences in the structure or the differences in
interface chemistry, which we investigated with STEM and EELS, respectively.
Octahedral tilts were examined for films of different thicknesses using ABF imaging. We found
that from 15 u.c.thin film had fully developed tilted structure, with indications of tilt starting
from the last 2 unit cells of STO and gradually increasing into LCO. However, similar behavior
was not observed in the 5 u.c. film, which is apparently not tilted. (Fig.1) EELS mapping at the
interface reveals some Ti/Co intermixing, which was however identical in the two films (Fig.2),
suggesting that the tilts are responsible for the difference in properties.
Finally, to study substrate strain effect we examined LCO films grown on LSAT. We found that,
compared to films on STO, octahedral tilts are substantially suppressed on LSAT substrate
(Fig.3). STO and LSAT subject LCO to different degrees of tensile strain. However, first
principles calculations suggest that the differences in tilt behavior cannot be explained by
changing strain alone. One possible factor is very rigid lattice of the LSAT due to ordering of Al
and Ta atoms on the B-site, suggesting even more complex picture of coupling of different
structural order parameters inside perovskites.
[1] J. M. Rondinelli, S. J. May and J. W. Freeland, MRS Bulletin 37 261 (2012).
[2].Y.-M. Kim et al. Advan. Mater. 25 2497 (2013).
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Fig. 1: (A) HAADF images of 15 u.c. / 5 u.c. LCO on STO (B) enlarged BF/ABF images of 15 u.c. / 5 u.c. LCO on STO at
the interface. (C) Octahedral rotation angles show gradual increase and saturation of 15 u.c. LCO but it is suppressed in
5u.c. LCO.
 

 
Fig. 2: EELS spectra image and the corresponding intensity profiles of La M, Co L, and Ti L edges in (A) 5 u.c and (B) 15
u.c. LCO/STO thin film and. Evidence for Ti interdiffusion is highlighted with a blue arrow.
 

 
Fig. 3: HAADF/ABF images of LCO on LSAT (B) Octahedral rotation angles of LCO on LSAT are suppressed (note that the
scale of Fig. 3(b) is the same as for Fig. 1(b)).
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Various inorganic industrial by-products are currently under investigation as substitute
secondary materials in standard ceramics manufacturing, because they contain several
valuable oxides, and, consequently, their addition into clays used in the fabrication of ceramics
appears attractive both from the environmental and economical point of view.
In the present research, microscopic techniques (Scanning Electron Microscopy, JEOL-JSM 6510
coupled with Energy Dispersive X-Ray Spectroscopy) were used for the comparative
microstructural examination of red ceramics derived from fired clayey raw materials
incorporated with different inorganic solid residues.
Fly ash, the by-product of solid fuel conventional burning for power generation, as well as fly
ash originated from circulating fluidized bed combustion (a rapidly growing technology), and
also steel making by-products, were considered as useful secondary resources. Specimens
were shaped from clay/inorganic material mixtures by extrusion, followed by sintering at
different peak temperatures, and their microstructure was studied as a function of the
admixture used and the sintering temperature applied. Moreover, the relationship between
structure and properties of the ceramic microstructures obtained and characterized was also
evaluated. In conclusion, microstructural examination is important to assess and optimize the
quality of red ceramics containing secondary inorganic residues, towards beneficial utilization
of material and energy resources.
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Fig. 1: SEM micrographs of red ceramics incorporated with fly ash, sintered at 850 (a), 950 (b), 1050 (c), 1150 oC (d).
 



Type of presentation: Poster
 

MS-5-P-3426 TEM studies on in-situ formation of SiC in AlN-Si-Al composites
 

KAYA P.1, YURDAKUL H.1,3, TURAN S.1, KALEMTAS A.1,2, ARSLAN G.1, KARA F.1
 
1Anadolu University, Department of Materials Science and Engineering, Iki Eylul Campus,
26555 Eskisehir, Turkey, 2Mugla University, Engineering Faculty, Department of Metallurgical
and Materials Engineering, 48000, Kotekli, Mugla,Turkey, 3Dumlupinar University, Evliya Celebi
Campus, Faculty of Engineering, Department of Materials Science and Engineering, TR-43100,
Kutahya, Turkey
 

Email of the presenting author: pkaya1@anadolu.edu.tr
 
Monolithic ceramics such as Si3N4, AlN and SiC possess a good combination of properties
including high hardness, high elastic modulus and high strength due to their strong covalent
bonding but are inherently brittle. The use of ceramic components for structural, electrical and
electronic applications is rapidly increasing, but difficulties in machining, low reliability and
expensive production equipments have hindered the in cost-effective use of these materials
[1]. Pressureless melt infiltration is generally considered to be a more attractive technique to
produce ceramic-metal composites due to its cost effectiveness and easiness when compared
with more conventional methods such casting and powder metallurgy [2]. The aim of the
current study was to reduce metal content in final composite through incorporating active
agents to the starting Si3N4 powder. A further objective was to fully characterize the
microstructure of the composites, especially the distribution, content and morphology of the
in-situ formed nano-sized SiC particles. For this purpose relatively dense AlN-SiC-Si-Al
composites were produced by pressureless reactive infiltration of aluminum into porous Si3N4
preforms. The composite samples were characterized by employing XRD, SEM and TEM
techniques. XRD patterns of the samples were recorded using a (Rigaku Rint 2200, Tokyo,
Japan) was performed using monochromatic CuKα radiation (λ = 1.5406). Scanning electron
microscope (SEM) investigations were carried out using a ZEISS SUPRA 50 VP microscope. For
TEM investigations 200 kV field emission TEM (JEOL™ JEM-2100F) equipped with STEM high
angle annular dark field (STEM-HAADF) detector (Model 3000, Fischione), parallel electron
energy loss spectrometer (PEELS) and energy filter (Gatan™ GIF Tridiem), and energy
dispersive spectrometer (EDS) (JEOL™ JED-2300T) were used. Phase analysis of the produced
composites revealed that Si3N4 was consumed completely during the infiltration process via
reacting with the Al metal and leading to formation of in-situ SiC, AlN and Si (Figure 1).
Detailed TEM studies such as EFTEM results confirmed the XRD results (Figure 2).
References
[1] Janssen, R., Scheppokat, S., and Claussen, N., J. Eur. Cer. Soc., (2008), 28, 1369–1379.
[2] Development of Si3N4/A1 composite by pressureless melt infiltration, Akhtar Farid, GUO
Shi-ju, Trans. Nonferrous Met. SOC. China 16, (2006), 629-632



 
Fig. 1: XRD patterns of (a) 100SN, (b) 92SN8C and (c) 96SN4C ceramic-metal composites.
 

 
Fig. 2: EFTEM 3 window elemental mapping showing general distribution of the elements in the 92SN4C composite.
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ZnO is a simple compound, which shows different textural and morphological characteristics
according its synthesis route. These changes lead to the expansion of its applications in
electronic and photonic industry due to the wide range of technological applications in devices
including sensors, light-emitting diodes, laser diodes, solar energy conversion, catalysts, solar
cells, varistor, etc. Some studies are related with applications in nuclear medicine area. When
ZnO sintered pellets are irradiated in a cyclotron, it is possible produced the radionuclides
66Ga, 67Ga and 68Ga, which are widely used for diagnosis of diseases. In this work, ZnO
nanoparticulate was obtained by reaction between aqueous solution of Zn(CH3COO)2 with
NH4OH, whose precipitate obtained was washed with distilled water to remove impurities, and
centrifuged at 3000 rpm for 20 minutes. After that, the material was dried using various drying
routes: controlled drying in oven, freezing drying and spray drying, and calcined at 800 °C for
2 h. The powders were pressed into pellet form and sintered at 1200 °C for 2 hours. With the
use of different drying methods, the formation of the ZnO occurs at different stages and it was
observed different morphologies and specific surface areas for the samples. The figures show
the morphology of the samples heated at 800oC. The sintering mechanism was different for
each sample.Some of the tablets were successfully used in the production of Ga radioisotopes
by irradiation.
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Fig. 1: SEM image of the ZnO powders dried  by controlled temperature and heated at 800°C.
 

 
Fig. 2: SEM image of the ZnO powders dried by freezing
drying temperature and heated at 800°C.
 

 
Fig. 3: SEM image of the ZnO powders dried by spray
drying and heated at 800°C.
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For the intermediate temperature solid oxide fuel cell (IT-SOFC) the mixed ionic–electronic
conducting perovskite oxide La0.6Sr0.4CoO3-δ is a promising material for cathodes due to its high
activity for oxygen reduction even at relatively low temperatures of 600–800 °C. Recent
investigations have shown that during long-term applications in this temperature range the
reaction of the cathode with impurities from the gas phase may cause a significant
degradation of the oxygen exchange kinetics. In particular under real conditions the cathodes
underlay a time-dependent degradation. In addition to Cr and Si especially the influence of
sulphur dioxide is critical for the cathode degradation. In the present work the sulphur
poisoning was studied by scanning electron microscopy (SEM) and analytical transmission
electron microscopy (TEM). Furthermore chemical depth profiles were performed by X-ray
photoelectron spectroscopy (XPS). After 1000 hours of exposition to a test gas of O2-Ar with 50
ppm SO2 TEM images of the cross section show a strongly degraded sample (Fig. 1). The reason
for degradation is a strong enrichment of S, Sr and La at the surface (0 – 500 nm) [1] which
could be identified by energy-dispersive X-ray spectroscopy (EDXS). Quantification of EDX
spectra reveal two different sulphate phases from this region (Fig. 2). Phase 1 of layer I could
be identified as La2O2SO4 and Phase 2 as SrSO4. Beneath this layer I is a nano-crystalline region
(layer II) within a range of approximately 500 to 1400 nm (Fig. 3). This second layer is rich in
cobalt and features a reduced content of strontium. With EDXS also a small amount of sulphur
can be found in this deeper region. Below a depth of 1400 nm no significant S-peak can be
observed in the EDXS analysis of the bulk phase La0.6Sr0.4CoO3-δ.
References
[1] E. Bucher et al. Solid State Ionics 238 (2013) 15-23.
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Fig. 1: Cross-sectional STEM-HAADF image showing three different layers.
 

 
Fig. 2: EDXS of layer I with the two coexisting phases La2O2SO4 (1) and SrSO4 (2).
 

 
Fig. 3: EDXS (3) from the nano-crystalline layer with increased Co content and traces of S.
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A detailed study was carried out of the mechanical properties under compression of potassium
niobate, a ferroelectric perovskite that has the potential to replace lead-based materials in
electromechanical (piezoelectric) applications. Potassium niobate (KNbO3) has recognized
excellent optical properties and is widely used in optical mechanisms, e.g. for laser frequency
doubling. However, its mechanical response to conditions such as it might see in
electromechanical applications has not been widely studied. These conditions include both
mechanical and thermal loading, in an uncontrolled atmosphere. A series of compression tests
over a range of temperatures between room temperature and 900°C was performed on single
crystals of potassium niobate and the specimens were subsequently examined at multiple
length scales.
The results reveal the interesting and very complex behaviour of the potassium niobate
material. The stress-strain response was unexpectedly consistent with temperature (Fig. 1).
Macroscopic characterization of the compressed crystals revealed cracking in all the
specimens tested above 200°C. The cracking coexisted with plasticity; dislocations were
observed in all tested specimens (Fig. 2). At all temperatures the dominant slip system was
{110}<1-10>. Finally, domain walls were observed in large numbers only in the specimens
tested between 300°C and 500°C, indicating that unlike the cracking and plasticity responses,
the strain accommodation through domain change was not consistent with temperature. The
tests performed in this study have turned out to be an excellent first step in understanding the
mechanical behaviour of this material. They have provided valuable data on the material’s
response to compressive loading and have established the important areas for further study
and the critical conditions for useful further modelling work.
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Fig. 1: Critical flow stress of potassium niobate single crystals strained in compression at constant cross-head speed, at
various temperatures.
 

 
Fig. 2: TEM BF image of potassium niobate deformed at 400°C showing dislocations and domain walls. Arrow indicates
direction of g = [001].
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Work shows the relation between the sintering additives, evolution of microstructure and some
of the properties of Si3N4–GNPs composites. Si3N4 with graphene multiplatelets (GNPs) as the
reinforcement were sintered with five different sintering additives. Initial ceramic powders
containing 1 wt.% GNPs were milled in planetary ball mill in isopropanol for 2 hours and hot
pressed at 1600°C or 1550°C for 60 min with an external load of 30 MPa and 40 mbar nitrogen
overpressure. The relative densities of all Si3N4 composites with 1 wt. % of GNPs were above
98.5% of the theoretical density. The grain size distribution, the shape of silicon nitride grains
and the location of graphene multiplatelets in the silicon nitride matrix has been studied using
TEM and SEM. Observed changes in the microstructure depend on the used combination of
sintering additives especially their viscosity at sintering temperature. Evolution of the grains
and the phase transformation from α to β Si3N4 was suppressed by the presence of the
graphene multiplatelets. The incorporation of such  carbon-nanostructures into a ceramic
matrix inhibits the sintering driving force leading to a lower grain size in at higher
temperatures and to a suppression of α to β transformation of silicon nitride at lower
temperatures. Due to the relatively mild conditions of the sintering (1600°C/ 1 hour), no
coarsening of the silicon nitride matrix or any significant change of this phase was observed.
Young’s modulus measurement was performed in order to investigate the orientation of GNPs
in the composites. Young’s moduli measured in both perpendicular as well as parallel
directions to the sintering plane shows only slight difference which is caused by the
arrangement of the silicon nitride grains due to the uniaxial stress applied during hot press
sintering not due to the arrangement of graphene platelets. The difference of the grain
evolution influences the brittleness, hardness and strength of composites. The presence of the
elongated β Si3N4 grains increased the value of fracture toughness due to so called toughening
mechanisms – crack bridging, deflection, mechanical friction.
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Use of plastic wastes as alternative fuels in cement producing kilns is currently performed at
industrial scale in many countries. Beside of the many advantageous points of disposing
residual plastics with this method, there are also a few drawbacks. For example, incorporation
of minor elements coming from the fuel during the firing may affect the clinker phase
distribution. It has been suggested that these alterations in clinker phases have influences in
the subsequent hydration products and thus, could change the strength development of the
cement [1-4]. Therefore, investigating the effects of alternative fuels in microstructural
evolution and chemical composition of cement clinker is of utmost importance.
In this study, a scanning electron microscope (JEOL JSM-6010LV) was used to investigate the
morphology of the cement clinker phases with and without the usage of plastic wastes as the
fuel in production process. Backscattered electron images (Fig. 1 and Fig. 2) showed the phase
distribution in each of the two clinker specimens. Alite (3 CaO • SiO2: C3S) and Belite (2 CaO •
SiO2: C2S) phases are recognizable because of their atomic weight differences. The average
atomic weight of Alite is 228.31 g/mol and for Belite is 188.23 g/mol. A slight increase in Belite
phase formation can be seen in the clinker produced with plastics as fuel. Also, it is obvious
that the distribution of phases all over the clinker granules is different for two samples. These
alterations in microstructure are probably due to the influence of impurity elements like Sulfur
(S) and Chlorine (Cl) which are the result of combustion of plastic wastes.
Energy dispersive x-ray spectroscopy was utilized to perform the chemical analysis of the
clinker phases. Fig. 3 illustrates EDS maps of Cl and S for the same region from the sample
produced with plastic waste as fuel. Sulphur appeared to have concentrated preferentially to
Belite phase whereas chlorine was concentrated in pore volume.
ImageJ software was used to measure the variation of Alite/Belite phase ratio in two samples.
Fig. 4 shows that this ratio decreased from 5.15 to 3.13 for the samples without and with
plastic waste fuel, respectively.
[1] Husillos Rodríguez, et al., (2013). The effect of using thermally dried sewage sludge as an
alternative fuel on Portland cement clinker production. Journal of Cleaner Production, 52(0),
94-102.
[2]Shirasaka, T., Hanehara, S., & Uchikawa, H., (1996). Influence of six minor and trace
elements in raw material on the composition and structure of clinker. World Cement, 27(3).
[3] Woo-Teck KWON et al., (2005). Effect of P2O5 and Chloride on clinkering reaction. Online
Journal of Materials, 1.
[4] Lin, K.-L., Lin, D. F., & Luo, H. L. (2009). Journal of Hazardous Materials, 168(2–3),
1105-1110.



 
Fig. 1: Backscattered electron image of cement clinker
prepared without plastic fuels.
 

 
Fig. 2: Backscattered electron image of cement clinker
prepared with plastic fuels.
 

 
Fig. 3: Energy dispersive spectroscopy maps of Cl and S for
the same region in cement clinker prepared with plastic
fuel.
 

 
Fig. 4: Alite/Belite ratio calculated with ImageJ software for
two clinker samples.
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Transition metal carbides are ceramic refractory with unique properties such as a high melting,
extreme hardness, excellent electrical and thermal conductivity, and high resistance to
oxidation and corrosion. Therefore, the carbides of transition metals have a broad application
in the area of metallurgy. However, the chemical stability of these compounds and their
similarity in the catalytic properties of the noble metals of group 8 to 10, make of the
transition metal carbides of great interest in the area of catalyst for a variety of reactions
including hydrotreatment reactions. These materials are generally obtained by the synthesis
method programmed temperature (TPS) of the metal oxide using a gas mixture to high
temperatures, greater than 1500ºC. In this work, niobium carbides were synthesized using an
alternative methodology via a decomposition-reduction route by the reaction of metallic
magnesium powder with niobium oxide at 650ºC. With this method can prepare niobium
carbide powder at a lower temperature in comparison with conventional methods. Gas mixture
used for reduction and carburetion of metal was hydrogen (H2) and liquefied petroleum gas
(LPG) in 9:1 ratio. The products were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and specific surface area
by Brunauer-Emmett-Teller (BET) methods. The solids obtained show a specific surface area of
4m2/g. Mixture of niobium carbide (NbC) and niobium oxide (Nb2O5) was observable by XRD
patterns, because the niobium carbide was passive with a mixture of O2 /N2 at 1%. SEM images
showed particles like corals and wide size range, due to sintering of the particles (Figure 1).
The TEM image of the NbC is shown in Figure 2, which indicates the synthesized NbC consists
of particles 0.2 μm in diameter. This alternative route to the synthesis method allows obtaining
niobium carbides at lower temperatures.
[1] Oyama, S. Catalysis Today 15 (1992) 179-200
[2] Furimsky, E. Applied catalysis A: general, 2003. 240(1-2) 1-28.
[3] Hwu H. and Chen J. Chem. Rev. 105 (2005) 185-212
[4] Jianhua Ma, et al. Journal of Alloys and Compounds 475 (2009) 415-417.
[5] S.V. Aydinyan. Materials Science and Engineering B 172 (2010) 267–271.



 
Fig. 1: SEM image niobium carbide
 

 
Fig. 2: TEM image niobium carbide
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In order to fabricate nano-scale structures for variety of applications, e.g., nanotechnology,
photovoltaic devices, drug delivery etc., choice of three-deimsnional (3D) structures is a key
issue. Block copolymers, consisting of multiple polymer chains (blocks) connected with
covalent bond, self-assemble to form various kinds of morphologies due to immiscibility
between the dissimilar blocks. We found an ABC-type tribock terpolymers self-assemble 3D
helical morphology using electron tomography (ET) [1-3]. The ET observations revealed that
the double-helical structure was composed of B helical microdomains around
hexagonal-packed A cylinder cores in C matrix, even though none of the blocks is chiral. Under
some condition, helical handedness of B domain was found to be uniform, the reason of which
will be discussed with the help of computer simulation. This kind of interesting morphologies
could be used as templates for materials with attractive properties.
Another way to assemble nano-structures may be to directly polymerize monomers in a
controlled manner. We found that (conductive) polymers can be polymerized when electrons
are injected into their monomers (Electro-polymerization) in liquid state. Namely, atmospheric
Scanning Electron Microscope (ASEM) [4] was used to generate array of nano-scale pillars by
irradiating focused electron beam in the monomer solution. The well-controlled
pillar-morphology may be essential in some energy and optical properties.
References:
1) H. Jinnai, T. Kaneko, K. Matsunaga, C. Abetz, V. Abetz, Soft Matter, 5, 2042-2046 (2009).
2) T. Higuchi, H. Sugimori, X. Jiang, S. Hong, K. Matsunaga, T. Kaneko, V. Abetz, A. Takahara, H.
Jinnai, Macromolecules, 46(17), 6991–6997 (2013).
3) S. Hong, T. Higuchi, H. Sugimori, T. Kaneko, V. Abetz, A. Takahara, H. Jinnai, Polymer J., 44,
567-572 (2012).
4) M. Suga et al., Ultramicroscopy, 111, 1650-1658 (2011).
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Transmission electron microscopy (TEM) is a unique tool to address fundamental issues
regarding the structure and the morphology of electro-active materials used in plastic
electronics. Various examples are provided to illustrate recent advances in the understanding
of crystallization and structure of conjugated polymers and co-oligomers used as active layers
in field effect transistors or organic solar cells. It is demonstrated that low dose TEM operated
in bright field, electron diffraction, dark field and high resolution modes provides a new and
unique insight into the structure and nano-morphology of key materials used in plastic
electronics for the elaboration of electronic devices such as organic solar cells and organic field
effect ransistors. In particular, we demonstrate the importance of growth control using either
epitaxy, high temperature rubbing or other crystallization methods to address properly the
structure of conjugated polymers by TEM. Examples concern the polymorphism and
nanomorphology of both p- and n-type semiconducting polymers e.g. regioregular
poly(3-hexylthiophene) and p(NDI2OD-T2) as well as donor-acceptor co-oligomers used in
organic photovoltaic cells. Finally, we show first results on the importance of TEM
investigations on the device structure of non volatile memories. More specifically, TEM
tomographic investigations and STEM-HAADF investigations on cross sections provide
important informations on metal diffusion and nanoparticle distribution in the bulk of polymer
layers.
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Organic semiconductors have gained a great interest in the last years, due to their potential
applications in electronic devices such as organic field-effect transistors (OFETs) and
light-emitting diodes (OLEDs). Among these organic molecules, pentacene (PEN, C22H14),
perfluoropentancene (PFP, C22F14), and above all, mixtures between both attract a special
attention, because on the one hand they form donor/acceptor systems, and on the other hand
they are expected to be structurally compatible due to their similar molecular geometry. Thus,
they have been widely studied as a semiconductor p-type, n-type or p-n-junction, respectively,
on various substrates such as halides for PFP [1] and PEN [2], SiO2/Si for PFP [3] or polymer
gate dielectrics for PEN [4], and with optimal imaging conditions which minimize the radiation
damage that destroys the organic materials [3].
Molecular orientation and ordering of different organic semiconductors depends on substrate
interaction and substrate roughness. In this study we use Conventional TEM (CTEM) Bright
Field (BF) and Dark Field (DF) as well as Electron Diffraction (ED) to show the difference
between PEN:PFP (1:1) grown on crystalline substrates such as KCl (100) or NaCl (100) and
amorphous substrates such as SiO2. In case of PEN:PFP grown on KCl well ordered films
consisting of domains of elongated PEN fibers are formed directly over the substrate. Above
these PEN films, bigger individual fibers consisting of PEN:PFP are distributed.The fibers of PEN
films are oriented parallel to the KCl <100> directions. ED Patterns of these samples reveal a
PEN [001] zone axis orientation and a fourfold ordering (figure 1). In contrast to PEN:PFP grown
on SiO2, where no global ordering of the PEN molecules appears. In this case ED Pattern (figure
2) shows mainly a polycrystalline arrangement of the PEN molecules within the sample.   
In this way, substrates can also determine the orientation and arrangement of crystalline
molecular films in organic semiconductors, playing an important role in electronic and optical
properties of such materials. TEM characterization is an useful tool to understand local and
extended crystal orientation by means of a combination of imaging and diffraction techniques.
[1] T. Breuer et al. Phys. Rev. B 83, 155428 (2011)
[2] T. Kiyomura et al. Thin Solid Films 515, 810-813 (2006)
[3] B. Haas et al. J. Appl. Phys. 110, 073514 (2011)
[4] H. Klauk et al. J. Appl. Phys. 92, 5259 (2002)
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Fig. 1: ED Pattern of PEN:PFP grown on KCl and simulated pattern of PEN in [001] zone axis orientation. The reflections
match PEN in the [001] zone axis orientation with fourfold ordering.
 

 
Fig. 2: ED Pattern of PEN:PFP grown on SiO2. The Diffraction Pattern reveals the polycrystalline structure of the PEN
molecules.
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It is often difficult to observe nano-scale structures of polymeric materials using conventional
TEM because of its weak scattering contrast. As one of methods to produce image-contrast
without any artificial staining, LAADF-STEM was applied in this study, and examined on its
quantitative feature for observation of fine structures in a block copolymer. Since LAADF-STEM
provides a kind of dark-field image like HAADF-STEM, the contrast can be improved drastically
from conventional bright-field imaging. Moreover, LAADF-STEM is powerful not only to produce
a contrast but also to utilize more scattered electrons than the case of HAADF-STEM, indicating
that the LAADF-STEM could be more practically usable for radiation-sensitive materials.
Actually, it is expected to visualize micro-phase-separated morphology of block copolymers
with sufficient contrasts by LAADF-STEM, corresponding quantitatively to the mass-thickness
difference among micro-separated phases. LAADF-STEM was applied for observation of a
diblock copolymer of poly(vinyl phenol)-block-polystyrene (PVPh-b-PS), in which a low
detection angle (β=19–50 mrad in JEM-2200FS) was adopted for creating a contrast without
artificial staining. FIG. 1 shows well-ordered lamellae morphology observed in cross-sections of
the copolymer prepared by sequential living anion polymerization and subsequent hydrolytic
deprotection. The bright domain corresponds to high density layer of PVPh, and the dark to low
density layer of PS. Firstly, the density difference between PVPh (ρPVPh) and PS (ρPS) domains
was evaluated from an intensity profile in FIG.1, resulting into ρPVPh/ρPS = 1.09±0.03. This ratio is
reasonable although it is slightly smaller than 1.12 estimated from the reported densities of
both homopolymers. On the base of the quantitative contrast, it is possible to examine
quantitatively the morphology of phase separation, the local distribution of micro-domains and
the interfaces in separation of phase domains. As shown in FIG. 2, for instance, one may see at
glance that the mechanical cleaving is happened only at the high density domain of PVPh with
bright contrast, presumably owing to its brittleness. As a further application, the temperature
dependence of image contrast showed a kink at 90 ˚C, relating obviously to a glass-transition
of PS (FIG. 3), which allows us to estimate the Tg and difference in thermal expansion
coefficients of rubbery and glassy states of PS. These observations demonstrate that
LAADF-STEM is an effective tool to image quantitatively nano-scale domains of polymers.
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Fig. 1: LAADF-STEM image of PVPh-b-PS with lamellae structure of bright PVPh and dark PS layers with a regular
spacing of 40 nm. Intensity profile was measured along the blue box in the figure to estimate the density ratio of both
layers.
 

 
Fig. 2: LAADF-STEM image of cleaved part in PVPh-b-PS thin
section. The outer layer after cleaving is always the bright
PVPh layer, presumably owing to its high brittleness.
 

 
Fig. 3: LAADF-STEM intensity change against temperature
around Tg of PS. A kink is observed around 90 ˚C,
indicating the change in thermal expansion coefficient of
PS layer against that of the glassy PVPh at the glass
transition.
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Imaging soft matter by transmission electron microscopy (TEM) is anything but
straightforward. Bright-field TEM (BF-TEM) applied to soft materials, and samples that consist
of light elements in general has always been hampered by the lack of object contrast, resulting
from the fact that light elements will not substantially alter the amplitude and/or the phase of
the incident electron wave, particularly not for thin samples. Recently, interest has grown in
developing alternative imaging modes that generate contrast without additional staining. Here,
we present a TEM technique based on the use of an annular objective aperture: annular
dark-field transmission electron microscopy (ADF-TEM) [1]. The objective aperture acts as a
central beam stop in the back focal plane of the objective lens. In this manner, the central
beam and all electrons scattered up to a certain semiangle are excluded from imaging.
ADF-TEM has already been used successfully in materials science where it is applied to avoid
diffraction contrast when recording a tilt series for tomographic reconstruction [2]. Here, we
show that the technique also has advantages for soft materials, where diffraction contrast is
not dominant.
Using ADF-TEM, our experiments demonstrate an increase in both contrast and signal-to-noise
ratio in comparison to conventional BF-TEM. Annular dark-field imaging is also advantageous if
hybrid structures with high and low mass thicknesses are to be imaged simultaneously.
Especially to study the interaction between the soft and hard compound, it is of importance to
visualize both compounds at the same time (figure 2). In addition, ADF-TEM is compared to
annular dark-field scanning transmission electron microscopy (ADF-STEM). Although ADF-TEM
and ADF-STEM are comparable to a certain extent, their electron dose dynamics is completely
different. This has important consequences toward radiation damage when imaging low-Z
materials. It can be expected that the decreased dose rate of ADF-TEM in comparison to the
higher dose rates in STEM mode will be favored in specific studies.
 
[1] F. Leroux, E. Bladt, J.-P. Timmermans, G. Van Tendeloo, and S. Bals, “Annular dark-field
transmission electron microscopy for low contrast materials.,” Microsc. Microanal., vol. 19, no.
3, pp. 629–634, Jun. 2013.
[2] S. Bals, G. Van Tendeloo, and C. Kisielowski, “A new approach for electron tomography:
Annular dark-field transmission electron microscopy,” Adv. Mater., vol. 18, p. 892–895, 2006.
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Fig. 1: (A) Secondary electron image of an annular aperture during fabrication using focused-ion-beam system. (B)
Schematic overview of the column of an electron microscope with an annular aperture inserted in the back focal plane
of the objective lens.
 

 
Fig. 2: Electron micrographs of silver-coated amyloid fibrils obtained using (A) BF-TEM with an objective aperture of 20
μm and (B) ADF-TEM.
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The fracture behaviour of polymers is, amongst others, strongly dependent on their
microstructure and especially also the type, size and distribution of modifier particles. But the
conventional stress-strain diagrams resulting from tensile tests are global quantities,
integrated over all microscopic processes occurring during the test in the fracture zone.
Therefore a direct observation of these processes during the tensile test is impossible.
Yet tensile tests performed in an environmental scanning electron microscope (ESEM) enable
the simultaneous recording of both the stress-strain diagram and the crack propagation at the
crack tip [1, 2]. Whereas the former is a macroscopic measurement, the microstructures
developing at the crack tip and their variation during the tensile test provide direct insight into
the impact of the microstructure of the polymer on the fracture behaviour. Because strong
stress concentration takes place at the crack tip, structures forming there and processes going
on there are decisive for the fracture behaviour of the material.
In case of inorganic filler particles also the local strain distribution at the surface of the
specimen and its change during the tensile test can be tracked (Figures 1 and 2). For this
purpose generally the skin of the polymer has to be removed. Care has to be taken that no
pre-cracks are formed during the polishing. Every pair of particles can be regarded as a
micro-extensiometer. As a consequence the resolution of measured strain fields depends on
the distances between the filler particles.
But what is happening at the crack tip does not provide full information about the fracture
behaviour of the polymer. Especially the distribution of the cracks and their correlation to the
distribution of the filler particles is very interesting. To extract this information the full 3D
reconstruction of at least part of the sample is necessary. For this aim the tensile test has to
be stopped at a predefined force or elongation. Subsequently automated serial sectioning and
imaging by use of a microtome mounted in the ESEM can be used [3]. Finally from the
resulting stack of images the 3D reconstruction is possible (Figure 3).
Thus a great wealth of information both on the micro- and macroscale can be gained by
performing tests in the ESEM. Correlation of all these results should provide greater insight into
the fracture behaviour of polymers.
References:
[1] P. Poelt, A. Zankel, M. Gahleitner, H. Herbst, E. Ingolic, C. Grein, Proc. PPS 24, Salerno, Italy
(2008).
[2] P. Poelt, A. Zankel, M. Gahleitner, E. Ingolic, C. Grein, Polymer 51, 3203 (2010).
[3] W. Denk, H. Horstmann, PLoS Biol. 2(11), e329 (2004).
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Fig. 1: ESEM image (low vacuum mode) recorded during a
tensile test (v = 0.2 mm/min) of polypropylene modified
with glass spheres (image width: 679 µm). The three bright
lines mark the distances between particles used to track
the change in the local elongation during the test.
 

 
Fig. 2: The local elongation (as determined by the particles
marked in Figure 1 during a tensile test) as a function of
the overall elongation (specimen length: 42 mm).
 

 
Fig. 3: 3D representation of part of a crack in EPR (ethylene propylene rubber) modified polypropylene after a tensile
test (v = 1 mm/min) stopped at 25% yield (axis labels: µm). The sample got stained with RuO4. Close to the centre and
at the top edges EPR particles can be seen.
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More than ever polymer science focus on complex molecular structures and supramolecular
assemblies. Beyond this, responsive polymer materials are structures, which can be
manipulated in e.g. charge or size change by external parameters like pH or temperature
variation. This leads to Microgels. Microgels are soft particulate polymer networks that can be
dispersed in a aqueos medium. They reveal unique features providing new opportunities to
develop smart bio-inspired materials. In contrast to rigid colloidal particles, which lack the
possibility to adapt their size and shape to enviromental requirements, microgels have
switchable properties of form and function that makes them very useful in a wide range of e.g.
biological sciences and medical applications. They combine properties of dissolved
macromolecules with those of colloidal particles.
In the present work, thermoresponsive microgels were studied in their ambient enviroment by
in situ-experiments in TEM/STEM. The microgels are made from N-isopropylacrylamide
(NiPAAm) as is described in [1].
In order to stain the microgel complexes with gold nanoparticles, they were redispersed in
water (1mg per 1ml water). HCl (aq) is used to set a defined pH. By adding chloroauric acid
(HAuCl4*3H2O), centrifuging, redispersing in HCl (aq) and reducing with NaBH4 (aq) the stained
microgels in aqueos solution are obtained.
In our studies, these microgels were observed by in situ-TEM in liquid environment. In the
experiments, a thin layer of liquid was embedded between two hermetically sealed, electron
transparent Si3N4-windows. The used holder is an in situ-liquid cell holder manufactured by
Hummingbird Company and the microscope is a Zeiss Libra 200FE with an acceleration voltage
of 200 kV. The resolution is mainly limited by the thickness of the liquid. To increase the
contrast, an energy filter window of about 100 eV is inserted at the most probable energy loss,
which reduces the background scattering of the solvent. A big challenge is to focus and get
sufficient resolution because of the high mobility of the almost freely moving particles through
the liquid.
Figure 1 shows an energy-filtered TEM-image of single microgel particle moving through the
liquid, Figure 2 a energy-filtered TEM-image of a cluster of agglomerated microgel particles
and Figure 3 a STEM image of a particle that adhere on the surface of the Si3N4-membrane
with an additional EDX-spectra that shows the presence of gold, a EELS-Spectra to prove the
presence of water and an intensity profile through the particle.
References:
[1] S. Hiltl et. Al., Soft Matter, 7, 8231-8238, 2011
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Fig. 1: Single microgel particle observed by a
TEM-magnification of 20.000x. The right corner shows a
part of a second particle moving through the liquid.
 

 
Fig. 2: Aggregation of several microgel particles observed
by a TEM-magnification of 8000x.
 

 
Fig. 3: STEM image of a microgel particle adhereing on the surface (top left). The EDX-Spectra (top right) shows the
presence of gold and the EELS-spectra (bottom right) the presence of water. An intensity profile (bottom left) shows
the structure of the microgel.
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Over the last several years organic semiconductor materials gain more and more importance.
Two examples for such materials are pentacene (PEN) and perfluoropentacene (PFP).
PEN is a polycyclic aromatic hydrocarbon (C22H14) with a HOMO-LUMO gap of approximately
2.1eV. Because of its high hole mobility it acts as an p-type semiconductor. The unit cell of PEN
crystals contains two nonequivalent PEN molecules and crystallization takes always place in a
triclinic crystal structure. In case of PFP (C22F14) the hydrocarbon atoms are replaced by fluorine
atoms. The strong electronegativity of fluorine results in quite different properties of PFP from
PEN. PFP acts as an n-type semiconductor and crystallizes in a monoclinic crystal structure.
Transmission electron microscopy (TEM) is a useful method to investigate such structures at a
high resolution level und thus to analyse the quality of PEN:PFP composite materials. Besides
electron diffraction, dark field imaging, high resolution TEM and energy dispersive X-ray
spectroscopy also electron energy loss spectroscopy (EELS) is a suitable method to learn more
about the sample structure and composition. In case of organic materials the Plasmon peak
located at energy losses in the range of 23 and 27 eV provides a possibility to obtain this
information.
In our work we investigated codeposited PEN:PFP samples that have been grown on potassium
chloride (KCl) via organic molecular beam deposition (OMBD). These samples are composed of
a thin PEN film with fibers consisting of a mixture of PEN:PFP on top of it. Scanning
transmission electron microscopy (STEM) enables the detection of EEL spectra from separate
regions like the PEN:PFP fibers and the PEN film. For comparison also pure PFP samples have
been investigated. The energetic position of the Plasmon peak for the three materials PEN, PFP
and PEN:PFP is different. This provides information on the composition and thus on the
structure of the sample.
In our presentation we will summarize the influence of different material compositions on the
Plasmon peak position in EEL spectroscopy and show how EELS mapping in STEM can be used
to characterize mixed organic films.
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The spatial relationship & composition of functional components within polymer materials is
theorized to control bulk properties such as conductivity [1,2,3], however, characterizing 3D
structure within a bulk material is not always easy due to the “soft” nature of the materials
and similarities in filler components and bulk composition. Similar material investigation of
components within bulk material are achieved by traditional FIB-SEM, slice and view
techniques where the focused ion beam is used to cut through a bulk material and an electron
beam of the SEM is used to characterize the composition and structure within successive slices
of a 3D volume. After the slice images are obtained a 3D model can be generated and
analyzing the elucidated structural relationship is possible.
Typically FIB-SEM 3D characterization is done with hard materials where the technique is
capable of ~4nm resolution in x/y/z directions creating a symmetrical voxel for 3D
reconstruction. “Soft” polymeric materials, however, exhibit various milling and imaging
artifacts when traditional methodologies are used requiring the development of new low dose
imaging and milling procedures to be used for 3D volume and (S)TEM sample preparation. In
Fig. 1, images showing the effects of standard (33.6 nC/µm2) and low dose (7.57 nC/µm2)
techniques on shrinkage, melting and general structural damage is compared as applied to
extraction of a (S)TEM lamella from a bulk polymer material. This illustrates the operational
conditions will not add artifacts for the 3D data set acquisition which was subsequently
performed. A conductive rubber developed in Mexico (patent application MX/a/2013/014435)
was tested by this technique to see if it is possible to image the component materials in the
bulk to understand the inter particle spacing and composition.
Investigation of the conductive rubber was done with an automated slice and view procedure
on the FEI Versa 3D DualBeam and slice-image data was processed with FEI Aviso Fire
software to yield particle orientation and spacing. This data appears to align with the basic
models presented in the text book by Milton [1]. This new low dose technique appears suitable
for analyzing composite soft materials and should be applied to additional samples.
References:
1. G.W. Milton, The Theory of Composites, Cambridge University Press, 2004.
2. G.R. Ruschau, S. Yoshikawa, R.E. Newnham, Journal of Applied Physics. 72 (1992) 953-959.
3. M.M. Tomadakis, S.V. Sotirchos, Journal Of Chemical Physics. 98 (1993 ) 616-626



 
Fig. 1: Damage occurs in polymeric materials when traditional FIB milling conditions are used that result in a high ion
dose (top image). Reducing the focused ion beam dose (by over 75%) eliminates damage to the sensitive polymeric
materials (lower image).
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Cellulose microfibrils are extracted from biomass using chemical treatments and mechanical
defibrillation. Our study aimed at characterizing the effect of ultrasonication on the
morphology and crystal structure of model cellulose microfibrils and nanocrystals dispersed in
water. Algal cellulose microfibrils were extracted from Glaucocystis and Valonia cell walls.
Shorter nanocrystals were obtained by sulfuric acid hydrolysis of these microfibrils.
Nanocrystals from tunicin, the cellulose found in Halocynthia, a marine animal, were prepared
as well. 0.1 wt% aqueous suspensions of microfibrils or nanocrystals were submitted to low
and high frequency ultrasounds (20 and 600 kHz, resp.). The suspensions were sonicated for 3
h, their temperature being thermoregulated at 25-30°C. Negatively stained preparations were
observed before and after sonication by transmission electron microscopy (TEM). Thin films
were prepared by air-drying concentrated suspensions and X-ray diffraction (XRD) patterns
were recorded. Solid-state 13C NMR spectra were recorded from dry powders using magic angle
spinning and cross-polarization (CP/MAS) techniques. Glaucocystis (Fig. 1a) and Valonia
cellulose microfibrils were initially rectilinear and nearly defect-free. The damage resulting
from sonication was extensive for low-frequency treatments and due to the many defects
(kinks, subfibrillation), the general impression was that the microfibrils had lost their rigidity
(Fig. 1b). 600 kHz sonication seemed to induce a smaller number of defects which remained
separated by linear segments (Fig. 1c). Native cellulose is a mixture of two allomorphs: Iα
(triclinic) and Iβ (monoclinic, thermodynamically more stable). Tunicin is Iβ-rich (90%) while
Glaucocystis and Valonia celluloses are Iα-rich (90 and 65%, resp.). XRD profiles revealed that
the structure of the latter two specimens changed during sonication (Fig. 1d), the effect being
stronger at low frequency. The decreasing distance between 100 and 010 peaks indicated a
transition to the Iβ structure while the shift of the 110 peak to lower angles would be due to
the high number of defects and lower crystallinity. The quantitative analysis of the CP/MAS
NMR spectra allowed to evaluate the Iα/Iβ ratio in the samples and showed that the transition
was incomplete. The origin of the structural transition has not been fully identified yet and
several hypotheses exist [Briois et al., Cellulose 20 (2013), 597-603]. Damage would be
caused by the shocks and shears generated by acoustic cavitation that may also induce
longitudinal translations along some crystal planes, resulting in the structural change. In
addition, so-called "hot spots" are known to occur near cavitation bubbles which may promote
a thermal transition in cellulose.
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Fig. 1: Negatively stained Glaucocystis cellulose microfibrils (GCMs): initial (a), sonicated for 3 h at 20 and 600 kHz
(b,c); d) XRD profiles of GCMs and tunicin nanocrystals (TNs): initial GCMs (1); GCMs sonicated for 3 h at 20 and 600
kHz (2,3); initial TNs (4); TNs sonicated for 3 h at 20 kHz (5). t and m refer to triclinic and monoclinic indexations.
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One major challenge of nanomedicine is to design nanocarriers that deliver active compounds
to a target site, at a sufficient concentration and without premature degradation, in order to
maximize the efficiency of the substance while limiting secondary effects. In this context, we
have developed colloidal nanovectors based on cyclodextrin (CD) amphiphilic derivatives
obtained by an enzymatically-catalyzed transesterification by thermolysin. We have shown
that after dissolution in acetone, depending on the length of the grafted alkyl chain, the
derivative had the ability to self-organize in water, forming nanoparticles with various shapes
and ultrastructure [Gèze et al., Mater. Sci. Eng. C29 (2009), 458; see also the communication
by Putaux et al. in this conference]. The knowledge of the morphology and ultrastructure of
these nanovectors is crucial in order to optimize their formulation and lyoavailability. The
present communication focuses on the βCD-C14 derivative, i.e. βCDs (made of 7 glucosyl units)
acylated on their secondary face with C14 chains. The resulting nanoparticle suspensions were
quench-frozen and observed by cryo-transmission electron microscopy (cryo-TEM). The βCD-C14

particles exhibited tortuous multidomain shapes (Fig. 1a) and the corresponding small-angle
X-ray scattering (SAXS) pattern collected from a concentrated suspension contained peaks
whose distribution was consistent with a columnar hexagonal structure (Fig. 1c). Depending on
the orientation of the particles in the embedding film of vitreous ice, the cryo-TEM images
showed that some particles consisted of misoriented domains separated by sharp interfaces
(Fig. 1b). A direct view of the hexagonal organization was obtained when the incident beam
was parallel to the columns and grain boundaries with various tilt angles were observed. The
structure of the grain boundaries was analyzed using the concepts of coincidence site lattice
(CSL) and structural units (SUs) frequently used to describe the atomic structure of interfaces
in metallic alloy and semiconductor polycrystals [Thibault et al., Mat. Sci. Eng. A 164 (1993),
93-100]. An example of stepped tilt boundary is shown in Fig. 1d. Assuming that the repeating
motif in each grain correspond to the projection of hollow columns made of βCD-C14 molecules
(Fig. 1e), the boundary was described with a series of SUs differing by the number of
neighboring columns (5, 6 or 7), each of them exhibiting a distinct contrast (Fig. 1f) To our
knowledge, it is the first time that such grain boundaries are observed in nanoparticles of
self-organized amphiphilic molecules and described at the nanometric scale.
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Fig. 1: Cryo-TEM images of βCD-C14 particles (a,b,d) and corresponding SAXS pattern (c). The particle in (d) is made of 2
grains separated by a stepped tilt boundary whose structure is outlined in (f): the black dots and larger circles
correspond to columns with 5 and 7 neighbors, resp. (e) Model of the columnar hexagonal organization of βCD-C14

molecules.
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Nanotechnology is at the leading edge of rapidly developing new therapeutic and diagnostic
schemes in diverse areas of biomedicine. Different materials from natural to synthetic
polymers as well as inorganic materials with variable structural and physical properties are
used as building blocks of biomaterials. Recently, a new term ‘theranostics’ is used in order to
encompass two distinct definitions which is the combination of therapeutic and diagnostic
agents on a single platform. The development of theranostic nanoparticles is emerging as a
new form of “smart” nano-materials that may simultaneously monitor and treat diseases. [1]
The aim of the present study is to characterize the polyhedral iron oxide nanoparticles (IOs)
and their magnetic properties that can then be used for the encapsulation of the Paclitaxel
drug using two different polymer matrices such as PPSu and its block copolymer
mPEG-PPSu-mPEG. [2] Both have been chosen because of their excellent biocompatibility and
biodegradability and also because they have melting point temperatures close to the body
temperature (Tm=42°C and Tm=44°C). This is very essential in case these IOs will be used for
combinatory cancer treatment with hyperthermia and drug release and therefore the drug
release was studied at 37°C and at 42°C (Figure 1). The encapsulation of iron oxide
nanoparticles into a polymer matrix is confirmed by transmission electron microscopy and
further corroborated by high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) (Figures 2a, b). Energy dispersive X-ray spectroscopy mapping
allowed us to determine the presence of the different material ingredients in a quantitative
way (Figure 2c). HAADF-STEM tomography proved that the iron oxide nanocrystals consist of
well-defined polyhedral structures with multiple facets (Figure 3). The magnetic features were
found in good agreement with their structural and morphological features. The high heat
capacity, which can be maintained in the nanovehicles of IOs encapsulated in the polymeric
matrix, is sufficient to provoke damage of the cancer cells. Therefore, this nanosystem, in
which polyhedral magnetic nanoparticles are incorporated in a biocompatible and
biodegradable polymeric matrix, can be used as a multifunctional magnetic particle
hyperthermia agent together with heat-assisted drug-delivery addressing directly the current
theranostic trends.
1.Filippousi et al. International Journal of Pharmaceutics 2013, 448, 221.
2.Filippousi et al. RCS Advances 2013, 3, 24367.
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Fig. 1: Drug release profile pattern of Taxol from the prepared PPSu-IOs and mPEG-PPSu-mPEG-IOs nanoparticles.
 

 
Fig. 2: (a) Bright field TEM image of mPEG PPSu-mPEG -IOs (b) HAADF- STEM image of the particles of Figure (a) and
(c)HAADF-STEM EDX mapping (C- blue, Fe - green, O-red) of mPEG- PPSu- mPEG –IOs. The scale bar stands for all
images.
 

 
Fig. 3: (a) and (b) 3D representation of the reconstructed volume of a single iron oxide nanoparticle along different
views. The occurrence of different facets is obvious and the shape of iron oxide nanoparticle seems to be that of a
rhombicuboctahedron. (c) An orthoslice through the volume. (d) Theoretical model of a rhombicuboctahedron.
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Melt-mixing of immiscible polymer blends can form a broad range of heterogeneous structures
[1]. Polymer blend morphology depends on various processing factors and affects their
resulting physical properties [2]. The aim of this study was: 1) to describe development of the
phase structure in high-density polyethylene/cycloolefin copolymer (HDPE/COC) blend, 2) to
investigate the impact of phase structure on selected mechanical properties and compare
them with predictive theories [2,3].
Phase structure and its development. The specimens of HDPE/COC systems (composition:
100/0, 90/10, 80/20…0/100 wt.%) were obtained by melt mixing followed by extrusion,
compression or injection molding. Scanning electron microscope (SEM) Vega Plus TS 5135
(Tescan, Czech Republic) was used for observing the phase morphology. The samples were cut
from the center of test specimens, smoothed under liquid nitrogen [3], etched with toluene (5
min, room temperature) and observed in SEM (30 kV, SE imaging). The SEM micrographs were
processed with image analysis software (NIS-Elements) to calculate the average size of
particles (Fig. 1; morphological descriptor EquivalentDiameter [4]) and the average length of
segments of the two phases (Fig. 2; descriptor MeanChord [4], appropriate also for
co-continuous morphologies). Tensile tests were carried out by using an Instron tester 5800R
(Instron, United States) (dumb-bell-shaped specimens, room temperature, 50.0 mm/min).
Phase structure and mechanical properties. The impact of phase structure on selected
mechanical properties (such as yield strength; Fig. 3) was experimentally determined and
theoretically predicted using equivalent box model (EBM) and linear rule of mixtures (RoM).
HDPE/COC morphology analysis showed the fibrous structure at compositions 70/30 and 60/40
The fibrous morphology which is a rare type of structure in the polymer blends occurred in this
case due to careful selection of initial polymers and processing conditions. Moreover the
resulting structure had a positive impact on mechanical properties: they proved positive
deviations from EBM predictions, as indicated in our previous study [2].
References
1. Z. Horák, I. Fortelný, J. Kolařík, D. Hlavatá, A. Sikora, In: J. Kroschwitz,ed. Encyclopedia of
Polymer Science and Technology. Indianapolis: John Wiley & Sons, Inc. 2005, 1–59.
2. T. Vacková, M. Šlouf, M. Nevoralová, L. Kaprálková, Europ. Polym. J. 2012, 48, 203–2039.
3. M. Šlouf, J. Kolařík, J. Kotek. Polym. Eng. Sci. 2007, 47, 582–92.
4. Laboratory Imaging s.r.o., NIS-Elements AR User's Guide, 2010, 114, 118.
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Fig. 1: SEM micrograph of smoothed and etched surface   
of injection molded HDPE/COC=70/30 blend with fibrous
morphology perpendicular to the injection direction.
 

 
Fig. 2: SEM micrograph of smoothed and etched surface   
of injection molded HDPE/COC=70/30 blend with fibrous
morphology parallel to the injection direction.
 

 
Fig. 3: Yield stress of HDPE/COC blends as a function of COC content and their theoretical predictions: rule of mixtures
(RoM), equivalent box model (EBM).
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Among the conducting polymers, polyaniline (PANI) is found to be one of the most promising
materials because of ease of synthesis, high electrical conductivity, nontoxic property, good
environmental and chemical stability, and low cost. Abundant research findings show that PANI
nanomaterials exhibit photoelectric properties and chemical properties different from
non-nano PANI when the particle size of PANI is in the nanometer scale, owing to the quantum
tunneling effect, small size effect, surface effect and so on. At present, the synthesis of
conductive PANI nanomaterials with controlled structure, size, morphology and property is the
key to realize their applications in technology. Dispersion polymerization is one of the most
commonly used method for preparing PANI nanoparticles (NPs). The general system of
dispersion polymerization consists of monomer, dispersant, stabilizer and initiator, which forms
an isotropic system. In the dispersion polymerization of PANI, water is generally used as the
dispersion medium, and macromolecular polymer soluble in water, surfactant or inorganic
nanoparticle is chosen as a stabilizer. Our previous research found that the size and shape of
PANI particles in dispersion polymerization depends on the balance between the
polymerization rate of the monomer and the adsorption rate of formed particles to stabilizers.
It is easy to form spherical PANI NPs when the adsorption rate is greater than the rate of
polymerization. Therefore, how to effectively speed up adsorption rate of particle to the
stabilizer is essential to prepare PANI NPs.
In this work, we have synthesized PANI nanoparticle materials with different morphologies
through decreasing the concentration of stabilizer from a in Fig.1 to d  in Fig.4. In the
polymerization system, stabilizer incorporation into nanoparticle is as the role of adhesive. It is
more difficult to disperse NPs due to the larger cohesive action of more stabilizer. In Fig.1, the
whole dispersity deteriorates when the content of stabilizer is high. With the decrease of the
stabilizer content, particles are easily disintegrated to NPs under otherwise identical
experimental conditions. It can form rambutan like PANI NPs dispersing well with an average
size of 140nm at a appropriate content of stabilizer, as shown in Fig.3. In Fig.4, if we continue
to reduce the concentration of stabilizer, PANI NPs tend to aggregate into sub micro-scale
particles with a size distribution of 300-400nm in diameter which limit its application areas.
Consequently, the concentration of stabilizer(i.e.the solubility of stabilizer in water) has an
important influence on the formation of PANI NPs. The worse solubility of stabilizer, the more
unfavorable the formation of PANI NPs.
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Fig. 1: Scanning electron microscope image of polyaniline
nanoparticles with the stabilizer concentration of a.
 

 
Fig. 2: Scanning electron microscope image of polyaniline
nanoparticles with the stabilizer concentration of b.
 

 
Fig. 3: Scanning electron microscope image of polyaniline
nanoparticles with the stabilizer concentration of c.
 

 
Fig. 4: Scanning electron microscope image of polyaniline
nanoparticles with the stabilizer concentration of d.
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Introduction. Like most polymers, isotactic polypropylene (PP) and high-density polyethylene
(HDPE) are immiscible. Consequently, PP/HDPE blends exhibit phase separation, coarse phase
morphology, poor interphase adhesion and bad mechanical properties [1]. Nevertheless,
morphology and properties of immiscible polymer blends can be improved by
compatibiliziation, i.e. by the addition of a copolymer called compatibilizer that improves
interphase adhesion [1]. This contribution is focused on morphology and micromechanical
properties of PP/HDPE blends, both non-compatibilized and compatibilized with ethylene,
propylene, and diene-component terpolymer (EPDM).
Materials and methods. PP (HC206TF, Borealis), HDPE (Lupolen 5031L, Basel) and EPDM
(Nordel IPNDR 4520, Dupont Dow Elastomers) are commercial products. PP/HDPE/EPDM blends
with various compositions were prepared by melt-mixing (extrusion and injection-moulding)
[2]. Morphology was visualized by SEM microscopy of fracture surfaces and smoothed,
permanganic mixture-etched surfaces [3]. Microhardness (MC) and microcreep (MC) were
measured by Vickers microhardness tester and compared with theoretical predictions as
described elsewhere [4, 5].
Results and conclusions. SEM micrographs of fracture surfaces exposed the two-phase
morphology of non-compatibilized blends (Fig. 1a). Voids could be observed, indicating a low
interphase adhesion between the components. Finer morphology, with particles of minority
phase better incorporated in the matrix, was obtained by addition of the EPDM compatibilizer
(Fig. 1b). Smoothed surfaces revealed the inhomogeneity of the systems (Fig. 2a) and the
lamellar structure of HDPE (Fig. 2b). The PP/HDPE interphase reduces MH values below the
prediction based on the Additivity law [4]. The systems have also shown some trend in the
measured values of MC (Fig. 3b), which slightly increased with the concentration of PP. We
conclude that agreement among composition, micromechanical properties and theoretical
predictions [4, 5] was found (Fig. 3). Nevertheless, the inhomogeneous morphology (Fig. 2a)
explained why both MH and MC values were rather scattered (Fig. 3a). This re-confirms close
relationship between morphology and micromechanical properties and points out the
importance of microscopic investigation for correct interpretation of MH and MC results.
References
[1] Horak Z et al.: Polymer Blends. Encyclopedia Of Polymer Science and Technology (2005)
[2] Vranjes N et al.: Macromol Symp, 258 (2007) 90-100
[3] Slouf M et al.: Polym Eng Sci, 47 (2007) 582-592
[4] Calleja F et al: Microhardness of polymers. Cambridge university press (2000)
[5] Vackova T et al.: Eur Polym J, 48 (2012) 2031-39
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Fig. 1: SEM micrographs showing phase morphology of (a) non-compatibilized blend PP/HDPE (80/20), and (b)
compatibilized blend PP/HDPE/EPDM (20/80/7).
 

 
Fig. 2: SEM micrograph showing (a) non-homogeneity and phase inversion of PP/HDPE (80/20) system and (b)
crystalline lamellae in PE particles within PP/HDPE/EPDM (60/40/5) blend.
 

 
Fig. 3: Micromechanical properties of polymer blends: (a) microhardness and its comparison with linear model and
equivalent-box model, (b) microcreep measurements.
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Introduction. Biodegradable polymer composites attract increasing attention in recent years
[1]. Polycaprolactone (PCL) is a polyester, frequently used in bio-based polymer systems. We
prepared composites of PCL and three different types of TiO2-based nanoparticles (TiX; Figure
1). This contribution is aimed at detailed characterization of morphology of PCL/TiX systems.
Experimental. PCL polymer (6-Caprolactone polymer, M = 80,000 g/mol) and TiO2
nanoparticles with average size 200 nm (TiNP2; Fig. 1a) and 100 nm (TiNP1; Fig. 1b) were
bought from Sigma Aldrich. Titanate nanotubes (TiNT; Figure 1c) were hydrothermally
synthesized in our laboratory [2]. PCL/TiX composites (2 wt.% of TiX) were prepared by melt
mixing (Brabender, 60 rpm, T=120C), followed by compression molding (T=140C). Morphology
of PCL/TiX composites was characterized by light microscopy (LM; 10um sections, transmitted
light) and scanning electron microscopy (SEM; cut surfaces, BSE imaging). The SEM/BSE
microscopy was performed with various SEM/FEGSEM microscopes in high vacuum (HV),
variable pressure (VP) and multi-energy deconvolution (MED) modes.
Results and conclusions. Three types of TiO2-based nanoparticles used for preparation of
PCL/TiX composites are shown in Fig. 1. Overall morphology of PCL/TiX was visualized by LM
(Fig. 2). The best dispersion of nanoparticles was found in the composite with biggest
nanoparticles (PCL/TiNP2), which could be attributed to higher shear forces during melt mixing
[2]. As the homogeneous dispersion of nanoparticles is crucial for good mechanical properties,
the following SEM studies focused on PCL/TiNP2 (Fig. 3). 2D SEM/BSE microscopy yielded
higher resolution, but suffered from electron-beam-induced sample damage and showed lower
amount of nanoparticles due to lower penetration depth of electrons. In order to obtain 3D
distribution of TiNP2 particles, the MED-SEM technique [4] was used. Schematic example of the
technique is given in Fig. 3b showing BSE images, where one sample area is observed with
energies 4.6 keV, 7.6 keV and 9 keV. Using deconvolution from sequence of images taken at
distinct landing energies a 3D model up to depth of several hundred nm with voxel size of 4
nm can be achieved. If we combine MED-SEM with physical slicing [5], even larger 3D volumes
can be reconstructed. We conclude that detailed morphology study of electron-beam sensitive
polymer composites is a challenging task even for modern SEM methods.
References: [1] Mohanty et al.: Macromol Mater Eng 276 (2000) 1-24. [2] Kralova et al.: Mater
Chem Phys 124 (2010) 652–657. [3] Tadmor et al.: Principles of polymer processing. J. Wiley
(1979). [4] Boughorbel et al.: Microsc Microanal 18 (Suppl 2) (2012) 560. [5] Hovorka et al.:
this proceedings.
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Fig. 1: TEM micrographs of TiX nanoparticles: TiO2 nanoparticles with average size 200nm (a; TiNP2), 100 nm (b;
TiNP1), and titanate nanotubes (c; TiNT).
 

 
Fig. 2: LM micrographs (10 mm thin sections, transmitted light) showing the overall morphology of the PCL/TiX
composites with 2 wt.% of (a) TiNP2, (b) TiNP1 and (c) TiNT nanoparticles.
 

 
Fig. 3: SEM/BSE micrographs of PCL/TiNP2 (cut surfaces): (a) high vacuum SEM and FEGSEM, (b) variable-pressure SEM
images of one area taken at 4.6, 7.6, and 9 keV, demonstrating possibility to reconstruct 3D-volumes.
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Organic electronics is a field of research with growing interest in the last years. Many
applications are already entering industrial commercialization, but the search for new
materials and the improvement of the used processes are still in progress.
Considering the recent ongoing development, to smaller structures, cheaper manufacturing
and the transition to printable and flexible materials, the cross section investigation via TEM is
becoming more and more important but also more and more challenging.[1]
mainly prepare our TEM specimens by the usage of the focused ion beam instrument, because
of the undoubted advantage of a target preparation and less problems compared to
preparation by ultramicrotomy (delamination, artefacts). We use the established technique of
milling out a window of interest and thereby providing mechanical stability of our lamellas and
also the newly developed strategy of interlacing [2], to reduce the chemical damage and
morphological instabilities on our materials due to heating effects. This provides us with
lamellas for analytic characterization, which becomes increasingly important due to the lack of
differences (e.g. contrast) between the materials.
The lamellas are analysed on a FEI Tecnai F20 and a FEI Titan 60-300 (ASTEM) by scanning
TEM (STEM), energy filtered TEM (EFTEM) as well as Electron Energy Loss Spectroscopy (EELS)
and Energy Dispersive X-ray Spectroscopy (EDXS). We will present results of organic thin film
transistors (OTFTs) [3] made of partly and all printable materials as well as different sample
layer stacks which illustrate the suitability of the TEM for the investigation of such material
stacks. Due to the optimized sample preparation we are able to clearly visualize all materials
individually. This is possible either by the usage of the heteroatomic differences (EDXS, EELS)
in the materials or by careful analysis of the features in the EEL spectrum: On the one hand
the fine structure of the C K edge was used for calculating ratios of the σ* and π* peaks. On the
other hand we found that the accurate determination of the plasmon peak energies was very
useful to assist the distinction between the different organic materials. In Figure 1 an EFTEM
image (5eV-7eV) of an OTFT is shown. The dielectric layer can easily be separated from the
semiconductive layer. The inset in Figure 1 shows a typical scheme of an OTFT. Figure 2 shows
a polymer layer sample stack (made by spin coating, inkjet printing). The layers are very well
separated which can be seen very well by the extracted elemental edges from an EEL spectra.
[1] S. Fladischer et al. Ultramicroscopy, 136 ( 2014), 26
[2] R. Schmied et al. RSC Adv., 2 (2012), 6932
[3] U. Palfinger et al. Adv. Mater. 22 (2010), 5115
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Fig. 1: EFTEM image (5.0eV-7.0eV) of a cross section of an
OTFT. The scheme above shows the layer set up (Foil:
modified PC, G (gate): aluminium, IL (dielectric layer):
PMMA, S/D (source and drain electrode): gold, SC
(semiconductive layer): pentacene). Due to energy filtering
the semiconductive layer can be distinguished from the
dielectric layer.
 

 
Fig. 2: EELS SI of an all polymer layer stack (Kapton, PVCi
(poly(vinyl cinnamate), BCB (benzocyclobuten), PVCi,
PEDOT:PSS, PVCi). Extracted different elemental edges as
well as the superimposed elemental composition (C…red,
O…white, N…yellow, S...blue and Si…green).
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Microplasticity (MP) is one of the parameters characterizing viscoelastic behavior of synthetic
polymers [1,2]. MP is defined as the normalized ratio between the width and depth of the
indent from microhardness tester after elastic recovery (Figure 1). In the past decades, MP was
scarcely measured due to experimental difficulties [3]. Nevertheless, modern microscopic
techniques made MP measurement feasible. Our preliminary results have showed that
microscopically measured MP values are in a good agreement with material properties [3]. In
this contribution we focus on four microscopic methods which can measure MP, i.e. which yield
3D surface maps with submicrometer accuracy, especially in Z-axis direction.
We tested the precision of the following four microscopic techniques: (i) wide-field light
microscope with motorized Z-stage and software for combining Z-stack images into 3D-surface
maps (DM6000 M, Leica), (ii) digital microscope, which provides 3D-surfaces with higher
precision (VHX-1000, Keyence), (iii) standard SEM microscope (Vega Plus TS 5135, Tescan), in
which the depth information is calculated from precisely tilted micrograph as described by
Lawn et al [2], and (iv) advanced SEM microscope (Quanta 200 FEG, FEI) with eucentric stage
and Stereo software (Scandium software with Stereo module, Olympus), which enables the
user to create stereoscopic images and to compute the height of image points from two
images tilted to small angle (typically +/- 3 degrees). The testing samples were two polymers
(two types of ultrahigh molecular weight polyethylene – UHMWPE – with different thermal
treatment and plasticity) and one metal (B2-ordered intermetallic alloy Fe - 41 at.% Al). MP of
each sample was determined from at least five indents, which were left to equilibrate for 2
days and subsequently investigated by all above described methods.
Typical outputs from 3D microscopic methods are shown in Figure 2. With exception of
standard LM microscope, all methods were in agreement with theoretical prediction that metal
sample is >75 % plastic and polymer materials exhibit MP values within 20–30 % [3]. Final
comparison of all results (Figure 3) suggested the following precision of the methods: standard
LM microscope << digital microscope = SEM microscope (calculation according to [2]) = SEM
microscope (calculation from stereo images using commercial software).
References: [1] Balta-Calleja F. Microhardness of polymers. Cambridge: Cambridge university
press 2000, [2] Lawn BR. J. Mater. Sci. 1981, 16, 2745., [3] Slouf, M. et al Microhardness,
microcreep and microplasticity of virgin, crosslinked and/or aged ultrahigh molecular weight
polyethylenes, Conference Proceedings and Abstracts. 2013, p. 12-13 International UHMWPE
Meeting /6./.
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Fig. 1: A schematic illustration of the principles of MP determination by means of Vickers pyramid indenter and the MP
calculation formula [1].
 

 
Fig. 2: A - SEM micrograph of 50° tilted indent, B – micrograph of the indent obtained by means of digital microscope, C
– typical depth profile of an indent used for MP determination.
 

 
Fig. 3: The overall results obtained by all 3D-microscopic methods. Note: remelting = thermal treatment above melting
temperature, annealing = thermal treatment below melting temperature.
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Fibrous structures represent a basic construction principle in nature and are of interest in
research aimed at the development of advanced materials for biomimetic and other
applications. The amino acid sequences and the environment determine the ability of a
peptide chain to fold in a particular manner and assemble into a complex protein. This talk
presents an overview of the structural organization in fibers and films of natural and
regenerated silk as revealed by 200-400 kV electron microscopy and diffraction under
cryo-protection.
The high mechanical stability of silk is provided by stiff nano-sized crystallites acting as
reinforcing elements within an oriented fiber network [1], helical chain conformations, e.g., 31
helices, are responsible for the elastic and contractional behavior. The β-structure of spidroin
from spiders is formed by peptide chains with dominating alanine groups in a pleated-sheet
arrangement. Silkworm fibroin differs in its contributing amino acids through the replacement
of parts of alanine repeats by glycine resulting in additional small and poor crystals and an
increased number of random molecules. The silk-I phase and metastable hydrogen-bonded
linker regions control the amazing reversible contraction behavior. Increasing the degree of
silk-II β-crystallinity induces dramatic changes which cause irreversible supercontraction due
to lamellar overgrowth of pre-existing β-crystals.
Silk from ants, wasps, bees and hornets exemplify a different fiber type that is dominated by
α-helices in a coiled coil superstructure (Fig. 1) [2]. Characteristic diffraction features are the
sharp reflection arc on the meridian, belonging to the 5.1 Å spacing of one turn of the α-helix,
and the broad equatorial maximum related to a spacing of ~9 Å (Fig. 2a). The pitch of the
supercoil of 172 Å gathered from the off-equatorial diffraction intensity distribution as well as
from the orders of meridional scattering fits well into the range predicted for four-stranded
coiled coils. Only a minor component forms pleated β-sheet structures (Fig. 2b).
[1] Schaper, A.K., Yoshioka, T., Kawahara, Y.: Fascinating silk - electrospinning, contraction and
diffraction experiments. Imaging & Microscopy 14, 25-27 (2012).
[2] Kameda, T., Nemoto, T., Ogawa, T., Tosaka, M., Kurata, H., Schaper, A.K.: Evidence of
α-helical coiled coils and β-sheets in hornet silk. J. Struct. Biol. 185, 303-308 (2014).
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Fig. 1: Cocoon silk wowen by larvae of the giant hornet Vespa mandarinia japonica and model of the four-stranded
coiled-coil structure.
 

 
Fig. 2: ED pattern of V. mandarinia cocoon silk showing
typical features of an α-helical coiled-coil structure.
 

 
Fig. 3: ED pattern of the crystalline β-sheet component
within V. mandarinia cocoon silk. 
 



Type of presentation: Poster
 

MS-6-P-2411 Influence of selected substrates and nanoparticles on crystallization of
isotactic polypropylene
 

Pavlova E.1, Strachota B.1, Slouf M.1
 
1Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Heyrovsky
Sq. 2, 162 06 Prague 6, Czech Republic
 

Email of the presenting author: ewapavlova@seznam.cz
 
Nucleated polymer crystallization is used to fine-tune the morphology and properties of
semicrystalline polymers, such as polyethylene and polypropylene. The polymer crystallization
rate is increased by numerous substances (nucleating agents), but also the substrate
influences the crystallization process. The nucleation facilitates the formation of crystal nuclei,
which results in higher concentration of nucleation centers and smaller average size of
spherulitic crystals [1].
We investigated crystallization of isotactic polypropylene (PP; Mosten GB005) on three
different surfaces: microscopic cover glass, atomically flat mica, and highly oriented pyrolitic
graphite (HOPG). Moreover, mica and HOPG surfaces were covered with: (i) vacuum-sputtered
gold nanoparticles, whose morphology and size were controlled by a combination of sputtering
time and thermal treatment [2], (ii) commercial TiO2 nanoparticles (size ~ 200nm,
Sigma-Aldrich), titanate nanotubes (TiNT) [3], and commercial alpha-nucleating agent
(Hyperform HPN-68).
PP film (350 um) was placed on one of the above-described substrates, molten at 200 C and
isothermally crystallized at 120 C. The concentration of nucleation centers was determined by
microscopic methods: The PP films were removed from the substrates, etched with
permanganic mixture [4], sputtered with platinum and observed by FEGSEM.The micro- and
nanostructure of PP contact surface after its detachment from the support was studied also by
light microscopy (LM) and atomic force microscopy (AFM).
FEGSEM micrographs (Fig. 1) of PP surfaces crystalized on clean substrates showed that PP
crystallization is affected only by HOPG, while glass and mica did not influence the size of
spherulites. The impact of Au nanoparticles (Fig. 2a–d) deposited on mica on PP crystallization
was very weak (Fig. 2e–h), which was in agreement with our previous work [1]. Small Au
nanoparticles deposited on HOPG also did not have any nucleating effect on PP crystallization.
In contrary, they acted as obstacles for crystallization of PP on the nucleating surface of HOPG.
References:
[1] Pavlova E et al.: J. Polym. Sci., Part B: Polym. Phys. 49 (2010) 2504.
[2] Tracz et al.: Eur. Polym. J. 41 (2005) 501.
[3] Kralova et al.: Mater. Chem. Phys. 124 (2010) 652.
[4] Slouf et al.: J. Biomed. Mater. Res. B Appl. Biomater. 85 (2008) 240.
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Fig. 1: Fig. 1: SEM and LM micrographs of the PP contact surface crystallized on: (A and D) cover glass; (B and E) mica;
(C and F) HOPG.
 

 
Fig. 2: Fig. 2: Morphology of Au nanoparticles with different size, deposited on mica: (A) Au~5nm; (B) Au~100nm, (C)
Au~300nm, and (D) Au islands. Lower row (E-H) shows the FEGSEM micrographs of the PP crystallized on the
substrates above.
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The structure of interfaces between inorganic and organic materials (here ZnO and sexiphenyl
- 6P) strongly influences the resulting, e.g. optoelectronic properties of the hybrid
inorganic/organic system (HIOS). In order to understand the interfacial structure,
high-resolution transmission electron microscopy (HRTEM) and corresponding image contrast
simulations have to be performed. From this, parameters like interface separation and lateral
arrangement can be derived.
The growth of hybrid system was performed at extreme low temperature of 100 °C according
to [1]. Sample preparation for TEM was done by ultramicrotomy in order to preserve the
crystalline structure of 6P [2]. HRTEM imaging was performed at a JEOL2200FS (200 kV)
equipped with in-column filter. For image contrast enhancement the energy slit was set to
select the zero loss intensity within an energy window of 10 eV.
Fig. 1 shows a cross-sectional HRTEM image of an about 10 nm thick 6P layer grown on
(0001)ZnO. Atop 6P a 70 nm thick ZnO layer was deposited which is textured with preferred
orientation of the [00.1] axis along the growth direction. For sufficient HRTEM image contrast
of 6P a defocus of -1000 nm was applied. The Fresnel fringe near the ZnO/6P interface
hampers the interpretation of the interfacial structure. Therefore numbering of the (100)
lattice planes of 6P (d100 = 2.6 nm) starts with n-th lattice plane (Fig. 1b). In the intensity
profile four dark fringes can be detected corresponding to the intended thickness of the 6P
layer of about 10 nm.
For the interpretation of the lattice fringe contrast, HRTEM simulations were performed using
the JEMS software package of P. Stadelmann (Fig. 2). Since the azimuthal orientation of 6P on
ZnO is arbitrary, the 6P structure model was arbitrarily rotated by about 10° around the (100)
lattice plane normal. The calculated fringe contrast visible for 25 nm specimen thickness and a
defocus of -1000 nm is in good agreement to the lattice fringe contrast observed in the
experimental image of Fig. 1.
In order to predict the HRTEM image contrast of an interface with known azimuthal alignment
a supercell comprising (10-10)ZnO substrate and (100)6P layer was set up. The resulting
thickness/defocus map is given in Fig. 3. Near Scherzer defocus and for a specimen thickness
of 25 nm the interfacial structure can be resolved. However, at larger underfocus applied so far
experimentally the simulated image contrast is dominated by edge effects of the supercell.
References:
[1] S. Blumstengel et al., New Journal of Physics 10 (2008) 065010
[2] H. Kirmse et al., J. of Phys.: Conf. Series 471 (2013) 012034
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Fig. 1: Fig. 1: Phase contrast imaging of ZnO/6P/ZnO hybrid system: a) zero-loss filtered HRTEM image defocused by
-1000 nm for contrast enhancement of the organic component, b) intensity profile across the hybrid system for lattice
plane analysis along path A-B marked in Fig. a).
 

 
Fig. 2: Fig. 2: HRTEM image contrast simulation of 3
molecular layers of 6P. The thickness-defocus map was
calculated for a 6P crystal rotated by about 10° around the
(100) lattice plane normal (supercell on the right). Best
agreement with Fig. 1a (defocus -1000 nm) is found for a
thickness of 25 nm.
   

Fig. 3: Fig. 3: HRTEM image contrast simulation of a
ZnO/6P(2MLs) HIOS interface. The orientation relationship
is [00.1]ZnO aligned parallel to [010]6P. Strong edge
effects of the supercell modify the image contrast of 6P
compared to Fig. 2.
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Poly (ε-caprolactone) (PCL) is a hydrophobic, semi-crystalline polymer used in biomedical
applications, such as controlled release systems, implantable biomaterials, surgical sutures
and dental implants, among other devices that help internal fixation of bone fractures. In this
work, different methods of PCL modification in order to improve hydrophilicity by introduction
of functional groups on the surface were evaluated. Maleic anhydride (MA) was employed as a
chain-end modifier agent. Modified samples were subjected to alkaline hydrolysis in order to
increase their hydrophilicity. Polymeric scaffolds were obtained by employing a solvent
casting/particle leaching technique, and scaffolds with porosity as high as 85 % were obtained,
having both open and interconnected pores. Bioactivities tests for PCL after 7 days of
immersion in SFB showed that apatite crystals effectively adhere to their surface. Two
methods were employed to modify the hidrophilicity of the synthesized polymers. In the first
method, polymer samples were immersed in a solution of MA, in THF, in the presence of
pyridine as catalyst for 24 hours [1]. The second method was a simple alkaline hydrolysis of
the samples by immersion in a NaOH solution during 8 or 20 h at room temperature.
Interconnected porous membranes were prepared by solvent casting and particulate leaching
by dissolving in chloroform (20 wt %) using NaCl as porogen [2]. Bioactivity of the scaffolds
was studied in a phosphate buffered saline (PBS) at pH 7.4 to simulate in vivo conditions [3].
Figure 1(a) shows a cross-section of the scaffolds obtained where a highly and interconnected
porous membrane can be observed. Internal photographies of the cross-section after
immersion in SFB are shown in figures (b and c). In Fig. 1(b) apatite crystals can be found on
the scaffold´s surface, whereas in Fig. 1(c) no apatite crystals appeared on the neat PCL
scaffold. Chemical modification of PCL with MA yielded PCL samples bearing COOH groups at
the chain-end. Porous scaffolds were prepared with open and interconnected pores ranging in
size from 50 to 150 µm. Bioactivities tests after 7 days immersion in SFB showed apatite
crystals growing on the surface of the scaffolds prepared using modified PCL. These results
suggest that chemical treatment provides a polymer surface with nuclear precursors for
apatite deposition.
References.
[1] M. Avella, M.E. Errico, P. Laurienzo, E. Martuscelli, M. Raimo, R. Rimedio. Polymer 41 (2000)
3875-3881.
[2] J. Wei, X. Wu, C. Liu, J. Jia, S. Heo, S. Kim, Y. Hyun, J.-W. Shin. Journal of the American
Ceramic Society 92 (2009) 1017-1023.
[3] T. Kokubo, H. Kushitani, S. Sakka. Journal of Biomedical Material Reserch, 24, (1990)
721-734.
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Fig. 1: (a) SEM photograph of the cross-section of a PCL scaffold. Internal surface of the PCL scaffold after 7 days of
immersion in SBF: (b) PCL modified with MA, and (c) neat PCL.
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Microcapsules (MC) are used in many research areas such as the development of self-healing
materials [1], drug delivery [2] and other areas where controlled release of an active material,
protected from its environment by encapsulation, is desired. In this work, we compared the
surface morphology and shell thickness of melamine-formaldehyde microcapsules using a
scanning electron microscope (SEM) equipped with a field emission gun (FEG). Cyclohexane
was encapsulated by a melamine-formaldehyde wall via polycondensation in an oil-in-water
emulsion. Capsules with different amounts of core content were prepared. A later removal of
the core by soxhlet extraction provided the hollow microcapsules used for characterization.
The capsules were embedded in an epoxy matrix and samples were prepared using microtomy
to study the shell thickness. These capsules, designed to encapsulate self-healing agents, are
spherical in shape with an approximate diameter between 5 and 30 µm. SEM images show that
the shell thickness varies from 650 to 700 nm for MC-VI (F/M ratio = 3.25, pH = 5.0, core
content ~ 85%) whereas in the case of MC-VII (F/M ratio = 3.25, pH = 5.0, core content ~
60%), the variation is from 1.10 to 1.25 µm. In order to measure the shell thickness without
the epoxy matrix, a thin strip was removed from the surface of an individual microcapsule
using Focussed Ion Beam (FIB). In this case, the measured thickness values are nearly half of
the values when the capsule is embedded in an epoxy matrix, which may be due to the
diffusion of the epoxy into the microcapsule during the embedding and curing stages of the
latter preparation. Although the surface of the capsule appears smooth, higher magnification
shows a granular type surface composed of grains having sizes in the range 100-160 nm,
which indeed allows for some porosity. The difference in shell thickness between the two types
of capsules as observed in the SEM images can further imply that these microcapsules are
having different mechanical strengths.

References:
[1.] H. Jin, C. L. Mangun, D. S. Stradley, J. S. Moore, N. R. Sottos, S. R. White, Self-healing
thermoset using encapsulated epoxy-amine healing chemistry, Polymer, 53, 581-587 (2012).
[2.] K. Wang, Q. He, X. Yan, Y. Cui, W. Qi, L. Duan and J. Li, Encapsulated photosensitive drugs
by biodegradable microcapsules to incapacitate cancer cells, J. Mater. Chem., 17, 4018-4021
(2007).
 

Acknowledgement: The authors would like to thank the Strategic Innovative Materials (SIM)
project for the support through research projects.



 
Fig. 1: SEM image of a melamine-formaldehyde
microcapsule MC-VII.
 

 
Fig. 2: SEM image of a single MC-VII microcapsule (inset)
and a magnified image prepared for thickness
measurement using FIB.
 

 
Fig. 3: SEM of a cross-section of MC-VII microcapsules in an
epoxy matrix.
 

 
Fig. 4: Magnified SEM image of the surface of a MC-VII
microcapsule showing the granularity.
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Atomic force microscopy (AFM) has emerged as a key microscopy tool for the characterization
of the morphology of multiphase polymer systems with the development of AFM tapping mode
height and phase imaging. In this abstract, we highlight the development and the benefits of
morphology studies by AFM on variety of key industrial polymer multiphase systems
containing hard and soft components.
First we demonstrate that AFM offers significant safety (no staining requirement) and
productivity (no need for thin-sections) benefits over TEM while achieving similar resolution for
the complete morphology characterization of polycarbonate (PC) / Styrene-acrylonitrile (SAN) /
Acrylonitrile-butadiene-styrene (ABS) rubber materials (Figure 1). After this initial application of
AFM in PC/SAN/ABS, new methods based on using a combination of AFM and image analysis
are developed for the quantitative morphology characterization of PC-siloxane copolymer
materials to further understand the influence of morphology on the materials aesthetic
properties. As shown in Figure 2, conventional TEM approach can provide morphology images
of PC-siloxane copolymer materials. However, performing accurate quantitative image analysis
on these TEM images proves very challenging due to the lack of a strongly defined contrast
between the siloxane domains and the PC phase. Using AFM in tapping mode, an enhanced
contrast between siloxane and the PC phase (Figure 2) is generated vs. TEM. This high contrast
morphology imaging enables accurate quantitative morphology studies on both the siloxane
domain size distribution and the siloxane domain dispersion in a variety of PC-siloxane
copolymers. The results of these quantitative morphology studies provide insight into the
relationship between the material structure and its properties and significantly support further
improvements in materials properties.
In the case of PC / Polybutylene Terephthalate (PBT) polymer blends containing saturated
impact mordifiers (IMs), AFM in combination with TEM provides a complete morphology
evaluation of the material. TEM imaging provides a high contrast between the PC and PBT
phases via differential staining. However, as saturated IMs cannot be stained with the common
staining techniques, they typically appear as white particles in the PBT phase in TEM images.
AFM phase imaging provides a significant improvement in the contrast between the IM and the
PC/PBT matrix. The high contrast of IMs in the AFM images allows us to perform quantitative
analysis of IMs size distribution to further understand the influence of processing conditions on
the material morphology and properties (Figure 3) and to further fine-tune the properties of
these materials by dialing into specific processing conditions.



 
Fig. 1: Figure 1. (a) TEM and AFM sample preparation procedures for general impact modifier contained polymer
system. (b) AFM phase images and (c) TEM image of polymer blends (PC/SAN/ABS HRG). Different components as
indicated in the images: PC is the continuous phase, SAN is in the PC matrix, and polybutadiene rubber is dispersed in
SAN.
 

 
Fig. 2: Figure 2. Chainarchitecture of opaque PC-siloxane copolymer (BPA-PDMS-1) (a) and transparent
PC-siloxanecopolymer (BPA-PDMS-2) (b). Morphology of “BPA-PDMS-1” by TEM (c) and AFMtapping mode imaging (e)
and siloxane size distribution (g). Morphology of “BPA-PDMS-2” by TEM (d) and AFMtapping mode imaging (f) and
siloxane size distribution (h).
 

 
Fig. 3: Figure3. TEM (a & c) and AFM (b & d) phaseimages of PC/PBT blends containing saturated IM. TEM images show
thePC/PBT matrix but the saturated IM Lotader† shows unclear contrast. AFM phase images show the morphology
ofLotader† IM as darker phase. (e) and (f) Lotader† IM domain sizedistribution and median particle size of sample a and
b.
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Cellulose nanocrystals (CNC) can be obtained by submitting native fibers to acid hydrolysis.
These nanostructures can be used to enhance polymer nanocomposite properties due to their
high crystallinity and aspect ratio (1-4). However, as a result of the hydrophilic character of
CNC, several studies have been performed to promote the CNC surface modification aiming at
the improvement of compatibility with hydrophobic polymers. For this purpose, silane coupling
agents are widely used (5). Thus, the aim of this work was to characterize the CNC surface
modification, which was carried out by using a silane which has isocyanate groups. CNC were
obtained by cotton acid hydrolysis, which was carried out by treatment for 2h in a 10 wt%
alkali solution, followed by hydrolyzation in a 4M hydrochloric acid at 80 °C for 3 h and 45 min
under stirring. The excess acid was removed by repeated cycles of centrifugation. Afterwards,
the CNC suspension was dialyzed, lyophilized, dispersed in DMF and kept under an inert
atmosphere. Silane was added to the nanocrystal suspension and the reaction was maintained
under stirring for 8 h. Catalyst and water were added and the mixture was kept under stirring
for 30 min. Lastly, the product was dried and nanocrystal powder was obtained. The
morphologies of the samples were investigated in a Carl Zeiss CEM 902 transmission electron
microscope (80 kV) equipped with a Castaing-Henry energy filter spectrometer within the
column and a Proscan Slow Scan CCD camera. To examine the CNC, a droplet of the diluted
suspension was deposited on carbon coated parlodion film supported on a copper grid. Images
were acquired using electrons with zero-loss energy and processed using the AnalySis 3.0
software. Fig.1a,b confirm that the hydrolysis conditions gave rise to needle-like structures
with a 10 nm approximate diameter and a 166 nm average length. The silylation step did not
cause any change in the CNC morphology. Fig. 2 presents ESI-TEM images of the modified
nanocrystals and the silicon maps, before and after solvent extraction. Fig.2a,c show regions
with high CNC concentration, while Fig.2b,d show the silicon mapping images in the same
areas, where the bright regions correspond to silicon-rich domains. These images clearly show
that there is a higher silicon concentration around the vicinity of the nanocrystals.
Furthermore, a strong contrast can be observed between adjacent nanocrystals, suggesting
the formation of a rather uniform polysilsesquioxane layer wrapping of the nanocrystals.
Ref.
[1] Alloin et al. Eletrochimica Acta 55:5186–5194 (2010);
[2] Habibi et al. ChemRev 110:3479–3500 (2010);
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[5] Xie et al. Comp Part A 41:806–819 (2010).
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Fig. 1: TEM micrographs of cotton nanocrystals: (a) before and (b) after silylation reaction.
 

 
Fig. 2: ESI-TEM images of the modified nanocrystals: (a) bright field and (b) silicon map, obtained before solvent
extraction, (c) bright field and (d) silicon map, obtained after solvent extraction.
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Organic light emitting diodes (OLEDs) are getting more and more important for smartphones
and television displays. OLED structures consist of thin organic layers between two electrodes.
Dedicated organic layers near the electrodes transport charge carriers into the emission layer,
where the radiative recombination of electrons and holes takes place. Information on
thickness, composition and structure of the different thin organic layers is important for
technology development and process qualification since it influences color, efficiency and
lifetime of OLED devices.
In this paper we demonstrate the capability of advanced TEM investigations on blue OLED
pixels of a commercial smartphone display. The challenge for TEM investigations is to prepare
high quality electron transparent cross sections of certain small sized OLED pixels, obtain
sufficient contrast to distinguish the organic layers and avoid beam induced damages during
FIB preparation and TEM investigation. The present paper describes the complete workflow
including FIB preparation of a TEM cross section out of a fully functional mobile phone display
and EFTEM/STEM/EDX investigations of the OLED stack.
We applied FEI Versa 3D focused ion beam (FIB) system for the preparation of site specific
electron transparent samples of a single blue OLED pixel of a Samsung Galaxy S3 AMOLED
display using the in situ lift out technique (Figure 1). TEM investigations were performed in an
image corrected microscope (Titan G2 60-300, FEI) equipped with an image filter, a high
brightness field emission gun (X-FEG) and a dedicated EDS detector (SuperX) with high
sensitivity.
The lamellas, fixed in a special TEM grid, are thinned by FIB from both sides finishing with low
voltage FIB polish to reduce sidewall artefacts. TEM and STEM images at 80 kV show that the
uppermost organic layers could be distinguished due to their different density (Figure 2). Even
more information can be gained by using XEDS mapping. The highly sensitive EDS detector
allows the collection of a reasonable amount of element specific X-rays at low beam current.
Element distributions can be acquired before beam damage changes the organic layer stack.
The organic layers differ in Carbon, Nitrogen and Oxygen content and can clearly be
distinguished in the XEDS maps and related intensity profiles (Figure 3). Impurities like
Fluorine can be found near the Silver anode but also between the electron transport layer
(ETL) and the emission layer (EML) influencing their functionality.
We prove that low voltage TEM imaging combined with XEDS mapping of FIB prepared cross
sections can provide important structural and chemical information of nm sized functional
organic layer stacks valuable for further developments of electronic devices.



 
Fig. 1: Left: Micrograph of an OLED display. Right: Site specific TEM cross section before in situ transfer to the TEM grid.
 

 
Fig. 2: Left: TEM bright field image of the organic layer stack. Right: STEM HAADF image of the organic layers. Density
variations between the organic layers are visible.
 

 
Fig. 3: Left: Color coded results of the XEDS mapping of the OLED layer stack. Right: Line profile out of the EDXS
mapping across the layer stack.
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Owing to the non-specific nature of intermolecular bonds, molecular organic materials can
often crystallise in a number of different polymorphic structures with different packing
arrangements. This is important in several industrial applications as many of the solid-state
properties of a compound are dependent on the exact crystal form. In the pharmaceutical
industry it is a requirement that the polymorphic behaviour of a drug compound is thoroughly
investigated and understood as different crystal phases dissolve at different rates affecting the
adsorption of the active compound in vivo, making it is essential to control which crystal form
is dosed to patients. Here TEM is an important tool since it allows structural and chemical
analysis to be done at a single particle level and complements X-ray based methods which
average of an ensemble of particles [1]. Furthermore it allows investigation of apparently
“X-ray amorphous materials” which may in fact be poorly crystalline or of ultrafine crystallite
size. However a major drawback of using TEM is the electron beam sensitivity of organic
crystals.
This paper focuses on the construction of a methodology for the study of organic crystalline
materials using measurements on model materials such as theophylline, para-terphenyl and
para-aminobenzoic acid. Initially we study the radiation damage of a particular compound by
monitoring structural order (via measurement of the relative intensities of diffraction spots) as
a function of electron fluence which allows us to derive a critical fluence [2] (see figure 1). We
undertake these measurements at different microscope accelerating voltages, fluence rates,
as function of sample cooling, as function of carbon coating of the sample and as a function of
different TEM support films. Such measurements then allow us to define a set of experimental
parameters for subsequent imaging, diffraction and also energy dispersive X-ray (EDX) or
electron energy loss (EEL) spectroscopy measurements [3] specific to this particular material.
We demonstrate the use of particle morphology to identify different polymorphic forms of
organic crystals which can be confirmed with selected area electron diffraction at the single
particle level. We also discuss the potential use of bright field imaging to highlight growth or
processing defects within the particles and present the use of low loss and core loss EELS to
identify polymorphs and to determine light element chemical composition (figure 2). Finally we
speculate on the use of scanning TEM for such measurements.
References
[1] Eddleston MD et al. 2010 Journal of Pharmaceutical Sciences 99, 4072
[2] Glaeser RM 1971 J. Ultrastructure Research 38, 466
[3] Eddleston et al. 2012 Proceedings European Microscopy Congress 2012, abstract 529
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Fig. 1: Critical dose plots for different diffraction spots (1-3) in the selected area diffraction pattern of theophylline
viewed down [100].
 

 
Fig. 2: Core loss EEL spectrum (total acquisition time 20 seconds at 4 x10-5 A/cm2) from a Theophylline crystal showing
the nitrogen K-edge (ca. 400 eV) and the oxygen K-edge (ca. 530 eV) superimposed on the tail of the background
subtracted carbon K-edge at ca. 285 eV. Note the poor signal to noise ratio.
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Microencapsulation is a widely used technique to prepare micro and nanocapsules containing
active materials. They can be used for many applications such as drug deliver, functional
textiles or self-healing materials. All these applications are based in the same principle: the
capsule retains the active agent until some stimuli triggers the release of the stored material.
In order to obtain a full control of the releasing process, it is important to fabricate capsules
with optimal wall thickness and mechanical properties. The wall thickness determines the
easiness of rupture, and therefore, the efficiency in the active agent release. The mechanical
properties and the relation between the capsules and its surroundings affect the propagation
of the product liberation.
In this work, we have focus on the structural characterization of different micro and
nanocapsules with self-healing applications. All the analyzed capsules are based on polymeric
materials with different encapsulated agents.
Characterization has been carried out in a HRSEM Merlin from Zeiss equipped with an INCA
EDS detector from Oxford Instruments. The samples have been embedded in an EPON matrix
and sectioned with a Leica EM UC7 ultramicrotome using a diamond knife. Section thickness
has kept below 150 nm to reduce the charging during the SEM observations.
Combining the images acquired with the in-lens secondary electron detector and the energy
selective backscattered detector (ESB), we can easily visualize the wall thickness of the
polymeric microcapsules. With low voltage EDS studies we can also detect the differences in
the carbon and nitrogen amounts, related with the compositional change between the
polymeric capsule and the resin matrix.
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Composite materials are commonly used because, compared to their individual components,
they have improved qualities such as higher strength, lighter weight, and lower production
price. Two of the most important factors affecting the final properties of such materials are the
composition and size/spatial distributions of their individual components. These properties
have been studied using various microscopy techniques such as atomic force microscopy
(AFM), transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
When an SEM is available, some of the most common techniques are: Backscatter Electron
Imaging (based on atomic number contrast), X-ray Computed Tomography (based on phase
and absorption contrast) and Energy Dispersive X-ray Spectroscopy (based on elemental
characteristic X-rays). One common limiting factor of all of these techniques is that in the case
of organic materials (mostly made of light elements such as carbon, hydrogen and oxygen),
acquisition of images with sufficient contrast and signal/noise ratio can be challenging. In such
cases, an alternative technique that can differentiate materials independent of their elemental
composition is necessary.
Cathodoluminescence (CL) analysis inside an SEM is a well-established analytical technique
used in many industrial and academical laboratories to study minerals, glasses, ceramics,
gemstones, semiconductors, rare earths and optoelectronic materials. In such experiments,
the primary electron beam excites electrons in a crystal or a molecule ground state. When
these excited electrons go back to their original state (through electron-hole pair
recombination), photons with energy corresponding to this transition energy (0.3 to 6 eV) are
emitted. These photons are then used for imaging and spectroscopy to gather information on
the crystallographic and chemical properties of these materials at the microscopic level.
In the current study, we used a Gatan MonoCL4 installed on a Zeiss ∑igma VP SEM to study the
change in CL emission of various types of polymers. Experiments were performed at room
temperature, using a 12 kV electron beam, at variable pressure mode (20 Pa, to reduce
charging artifacts).  Luminescence is exhibited by many organic compounds which possess
aromatic molecules or molecules having conjugated double bonds. We observed significant
spectral differences between the studied polymers and demonstrated that these differences
can be used as a means to distinguish them in a compound system. Such experiments can be
applied in a large scale to assess the homogeneity of polymer compounds and to improve and
optimize their manufacturing processes.



 
Fig. 1: Figure 1. Example of CL spectra acquired from three polymers. The vertical and horizontal axes in the spectra
show the CL counts and wavelength (nm), respectively.
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Electron tomography [1] plays an essential role in the study of 3 dimensional (3D)
nanostructures. It involves reconstructing 3D objects from a series of 2D images by sequential
tilting of the sample about a single axis. This technique, although originally designed for use in
the life sciences, has also been applied to the study of polymer blends using bright-Field TEM
(BFTEM) as in [2, 3]. Recently, the single layer polymer solar cell (PSC) based on bulk
heterojunction (BHJ) blend of two materials: fullerene derivative [6,6]-phenyl-C71-butyric acid
methyl ester (PC71BM) and a polymer with alternating units of thieno[3,4–b] thiophene and
benzodithiophene (PTB7) has received significant attention [4], since high power conversion
efficiency (PCE) of 9.2% has been reported for devices based on this mixture [5].
Unfortunately, little is known about the nanoscale organisation of PTB7:PC71BM blends beyond
some 2D imaging. In this work, we use electron tomography (ET) [1] to investigate the 3D
organisation of such blends. Different electron microscopy and atomic force microscopy (AFM)
methods to determine bulk structure of PTB7:PC71BM film. In particular, energy filtered
electron tomography [6] was performed with TEM Tecnai T20 (FEI) operated at 200 kV using
thin cross-sections through the blend cut using a FIB (Nova Nanolab, FEI). Three-dimensional
Reconstruction was performed using the simultaneous iterative reconstructive technique
(SIRT) using IMOD. The volume rendering visualisations of the reconstructions are shown in
Figure (2). Orthoslices through the reconstructions are shown in Figure (3).
EFTEM results clearly show that domains in the blend are PC71BM-rich (i.e. contain more
carbon). The EFTEM tomography clearly reveals that these ellipsoids and are not spherical.
TEM and SEM measurements of device cross-section show existence of thin skin layer covering
domains. The fine structure inside domains and matrix was observed by TEM and AFM (Solver
P47H and Next, NT-MDT). Evolution of (photo) current distribution measured by AFM equipped
with conductive probe on surface of PTB7:PC71BM blend was studied. We also used plasma
etching of blend to study internal structure of this film by AFM.
References
[1] Weyland M, et al. 2004 Materials Today 7 32–40.
[2] van Bavel S S, et al. 2009 Nano letters 9 507.
[3] Oosterhout S D, et al 2009 Nature materials 8 818–824.
[4] Liang, Y. et al. Adv. Mater. 22, E135–E138 (2010).
[5] He, Z. et al. Nat. Photon. 2012 6, 591–595.
[6] Weyland M, et al. 2003 Microsc. Microanal 9 542–555 .
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Fig. 1: background estimation image produced from two pre-edge EFTEM images, This background estimation is
subtracted from the B) Post-edge image to obtain an C) Elemental map.
 

 
Fig. 2: Orthoslice through SIRT 3D reconstruction, the y-direction labelled is parallel to the tilt axis, x-direction is
perpendicular and z-direction is parallel to the optic axis. E) Volume rendering of reconstruction, F) A domain is
selected G) to be visualized by rotating to H) 45 I) 90 Degrees around the tilting axes.
 

 
Fig. 3: Cross-sections (Orthoslices) through 3D reconstruction of PTB7:PC70BM .
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Organogelation is a promising alternative to provide structure to vegetable oils without the use
of Trans or saturated fatty acids. The candelilla wax (CW) is a FDA approved gelator which
forms organogels with vegetable oil. These organogels have shown potential use in food
products. Within this framework, we investigate the effect of emulsifiers as monoglycerides
(MG) and polyglycerol polyricinoleate (PGPR) in the microstructure of organogels developed
with CW and safflower oil high in triolein (HOSFO) as the liquid phase. Solutions of CW and
emulsifier in HOSFO were prepared and subsequently heated to 90 °C under constant stirring
for 15 min and stored during 24 h. The organogels structure was examined by polarized light
microscopy (PLM; BX50; Olympus Optical Co, Ltd, Japan), scanning electron microscopy (SEM;
JSM 7800F, JEOL, Japan), transmission electron microscopy (TEM;JEM-ARM 200CF, JEOL, Japan)
and X-ray diffraction (XRD; X Pert PRO MRD, PANalytical, The Netherlands). Figure 1a displays
the micrograph of the CW-MG organogels, using PLM. It shows microplatelets similar to those
observed in CW organogels without emulsifiers. The xerogel prepared by solvent deoiling were
observed by SEM (Fig 1b). This micrograph shows that the supramolecular structure, the basic
building block of the network is highly organized. To observe the nanoscale of the CW crystal
network, the organogels were subjected to mechanical disruption using isobutanol and
observed by TEM (Fig 1c), where it can show the crystal structure of CW, also, electron
diffraction from separated single platelets (or crystal) was acquired (Fig 1c). Figure 1d displays
the diffractogram for CW-MG organogel. The observed diffraction peaks at 4.14 Å (21.45 2Ө)
and 3.73 Å (23.82 2Ө) indicate an orthorhombic perpendicular subcell packing. These spacing
between the planes in the atomic lattice are similar to those observed by CW powder. The
results obtained in this investigation suggest that the crystallization of CW is the main
phenomenon that stabilizes the organogels even in the presence of emulsifiers. These systems
stand out as offering tremendous potential for the food industry for example, they may be able
to simultaneously stabilize and impart structure to water-in-oil emulsions.
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Fig. 1: (a) Polarized light micrograph, (b) SEM image, (c) TEM image with cystal electron difraction and (d) XRD
diagrams of organogels developed with 8 % candelilla wax, 0.7 % monoglycerides and safflower oil, stored at 5 °C for
24h
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Nanoparticles are of great scientific interest due to a wide variety of potential applications in
biomedical, optical and electronic fields. Many studies have been carried out in order to
produce polymeric particles in nanometric scale. The main reason for this is the higher ratio of
surface area per volume, which results in specific characteristics. Such considerations have
driven researchers to develop techniques to obtain polymeric nanoparticles with properties
that allow application in different areas. In the present work is presented a polymerization
process by atomization applied to miniemulsion and suspension systems for formation of
submicron particles of poly(methyl methacrylate) (PMMA) and polystyrene (PS), in the form of
homopolymer and copolymer. In this technique, a simple atomizer device is used as an
alternative method to break the monomer droplets before feeding and dispersing them in the
reaction medium. The monomer droplets formed with the atomizer are directed to the liquid
reaction medium and suspension or miniemulsion polymerizations are performed. Reactions
using the proposed technique were carried out and the particles of PMMA and PS obtained by
suspension or miniemulsion polymerizations were analyzed by dynamic light scattering (DLS)
analysis, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). It
was observed through DLS, polymeric particles with size between 40 and 300 nm and with
spherical morphological characteristics, according to the results of SEM and TEM. The results
demonstrated that the proposed technique is promising in obtaining polymeric nanoparticles.
Even in suspension polymerization, it was possible to obtain particle in submicron scale. So,
the atomization method proposed in this study seems to be very useful, since it could be
applied in larger scale processes, different of the conventional methods, as for example
mechanical stirrers at high rotation or ultrasonic waves systems that present some limitations
for scale up. Additionally, tests are being performed to explore more extensively this process
concerning formation of carrier nanoparticles. Therefore, the technique of polymerization by
atomization can be an alternative way to produce carrier particles too
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Fig. 1: TEM of PMMA obtained by suspension polymerization
 

 
Fig. 2: TEM of PMMA obtained by minemulsion
polymerization
 

 
Fig. 3: TEM of PS obtained by suspension polymerization
 

 
Fig. 4: TEM of PS obtained by miniemulsion polymerization
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    In the field of heterogeneous Ziegler-Natta polymerization, morphological studies applied to
industrial processes have allowed, in the last years, a good control of the forming polymer
particles inside the reactors [1,2 ].
In the present study, using ESEM-LV and AFM microscopy techniques, applied to the samples
chain formed by support → catalyst → polymer, a comprehensive evaluation of the replica
phenomena of the internal morphology has been obtained. A proper sample preparation
procedure for microscopy observation, consolidated in a previous work [3], has allowed to
preserve the true internal morphology of each sample step, connecting the obtained final
polymer porosity to the original support and evidencing differences presence due to the typical
micro globules network formed during the reaction process [4,5].
The obtained images could be interpolated by image analysis software, connecting results
with  compositional information of the studied system in order to create semi-quantitative
models for morphological behavior of different support and catalyst types during the
polymerization process.
Some examples of the typical internal morphologies are reported in Figures 1-3.
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Fig. 1: Support 1
 

 
Fig. 2: Catalyst 1
 

 
Fig. 3: Polymer 1
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Introduction: A biofilm is an assemblage of surface-associated microbial cells that is enclosed
in an extracellular polymeric substance (EPS) matrix. Biofilm protect microbial cells from
treatment with antibacterial drug. In order to overcome this problem, polymeric nanoparticle
for biofilm infection disease has been developed in our laboratory. In the present study, we
revealed the fine morphology of the biofilm with moist condition using field emission electron
microscope (FE-SEM) in order to optimal design of polymeric nanoparticles which can work as
high anti-bacterial nanocarrier.
Materials and methods: S. epidermidis was used as a model biofilm forming bacterial strain.
Ionic liquid (IL): 1-butyl-3-methylimidazolium tetrafluoroborate was used for FE-SEM
observation. Structure of the biofilm, and, adherence and intrusion behaviors of nanoparticles
into biofilm were observed using FE-SEM. Moreover, quantitative characterization and confocal
laser microscopic observation of adherence of nanoparticles loaded fluorescence dye were
determined. Polymeric nanoparticles were prepared with poly (DL-lactide-co-glycolide) (PLGA)
and polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer (SoluplusR).
Results and discussion: We successfully characterized the fine morphological structure of
the biofilm and its formation mechanism with the aid of IL by FE-SEM observations. In addition,
the observation method using an IL allowed the exact morphology to be observed of
water-containing biological sample with nano-particles. The adherence and permeation
behaviors of nanoparticles with different polymer were also revealed. This adherence and
intrusion abilities were enhanced by modification on nanoparticulate surface with chitosan. On
the other hand, SoluplusR nanoparticles showed strongly adherence and intrusion abilities
regardless of the chitosan modification. Between two particles, particle size was the most
different physicochemical property, i.e. particle size of chitosan modified nano-particle and
SoluplusR nano-particle was 300 nm and 100 nm, respectively. Therefore, particle size might
be related to the adherence and permeation abilities.



 
Fig. 1: FE-SEM images of (a) cells of S. epidermidis and (b) biofilm treated with polymeric nanoparticles.
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Molecular self-assembly is a promising route for the formation of nanostructured materials
through bioinspired processes for technological and biomedical applications (1). Here, We will
demonstrate that by manipulating the supramolecular ordering of the final materials –
especially important for biomaterial design - the final properties can be tuned in an application
driven, context defined manner.
Self-assembling peptides (SAPs) are short, easily synthesised molecules that belie their
simplicity by containing a host of structural and biochemical information. Recently, we have
demonstrated that the SAP assembly process can be rationally designed to present specific
amino acid sequences within a nanoscale fibril under physiological conditions; thereby allowing
the high-density presentation of biochemical signals within a hydrogel (2).
To achieve this, we have employed well-characterised Fmoc-SAPs; these form hydrogel
scaffolds through a combination of ionic and hydrophobic interactions to allow a β-sheet and
π-stacking assembly mechanism known as Π-β assembly that is thermodynamically driven by
the peptide sequence and the conditions of assembly [3]. Building upon this work, we report
on mechanisms to determine the morphological and mechanical properties of hydrogel formed
by the SAP fibrils by controlling the conditions of assembly, and introducing naturally occurring
macromolecules. We will discuss how these, individually and in tandem, can be manipulated to
determine the rate of formation, introduce templating, and alter the final order of the
supramolecular arrangement. These processes are observed to have significant effects on the
final material properties by manipulating the fibrillar interactions during the self-assembly
process.
Such insights into the role of the fabrication process to the biochemical and biomechanical
properties of these materials are relevant to controlling the biocompatibility, functionality and
suitability of these materials for a range of biomedical applications.
References
[1] Nisbet, D. R., & Williams, R. J. (2012). Self-Assembled Peptides: Characterisation and In Vivo
Response. Biointerphases , 7 (2).
[2] Rodriguez, A. L., Parish, C. L., Nisbet, D. R., & Williams, R. J. (2013). Tuning the Amino Acid
Sequence of Minimalist Peptides to Present Biological Signals via Charge Neutralised Self
Assembly. Soft Matter , 9, 3915-3919.
[3] Williams, R.J., Smith, A.M., Collins, R., Hodson, N., Das, A.K., & Ulijn, R.V. (2009)
Enzyme-assisted self-assembly under thermodynamic control. Nature Nanotech. 4, 19 - 24
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Fig. 1: Illustration (A), self-assembly (B), and hydrogel (C)
of Fmoc-FRGDF, and the application of cell line (D).
 

 
Fig. 2: TEM images (A and C) and AFM images (B and D) of
Fmoc-FRGDF (A and B) and Fmoc-FDGRF (C and D)
hydrogel.
 

 
Fig. 3: FTIR (A), CD (B) and fluorescence spectrum (C) of
both peptides. Tunable mechanical properties of
Fmoc-FRGDF (D).
 

 
Fig. 4: Human mammary fibroblast cells show high levels of
viability in Fmoc-FRGDF system (A) and reduced viability in
Fmoc-FDGRF (B). Cell morphology of cells in RGD system
(top) and migrating through DRG system (bottom) (C).
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Water in oil microemulsions consist of very small (a few nm) size water droplets dispersed in
oil. Such a microemulsion can be dispersed into larger droplets (200 nm in size) using an
adequate stabilizer. Such systems are interesting for applications involving delivery of active
molecules. Due to the presence of both encapsulated water and oil they can be used for the
delivery of many different types of molecules (hydrophilic, hydrophobic and amphiphilic). In
order to optimize their uses we use colloidal particles (around 20 nm in size) to stabilize the
drops with view of creating an armor around the droplets to achieve better control for release
applications. In this contribution we show that they can effectively be stabilised using colloidal
particles of disk-like or spherical shape [1-3].
The microemulsion phase is made up of a mixture of lipid (phytantriol) and oil (tetradecane),
this mixture is ultrasonicated in the presence of colloidal particles to form an emulsion. The
internal structure of the droplets has a microemulsion structure, due to the presence of the
lipids. Two different types of colloidal particles have been used, a synthetic clay Laponite
which has a disk-like shape and a spherical silica particle Ludox TM. In some cases the surface
of the spherical Ludox particles has been modified through the adsorption of an oppositely
charged surfactant (cetyl trimethyl ammonium bromide, CTAB). The droplet radius has been
measured using dynamic light scattering and is always around 100 nm. CryoTEM samples were
vitrified under controlled humidity conditions. Then cryoTEM observations were performed with
low doses of electrons.

We show that using cryoTEM it is possible to visualise the local organisation of colloidal
particles on the surface of internally structured emulsion droplets. In addition we show that
depending on the interactions between the colloidal particles and/or the internal phase of the
droplets the coverage can change from very weakly covered to highly protected armoured
droplets. This can be of interest for controlled delivery applications where the transfer of
entrapped molecules needs to be precisely controlled.
[1] Salonen A. et al Langmuir, 24, 5306-5314 (2008) [2] Muller, F. et al Soft Matter, 8,
10502-10510 (2012) [3] Salonen A. et al Langmuir, 26, 7981-7987 (2010)
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Fig. 1: Emulsified microemulsion droplet (left) with an armour of Laponite, image taken with a -3000 nm defocus and
(right) with a single TM sphere on the surface (-3000 nm defocus)
 

 
Fig. 2: Emulsified microemulsion droplet covered with an armour of surface modified silica particles, image taken with a
-1700 nm defocus
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Nanoscale information on mechanical properties is critical for many advanced materials and
nanotechnology applications. Atomic Force Microscopy (AFM) techniques for probing
mechanical properties of samples in the nanometer range have emerged over the past
decades. Here we present two resonance techniques which allow mapping the elastic modulus
and viscoelastic damping with high spatial resolution and sensitivity.
Amplitude-modulated AFM (AM-AFM), also known as tapping mode, is a proven, reliable and
gentle imaging method with widespread applications. Previously, the contrast in AM-AFM has
been difficult to quantify. Here, we introduce AM‐FM imaging, which combines the features and
benefits of normal tapping mode with quantitative and high sensitivity of frequency modulated
(FM) mode. Briefly, the topographic feedback operates in AM mode while the second resonant
mode drive frequency is adjusted on resonance. With this approach, frequency feedback and
topographic feedback are decoupled, allowing much more stable, robust operation. The FM
image returns a quantitative value of the frequency shift that depends on the sample stiffness
and can be applied to a variety of physical models.
In the example shown in Figure 1, a micro‐cryotomed, cross-sectioned area of a coffee bag
packaging material has been imaged. The AM‐FM image clearly shows the soft “tie” layers
(dark purple) connecting the stiff metal layer (bright yellow) with two vapor-barrier polymer
layers (orange).
In addition, loss tangent imaging is a recently introduced quantitative technique that recasts
the interpretation of phase imaging in AM‐AFM into one term that includes both the dissipated
and stored energy of the tip sample interaction. Quantifying the loss tangent depends solely
on the measurement of cantilever parameters at a reference position.



 
Fig. 1: A micro‐cryotomed, cross-sectioned area of a coffee bag packaging. The AM‐FM image clearly shows the soft
“tie” layers (dark purple) connecting the stiff metal layer (bright yellow) with two vapor-barrier polymer layers
(orange).
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  We have developed unique ceramic eutectic composites, which are named Melt Growth
Composites (MGC). The MGCs have novel microstructures (Fig. 1 for Al2O3/Y3Al5O12 (YAG) binary
MGC and Fig. 2 for Al2O3/GdAlO3 (GAP) binary MGC), in which continuous networks of
single-crystal Al2O3 phases and single-crystal complex oxide compound (YAG or GAP)
interpenetrate without grain boundaries. The reconstructed three-dimensional images showed
that binary MGCs have a chain structure. The existence of amorphous phases at interfaces
generally leads to a reduction in the strength of the material at high temperature. Fig. 3 shows
typical HREM images of the interface between Al2O3 and YAG phases in unidirectionally
solidified Al2O3/YAG binary MGC. No amorphous phases are observed at the interfaces between
the Al2O3 and YAG phases and relatively compatible interfaces are formed. The MGCs,
therefore, have excellent high-temperature characteristics such as high temperature strength,
thermal stability of microstructure and oxidation resistance in an air atmosphere at very high
temperatures. We have also developed a new compositional binary MGC comprised of Al2O3

and SmAlO3 phases. The Al2O3/SmAlO3 binary MGC displays the highest high temperature
flexural strength at 1773 K in conventional MGC binary systems.
 On the other hand, we have recently developed functional glass matrix composites reinforced
with thin discal metallic particles (cross-sectional microstructures to perpendicular to pressed
plane showed in Fig. 4). The volume resistivity of the glass matrix composites can be
controlled by the volume fraction and the aspect ratio of thin discal Ni-Cr alloy particles. In
addition, it is achieved by simultaneous improvement of the strength and fracture toughness
by microdispersion of thin discal Ni-Cr alloy particles. Therefore, several useful applications can
be considered, for example, household electrical instruments as a board-shaped heater such
as hot plates, etc.
 In this paper, microstructural and high temperature characteristics of the binary MGCs and
new functional glass matrix composites with superior characteristics of electric resistance will
be briefly introduced.
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Fig. 1: SEM image showing the microstructure of a
cross-section perpendicular to the solidification direction of
the unidirectionally solidified Al2O3/YAG binary MGC.
 

 
Fig. 2: SEM image showing the microstructure of a
cross-section perpendicular to the solidification direction of
the unidirectionally solidified Al2O3/GAP binary MGC.
 

 
Fig. 3: HREM image of the interface between Al2O3 and YAG
phases of the unidirectionally solidified Al2O3/YAG binary
MGC.
 

 
Fig. 4: Optical micrographs showing the microstructure of a
cross-section perpendicular to the SPS pressed planes of
the soda-lime glass matrix composite reinforced with 30 vol
% Ni-Cr alloy particles with shapes of the thin disc.
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There has been much current interest in bulk metallic glasses (BMG), high entropy alloys
(HEA), and combinations of both of these phases as potential composites. The chemical
compositions of both of these types of materials usually involve combinations of a number of
elemental species, present in reasonably significant concentrations. To develop a detailed
understanding of these two different types of material, it is important to compare and contrast
the evolution of microstructures as the compositions are varied from that of a BMG to that of
an HEA. This has been effected by making use of a combinatorial technique involving laser
deposition of metallic powders to produce hybrid samples, of approximately 3cm in length,
starting with a composition corresponding to a BMG and ending with a composition of an HEA.
Alloy systems currently under investigation include a graded samples varying in composition
from (Ti25 Zr25 Cu25 Nb25) to (Ti17.5 Zr17.5 Cu17.5 Nb17.5 Ni30), and from (Cu47 Zr45 Al8)
to (Cu Ni Al). Of particular interest are the structure of the constituent phases and the nature
of the interfaces between them in the graded (hybrid) samples. The various samples have
been characterized using aberration-corrected (S)TEM, and the tomographical atom probe, in
addition to the more conventional techniques (e.g., SEM). Currently, the deformation behavior
of these materials is being studied, and the defects in deformed samples are being
characterized using both diffraction contrast in the TEM and high resolution (S)TEM. Of
particular interest is the deformation behavior of composites of the two types of material,
especially ones with a matrix of the HEA phase with a distribution of particles of BMGs. The
results of these various characterizations will be compared and contrasted.
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Organometal trihalide perovskites, like CH3NH3PbI3, have recently become of great interest in
the search for cost-efficient solar cell materials due to their remarkable power conversion
efficiencies of up to 15% [1] and the possibility of solution based device fabrication. These
devices are based on the principle of dye-sensitized solar cells, using a mesoporous TiO2
scaffold as a transparent electron contact and spiro-MeOTAD as holetransport layer (HTL) [2].
The question of the device nature (DSSC-like or p-i-n), morphology, infiltration of absorber and
HTL into the scaffold, and its correlation to device performance arises.
The morphology of solution processed mesostructured perovskite solar cells was studied using
Analytical Transmission Electron Microscopy (ATEM). After determining the characteristic
excitation energies of TiO2 and Pb using Electron Energy-Loss Spectroscopy (EELS) and
confirming this with known data from literature, material contrast was achieved using Electron
Spectroscopic Imaging (ESI). A series of monochromatic images was acquired from 2 to 100 eV
in 1 eV steps and analyzed using Multivariate Statistical Analysis (MSA) [3]. Classification of
the TiO2- and perovskite-rich regions was possible with knowledge of the material specific
excitations at different energies.
Since investigations were done on full devices, cross-section samples were prepared using
Focused Ion Beam (FIB). Electron diffraction confirms the perovskite structure as known from
literature [4] and excludes alterations induced by the preparation method.
Fig. 1a shows the zero-loss filtered TEM image of a part of the perovskite filled TiO2 scaffold.
Fig. 1b and c are energy filtered images of the same sample area acquired at 15 eV and 48 eV,
respectively. Examples of contrast inversion due to excitations of different materials at these
energies are marked by circles. EEL spectra showed a higher excitation around 48 eV for TiO2

due to the Ti M2,3 edge. Knowledge of spectral differences aided in classifying perovskite- and
TiO2-rich areas after MSA (fig. 1d, perovskite: green, TiO2: red). Segmentation and extraction of
spectra from ESI data lets us ascertain the infiltration of perovskite and hole-transport layer
into the mesoporous TiO2.
We demonstrate that our methods can be applied to give insight into the morphology of
perovskite-based solar cells. Correlation of the morphology with the electronic properties and
preparation methods of different devices can bring us one step further in understanding and
improving these solar cells.
[1] M Liu, MB Johnston, HJ Snaith, Nature 501 (2013) 395–398
[2] MM Lee, et al. Science 338 (2012) 643–647
[3] M Pfannmöller, et al. Nano Lett. 11 (2011) 3099–3107
[4] A Poglitsch, DJ Weber, Chem. Phys. 87 (1987) 6373–6378
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Fig. 1: Zero-loss image of part of the perovskite-filled TiO2 scaffold (a), no material contrast. The same sample area
imaged at 15 eV (b) and 48 eV (c) electron energy-loss, examples of contrast inversion marked by circles.
Segmentation of the ESI data for two materials (d). TiO2-rich areas shown in red, perovskite in green, scale bar: 50nm.
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Luminescent materials widely used for optical devices, such as light-emitting-diode, plasma
display and liquid crystal display rely on the inner-shell transition of rare earth (RE) elements.
Unstable RE supply, however, accelerates the importance for developing RE-free luminescent
materials. Silicon-oxycarbide (SiOC) has been a promising candidate for white luminescent
materials [1], and recently, the present research group found that the mesoporous carbon
silica (MPCS) nanocomposite with large surface area emits strong white PL, depending on the
degrees of hydrolysis and polycondensation reactions in preparing MPCS [2]. The MPCS
nanocomposite consists of a periodic honeycomb silica framework with pores of ~8 nm in
diameter.
The synthesis procedures of the MPCS nanocomposite was described in detail elsewhere [3].
The sample was ground by an agate mortar and pestle into fine powder, which was sprinkled
on a carbon coated micro-grid. The sample thus prepared was examined using a JEOL
JEM-ARM200F STEM (double Cs-corrected) operated at 80 kV and a Gatan Image Filter
Quantum ER and an FEI Titan equipped with a Gatan Vulcan TEM-CL system, operated at 80 kV
at LN2 temperature for elemental/emission mapping.
Figs. 1(a) and (b) show the side- and top-view of the spatial distributions of silicon/carbon,
reconstructed from the STEM-EELS spectrum imaging data sets. As expected, the framework of
honeycomb is made of silica, the inner walls of which are covered by amorphous carbon layer.
The CL spectrum consists of several emission components (Fig. 2). CL-spectrum imaging
scanned along the line shown in Fig. 1(b) revealed that the primary two emission bands (#1
and #2 in Fig. 2) seemed to be derived from the silica frame and inner surface carbon layers,
respectively, as shown in Fig. 3. The origin of #2 component is particularly discussed.
References
[1] S. Hayashi, et al, Jpn. J. Appl. Phys. 32 (1993) L274; A. V. Vasin, et al, Jpn. J. Appl. Phys. 46
(2007) L465; S. Y. Seo, K. S. Cho, and J. H. Shin: Appl. Phys. Lett. 84 (2004) 717.
[2] K. Sato, et al, IOP Conf. Ser.: Mater. Sci. Eng. 18 (2011) 102022.
[3] K. Sato, et al, Jpn. J. Appl. Phys. 51 (2012) 082402.
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Fig. 1: HAADF-STEM (Left) and energy filtered image (Right) of MPCS nanocomposite reconstructed by STEM-EELS
spectrum image using p-p* plasmon of sp2 carbon (green) and SiO2 volume plasmon (red) respectively for top- (a) and
side-view (b). Step width for STEM-EELS ~ 0.5 nm.
 

 
Fig. 2: CL spectrum from MPCS nanocomposite flake, which was fit by 5 gaussians.
 

 
Fig. 3:   BF image contrast, #1 and 2 primary emission intensities (cf. Fig. 1) obtained by line scan along the broken
line in Fig. 1(b). The red emission (red line) is well correlated with the projected amount of silica, while green emission
(green line) with the inner surface of the silica frame.
 



Type of presentation: Oral
 

MS-7-O-2384 Respective influence of the organic and inorganic components on the
optical properties of a hybrid layered molybdate: an EELS and DFT study
 

Lajaunie L.1, Boucher F.1, Dessapt R.1, Moreau P.1
 
1Institut des Matériaux Jean Rouxel, (IMN) – Université de Nantes, CNRS, 2 rue de la Houssinère
- BP 32229, 44322 Nantes Cedex 3, France
 

Email of the presenting author: luc.lajaunie@cnrs-imn.fr
 
Introduction Investigation of photochromic materials has been extensive over the past
decade due of their potential technological and marketable applications for high-density
optical data storage and optical switching. Among them, polyoxometalate-based hybrid
organic-inorganic materials exhibit remarkable solid-state photochromism at room
temperature with reversible and multicolor possibilities, visible-light coloration and fast
photoresponse compared to binary oxides. However the question concerning the respective
influence of the organic and inorganic components on the optical properties is not clearly
answered yet. On this aspect, valuable insights might be gained from a combination of Valence
Electron Energy-Loss Spectroscopy and DFT calculations to properly determine and interpret
dielectric properties.1

Materials & Methods In this work, we report for the very first time VEELS experiment before
photo-irradiation on (N,N’-H2DMED)[Mo5O16] (N,N’-H2DMED2+=N2C4H142+), here after labeled
Mo5O16. This photochromic hybrid crystallized material is based on ²/∞[Mo5O16]2- layers linked
together via organoammonium chains (Fig. 1.a).2 EELS experiments were performed at
liquid-nitrogen temperature using a Hitachi HF2000 TEM (100 kV, cold-FEG). In addition,
electronic band structures and optical properties were calculated at the DFT level with the
WIEN2k and VASP codes. In particular, the macroscopic dynamic dielectric functions including
local-field effects (LFE) were obtained from the inversion of the full microscopic dielectric
matrices. To highlight the influence of the inorganic chains on the material properties, the
results are compared to those obtained on α-MoO3, which presents strong structural similarities
with the inorganic framework of Mo5O16 (Fig. 1.b). 1,2

Results The experimental and calculated EELS spectra of Mo5O16 and MoO3 are compared in
Fig. 2. An excellent overall agreement is observed and our calculations reproduce correctly the
presence of the peak situated around 13 eV (labeled B) in the spectrum of MoO3 and its
absence in the spectrum of Mo5O16. This excellent agreement confirms the validity of our
calculations and allows us to use them for further investigations. Total and partial DOS for
MoO3 and Mo5O16 are shown in Fig. 3. This figure highlights the lack of significant contributions
directly linked to organic species in the band gap vicinity. This suggests that the low energy
part of the dielectric function is mainly dominated by optical transitions involving the inorganic
framework. Such influences on the optical properties will be discussed in details.
1. L. Lajaunie, F. Boucher, R. Dessapt and P. Moreau, Phys. Rev. B 81 115141 (2013)
2. R. Dessapt, D. Kervern, M. Bujoli-Doeuff et al., Inorg. Chem., 49, 11309 (2010)



 
Fig. 1: Figure 1. Representations of the Mo5O16 (a) and α-MoO3 (b) structures. The [MoO6] polyhedra are drawn in blue
and the oxygen atoms of the ²/∞[Mo5O16]2- layers implied in the hydrogen-bonding networks (dotted lines) are drawn in
red.
 

 
Fig. 2: Figure 2. Comparison of the experimental VEELS spectra (thick black) of Mo5O16 and MoO3 with the calculated
ones including local-field effects (thin red).
 

 
Fig. 3: Figure 3. Electronic densities of states for Mo5O16 and MoO3. The circles highlight the main contribution of the
organic part of the hybrid compound.
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Electronic structure of hexagonal diamond (Lonsdaleite, h-DIA) is different from that of cubic
diamond (c-DIA) [1]. h-DIA specimen was synthesized by direct transfer from graphite under
high pressure and high temperature, where c-DIA and graphite phases always coexist. It has
been an interesting subject to clarify how graphite phase (sp2) transfers to h-DIA or c-DIA
phases (sp3) in the compression process. X-ray diffraction analyses have reported the h-DIA,
c-DIA and graphite phases in the specimen exist as particle with a few nanometer in diameter
[2]. However, direct observation of spatial distribution of the h-DIA and other allotropes has not
been reported.
As the electronic structure of those carbon materials are different, K-shell excitation spectra,
which reflect the density of states of conduction bands, should be different and effective to
distinguish each crystal phases. In this study, spectroscopic imaging method by using
STEM-EELS technique was applied. By fitting the spectra with linear combination of the three
kinds of reference spectra of h-DIA, c-DIA, and graphite crystal phases (MLLS fitting) [3],
spatial distribution of three kinds of the carbon crystal phases in the compressed graphite
specimen was investigated.
Carbon K-shell excitation spectra was obtained by using FEI Titan 80-300, equipped with
monochromator and a high-resolution spectrometer operated at 80 kV. K-shell excitation
spectrum of h-DIA shows a different intensity distribution from that of c-DIA (Fig.1) [1]. There is
no π* peak intensity (indicated by an arrow) means that present spectral profile of h-DIA
specimen produced consist of only σ* component formed by sp3 orbital. Intensity distribution of
K-shell excitation spectrum at each measured points was fitted with a linear combination of the
three reference spectra (Figure 2b). Figure 2c shows a spectroscopic imaging of the
compressed graphite specimen, where blue, green, and red colors indicate h-DIA, c-DIA, and
graphite, respectively. The image shows the individual crystal phases are a few tens
nanometer in diameter, which is about ten times larger than the estimated value by X-ray
diffraction. This indicates that actual crystal phases exist as larger sized masses, which should
include many crystal defects. The spectroscopic imaging is effective to distinguish different
carbon crystal phases in real space and it makes easy to understand how three kinds of carbon
phases exist in this compressed graphite.
References
[1] Y. Sato et al., Diamond & Related Materials 25, 40-44 (2012).
[2] A. Yoshiasa et al., Jpn. J. Appl. Phys., 42, 1694-1704 (2003).
[3] R. D. Leapman and C.R. Swyt, Ultramicroscopy, 26, 393-404 (1988).
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Fig. 1: Carbon K-shell excitation spectra of h-DIA and c-DIA.
 

 
Fig. 2: (a) ADF image of compressed graphite specimen. (b) Spectrum fitting of carbon K-shell excitation spectra with
reference spectra. Dots and black line are the experimental and the fitting spectra. (c) Spectroscopic image of the
specimen. Blue, green, and red colors indicate h-DIA, c-DIA, and graphite phases, respectively.
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Due to the possibility of band-gap engineering by quantum confinement, Si nanosponge
structures embedded in SiO2 formed by spinodal decomposition of metastable silicon-rich
silicon oxide are promising absorbers for 3rd generation solar cells. According to SiOx → ½x SiO2

+ (1 - ½x) Si, annealing of thermodynamically metastable, silicon-rich oxide SiOx with x < 2
leads to phase separation of elemental Si from stoichiometric SiO2. While this phase separation
results in disconnected Si nanoclusters for 1.2 ≤ x < 2, percolated Si nanostructures with a
sponge-like morphology are observed for x < 1.2 [1].

To visualize the sponge-like morphology in SiOx films for x ≈ 1 after thermal treatment,
energy-filtered transmission electron microscopy (EFTEM) imaging, EFTEM tomography, and
electron holographic tomography (EHT) [2] were carried out. To this end, 200 nm thick SiOx

layers were prepared on p-type (100) Si wafers by magnetron sputtering in Ar plasma from two
simultaneously operating Si and SiO2 targets. During subsequent annealing, samples were
heated up to 1150 °C. Sponge-like nanostructures were investigated by EFTEM imaging using
an image-corrected FEI Titan 80-300 microscope equipped with a GIF 863. For EFTEM
tomography, a tilt series between ±70° was acquired in a Philips CM200 FEG microscope with
a GIF 678, and for EHT, a tilt series from -74° to +79° was recorded in an image-corrected FEI
Tecnai TF20 microscope. Tomographic reconstruction of the Si 3D morphology was performed
with the Weighted Simultaneous Iterative Reconstruction Technique [3].

Valence-band plasmon energy-loss imaging is an appropriate approach to visualize the Si
morphology in phase-separated Si-SiO2 nanocomposites [4]. As an example, Figure 1 shows the
Si plasmon EFTEM images (Eloss = 17 eV) of a SiOx≈1 layer decomposed into Si and SiO2 after
thermal treatment at 1100 °C for 3 min (left) and 3 h (right). As indicated by the selected area
electron diffraction patterns, coarsening of the Si nanostructure is accompanied by Si
crystallite growth. Although Si plasmon EFTEM imaging can show the Si phase distribution in a
planar projection, it does not provide 3D information. Therefore, EFTEM tomography was
applied, revealing that a spinodal sponge-like morphology of Si is only partially visible in a
volume of ca. (30 nm)³ (Figure 2). However, in a larger volume of ca. (140 nm)³ - as
demonstrated by applying EHT on a needle-shaped specimen prepared by FIB - both isolated
nanoparticles and percolated Si nanostructures with a sponge-like morphology are observed
(Figure 3).

[1] T. Müller et al., Appl Phys Lett 85 (2004) 12.
[2] D. Wolf et al., Curr Opin Solid St M 17 (2013) 126.
[3] D. Wolf et al., Ultramicroscopy 136 (2014) 15.
[4] D. Friedrich et al., Appl Phys Lett 103 (2013) 131911.
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Fig. 1: Cross-sectional Si plasmon EFTEM images (Eloss = 17 eV) of a SiOx≈1 layer decomposed into Si (bright) and SiO2

(dark) during annealing at 1100 °C for 3 min (left) and 3 h (right) together with corresponding selected area electron
diffraction patterns (insets).
 

 
Fig. 2: Si plasmon EFTEM tomogram (Eloss = 17 eV) of
phase-separated SiO0.9. Si (red) and SiO2 (transparent) are
distinguished by applying an intensity threshold resulting in
approximately 30 vol.-% Si within a (28 x 31 x 24) nm³
volume.
 

 
Fig. 3: 3D potential reconstructed by EHT of
phase-separated SiO0.9. Si (red) and SiO2 (transparent) are
distinguished by selecting an iso-potential surface of 11 V,
i.e. the mean value between the mean inner potentials of
Si and SiO2.
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This paper deals with the study of impact of different percentage filling of nanoparticles on the
electrical properties of epoxy resin, which has very good mechanical and electrical properties.
The sample is the blended mixture which is evacuated, subjected to ultrasound and then
cured. It is expected that the formation of lumps should be minimised due to the influence of
microwaves. Nanoparticles should be equally distributed in epoxide volume for this case.
Unfortunately, this assumption was not proven. The mixture contains an epoxy resin CY228,
hardener HY918, softener DY045 and accelerator DY062. Nanoparticles of alumina (Al2O3),
sulfur dioxide (SiO2), titanium dioxide (TiO2) and tungsten oxide (WO3) from Sigma Aldrich
Company were used as a filler. There were made samples for each filler with 0.25, 0.5, 1, 2
weight percent for our experiment and were determined values of the dissipation factor tgδ,
permittivity εr and resistivity ρv by measuring.
We are able to prepare samples with better electrical properties. Unfortunately, despite the
advanced procedure of samples production, our main problem is the inhomogeneity of
distribution of nanoparticles in the sample manifested by the formation of lumps, documented
by figures 3 and 4. It can be assumed that the optimization of the manufacturing process will
be achieved to increase the quality of the samples and particularly their final properties of
measured electrical parameters.
Figures 3 and 4 show randomly chosen samples observed using a detector of secondary
electrons in a scanning electron microscope REM Jeol JSM 6700F at a magnification of 10.000x
and 50.000x.
The lowest permittivity was encountered in the samples with the 2% filling of Al2O3 and SiO2, in
the case of TiO2 it was 1% (see Fig. 1).
In the samples containing Al2O3 a SiO2 the impact of the nanoparticles on the intrinsic resistivity
is evident in the full temperature range (Fig. 1). The highest intrinsic resistivity is in the sample
with the 0,5% content of SiO2, apart from the sample with 0,5% of Al2O3which has a lower
resistivity than pure epoxide.
The most pronounced improvement in electrical properties of the resulting nanocomposite was
achieved by adding Al2O3 and SiO2. The influence of TiO2 was less obvious, and adding the
nanoparticles of WO3 caused no change in any of the measured parameters.
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Fig. 1: The final samples of epoxy resin with nanofiller
 

 
Fig. 2: Comparison of temperature dependences of
dissipation factor and permittivity of pure epoxy and
specimens with 2% filler content
 

 
Fig. 3: Microstructure of the surface of the epoxy resin with
2 weight percent of filler Al2O3 nanoparticles, REM Jeol JSM
6700F
 

 
Fig. 4: Microstructure of the surface of the epoxy resin with
2 weight percent of filler Al2O3 nanoparticles, REM Jeol JSM
6700F
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Recently, hybrid materials which contain both organic and inorganic components have gained
interest due to a broad range of potential applications such as catalysis [1]. The
nano-architecture of such self-assembled structures plays a crucial role in the development of
tunable systems. In order to understand the structure-property relation, a thorough
characterization of the 3D nanoparticle organization is crucial. Conventional transmission
electron microscopy only provides 2D projections of a 3D structure which may prohibit an
appropriate interpretation of the morphology. This limitation can be overcome by using
electron tomography. However, the technique has been used in only a few analyses of hybrid
systems [2], [3]. This is related to the fact that both compounds of the hybrid structure require
completely different imaging conditions. Electron tomography for inorganic-organic hybrid
systems can therefore be considered as challenging. Here, we discuss a dedicated route
towards 3D characterization of hybrid structures consisting of Au nanoparticles suspended in a
flexible polymeric matrix.
The preparation method of the TEM sample for electron tomography studies of nanoassemblies
is of crucial importance when investigating the 3D arrangement of nanoparticles in a
nano-assembly. The native structure of the nanoassembly, as present in the solution, should
be maintained. The conventional approach of drying the sample on a carbon coated TEM grid
will alter the morphology of the structures. Plunge-freezing results in instantanteously
embedding the nanostructures in a thin layer of vitreous ice. The structure is maintained, but
the sensitivity of the specimen to the electron beam presents the limiting factor in
cryotomography, therefore the images are acquired at a low dose mode [4]. As a result, the
reconstructions suffer from several artifacts caused by low-SNR of the projection images as
well as the presence of diffraction contrast in the projection images. Therefore, we propose to
freeze-dry the samples after vitrification, where low pressure ensures sublimation of the ice
into the gaseous phase. The native 3D structure is preserved and by using HAADF-STEM
tomography diffraction contrast is avoided. In this manner an accurate 3D reconstruction of
the hybrid nanoassemblies is obtained.
 
[1] C. J. Newcomb, et al.,” Curr. Opin. Colloid Interface Sci., vol. 17, no. 6, pp. 350–359, 2012.
[2] T. Altantzis,et al., Part. Part. Syst. Charact., vol. 30, no. 1, pp. 84–88, 2013.
[3] M. Grzelczak, et al., Nano Lett., vol. 12, no. 8, pp. 4380–4384, 2012.
[4] A. Koster and M. Bárcena, Electron Tomography SE - 5, J. Frank, Ed. Springer New York,
2006, pp. 113–161.
 

Acknowledgement: The authors gratefully acknowledge financial support from the Fund for
Scientific Research-Flanders. We also thank Prof. Luis M. Marzán for provision of the samples.



 
Fig. 1: (a) A droplet of suspension is deposted on a TEM support grid, (b) as a consequence of the behaviour on a
hydrophilic surface; the solution tries to extend upon the surface, (c) the soft polymer is absorbed towards the grid
upon surface tension effects.
 

 
Fig. 2: A schematic overview of the optimized route for the 3D characterization of nanodumbbells in an assembly.
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The “self-hardening phenomena” of TiBN and TiCrBN coatings after annealing have been
observed in vacuum or inert gas atmospheres. An increase of the indentation hardness of
CrAlN/BN nanocomposite coatings after annealing may also be performed in air in the range of
700 to 800 oC. This peculiar phenomenon of the CrAlN/BN coatings has been studied by
examining the microstructure and microchemistry of the coatings.
Cr50Al50 alloy (99.8%) and h-BN (99.5%) targets were sputtered in a mixture of highly purified
argon and nitrogen gases (6N). Total thickness of the film was in the range of 1.8 ~ 2.2 μm.
Coating morphology, microstructure and microchemistry were examined with a FEG SEM and a
FEG TEM (JEM-2100F and ARM-200F) that were equipped with Oxford and JEOL EDS system,
respectively.
Figure 1 illustrates the change of indexed indentation hardness, HIT (%), of the CrAlN,
CrAlN/8vol% BN and CrAlN/18 vol.% BN coatings at different annealing temperatures in
ambient air. The hardness of these coatings as-deposited was 42, 43 and 39 GPa, respectively.
Self-hardening of the CrAlN/BN coating was evidenced by the increases of indentation
hardness that occurred after annealing to 800 oC in air. Changes in surface morphology of
CrAlN and CrAlN/8 vol.% BN coatings after annealing were observed in SEM. After oxidation at
800 oC, scale-like precipitates were strewed over a large area surface of CrAlN coatings (Fig.
1b). The surface morphology of CrAlN/BN coating is similar to that of the as-deposited coating
that consisted of granulated particles (Figs.1c/1d). TEM cross-sectional images of
CrAlN/18vol%BN coating, both as-deposited and annealed samples, appeared rather similar to
each other with columnar structure (Figs. 2a/2b). However, a disruption in the columnar
structure by a very thin layer (20 ~ 40 nm) of film was observed in the annealed sample
(Figs.2c/2d) but not in the as-deposited sample. HRTEM image revealed that the top most layer
is characterized by amorphous materials with embedded nanocrystalline particles (white
circles in Fig. 2d). EDS line profiles of cross-sectional samples showed a high concentration of
O in the uppermost layer of the annealed sample (Fig. 3a). The O content remained constant
at a lower level throughout the film surface, up to a depth of ~100 nm in the as-deposited
sample (Fig. 3b). This indicates that the oxidized layer formed near the top surface is likely to
be one of the factors responsible for the self-hardening phenomena in CrAlN/BN coatings. Our
recent investigation using ARM confirmed that the as deposited CrAlN/BN coatings have
nanocomposite structure consisting of CrAlN nanocrystalline grains embedded in amorphous
BN phase. This structure probably causes the self-hardening effect.
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Fig. 1: Diagram shows variation of indexed indentation hardness, HIT(%), of CrAlN, CrAlN/8vol%BN and
CrAlN/18vol%BNcoatings at different annealing temperature in air for 1 h. SEM micrographs of CrAlN (a/b) and
CrAlN-8%BN(c/d) coatings show morphological change after annealing.(a) and (c): As-deposited; (b) and (d): annealed
at 800 oC in air for 1h.
 

 
Fig. 2: Cross-sectional TEM images and SAD patterns of as-deposited CrAlN/18vol%BN coating (a and b) and after
annealing at 800 oC for 1 h. in air (c and d) reveal columnar structure. An oxide layer formed on the surface of
CrAlN/18vol%BN thin film (c), and the HRTEM image of the oxide layer depicts nanocrystallites embedded in the
amorphous layer.
 

 
Fig. 3: EDS line profiles show elemental concentration across the film from the top surface of the annealed sample (a)
and as-deposited sample (b). Note the change of O concentration in both samples.
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Scalffolds have been became an important materials for the tissue engineering, which provide
temporal mechanical and structural support to cells [1]. The scalffolding materials for bone
tissue should be osteoconductive such that osteoprogenitor cells can adhere and migrate on
the scalffolds, differentiate, and finally form new bone. Some inorganic materials have been
incorporated to polymeric scalffolds improving, the properties like bioactivity and biological
functions [2].
In the present work we present poly (lactic acid) (PLA) and poly (lactic acid)/hydroxyapatite
(PLA/HA) hybrid scalffolds. They were prepared by jet spinning, using five concentrations of
PLA: 2.25, 6.25, 7.25 and 10 %, and 1g of HA was added to form the hybrid scalffolds.
Morphology and surface were characterized by scanning electron microscopy (SEM), Atomic
force microscopy (AFM). Thermal properties were carried out by Thermo gravimetric analysis
(TGA) and infrared spectroscopy (FT-IR) was employed to analyze the atomic structure.
SEM images (figure1), show the effect of HA on the structure of PLA scalffolds. The width of
PLA/HA scalffolds increase. The morphology changes from scalffolds like fibers to fibers with a
form like staggered flakes. AFM images displayed higher roughness on the surface of hybrid
scalffolds. FTIR of the hybrid scalffolds display the bands attributed to PO4+3 groups, suggesting
the incorporation of HA into the organic PLA matrix. Thermal properties change with the
incorporation of HA into the matrix of PLA.
References
[1] Nora Nseir, Omri Regev et al, Tissue Engineering: Part C, Volume 19, 4, (2013).
[2] Abdalla Abdal-hay et al, Colloids and Surfaces B:Biointerfases 102 (2013).
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Fig. 1: SEM images show the morphological changes when the HA is added on the PLA and hybrid schalffolds are
formed by jet spinning; (a) PLA scalffolds and (b) PLA/HA hybrid scalffolds.
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Silicon carbide ceramic matrix composites (SiC/SiC), made of SiC fibers embedded in a SiC
matrix, are considered as a potential material for advanced fission as well as for fusion
structural applications. A thin layer of pyrolytic carbon (PyC) is an integral part of the
composite material since it transfers the mechanical loads from the matrix to the fibers. These
20 to 50 nm coatings deposited on the SiC fibers also play an important role in the effective
thermal conductivity of the composite material. The effects of irradiation on this graphite-like
layer and the link to subsequent changes in the thermal conductivity of the composite requires
further research.
To accomplish this, an electron energy loss spectroscopy (EELS) study is carried out on the PyC
layer of nuclear grade SiC/SiC samples which were exposed in pile in the High Flux Reactor
(HFR) at Petten [1]. TEM lamellas are prepared from small capsules which were exposed as
well as from unexposed material from the same batch. The amorphization of the PyC layer due
to neutron irradiation might result in a change in the carbon speciation, from sp2 to sp3. To
verify this, the core-loss part of the EELS spectra of the irradiated and pristine materials are
compared to identify a possible amorphization. This method has been successfully reported by
Yan et al. in [2], whereby the mechanical properties of unirradiated SiC/SiC samples were
studied. Last, the effect of this microstructural change on the mechanical and thermal
properties of the SiC/SiC composite are discussed. Indeed, a highly orientated PyC layer is
desirable as far as mechanical properties are concerned [3,4], whereas the thermal
conductivity of amorphous carbon is higher than that of pyrolytic carbon along its c-axis.
Bibliography
[1] The High Flux Reactor (HFR) at Petten. Retrieved from European Material Testing Reactors:
http://www.emtr.eu/hfr.html, CEA. (2014, March 4)
[2] J.Y. Yan, C. C. (2004). The investigation of crack mechanism for Tyranno-SA SiC/SiC
composites with ESI method. Journal of Nuclear Materials, 513-517.
[3] E. Buet, C. S.-N.-G. (2014). Influence of surface fiber properties and textural organization of
a pyrocarbon interphase on the interfacial shear stress of SiC/SiC minicomposites reinforced
with Hi-Nicalon S and Tyranno SA3 fibres. Journal of the European Ceramic Society, 179-188.
[4] T. Hinoki, W. Y. (2001). Improvement of mechanical properties of SiC/SiC composites by
various surface treatments of fibers. Journal of Nuclear Materials, 23-29.
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Nowadays the expectations concerning the new materials are very high so to meet them the
scientists have created so called hybrid materials. They are composed of inorganic, organic or
both types of these components with the fragmentation less than 1 μm. The properties and
potential applications of the material depend strongly on the morphology thus the precise
characterization is necessary. In this field scanning and transmission electron microscopy
seems to be the most suitable. These techniques ensure not only imagining with high
magnification, but also other analyses (e. g. energy dispersive X-ray spectroscopy, diffraction).
In this work we have presented the preparation method and characterization of the new hybrid
materials, in which silica or polysiloxanes were used as a matrix. These substances were
chosen due to their unique properties: silicon dioxide is chemically, mechanically and
thermally resistant, and exhibits the UV-Vis permeability. Occurring on the surface Si-OH
groups provide with further modification. While silicones are composed of polysiloxanes –
high-molecular compounds whose main chain is built by alternating connected silicon and
oxygen atoms. To silicon atoms might be attached hydrogen atoms or organic groups. In
comparison with the typical organic polymers silicones possess exceptional properties such as:
high chemical, thermal resistance, permeability for gases and vapors and in most cases
biocompatibility.
They were combined with 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin. Porphyrines are
group of compounds, which have strong absorption and emission properties, very interesting
for industry and medicine. Unfortunately, their applications are limited by low mechanical and
thermal stability. In order to solve this problem, we have proposed the synthesis of the new
hybrid material with silica and silicone as a matrix [1].
The second group of the investigated materials were core-shell type particles -
superparamagnetic iron oxide nanoparticles modified with cationic chitosan (SPION-cchit) and
cover with silica. SPIONs are applied in many fields of science and medicine. However, the
pristine SPIONs are not very stable and exhibit the tendency for aggregation which
considerably limits their applications. In order to improve the stability and make possible their
further modification we prepared the silica shell on the surface of the SPION-cchit and thus
obtained the hybrid core-shell type particles [2].
References
[1] M Staszewska, M Dzieciuch, J Lewandowska, M Kępczyński, S Zapotoczny, M Oszajca, A
Łatkiewicz, M Nowakowska, J Sol-Gel Sci Techn Vol 59 (2011), p 276
[2] J Lewandowska-Łańcucka, M Staszewska, M Szuwarzyński, M Kępczyński, M Romek, W
Tokarz, A Szpak, G Kania, M Nowakowska, J Alloy Compd Vol 586 (2014), p 45
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Fig. 1: SEM and TEM micrographs of hybrid materials: a, b silica-porphyrin, c, d polysiloxanes-porphyrin, e, f
SPION-cchit-SiO2.
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Materials showing a magneto-caloric effect (MCE) are promising systems for diffusion-less
cooling applications. In Heusler-alloys, the effect is related to a structural martensitic phase
transformation [1]. Current research projects investigate this transition in multilayered
systems incorporating different Heusler-alloys. In this work, we examine a system of
alternating Ni2MnGa (direct MCE) and Ni2MnSn (indirect MCE) layers epitaxially grown on a MgO
substrate. Transmission electron microscopy (TEM), scanning TEM as well as high resolution
(HR) TEM investigations were used to study the structure of the samples. The elemental
composition was determined with energy-dispersive X-ray (EDX) line scans while the magnetic
properties of the individual Heusler-layers were investigated with energy-loss magnetic chiral
dichroism (EMCD) [2].
The investigations were performed using a FEI TECNAI G2 F20 microscope operated at 200 kV.
Figure 1 shows an image of the examined multilayer Heusler-alloy where the three layers
(Ni2MnSn-Ni2MnGa-Ni2MnSn), each with a thickness of about 30 nm, can be seen. In Figure 2, a
HRTEM micrograph of the Ni2MnSn layer is depicted.
Figure 3 shows the results of an EDX line-scan across the three Heusler-layers. It is obvious
that Sn and Ga are diffusing between the layers during the growth process. A diffusion zone of
about 10 nm can be identified. Furthermore, it can be seen that the stoichiometry of the two
Ni2MnSn layers is slightly different.
Figure 4 shows an example of EMCD spectra clearly demonstrating that magnetic moments
are present on the Mn sites. Multiple EMCD spectra at different positions were acquired to
study the effect of the compositional changes on the magnetic properties of the sample. As
EMCD is highly sensitive to e.g. sample thickness and changes in the crystallinity, simulations
were performed in order to elucidate the underlying physics. The measurements are in good
agreement with the model used for the calculations.
This analysis of the structural and magnetic properties of different Heusler alloys is of
paramount importance to understand and develop functional materials which can be used as
ferroic-cooling devices.
[1] A.Planes et al., J. Phys.: Condens. Matter 21, 233201 (2009)
[2] Schattschneider et al., Nature 441, 486 (2006)
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Fig. 1: TEM micrograph of a multilayer Heusler-alloy. From
top to bottom: MgO substrate, Ni2MnSn-layer (red),
Ni2MnGa-layer (green) and Ni2MnSn-layer (red). The three
layers are about 30 nm thick.
 

 
Fig. 2: HRTEM image of the MgO-substrate (top),
Ni2MnSn-layer (center) and Ni2MnGa-layer (bottom).
 

 
Fig. 3: EDX-line scan across the three Heusler-layers. The
diffusion zones of about 10 nm are marked in grey.
   

Fig. 4: Electron energy-loss spectra of the Mn-L2,3 edge
exhibiting an EMCD effect. This measurement was acquired
in the centre of the Ni2MnSn-layer.
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2D materials such as MoS2 and graphene are ideal candidates for developing novel
nanocomposites with improved properties for the transport industry. A challenge to overcome
for polymer matrix composites manufacture is to obtain high homogeneity filler dispersion
within the matrix. Imaging simulation techniques can help us to explore the limits of
characterizing bidimensional structures with only a few atoms at atom-scale and facilitate a
correct interpretation of molecular studies performed by novel electron microscopes. However,
when the composition of the filler and polymer matrices are similar, in terms of average atomic
number, as it is the case of graphene, the structural characterization of these composites
using Scanning Transmission Electron Microscopy (STEM) imaging techniques is hard. We show
in this communication, based on STEM image simulations, that this technique can be helpful to
know the dispersion of fillers in amorphous matrices.
In relation to filled-graphene nanocomposites, our study based on simulation techniques and
structure-modeling images shows the possibility of functionalizing graphene layers with gold
atoms to enable their location in a carbon matrix by Z-contrast STEM. Firstly several atomic
models representing graphene composites marked with gold atoms and surrounded by
amorphous carbon were built (fig.1A-B). Secondly, high-angle annular dark-field (HAADF) STEM
images of these specimens were simulated by applying the multislice algorithm using SICSTEM
[Pizarro et Al. Appl. Phys. Lett. 93, 153107 (2008)] and analyzed. All simulations were
performed using CAI supercomputer [http//supercomputacion.uca.es].
Results ensure that unmarked graphene simulated images present a homogeneous contrast,
making impossible to distinguish where the graphene sheets are placed in an amorphous
material representing the matrix of a polymer-based nanocomposite. However, when the
graphene sheet orientation coincides with the beam orientation of the microscope, the position
of unmarked graphene can be clearly detected inside the amorphous matrix because of the
channeling effect. Furthermore, the results demonstrate that marking graphene sheet with
individual gold atoms allows identifying and locating graphene in reinforced amorphous areas,
regardless of their spatial orientation (fig.1C). Finally, it has been observed that the focal series
simulations enable us to know the optimum focus.
Regarding MoS2, due to the high atomic number of molybdenum, it is not necessary to mark
the layers with heavier atoms to localize them within the matrix. Nevertheless, it is worth to
explore the limits of detectability of HAADF-STEM, so we are currently simulating different
configurations and orientations of these layers within an amorphous carbon matrix.
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Fig. 1: A)Isolated graphene sheet viewed from [100] direction marked with gold nanoparticles. B)Complete model
dimensions: 8x4x8nm of amorphous carbon (blue) encircling a parallel graphene sheet (green), which is marked with
tree gold nanoparticles (red). C) HAADF image. D) Intensity values at optimum focus represented on a surface with
model dimension.
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Organic light emitting diodes (OLEDs) and hybrid quantum dot organic LEDs (QD-OLED) have
received much scientific interest as fully solution-processable, tunable solutions for lighting
applications with high efficiency. However, accurate structural characterization of the devices
and correlation with their degradation behavior is often limited due to the beam sensitivity of
the organic layers. Here, however, we are able to describe results with such systems on a
complete morphological and compositional study of stacked OLEDs and Si Quantum Dot LEDs
(SiLED) [1]. These high quality contributions to nanoscience were achieved using an image
corrected FEI Titan 80-300 operated at 300kV. Initial BF-TEM and HAADF-STEM imaging was
performed under strict low-dose conditions (dose <100 e/nm²), but as the morphology of the
organic multilayers remains stable even at significantly higher doses after pre-illumination at
low current. A more detailed compositional analysis using EFTEM and STEM-EDX mapping was
performed to image the composition of the different 2.5-35 nm thick organic and hybrid layers.
The resulting elemental distribution is in very good agreement with the nominal composition of
the different layers, e.g. shown in Fig. 1 and 2 for the C, N, O, S, Si and F distribution in a SiLED
device.
A comparison of the as-fabricated and electrically driven SiLEDs as well as SiLEDs prepared
using monodisperse and polydisperse SiQDs [2] was carried out to correlate the morphological
and compositional features with the degradation behavior and was combined with
electroluminescence and photoluminescence life-time studies. This analysis showed that the
morphology and composition of the SiLED is preserved during normal operation of the devices
even though the electroluminescence is reduced to 20% during this operation, which is
attributed to atomic scale processes within the SiQDs themselves. In contrast, at high
voltage/current, significant electromigration of SiQDs into the hole blocking layer TPBi is
observed, whereas no change for the other organic layers can be detected. For non-size
separated SiQDs, device life-times are significantly reduced compared to SiLEDs built from
monodisperse SiQDs. This seems to be related to both percolating path of larger nanoparticles
inside the SiQD layer as well as diffusion/electromigration of extremely small nanoparticles
into the hole-blocking layer. We expect that these results are not only valid for SiLEDs but also
transferable to other QD-based LEDs.
References:
[1] F. Maier-Flaig, et al., Nano Letters, 2013, 13, 475-480.
[2] F. Maier-Flaig, et al., Nano Letters, 2013, 13(8), 3539–3545.
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Fig. 1: Schematic representation of theSiLED stack and HAADF-STEM cross-section image with corresponding EDX
maps(scale bars 20 nm).
 

 
Fig. 2: Zero-loss filtered BF-TEM imageof a SiLED cross-section together with low-loss EFTEM images and elemental
mapsfor silicon, carbon, oxygen and nitrogen (scale bars 50 nm).
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Scanning transmission electron microscopy (STEM) and X-ray energy dispersive spectroscopy
(EDS) was applied to characterize a Li4Ti5O12 (LTO) powder modified by Ag nanoparticles.
Lithium-titanium oxide is one of the most promising materials to replace graphitic anodes in
lithium-ion batteries but its surface modification is required to improve the rate capability.
However, a comprehensive microstructure characterization using advanced electron
microscope is necessary for further development of these materials. Nanocomposites with
different Ag content were fabricated in chemical process from suspensions, with Ag to LTO
weight ratio of 0.01, 0.04 and 0.10. The presence of pure silver on ceramic surface powder was
confirmed by XRD and XPS analysis. The microstructure and chemical composition of the
nanocomposites were analyzed using EDS maps performed on a FEI Tecnai Osiris microscope.
This microscope is optimized for high speed and high sensitivity EDS measurements.
Calculation of silver content on ceramic and statistical analysis of the nanoparticles size
distribution was performed based on EDS maps after filtration and segmentation of signal. The
results have shown relatively homogenous distribution of silver nanoparticles on LTO powder
surface. Measured mean diameter of Ag particles on the LTO powder was about 4 nm and only
slightly increased with higher metal concentrations. Higher Ag concentration, very often
resulted in the creation of individual, few tens of nanometers in diameter, silver particles,
located between LTO particles. The crystallinity of the Ag nanoparticles deposited (also the
smallest ones) was confirmed by high resolution STEM observations.
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The bio-functionalization of nanoparticles has a huge interest due to their use in biotechnology
and bio-nanomedicine [1, 2]. However, in order to achieve the functionalization in a more
efficient way, a deep knowledge of the bio-functionalizing moieties and their spatial
distribution on the nanoparticle surface is required. Thus, we have showed that
cryo-spatial-resolved EELS (SR-EELS) is a very appropriate and powerful technique for
providing very rich information at the sub-nanometer scale on complex hybrid nanomaterials
[3, 4]. The nanostructures on which we focus in these works are magnetic nanoparticles (NP)
functionalized with a Protein-G/antibody (PG-Ab) system.
SR-EEL spectra were recorded using a VG-HB501 dedicated STEM, operated at 100 kV.
Furthermore, in order to avoid electron beam damage, these measurements have been
performed using a liquid-nitrogen-cooled cryo-stage [3], and relatively low electron doses.
EELS-STEM studies have been also carried out using a FEI Titan Low-Base microscope, working
at 80 kV, which is equipped with a Cs probe corrector. Fig. 1 displays an EEL spectrum-image
(SPIM) recorded on PG/Ab-functionalized nanoparticles, where Fig. 1 (a) and (b) correspond to
the bright-field and HAADF images of the nanoparticles, respectively. Carbon and nitrogen
maps, extracted, after background subtraction, from the EEL spectra displayed in Fig. 2 (b),
are shown in Fig. 1 (c) and (d), respectively. From these maps, we can observe that there is a
clear correspondence between the spatial distributions of these elements which are localized
at the surface of the NP. This finding indicates that they correspond to the organic constituents
(PG/Ab) bio-functionalizing the magnetic nanoparticles, see Fig. 2 (a). In this contribution we
will also show the analysis of the ELNES which provides rich information about those materials.
In summary, we have showed that the bio-functional moieties are only anchored in specific
areas of the surface of the NP. This result showing that the biological entities are
discontinuously distributed over the NP shell is very relevant because validates our selective
functionalization protocol [4]. This will have a significant impact on biotechnological
applications, as for instance biosensors, where an adequate NP functionalization approach for
antibody immobilization is critical to improve the test sensitivity.
[1] L. R. Khot, S. Sankaran, J. M. Maja, R. Ehsani, E. W. Schuster, Crop Protec. 35 (2012).
[2] Ferrari, M. Nat. Rev. Cancer 5, 161 (2005).
[3] M. van Schooneveld, Gloter A., Stephan O., et al., Nature Nanotech. 5, 538 (2010).
[4] R. Arenal, L. De Matteis, L. Custardoy, A. Mayoral, V. Grazu, J.M. de la Fuente, C. Marquina,
M.R. Ibarra, ACS Nano 7, 4006 (2013).
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Fig. 1: Fig. 1. (a) BF image of an agglomerate of bio-functionalized core-shell-shell NP. (b) HAADF image of this
agglomerate where a 300x300 EELS-SPIM has been recorded at 150 K. (c) and (d) C and N chemical maps extracted,
from the EELS-SPIM. For the sake of clarity these elemental maps have been colored with a temperature color scale.
 

 
Fig. 2: Fig. 2. (a) Model/scheme of the hybrid-nanostructures: anti-HRP Ab bound onto the NP shown in panel a, through
the PG, which electrostatically interacts with the nanoparticle surface. (b) The individual EELS spectra, after the
background removal, corresponding to the sum of the spectra collected in the positions marked in Fig. 1 (c).
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Porous glasses are particularly interesting materials as they can represent inverse
nanocomposites, where the interconnected pores with dimensions of nanometer scale are
filled with a reactive polymer. Furthermore, confined reactive polymers are able to react within
the pores. This is of particular interest in the polymer research as the reaction kinetics may be
strongly driven by the confined environment.
In our studies, a reactive mixture of bisphenol A diglycidyl ether (DGEBA) and
diethylenetriamine (DETA) was introduced to porous glass system. In the scope of interest was
the influence of pore size, temperature and DGEBA/DETA ratio on the formation of the
interphase. Process of preparation of the interphases for the measurements was a particular
challenge as the samples based on porous glass were extremely fragile. Successful
establishment of the polishing procedure allowed to produce very smooth epoxy - porous glass
cross - sections, which were investigated by means of atomic force microscopy (AFM) (Figure 1
and 2) and scanning electron microscopy (SEM) (Figure 3). The studies revealed that
depending on the conditions, at which the epoxy - porous glass interphase was formed, the
thickness of the interphase and the degree of filling of the pores varied. Moreover, penetration
depth of epoxy into porous glass could be influenced by various contributing factors: kinetics
of the curing and viscosity. It was found that one of this factor can have a dominant role in
porous glass penetration depending on the specific DGEBA/DETA ratio.
 

Acknowledgement: The present project is supported by the National Research Fund,
Luxembourg



 
Fig. 1: AFM height map of epoxy resin - porous glass
system. Left side shows porous glass filled with epoxy
(interphase), while right side presents the unfilled porous
glass.
 

 
Fig. 2: AFM phase map of epoxy resin - porous glass
system. Left side shows porous glass filled with epoxy
(interphase), while right side presents the unfilled porous
glass.
 

 
Fig. 3: SEM image of epoxy resin - porous glass system. Upper region presents unfilled porous glass, and lower part:
porous glass - epoxy resin interphase.
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Cerium hexaborides (CeB6) has high electronic and magnetic performance. As an electron
source, CeB6 has a lower work function (2.5 eV), a lower operation temperature and a lower
volatility which means a longer service life when used as a thermionic electron emitter. For the
manufacture of CeB6 conventional solid state hot press sintering methods are not suitible due
to powder characterisation of high plastic yield stress. Unlike the hot press sintering spark
plasma sintering (SPS) enables the full densification of bulk polycrystalline CeB6 [1,2,3].
The aim of this work is to study the synthesis and densification of polycrystalline CeB6 using
the SPS technique. For this purpose, cerium oxide (CeO2) and amorphous boron (B) powders
were used as starting powders. Synthesis of CeB6 material was succesfully achieved by
appliying a two-step heating schedule at varying temperatures (1000-1650°C). After sintering,
x-ray diffraction (Rigaku X-RAY DIFFRACTOMETER) technique is used to determine the phases
formed in the sintered samples. Polished surfaces of composites were also examined by using
scanning electron microscope (Zeiss, SUPRA 50 VP) attached with EDX (INCA ENERGY) and
EBSD (INCA HKL NordlysS) detectors.
The XRD spectra of the starting powder and the samples sintered at 1450°C, 1550°C and
1650°C was shown in Figure 1. According to XRD results, CeB6 is the only crystalline phase
independent of selected sintering temperature. Backscatter electron images taken from the
polished surfaces of the samples are given in Figure 2-4. In the images, grains with white
bright contrast represent CeB6 particles, light gray colored areas located between CeB6 grains
represents B and O containing glassy phase, dark gray colored phases represents in-situ
formed B4C particles. Additionally, EBSD analysis were performed to polished samples to
obtain phase and crystallographic information and also avarage grain size measurement.
REFERENCES
[1] Terzioglua C, Ozturk O, Kilic A, Goodrich R G, Fisk Z J. Magnetic and electronic
measurements in CeB6. J. Magn. Magn. Mater., 2006, 298: 33.
[2] Bogach A V, Glushkov V V, Demishev S V, Samarin N A, Paderno Y B, Dukhnenkoc A V,
Shitsevalova N Y, Sluchanko
N E. Magnetoresistance and magnetization anomalies in CeB6. J. Solid State Chem., 2006, 179:
2819.
[3] BAO Lihong, ZHANG Jiuxing, ZHOU Shenlin. Effect of particle size on the polycrystalline
CeB6 cathode prepared by spark plasma sintering.Journal of Rare Earths, Vol. 29, No. 6, Jun.
2011, P. 580



 
Fig. 1: Comparison of XRD patterns of (a) starting mixture
and powders sintered at (b) 1450°C (c) 1550°C and d)
1650°C.
 

 
Fig. 2: SEM image of the polished surface of the
investigated samples sintered at  1450°C
 

 
Fig. 3: SEM image of the polished surface of the
investigated samples sintered at 1550°C
 

 
Fig. 4: SEM image of the polished surface of the
investigated samples sintered at 1650°C
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Properties enhancement in polymer composite materials, as controlled release, thermal,
electric and magnetic behavior, using natural nanofillers with tubular shapes strongly depends
on the nanotubes individual separation as well as their homogeneous distribution in the
polymer matrix. The nanofillers degree of dispersion in a polymer matrix could be related to
the adhesion and interfacial strength between them. A typical strategy in polymeric materials
to overcome with the chemical compatibility between filler and the matrix could be the use of
compatibilizer additives. The additives have to be evaluated in combination with melt
processing variables in order to optimize the degree of dispersion. In this study, the
morphology properties of the obtained materials were analyzed in order to generate a
quantification method of the degree of the dispersion. The modelling case materials in this
case were halloysite as filler, and polypropylene, as polymer matrix.
Quantification methods for the degree of dispersion of nanoparticles in polymer materials
represent a challenge when the morphology properties have to be correlated with the physical
properties of the materials. Until now there is no simple and exhaustive method to cover all
kind of applications even more if the applications are related to industry. In this study an effort
to overcome those difficulties is been proposed using image analysis and the definition and
quantification of morphology parameters for polymer composites prepared by melt extrusion
in two stages: masterbatch and nanocomposite using tubular nanofillers. The analysis is been
done considering industry resources related with low time and equipment characterization of
materials.
The methodology involved the realization of a Plackett-Burman experimental design. The
imaging uptake considered several magnification and combination of detectors using Optical
Microscopy, and Electron Microscopy (SEM&TEM). The main results considered the
morphologies of the raw materials, regarding tubular nanofillers, as well as the masterbatch
and the nanocomposites prepared by melt compounding. The quantification of the
morphological properties was realized using statistical methods. The measured values include
agglomerates quantification by size and number, dispersed area %, agglomerated area % and
so on. The information was used to calculate parameters as deagglomeration and eccentricity
factors. In addition, evidences for the adhesion and interfacial strength were obtained for each
material.
In summary an efficient methodology for the quantification of the degree of dispersion of
composites prepared in melt was developed. The main advantages for the industry are the low
time and physical resources.
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Fig. 1: Fig. 1. SEM original micrograph and treated image
for the composite masterbatch of Run 6 of tubular
nanofiller in polymer matrix. The images were obtained
using a FEI-Phillips SEM XL-30 at 20 kV and 650x using BSE
detector. The dark zone is associated with the polymer and
the bright zone is associated with the agglomerates of
tubular nanofillers.
 

 
Fig. 2: Fig. 2. SEM original micrograph and treated image
for the polymer composite of Run 9 of tubular nanofiller in
polymer matrix. The images were obtained using a
FEI-Phillips SEM XL-30 at 20 kV and 650x using BSE
detector. The dark zone is associated with the polymer and
the bright zone is associated with the agglomerates of
tubular nanofillers.
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Among the various semiconductors, TiO2 is considered to be an almost ideal photocatalyst
since it is relatively inexpensive, chemically stable and its photogenerated holes are highly
oxidizing. In this context, nanoestructured TiO2 has been playing an increasing role in
photocatalytic applications where crystal structure, size (surface area) and shape (exposed
surfaces) are important. In particular, anatase has been proven to show the best performance
among all the TiO2 crystallographic phases.
Photodegradation of polymers has been gaining attention as a useful way to decompose solid
polymers in open air and avoid environmental pollution. Encouraging results have been
reported in the literature for the photodegradation of nanocomposite plastic films containing
TiO2 and polymeric matrices. However, there is no report on the evaluation of the effect of TiO2

nanoparticles morphology on the photodegradation of nanocomposite plastic films containing
TiO2.
In the present work TiO2 nanocrystals were synthesized starting from hydrogen trititanate
nanotubes (H-TTNT), obtained by the alkaline hydrothermal method. The H-TTNT material was
submitted to thermal treatments at 550oC, 650oC and 750oC for 2 h and analyzed by means of
X-Ray Diffraction and Transmission Electron Microscopy. Four nanocomposite films were
produced with polyethylene matrix and 5% of TiO2 based nanomaterial: H-TTNT treated at
550oC, 650oC, 750oC and commercial TiO2 P-25. It was also produced pure polyethylene films
for comparison. The photodegradation of these films was evaluated by means of measuring
the weight reduction under UV radiation. The films containing P-25 and H-TTNT treated at
550oC showed the highest degradation rate. H-TTNT treated at 550 and 650oC contain only
anatase while H-TTNT treated at 750oC exhibited ~8% of rutile, determined by Rietveld
refinement of XRD results. H-TTNT treated at 550oC showed mainly nanorods (Fig.1) with
diameters below 10nm while H-TTNT treated at 750oC contains particles in the range of 20 to
100nm and many particles with the anatase equilibrium crystal shape (Fig. 2). The higher
performance for polymer degradation observed for nanocomposites containing H-TTNT treated
at 550oC was tentatively attributed to the nanorods high energy surface facets.
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Fig. 1: H-TTNT heat treated at 550oC.
 

 
Fig. 2: H-TTNT heat treated at 750oC.
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Electrically induced resistive switching in metal-insulator-metal structures is a subject of
increasing scientific interest, because it is one of the alternatives that satisfies current
requirements for universal non-volatile memories. However, the origin of the switching
mechanism is still controversial. There have been numerous attempts to identify the origin of
resistance changes in various resistive random access memory (ReRAM) materials and thereby
understand the switching mechanism associated with the behaviors of oxygen vacancies [1]
and the metal ions [2]. Here, we introduce the observation and identification of conducting
paths in the solid electrolyte-based and oxide-based resistive switching devices under different
switching conditions using a unique in-situ probing technique inside TEM in conjunction with
the high spatial resolution of EELS and EDS.
To understand switching behaviors in a solid electrolyte memory composed of Cu-doped GeTe
sandwiched between a Cu BE and a TE, we performed in-situ TEM observations at various
voltages and measured the corresponding I–V characteristics. Figure 1a shows an in-situ I–V
scan. Starting from the high resistance state, we applied a negative voltage up to –0.8 V, and
then applied a positive voltage of + 0.4 V. Cross-sectional Z-contrast STEM images were
obtained after each voltage application (Figs. 1b–e). After applying –0.8 V, the multiple
filaments become strengthened (Fig. 1d). Subsequent application of a positive voltage
annihilates the filaments (Fig. 1e) [3]. We also constructed the oxide-based ReRAM device
using a cross-sectional sample of the Pt/SiO2/Ta2O5–x /TaO2–x/Pt structure to enable real-time
observation of the voltage-induced structural changes in the conduction paths (Figs. 2a, b).
The switching behavior of the ReRAM device inside the TEM was confirmed by in-situ
measurements of the I–V characteristics at various voltages. This device sample exhibited
reversible bipolar resistance switching behavior between the LRS and HRS by DC I–V sweeps
(Fig. 2c). Comparison of Z-contrast STEM images taken at the same location under LRS (Fig.
2d) and HRS (Fig. 2f) unambiguously exhibited the nanoscale filament formation in the SiO2

layer; it was ~ 1.5-2 nm in width and 0.6-1.5 nm in length (Fig. 2e) [4].
These in-situ studies provide crucial information for understanding the dynamics of filament
formation and annihilation processes. We expect that the in-situ experimental technique can
further expand its applications in a variety of nonvolatile memory system.
References
[1] R. Waser et al. Adv. Mater. 21, (2009) 2632.
[2] Y. Yang et al. Nat. Commun. 732, (2012).
[3] S. J. Choi et al. Adv. Mater. 23, (2011) 3272.
[4] G. S. Park et al. Nat. Commun. 2382, (2013).
 



 
Fig. 1: In-situ observations of voltage-induced changes in microstructure. a, In-situ I-V scan. b-e, Cross-sectional
Z-contrast STEM images obtained after voltage applications of 0, -0.4, -0.8 and +0.4 V, respectively.
 

 
Fig. 2: In-situ observation of the conducting paths. a, Schematic of the in-situ experimental setup. b, Cross-sectional
STEM image when the Pt-Ir tip approached the top Pt electrode. c, A series of I–V measurements. d-f, In-situ STEM
images in LRS (d) and HRS (f). Magnified images of nanoscale filaments (e) obtained from the red boxed areas (A and
B) in d.
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Nitride based semiconductor nanowires (NWs) are promising candidates for many device
applications ranging from electronics and optoelectronics to energy conversion and
spintronics. The optoelectronic properties of nitride NWs are heavily affected by the strong
spontaneous and piezoelectric polarization fields induced by the polarity and strain, combined
with the effect of surface states. A correlated study gives insight into the precise effect of
polarity, heterostructure and surface states on optoelectronic and transport properties of a
single NW.
In this work, we correlate the crystal structure and heterostructure measured by scanning
transmission electron microscopy (STEM) and the luminescence and photodetector
performance of defect-free GaN-AlN NW heterostructures on the level of a single NW, paying
particular attention to the impact of the measuring environment on the electronic transport
and photocurrent dynamics. The effects of GaN/AlN heterostructure engineering and surface
states are discussed.
GaN NWs are grown by plasma-assisted MBE on Si(111) [1]. They have a length of 1.2–1.5 μm
and a diameter of 30−80 nm. Individual NWs were dispersed on electron transparent Si3N4
membranes and contacted using e-beam lithography.
Using aberration-corrected annular bright field (ABF) and high angle annular dark field (HAADF)
STEM, we identify the NW growth axis to be the N-polar [000−1] direction (Fig. 1). The
electrical transport characteristics of the NWs are explained by the polarization-induced
asymmetric potential profile and by the presence of an AlN/GaN shell around the GaN base of
the wire. The AlN insertion blocks the electron flow through the GaN core, confining the current
to the radial GaN outer shell, close to the NW sidewalls, which increases the sensitivity of the
photocurrent to the environment and in particular to the presence of oxygen. The desorption
of oxygen adatoms in vacuum leads to a reduction of the nonradiative surface trap density,
increasing both dark current and photocurrent [2].
References
[1] R. Songmuang, T. Ben, B. Daudin, D. Gonzalez, and E. Monroy, Nanotechnol. 21, 295605
(2010).
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Fig. 1: Left to right, top: schematic of the NW structure. HAADF STEM image of a contacted GaN NW with an AlN
insertion. Zoom of the boxed region along [11-20]. Bottom: Atomic structure of GaN along [11-20] overlaid on an ABF
STEM image. I−V characteristic from the same NW device measured in the air and in vacuum, in the dark and under
UV illumination.
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Charge trapping memory with high-κ dielectric substituting floating gate as the charge capture
layer is a candidate for the next generation storage devices since it radically improves the
retention force, weakens the coupling effect and the charge leakage. The elusive spatial
charge distribution in the CTM plays an important role influencing the program/erase speed
and the retention force. Therefore, it is critical to map the charge distribution in the dielectric
layers to clear the trapping mechanism of CTM and improve the design and fabrication process
to ensure the performance of the future memory devices. I-V and C-V measurements are the
usual characterization tools to deduce the charge distribution along vertical direction of the
charges with the appropriate models. But these methods concerning models only depict the
effective charge distribution with a poor spatial resolution and moreover, these indirect
electrical investigations can be disturbed so easily by the measurement environment or
parameters that controversial results were reported in the literatures.
Electron holography is a powerful means to image the electrostatic potential distribution
because the charges in the sample can alter the phase of the penetrated electron wave and
such phase disturbance can be retrieved from the electron interference patterns. In situ
electron holography in TEM has been adapted here to map the vertical and lateral charge
distribution within the CTM simultaneously. Benefited by the high resolution electron
holography, the charge trapping process traced under different gate biases indicates
unambiguously that the electrons penetrate through the HfO2 layer and aggregate beneath the
interface between HfO2 and Al2O3 films.
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Fig. 1: (a) The low magnification image of the CTM sample. (b) The normalized I-V curves measured on the wafer and in
TEM. (c) The high magnification image of the polycrystalline HfO2 layer. (d) The phase image of the unbiased CTM
sample. The dashed lines in (c) and (d) indicate the position of grain boundary. Scale bar: (a) 10 nm, (b) 5 nm, (c) 5
nm.
 

 
Fig. 2: Projected charge density maps under different bias. (a) 5 V, (b) 6 V, (c) 7 V, (d) 8 V, (d) 9 V. The dashed lines
indicate the position of grain boundary, as shown in Fig. 1(c) and (d). Scale bar: 5 nm.
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For spintronics, ferromagnetic semiconductors are of great interest because they allow the
injection of spin polarized current into a non-magnetic semiconductor. However, diluted
magnetic semiconductors with a Curie temperature (Tc) below room-temperature, are not
usable in current spintronic devices. One alternative route to fabricate room temperature
ferromagnetic semiconductors is to use the spinodal decomposition to form high Tc

nanostructures, as demonstrated in the GeMn system [1]. This GeMn system appears as a
promising candidate to be used in spintronic devices, especially because of its perfect
compatibility with silicon technologies.
In this presentation, we report on the structural and magnetic properties of GeSnMn films
grown on Ge(001) by low temperature molecular beam epitaxy using high resolution X-ray
diffraction (HRXRD), high resolution transmission electron microscopy (HRTEM), electron
energy loss spectroscopy (EELS) and superconducting quantum interference device
(SQUID). Chemical mechanical wedge polishing was used to obtain high quality samples with
flat and large surfaces free of damages and almost free of amorphous layers. HRTEM,
STEM-EELS observations were performed on a FEI Titan3 Ultimate 80-300 microscope operating
at 200 kV and equipped with probe-side and image-side aberration-correctors.
Similar to Mn-doped Ge films, GeMn nanocolumns of a few nanometers in diameter are formed
during the growth, as revealed by the HRTEM images in figure 1a-b and the EELS elemental
map (figure 3a-c). Sn map (figure 2c) shows that the matrix exhibits a GeSn solid solution
while there is a Sn-rich GeSn shell around GeMn nanocolumns. The interface Ge/GeSnMn is
perfectly coherent as demonstrated by HRTEM (figure 1a) and HRXRD (figure2b), leading to a
pseudomorphic growth of the GeSnMn layers. The out-of-plane lattice distance can be
monitored by the Sn concentration, as shown by HRXRD in figure 2a.
Electron diffraction patterns exhibit the presence of the forbidden (200)- and (020)-Bragg
reflections in the GeSnMn layer -figure 2f. These diffracted peaks have a peculiar cross-like
feature oriented along the [110] and [110] directions. We show how the GeSn shells provide
these reflections.
The magnetization in GeSnMn layers is higher than in GeMn films (figure 1e). This
magnetic moment enhancement is independent of the Sn concentration and thus the strain
state around the Mn-rich nanocolumns. However, the Sn-rich shell, which is formed around the
nanocolumns, could change the electronic structure of Mn atoms in the nanocolumns, which
could explain the magnetization enhancement [2].
[1] M Jamet et al, Nature Materials 5 (2006), p. 653
[2] E Prestat et al, Applied Physic Letters 103 (2023), 012403



 
Fig. 1: HRTEM images of a GeSnMn layers on Ge substrate:(a) in cross-section and (b) in plane view.
 

 
Fig. 2: (a) θ–2θ X-ray diffraction spectra: the position of the peaks between 65° and 66° of the θ-2θ X-ray diffraction
spectra corresponding to the GeSnMn epitaxial depends on the Sn content (b) X-ray map around the (-1-15) Bragg
peak. (c) Magnetization versus temperature of GeMn and GeSnMn layers.
 

 
Fig. 3: (a-c) Ge, Mn and Sn elemental map obtained by EELS. (d) Mn versus Sn composite map showing the Sn shell
around the Mn-rich nanocolumns. (e) Electron diffraction pattern in the [001]-zone axis.(f) Magnified image of the
forbidden (200)-Bragg reflection showing the peculiar cross-like feature of the diffracted peak.
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The FinFET architectures exploit the third dimension to improve scalability and higher
performance per chip area with respect to planar FET. In this work we investigate 3D strain in
FinFETs by measuring the Ge/SiGe lattice mismatch across and along the fin direction for two
different process steps in the device fabrication. The first step includes the growth of thin
strained Ge layer on top of a SiGe strain-relaxed buffer (SRB) blanket wafer on which shallow
trench isolation (STI) processing is applied. The second step consists of a replacement metal
gate (RMG) dummy gate patterning, extension implantation, spacer formation and SiGe source
and drain (S/D) epitaxial growth. Strain is measured by nano beam diffraction (NBD) on a
TECNAI 300kV microscope. The TEM specimens are prepared by FIB across and along the fin as
shown in Fig. 1a, b, and c. For the NBD line profiles the electron beam is scanned
perpendicular to the Ge surface and the reference is acquired in the SRB SiGe buffer. In Fig. 2a
the across and vertical SiGe/Ge mismatches are shown for the first fabrication step, i.e. up to
STI processing. The values in both directions are very similar indicating either relaxation or
uniaxial strain in the SiGe fin. In order to avoid this ambiguity, it is necessary to investigate the
mismatch along the fin getting therefore access to the 3D strain information. The
correspondent NBD results along the fin direction are shown in Fig. 2b. While the vertical
mismatch values are, consistently with results in Fig. 2a, close to 0.02, the mismatch along the
fin is close to zero indicating that the Ge is strained in this direction. We can conclude that the
Ge fin is uniaxially strained along the fin. Similar results, shown in Fig. 3a,b are obtained for
the second processing step up to the S/D epitaxial growth. In this case as well, the device
appears to be strained along the fin indicating that strain is maintained during the subsequent
S/D epitaxial processing. Similar strain results are obtained for fins under or outside the gate.
With this study we affirm the importance, for 3D devices such as FinFETs, of investigating the
mismatch along and across the structure in order to obtain 3D information on strain. The NBD
technique gives information on strain in the plane perpendicular to the direction of the
electrons therefore the only way to investigate the third dimension is either by preparing the
TEM specimen in both direction, i.e. across and along the fin, or being able to rotate the
specimen by 90 degrees along the fin while still being able to orient the specimen along zone
axis for NBD data processing. This last possibility is a work in progress as some technical
difficulties, such as specimen preparation and specimen alignment, need to be addressed.



 
Fig. 1: (a) SEM image of the device indicating the directions across and along the fin. HAADF-STEM across (b) and along
(c) the fins.
 

 
Fig. 2: (left) SiGe/Ge mismatch across the fin and (right) along the fin for the first process step. Uniaxial strain is found
along the fin.
 

 
Fig. 3: (left) SiGe/Ge mismatch across the fin and (right) along the fin for the second process step. Also in this case
uniaxial strain is found along the fin indicating that strain is maintained during the subsequent S/D epitaxial
processing.
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Dopant engineering for the sub-28 nm nodes of CMOS technology is currently receiving a great
deal of attention in the semiconductor industry. Indeed, the fluctuation of the position and the
concentration of dopants is the main source of variability in the performance and may limit the
ultimate dimensions of devices that can be achieved. Advanced characterization is thus
required to study and optimize the doping process. Electron holography is the first
characterization technique developed for mapping active dopants at the nanometer scale. This
technique combined with a specimen preparation using FIB allows the positions of the
junctions in a transistor to be measured in order to determine the effective channel length [1].
The total concentration of arsenic or phosphorus as dopants in silicon is also possible in a TEM
using EELS or EDS [2]. Low loss EELS experiments also allow the detection of substitutional
boron atoms in doped amorphous silicon layers used for photovoltaic applications [3]: the
energy shift of the silicon volume plasmon peak is accurately measured and this shift is related
to valence electronic density and varies linearly with dopant concentration. In this study, this
technique is implemented successfully for the first time on crystalline silicon. The specimen
analyzed in this study was grown on (001) silicon using RPCVD with closely spaced highly
doped with boron nanometer layers (Fig. 1a). SIMS profile exhibits a maximum concentration
of 2.5×1021 at/cm3 while 1×1019 at/cm3 is measured in the substrate (Fig. 2a). A 100 nm thick
lamella was then prepared using a FEI Strata FIB at 8 kV to minimize damage. High resolution
HAADF STEM image and low energy-loss spectra data cube were acquired at 80kV using a Cs
image and probe corrected FEI Titan Ultimate microscope with a GATAN Quantum ER energy
filter. The energy resolution reached with the monochromator and a dispersion of 0.025 eV/ch
was less than 0.2 eV. A 520x80 pixels map (0.13 nm/pixel) was acquired with a 100 pA probe
and a 0.7 ms exposure time for a total acquisition time of 70 seconds. Zero loss and silicon
volume plasmon peak energy positions were determined for each spectrum using the Digital
Micrograph NLLS fitting routine and subtracted to give the effective plasmon peak energy
related to active boron concentration. A 70 meV offset is measured between highly doped
layer and the silicon substrate (16.85 eV). Fig. 2b shows the good linearity between EELS and
boron concentration (SIMS measurements). Figs. 1b to 1d illustrate how to improve the
sensitivity by averaging.
[1] D. Cooper et al. Ultramicroscopy, 110, 5 (2010)
[2] R. Pantel et al., Transmission Electron Microscopy in Micro-Nanoelectronics, Wiley (2013)
[3] M. Duchamp et al., J Appl Ph, 113, 093513 (2013)
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Fig. 1: a) STEM dark field image of the analyzed area (520x80 pixels), boron doped layers appear bright b) 16.85 eV
silicon plasmon peak energy offset c) after binning by two the results (260x40 pixels) d) after binning by four the
results (130x20 pixels)
 

 
Fig. 2: a) Boron concentration measured by SIMS and plasmon energy offset cumulated (80) profile for the seven first
layers b) Linear relation between SIMS (logarithmic scale) and EELS using measurements starting from the substrate to
the highest boron concentration of the first layer
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The interest for single photon emitters (SPE) has tremendously grown over the last decades,
due to their possible application in quantum information. Famous SPE are, for example,
quantum dots of InAs/GaAs or NV centers in diamond. A SPE emits only one photon at the time,
and therefore it is a natural candidate for solid quantum bits. The usual way to characterize
them is to perform an intensity interferometry experiment (Hanbury Brown and Twiss (HBT)).
Such an experiment measures the autocorrelation function g(2)(τ) of emitters. The
g(2)(τ) function of a SPE presents a dip at very short delay (g(2)(0) < 1), a phenomenon called
anti-bunching. Here, we used a unique home-made set-up of cathodoluminescence (CL) in a
scanning transmission electron microscope (STEM) coupled to an HBT experiment allowing
nanometer resolution. The g(2)(τ) obtained with our STEM-CL set-up is called hereafter
CL−g(2)(τ). The details of the experiment are explained in [1,2] and in figure 1. Two HBT set-up
have been built, one working in the visible range with two single photon avalanche detectors
and the other working in the near UV range using photomultiplers.
As a proof of principle, we will present results on NV centers acquired with the first set-up. The
CL−g(2)(τ) acquired on a nano diamond is shown in figure 2-b) and presented in detail in [2].
We can clearly see a dip at short time delay, proving the possibility to study SPE with
fast electrons (60 keV). Then we will present a new UV-SPE in hexagonal Boron nitride
studied with the second set-up, showing that characterizing SPE with fast electron can
open new horizon on quantum information device. In order to go further in the
understanding of this new technics, we will see that even if the interaction mechanisms of
photoluminescence (PL) and CL-STEM are close enough to give the same emission spectra [3],
they may lead to huge differences in their g(2)(τ) function, called respectively PL−g(2)(τ) and the
CL−g(2)(τ). Indeed the interaction of electrons with mater produces a plasmon which will decay
into multiple electron-hole pairs at the gap energy (Eg e-h), while the PL-photon mater
interaction produces only one Eg e-h. Thus, if there is more than one SPE in the sample, one
electron can excite simultaneously multiple centers leading to the synchronization of emission
and thus to the emission of packets of photons. Therefore if the number of excited center is
above ten the CL- g(2)(τ) function will presented a huge bunching effect (g(2)(0) > 1) in stark
contrast to the expected flat PL-g(2)(τ) function (g(2)(0) = 1) see figure 3.
[1] Zagonel and al., Nano Letters 11, 568-73 (2011)
[2] Tizei and al., PRL 110, 153,604 (2013)
[3] Mahfoud and al., J. Phys. Chem. Lett., 4090-94 (2013)
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Fig. 1: Sketch of the set-up. a) the STEM. b) Transmitted electrons are used to produce ADF and BF images. The light
coming out of the sample is sent to an optical fiber which can either go to a spectrometer c) or the autocorrelation
experiment d). In c) one can see the emission spectrum of an NV center in diamond and the emission map, filtered at
570 nm.
 

 
Fig. 2: SPE studied in a STEM [2]. a) The ADF image of the
diamond. b) Associated experimental g(2)(τ). The dip of the
blue curve is lower that the dip of the red one, respectively
acquired with an excitation on the area marked by the blue
and red square in a). This shows that the g(2)(τ) is sensitive
to excitation variation of at least 100 nm resolution.
 

 
Fig. 3: The bunching effect. Continuous lines are the
experimental results from CL−g(2)(τ) of a nano-diamond
(size ≈ 100 nm, containing a few hundreds of NV centers).
The excitation current ranges from 1.6 pA to 137 pA. On
the inset, PL-g(2)(τ) with excitation on the same sample (but
not the same diamond) for two different excitation powers.
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Semiconductor nanowires (NWs) are promising candidates for many device applications
ranging from electronics and optoelectronics to energy conversion and spintronics. However,
typical NW devices are fabricated using electron beam lithography and therefore source, drain
and channel length still depend on the spatial resolution of the lithography. In this work we
show fabrication of NW devices in a transmission electron microscope (TEM) where we can
obtain atomic resolution on the channel length using in-situ propagation of a metallic phase in
the semiconducting NW. The corresponding channel length is independent on the lithography
resolution. We show results on semiconducting NW devices fabricated on two different electron
transparent Si3N4 membranes: a planar membrane and a membrane where devices are
suspended over holes and we demonstrate a real-time observation of the metal diffusion in the
semiconducting NW. First we describe the process of making lithographically defined reliable
electrical contacts on individual NWs dispersed on a membrane. Second we present first
results on in-situ propagation of a metal-semiconductor phase in Ge NWs by joule heating [1]
while measuring the current through the device. Three different metals are used as contacts:
platinum, copper and aluminum. Different phenomena can occur in PtSi, AlGe and CuGe [2]
NWs during phase propagation. Furthermore we study the crystalline structure of the different
phases and the diffusion mechanisms of the different metals.
[1] M. Mongillo, P. Spathis, G. Katsaros, P. Gentile, M. Sanquer and S. De Franceschi, ACS Nano,
5, 7117-7123 (2011).
[2] T. Buchhart, A. Lugstein, Y. J. Hyun, G. Hochleitner and E. Bertagnolli, Nano. Lett, 9,
3739-3742 (2009).
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Fig. 1: TEM image of suspended Ge NW device connected by Cu pads showing the procedure of the joule heating for
the in-situ propagation.
 

 
Fig. 2: TEM image of Ge NW after the in-situ propagation showing the progression of the CuxGey phase.
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The advances in strain engineering must be supported by improvements in local strain
characterization techniques to address the simulation, design and fabrication challenges faced
by the semiconductor industry. Though TEM is the method of choice for nanoscale
measurement of strain, the existing techniques suffer from serious limitations such as the poor
strain sensitivity of 10-3 for high-resolution imaging or the difficulty of using dark field electron
holography to analyze silicon-on-insulator (SOI) devices due to the miscut between the region
of interest and the substrate. Recently, Rouvière et al. [1] introduced the use of precession
electron diffraction (PED) for strain measurement with 1 nm spatial resolution and 2 x 10-4

sensitivity. In this study we demonstrate that strain can be precisely measured by PED in
aggressively scaled devices. For this purpose, PED is compared to geometrical phase analysis
(GPA) on HAADF STEM images and Finite Element simulations on 11.5-nm-wide channel SOI
device and sub-10 nm SiGe nanowire.
The HAADF images and PED patterns have been acquired on a FEI Titan Ultimate microscope
equipped with two Cs-correctors and an X-FEG source operated at 200 kV. The PED patterns
have been recorded on a 2k x 2k Gatan CCD camera using a precession speed of 0.1 s, a
semi-convergence angle of 2.4 mrad, a precession angle of 12.7 mrad and a beam size of ~ 2
nm (measured on the sample with the precession activated). For both techniques: (i) the
deformation is measured relative to the Si substrate, (ii) non-pertinent areas of strain
mappings are removed based on either the amplitude image of the inverse filtered Fourier
transform for GPA or the virtual HAADF image computed from diffraction patterns for PED.
As seen from Figs. 2(a-c), the strain (ε002 and ε220 along the growth and in-plane directions,
respectively) and rotation (θ) maps measured by PED and GPA on the SOI device shown in Fig.
1(a) are in good agreement. They both give evidence of a fully relaxed state. More
importantly, the strain profiles (Fig. 2(d)) measured along the channel prove that the noise is
significantly reduced using PED, allowing the strain state in small areas, e.g. source-drain
(S/D), to be precisely determined. The higher strain level measured in S/D is consistent with
the Ge enrichment in S/D measured by EDX (Figs. 1(c-d)). Figs. 3(e-f) demonstrate that high
precision and high spatial resolution strain distributions can be acquired by PED on a sub-10
nm SiGe nanowire. As seen from Figs. 3(b-c), GPA applied to the same device provides
mappings composed of high strain field fluctuations which make the interpretation of the strain
state in nanowires difficult.
[1] J.L. Rouvière et al., Appl. Phys. Lett. 103 (2013) 241913.
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Fig. 1: (a) HAADF STEM image of the SOI device, (b) magnified image indicated in (a) by the blue rectangle, (c) Ge and
(d) Si EDX mappings (see the color legends for the concentration in at. %)
 

 
Fig. 2: (a-c) Comparison between the different strain and rotation maps measured by PED and GPA on the SOI device
shown in Fig. 1 (the substrate is not shown for better visualization), (d) strain profiles acquired along the channel and
S/D. Note the significant noise reduction using PED
 

 
Fig. 3: (a) HAADF STEM and (d) virtual HAADF computed from the PED patterns acquired on the SiGe nanowire; (b-c)
GPA and (e-f) PED measured strain mappings
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Epitaxial germanium QDs embedded in boron-doped silicon have been studied using off-axis
electron holography to estimate the number of holes associated with a single QD. Holes were
confined near the base of the pyramidal, 25-nm-wide Ge QDs. About 30 holes were localized to
the investigated dot. For comparison, the average number of holes confined to each Ge dot
was found to be about 40, using a C-V measurement. [1] Hole accumulation in Ge/Si core/shell
NWs has been observed and quantified using off-axis electron holography and other electron
microscopy techniques. HAADF scanning transmission electron microscopy images and off-axis
electron holograms were obtained from specific NWs. The excess phase shifts measured
across the NWs indicated the presence of holes inside the Ge cores. [2]
Homogeneous ZB/WZ heterostructural junctions have been successfully synthesized in ZnSe
nanobelts, and polarity continuity is determined through aberration-corrected HAADF imaging.
The hypothesized saw-tooth-like potential profile is directly revealed at the nanoscale using
off-axis electron holography. With the exclusion of the other possible contributions,
spontaneous polarization is identified as the predominant factor causing the experimental
profile. [3] Polytype heterocrystalline structures within InAs nanopillars are characterized by
multiple TEM techniques. The electric field related to spontaneous polarization within the ZB
region is revealed at nanometer scale using off-axis electron holography, and the measured
value of spontaneous polarization for WZ-InAs is close to published results. Through
probe-corrected HAADF imaging, strain-induced variations of local spontaneous polarization
are determined with atomic resolution. Moreover, spontaneous polarization values along the
interface normal are calculated and possible explanations are provided. The strain-induced
variations of spontaneous polarization along the interface normal would provide valuable
information for tailoring charge distribution in semiconductor nanostructures and for
fabrication of future devices. [4]
References
[1] Li L., Ketharanathan S., Drucker J. and McCartney M. R.,  Appl. Phys. Lett., Vol. 94, No. 23,
(2009), pp 232108.
[2] Li L., Smith D. J., Dailey E., Madras P., Drucker J. and McCartney M. R.,  Nano Lett., Vol. 11,
No. 2, (2011), pp 493-497.
[3] Li L., Jin L., Wang J., Smith D. J., Yin W., Yan Y., Sang H., Choy W. and McCartney M. R.,  Adv.
Mater., Vol. 24, No. 10, (2012), pp 1328-1332.
[4] Li L., Gan Z., McCartney M. R., Liang H., Yu H., Yin W., Yan Y., Gao Y., Wang J. and Smith D.
J.,  Adv. Mater., Vol. 26, No. 7, (2014), pp 1052-1057.
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Fig. 1: Fig. 1(a) Electron hologram of individual Ge quantum dot with [110] projection embedded in Si [001] substrate.
(b) Phase image of the Ge quantum dot. (c) Phase image of Ge/Si core/shell nanowire with the area used for HAADF
intensity line profile labeled, and the result is shown by white squres in (d).
 

 
Fig. 2: Fig. 2(a) Phase image from region including WZ/ZB/WZ junctions, and the box region used for profiling is shown
in color. (b) Phase shift profile of the box region labled in (a). (c) Probe-corrected HAADF image of the InAs nanopillar
including multiple stacking disorder, regions of WZ structure are highlighted by yellow background.
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We present a study of some structural and optical characteristics of two-dimensional
transition-metal dichalcogenides. The study includes aberration-corrected high-resolution
transmission electron microscopy (HRTEM) imaging and Raman spectroscopy measurements
of molybdenum disulfide (MoS2), molybdenum diselenide (MoSe2), and tungsten diselenide
(WSe2) films. The measurements examine the in-plane crystal structure and vibrational modes
of these materials. Our results contribute several intrinsic characteristics for these materials,
and thus enable further investigations of their potential for applications.
Samples for the HRTEM experiments were prepared directly from natural, bulk MoS2 and from
synthetic bulk MoSe2 and WSe2 single crystals to minimize introducing defects that might arise
from the usual transfer of the samples from a separate substrate onto a TEM grid. The imaging
work is carried out in an image-aberration-corrected FEI Titan G2 80-300 transmission electron
microscope that is capable of atomic resolution. Micrographs of monolayer MoS2, few-layer
MoSe2, and WSe2 are shown, respectively, in Figures 1(a) through 3(a). Using these direct
images and an analysis of their Fourier transforms, one can identify the hexagonal crystal
structure of the films. Furthermore, it becomes trivial to extract the in-plane lattice parameters
from the direct images; these agree with values that are theoretically calculated [1].
Several monolayer and few-layer MoS2, MoSe2, and WSe2 samples were prepared for Raman
spectroscopy to investigate the vibrational modes of the films [2]. The Raman measurements
were performed using a Renishaw inVia Raman system equipped with a 532-nm laser as an
excitation source; this system has a resolution of ~1cm-1. By monitoring the peak spectral
location of the Raman modes, it was possible to determine the approximate number of layers
in few-layer samples of the dichalcogenides—similar to what is done in graphene [3]. Each
sample of MoS2, MoSe2, or WSe2 exhibits two characteristic Raman modes; these are indicated
in Figures 1(b) through 3(b). A correlation and analysis of these modes as a function of sample
thickness provide useful insight into the layer-to-layer interactions in the materials.
These experimental results provide a useful data set for understanding some of the intrinsic
properties of two-dimensional transition-metal dichalcogenides.
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[2] K.S. Novoselov, et al., Science 306, 666-669 (2004).
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Fig. 1: (a) HRTEM image of monolayer MoS2, including the extracted in-plane lattice constant. The fast Fourier
transform of the area outlined by the white dashed box is inset. (b) Raman spectra of monolayer, few-layer, and bulk
MoS2, with vibrational modes A1g and E12g labeled. Dashed lines indicate the approximate spectral location of the bulk
peaks.
 

 
Fig. 2: (a) HRTEM image of few-layer MoSe2, including the extracted in-plane lattice constant. The fast Fourier
transform of the area outlined by the white dashed box is inset. (b) Raman spectra of monolayer, few-layer, and bulk
MoSe2, with vibrational modes A1g and E12g labeled. Dashed lines indicate the approximate spectral location of the bulk
peaks.
 

 
Fig. 3: (a) HRTEM image of few-layer WSe2, including the extracted in-plane lattice constant. The fast Fourier transform
of the area outlined by the white dashed box is inset. (b) Raman spectra of monolayer, few-layer, and bulk WSe2, with
vibrational modes A1g and E12g labeled. Dashed lines indicate the approximate spectral location of the bulk peaks.
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The structural basis of modern light emitting diodes (LEDs) is InxGa1-xN/GaN multiple quantum
well (MQW). In conventional LED MQWs grown along the c-axis of the wurtzite structure, which
corresponds to the polar direction of the crystal structure, the epitaxial strain arising from the
pseudomorphic straining of each layer induces a piezoelectric polarization. The induced
piezoelectric field has been considered as a major cause for the degradation of internal
quantum efficiency and also as a dominant mechanism for the efficiency droop. Therefore, the
accurate measurement of strain is important for the strain engineering of LEDs.
In the present study, we measured the two-dimensional (2-D) lattice strains in
pseudomorphically grown polar InGaN/GaN MQW structure using dark-field (DF) inline electron
holography [1, 2]. The results demonstrate that the in-plane lattice matching between the two
layers is accomplished by predominant (compressive) straining of thinner InGaN QWs (2.5 nm
in thickness) to fit onto thicker GaN QBs (10 nm). This is quite understandable in the scheme of
classical thin film mechanics of an epitaxial multilayer system [3]. However, the out-of-plane
strain map revealed not only InGaN QWs but also GaN QBs are strained in opposite sign by the
nonzero out-of-plane stresses arising from the constrained tetragonal distortion of InGaN by
adjoining GaN layers, which results in amplification of the polarization gradient and
consequently the polarization charges at the interfaces.
In an InGaN/GaN MQW grown with the nonpolar (a-plane) orientation, the strain maps revealed
much more complicated distributions than those of polar system. As shown in Fig. 1, the
in-plane lattice of active layers (InGaN QW (10 nm in thickness) and GaN QB (12 nm))
appeared to be pseudomorphically strained to the bulk substrate as a whole, via the local +/-
strain undulation with a periodicity comparable to the film thicknesses (λ~ 12 nm) (Fig. 1c).
Also, from the out-of-plane strain map (Fig. 2), it was confirmed that both InGaN QW and GaN
QB, also p- and n-GaN were strained adjacent to their respective interfaces in opposite sign,
indicating that not only InGaN QW but also GaN QB are not perfectly rigid when they establish
the lattice coherency across the interfaces of this system. Possibly because of this unique
strain distribution, the strain in the QW and QB layers shows a binodal distribution with double
peaks (Fig. 2). We will further discuss the strain undulation phenomenon in the scheme of
strain energy minimization. Importantly, the strain undulation seems to potentially induce a
piezoelectric polarization along the non-polar growth direction.
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Fig. 1: a. Dark-field TEM image showing the active quantum well structure of a non-polar In0.1Ga0.9N/GaN LED, and 2-D
in-plane lattice strain map. b. Enlarged strain map of In0.1Ga0.9N/GaN well region. c. Profile obtained within upper QW
(white dotted box in b), showing local +/- undulation.
 

 
Fig. 2: a. 2-D out-of-plane lattice strain map of a non-polar In0.1Ga0.9N/GaN LED. b. Profile obtained along the growth
direction from n-GaN to p-GaN. QWs and QB are strained in opposite signs, showing double-peak shape. Inset shows
exponential fitting to the largely compressed region of bulk GaN near the interface with double-well region.
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Carrier mobilities or composition of nanostructures such as metal-oxide semiconductor field
effect transistors (MOSFET) are tightly connected with local strain. Due to the uniqueness of
Bragg's equation, nano-beam electron diffraction (NBED) is one of the most accurate tools for
strain quantification with a precision in the 10-4 range. Strain analysis by NBED (SANBED) has
recently improved drastically by using convergent STEM probes to yield sub-nm spatial
resolution [1], and by precessing the STEM beam [2]. But still a major problem is the limited
speed of contemporary, slow-scan CCDs with frame times around 100ms.
We introduce a scintillator-free, low-noise and radiation-hard pnCCD detector [3,4] with a
detection quantum efficiency (DQE) close to 1, combined with an ultrafast readout-hardware
working at 1kHz and above. We first investigated the InxGa1-xNyAs1-y/GaAs layers shown
coloured in Fig.1a. The strain profile obtained from the 004 reflection recorded on a
conventional Gatan CCD with 0.5s frame time is shown black. As depicted in Fig.1b, the pnCCD
camera yields the same strain profile with equal precision of 0.07% at half the frame time of
0.2s. This is remarkable since each 300keV electron deposits its energy in up to 10 camera
pixels, causing a large but isotropic point spread as shown in Fig.2. Next we used pnCCD frame
times of 1ms only to obtain the profile in Fig.1c, agreeing with a-b while exhibiting a slightly
lower precision of 0.13%, but speeding up the acquisition by a factor of 200. Fig.1d shows a
strain profile calculated from the 008 reflection which is highly sensitive to strain but also very
weak. The high DQE of the pnCCD allows for an improvement of strain precision to up to
0.04%.
Secondly 2D strain mapping was performed at a GexSi1-x/Si MOSFET shown in Fig.3. Parts a-b
correspond to strain maps in the red region of the inset with 45x60=2700 scan pixels of the
STEM beam and diffraction patterns recorded on a Gatan CCD with an overall acquisition time
of 10min. Although sparsely sampled, the effect of the S/D-stressors is clearly observed with
compressive lateral and tensile vertical strain of 2 and 3% below gate G, respectively. The high
potential of the pnCCD camera is seen from Fig.3c-d, where we scanned over the yellow
square in Fig.3a, sampled at 256x256=65536 pixels. With a frame time of 4ms for each
diffraction pattern, the whole acquisition took only 4min while still resolving lateral and vertical
strain maps with the GeSi/Si interface and a dislocation marked dashed in c-d. The precision
achieved here was 0.1%, determined from a strain map in pure Si.
[1] Microsc. Microanal. 18 (2012) p.995
[2] Appl. Phys. Lett. 103 (2013) p.241913
[3] Appl. Phys. Lett. 101 (2012) p.212110
[4] Rev. Sci. Inst. 68 (1997) p.4271



 
Fig. 1: (a) STEM HAADF image (coloured) of InxGa1-xNyAs1-y/GaAs layers and strain profile along [001] measured from
the 004 reflection by NBED using a Gatan UltraScan CCD. (b-c) Same as (a) but a scintillator-free pnCCD camera with
(b) 200ms and (c) 1ms frame time was used. (d) As in (b) but strain was measured from the 008 reflection.
 

 
Fig. 2: Direct electron detection using the pnCCD camera at a primary energy of 300keV. At this relatively high energy,
signal electrons are generated in traces of up to 10 pixels length. However, an FFT of a large number of single events
shows the isotropy of this point spread, allowing a recognition of the 004 disc with high precision [1,3].
 

 
Fig. 3: (a-b) Strain map in the red region of the inset, showing a MOSFET with source/drain/gate S/D/G. The 333
reflection was recorded on a Gatan UltraScan CCD at 45x60 scan positions rastered in 10min. (c-d) Strain map in the
yellow region. Here, 222 was recorded on a pnCCD with the STEM beam scanning over 256x256 pixels in 4min.
Dashed: dislocation.
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The fascinating mechanical and electrical properties of graphene, absent in bulk graphite,
have encouraged researchers to look for other two-dimensional (2D) materials. The
transition-metal dichalcogenides (TMD), of general form MX2, have a layered structure with
just van der Waals forces between the layers. The properties of bulk TMD range from insulators
(i.e. HfS2) to metals (i.e. VSe2). Monolayers of semiconducting TMD exhibiting a direct band
gap have promise for an extensive range of applications in electronics and optics.
Single layers of TMD compounds can be obtained by exfoliation of bulk material, both
mechanical and chemical, but new growth techniques will be needed to produce structures
with real control over optical and electrical properties (e.g. bandgap engineering). A whole new
research field is being developed in the growth of these materials, analogous to the
development of heteroepitaxial semiconductor growth. Here, we examine the very first single
crystal heterojunction in a monolayer material, produced in MoSe2/WSe2.
The samples were grown by physical vapor transport and characterised using atomic
resolution transmission electronic microscopy. Imaging and EDX analysis was carried out in a
doubly-corrected ARM200F (80-200kV).
An atomic resolution Annular Dark Field (ADF) scanning transmission electron microscope
(STEM) image of a WSe2/MoSe2 heterojunction is shown in Fig. 1(a). The intensity contrast is
sufficient to distinguish atoms on the triangular sublattice of the honeycomb containing
transition metals. We examine the transition metal lattice and Se lattice separately, allowing
true atom-by-atom characterisation of the boundary between the two materials. A histogram
of the intensities at these sites (Fig. 1 (b)) has two separate peaks, which we plot using a
color-scale where the center of the Mo peak is red and that of the W peak is blue. A histogram
of the intensities at the chalcogen sublattice sites is superposed in green. Fig. 1(c) shows the
inferred identities of the atoms in the same area. These maps show that, the substitution of
transition metals happens rapidly while the Se lattice shows no change at the interface. This
shows that the heterostructure lattice has crystalline perfection. Fig. 1(d) shows the intensity
along a particular line normal to the interface passing through both M and X sublattices,
illustrating how the three kinds of atom can be readily distinguished. A few defects (missing
one Se atom or missing both Se) were also observed.
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Fig. 1: Figure 1 | Atomic analysis at the interface. (a) ADF STEM image of a selected interface area. (b) Histogram of
intensities on the metal sublattice sites (red-blue colorscale) and the chalcogenide sublattice sites (green). (c).
Intensities at the metal sublattice sites for a selected area. (d), Intensity plot of a line cut across the interface
 



Type of presentation: Poster
 

MS-8-P-1439 Strain relaxation mechanisms at interfaces in III-As and III-Sb
heterostructure nanowires by atomic resolution STEM
 

de la Mata M.1, Magen C.2, Shtrikman H.3, Caroff P.4,5, Arbiol J.1,6
 
1Instituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC 08193 Bellaterra, Spain,
2Laboratorio de Microscopías Avanzadas, Instituto de Nanociencia de Aragon-ARAID,
Universidad de Zaragoza, 50018 Zaragoza, Spain, 3Braun Center for Submicron Research,
Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot 76100,
Israel, 4Institut d’Électronique, de Microélectronique et de Nanotechnologie, UMR CNRS ,
5Department of Electronic Materials Engineering, Research School of Physics and Engineering,
The Australian National University, Canberra, 6Institució Catalana de Recerca i Estudis
Avançats (ICREA), 08010 Barcelona, CAT, Spain
 

Email of the presenting author: mmata@icmab.es
 
Semiconductor nanowires (NWs) have attracted huge attention during last years. Due to their
wide range of applicability and modified physical properties when compared to planar
structures, they are used in fields such as nanoelectronics, optoelectronics or biosensing [1].
Also they can be used as platform for the study of condensed matter physics [2]. Their
synthesis allows for the combination of highly mismatched materials, otherwise not
achievable. On this way, it is possible to combine different materials in a NW to create axial as
well as radial heterostructures.
III-V semiconductors have been extensively synthesized and probed in this context, especially
arsenide combinations. On the other hand, antimonides are of extreme interest as among
them are the highest hole mobility (GaSb) and the narrower band gap and the highest electron
bulk mobility (InSb) III-Vs materials, extending the operability range of the related devices.
The final NW properties will be influenced by the material quality, closely related to the
presence of strain as a consequence of combining different materials. Through careful
inspections of the crystal structures and thanks to the employ of aberration corrected STEM
techniques, we are able to study the mechanisms that allow for the strain relaxation at atomic
scale in these NWs in three different cases: i) radial InAs/GaAs NWs; ii) axial InAs/InSb NWs;
and iii) axial GaAs/GaSb NWs. Flat or bended interphases were found depending on the
material combinations, but in all of the studied systems, the partial/total relaxation takes place
through the formation of misfit dislocations. These defects could be directly identified and
analyzed by means of geometrical phase analyses (GPA) [3]. Given the spatial resolution
achieved in aberration corrected STEM, we can also resolve the dumbbells and identify the
elemental constituents within the crystalline structure, allowing a polarity study in the
combined materials and through the interfaces [4,5]. Then, it is possible to get a deeper
understanding on the heterostructural properties and their direct influence on the electronic
behavior.
References:
[1] M. de la Mata, et al., J. Mat. Chem. C, 1, 4300 (2013)
[2] M. Heiss, et al., Nature Materials, 12, 439 (2013)
[3] M. J. Hÿtch, et al., Ultramicroscopy, 74, 131 (1998)
[4] M. de la Mata, et al., Nano Letters, 12, 2579 (2012)
[5] M.I.B. Utama, M. de la Mata, et al., Adv. Funct. Mat., 23, 1636 (2013)
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Fig. 1: a) General HAADF STEM view of the InAs/InSb axial heterostructured NW. b) GPA deformation map obtained in
the same region. c) Rotation map obtained by GPA. d) HAADF STEM image of the core-shell InAs/GaAs NW. e) GPA
deformation map obtained in the same region. f) Corresponding Rotation map.
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Complex colloidal semiconductor quantum dots such as core/shell or core/crown nanoplatelets
can now be synthesized. Achieving these heterostructures has improved greatly the optical
properties of the colloidal quantum dots. The optical properties of these colloidal quantum dots
will depend not only on the morphology of the heterostructure (in particular the size and the
shape of the core), the chemical nature and the presence of a gradient at the interfaces, but
also on the elastic deformation inside the quantum dots due to lattice mismatch between the
materials. The study of these heterostructures by aberrations corrected Scanning Transmission
Electron Microscopy (STEM) provides access to their structure until the atomic scale. High
Angle Annular Dark Field STEM images allow direct access to the atomic structure of the
nanoparticles, and the contrast of the columns of the atoms is linked on their chemical nature
("Z-contrast” images). From these atomic resolution STEM images, it is possible to establish
the strain fields of the heterostructure. Moreover, we can achieve correspondingly chemical
quantitative analysis by STEM-EDX with a spatial resolution of about 1nm. We show studies
realized on CdSe/Cd(Zn)S core/shell nanoplatelets [1,2] and core/crown CdSe/CdS [3] and
CdSe/CdTe.
[1] Core/Shell Colloidal Semiconductor Nanoplatelets
B. Malher, B. Nadal, C. Bouet, G. Patriarche, B. Dubertret
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY 134 (2012) 18591-18598
[2] Colloidal CdSe/CdS Dot-in-Plate Nanocrystals with 2D-Polarized Emission
E. Cassette, B. Mahler, J.-M. Guigner, G. Patriarche, B. Dubertret, T. Pons
ACS NANO 6 (2012) 6741-6750
[3] Efficient Exciton Concentrators Built from Colloidal Core/Crown CdSe/CdS Semiconductor
Nanoplatelets
M. D. Tessier, P. Spinicelli, D. Dupont, G. Patriarche, S. Ithurria, B. Dubertret
NANO LETTERS 14 (2014) 207-213
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Fig. 1: HAADF-STEM image of a colloidal CdSe/Cd0.7Zn0.3S core/shell platelet vertically aligned following the <001> axis
and the full-field strains (εxx, εyy and εxy) mapped by using the geometric phase analysis (GPA). The core/shell structure
is elastically matched in the plane (100) of the platelet and pseudomorphically relaxed along the <100> direction.
 

 
Fig. 2: Line profile extracted from the εxx strain map, the value is averaged over a width of about 10nm. We measure a
deformation of about 16% along the <100> direction. The difference between the lattice parameters of the two
materials is about 8% (the composition of the shell Cd0.7Zn0.3S has been established by quantitative EDX analysis)
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We investigate phase-change material samples with nanodiffraction and fluctuation electron
microscopy (FEM) combined with scanning transmission electron microscopy (STEM). Both
methods rely on illuminating the areas of interest of the sample by a small (2 nm probe size)
and almost parallel (convergence angle smaller than 2 mrad) electron probe. This creates
nanodiffraction patterns with the spatial resolution defined by the probe size. We also extract
information about the nanometer scale medium range atomic order (MRO) of amorphous
materials by calculating the variance of the diffracted intensities in many nanodiffraction
patterns a technique called STEM-FEM (Voyles & Muller,2002). In the present work
nanodiffraction is used to identify crystalline regions of Sb2Te3 samples. The STEM-FEM
technique is used to gather information about the MRO of AgInSbTe (AIST) samples.

In order to understand the reaction mechanisms during the wet chemical synthesis of
hexagonal Sb2Te3 platelets, we investigated intermediate stages of the reaction with
nanodiffraction. By scanning the intermediate products with the electron probe and collecting
nanodiffraction patterns at the same time, it is possible to identify the crystalline areas of the
platelets. Understanding the reaction mechanism can help to improve the synthesis to create
smaller (sizes below 50 nm) Sb2Te3 platelets. These platelets may have promising applications
in possible nonvolatile memory devices.

AIST is a potential phase-change material for building nonvolatile data storage devices. A deep
understanding of the crystallization kinetics of AIST is needed, because the crystallization
speed is the limiting factor of the writing speed of possible memory devices. The MRO of the
amorphous phase of AIST could play an important role in understanding the difference of
crystallization speeds of as-deposited and melt-quenched AIST (Lee et al.). The normalized
variance is calculated by doing FEM in STEM mode in a Titan-STEM.
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of a glassy solid. Science, 326(5955), 980–984
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Fig. 1: (A) STEM angular darkfield image of a Sb2Te3 platelet. The orange box marks the region scanned by
nanodiffraction. The blue cross marks the position of the electron probe on a crystalline region ((B) nanodiffraction
pattern). The red cross marks the position of the electron probe on an amorphous region ((C) nanodiffraction pattern) .
 

 
Fig. 2: Variance of as-deposited AIST plotted versus the diffraction vector k. The peaks in the plot show a strong MRO in
as-deposited amorphous AIST capped with ZnS-SiO2.
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Due to the shrinkage of modern semiconductor devices, there is a great need for dopant
profiling techniques. Electron-beam-induced current (EBIC) technique involves scattering of the
incident electrons and diffusion of the generated excess minority carriers, therefore, the EBIC
technique is usually considered as a low spatial resolution technique. However, the generation
volume of the excess minority carriers can be reduced by using low-energy electron beam.
Also, the diffusion length can be shortened considerably by making use of the surface
recombination effect. When very thin samples are used, the surface recombination effect
should be very effective in reducing the diffusion length. In this paper, we used such conditions
to visualize a dopant distribution in silicon (Si).
Fig.1 shows schematically the principle of our experiment. A semiconductor with high and low
dopant concentration regions is assumed here. A Schottky electrode is formed on one surface
and ohmic electrode is formed on the other surface. An electron beam is incident from the
Schottky electrode side and scanned over the surface. We want EBIC to vary with the depletion
layer width, so the accelerating voltage is adjusted such that the scattering of the incident
electrons occurs mostly inside the depletion of the low dopant concentration region, and
mostly outside of the depletion region of the high dopant concentration region as shown
schematically in this figure. In the low dopant concentration region, most of excess minority
carriers are generated in the depletion region and they are driven by the built-in electric field,
so a large EBIC is expected. In the high dopant concentration region, the excess minority
carriers generated outside the built-in electric field can be suppressed by the surface
recombination effect, i.e., by using a thin sample.
We used a p-type Si for these experiments. Prior to the EBIC experiment, concentration profile
shown in fig.2 was made by ion implantation. Then, it was glued face-to-face and processed to
be cross-sectional thin sample. Schottky (Ti) and ohmic (Al) contacts were made on the
surfaces. Figs 3(a) and 3(b) are SEM and EBIC images, respectively, taken at 3 kV. Dark bands
seen along the original surfaces correspond to the ion-implanted region, where the carrier
concentration is higher than the other region, therefore, smaller EBIC is expected. Although
very faint, two narrow dark bands can be seen along the original surface in an edge region. To
show this clearly, a line profile measured between the arrows is shown in fig. 4. The minimums
occur at about 0.3 µm and 1.0 µm from the surface, which corresponds to the maximums of
the dopant concentrations.
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Fig. 1: Schematic representation of the principle of
visualization of dopant distribution by EBIC.
   

Fig. 2: Simulated acceptor (B) concentration profile as a
function of sample surface.
 

 
Fig. 3: (a) SEM and (b) EBIC images taken at 3 kV.
 

 
Fig. 4: Line profile measured between the arrows in fig.
3(b). About 120 nm width was averaged.
 



Type of presentation: Poster
 

MS-8-P-1572 GaN nanowires seeded by Al droplets on Si (111) : control of polarity
and chronology of their elongation
 

Largeau L.1, Galopin E.2, Gogneau N.1, Travers L.1, Glas F.1, Harmand J. C.1
 
11Laboratoire de Photonique et de Nanostructures (LPN), CNRS, Route de Nozay, 91460
Marcoussis, France, 2IEM, Cité scientifique, avenue Poincaré, 59652 Villeneuve d'Ascq Cedex
 

Email of the presenting author: ludovic.largeau@lpn.cnrs.fr
 
Catalyst-free GaN nanowires (NWs) are known for the high quality of their crystal structure.
They are intensively investigated worldwide to fabricate improved optoelectronic devices.
Plasma-assisted molecular beam epitaxy (MBE) is a well-established technique to elaborate
these NWs. The control of their crystal polarity is an important issue. Indeed, in such wurtzite
crystals, a large number of properties such as growth kinetics, impurity or dopant
incorporation and direction of piezoelectric field are driven by the crystal polarity.
While it is well established that N-rich conditions are necessary to form self-catalyzed GaN
NWs, several possible routes are used to initiate their growth. In our process, we use a small
amount of Al to form AlN platelets at the Si surface as evidenced by grazing incidence X-Ray
diffraction (GIXRD) and scanning electron microscopy (SEM). We observe that these AlN
platelets act as pedestals for the subsequent growth of GaN NWs. Consequently, the GaN NWs
adopt the polarity of the AlN pedestals. Convergent beam electron diffraction (CBED) and
chemical etching [1] reveal a single N-type polarity for all the NWs. We propose that the
particular nucleation mechanism of the AlN pedestals is responsible for this N-polarity.
Finally, we use thin AlN layers as time markers inside the NWs to investigate the chronology of
their formation. We observe at the atomic scale the shape and position of these AlN markers,
longitudinally and along a radial cross-section by high-angle annular dark field scanning
transmission electron microscopy (HAADF STEM) using a Cs-probe aberration corrected STEM
Jeol 2200 FS. We deduce the kinetics of NW elongation which indicates that diffusion of Ga
adatoms along the NW sidewalls contributes to the NW axial growth. At longer growth
duration, shell formation around the initial cores is evidenced. Their growth mechanism is
revealed by the morphology of the markers: bunches of monolayers are formed at the bottom
of the NW and propagate along its sidewall facets, toward the top facet. The core and shell
compete with each other in collecting Ga adatoms from the sidewalls. In general, the shell
grows faster than the core and finally they merge with each other [3]
1. L. Largeau, E. Galopin, N. Gogneau, L. Travers, F. Glas, J.C. Harmand, Cryst. Growth &
Design, 12, 2724 (2012).
2. E. Galopin, L. Largeau, G. Patriarche, L. Travers, F. Glas, J.C. Harmand, Nanotechnology 22,
245606 (2011)
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 Ferroelectric polymers such as poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-TrFE), are
attracting renewed interest for use in organic non-volatile memory devices, e.g., in
capacitance arrays, memory diodes or ferroelectric field effect transistors (FeFETs). In FeFET
devices, the gate dielectric is ferroelectric. Therefore, the accumulation of charges at the
interface between the semiconductor and the gate dielectric is not only modulated by the gate
voltage, but also by the state of polarization of the ferroelectric polymer. The performance of a
FeFET is significantly influenced by the parameters of the ferroelectric gate dielectric : a lower
coercive field Ec corresponds to lower operation voltages, while a larger remnant polarization Pr

induces more conducting charges and results in a higher on/off current ratio.
We have previously reported that, when confining the crystallization of P(VDF-TrFE) in the
nanocavities/nanochannels of a mold, preferred crystallographic orientation and a significant
increase of crystal perfection ensue, with as a result a decreased coercive field.1, 2 However, no
report shows how to exploit this beneficial effect in a real memory FeFET device. In this
communication, we integrate nanoimprint lithography technology (NIL) in the fabrication
process of the FeFET, and characterize the resulting device architecture in an atomic force
microscope, using a conductive cantilever as gate electrode. The structure of a nanoimprinted
FeFET and the experimental configurations for the characterization of the FeFET are shown in
Figure 1. The ferroelectric property of nanoimprinted P(VDF-TrFE) in the device was
characterized by piezoresponse force microscopy. We found that, by using a nanoimprinted
P(VDF-TrFE) gate, the coercive field of P(VDF-TrFE) is significantly reduced in the device; as a
consequence, the voltage needed to obtain the maximum remnant polarization can be
decreased by ca. 30% in the device (Figure 2). This leads to a decreased operating voltage for
the memory application, which is of interest for the realization of low voltage, all organic FeFET
memories.
REFERENCE
1. Hu, Z.; Tian, M.; Nysten, B.; Jonas, A. M. Nat Mater 2009, 8, (1), 62-67.
2. Kassa, H. G.; Cai, R.; Marrani, A.; Nysten, B.; Hu, Z.; Jonas, A. M. Macromolecules 2013, 46,
(21), 8569-8579.



 
Fig. 1: Figure 1: (a) The structure of a nanoimprinted FeFET. In the case of a reference FeFET, imprinted P(VDF-TrFE)
was replaced by a continuous P(VDF-TrFE) film with the same thickness as the nanoimprinted one. (b,c) Experimental
configurations for (b) applying Vgs to polarize the P(VDF-TrFE) and (c) applying Vds to measure Ids.
 

 
Fig. 2: Figure 2: Polarization induced current Ipol verse gate voltage Vgs curve of a reference FeFET and a nanoimprinted
FeFET. The tip electrode scanning size for both FeFETs was 50 µm x 50 µm. The current values of both FeFETs are
normalized to have the same P(VDF-TrFE) working area for better comparison.
 



Type of presentation: Poster
 

MS-8-P-1632 Investigations Focused on the Local Composition Determination of
Dilute Nitride Quaternary Material Systems Grown on Si-substrates
 

Wegele T.1, Beyer A.1, Zimprich M.1, Volz K.1
 
1Philipps-Universität Marburg, Faculty of Physics and Materials Science Center, Marburg,
Germany
 

Email of the presenting author: tatjana.wegele@physik.uni-marburg.de
 
The epitaxial growth of multi-component semiconductor layers such as Ga(NxAsyP(1-x-y)) enables
the improvement of laser and transistor devices because of the tunable band gap and lattice
constant. However, many physical aspects of the formation such complex materials are still
unknown and the determination of the chemical composition as well as understanding of the
local effects pose a true challenge for an investigator.
In order to improve optical properties according to the earlier experiments [1] post-growth
annealing is applied to the multi-quantum well (QW) heterostructures. The look inside the
material and especially the advantage of the high resolution attainable in scanning
transmission electron microscope (STEM) can answer the question, what influence the
annealing treatment has on the specimen on the atomic scale. We investigated
Ga(NxAsyP(1-x-y))-quantum wells in the Si-based laser structures. The investigations were
performed using a double Cs-corrected JEOL JEM 2200 FS. The annular dark-field STEM-images
of the annealed specimens reveal local structural changes in the Ga(NxAsyP(1-x-y))-QWs, that were
not observed in the specimens without a thermal treatment. In order to understand and to
explain the nature of these changes as well as a possible reason of their appearance a series
of the high resolution STEM-images were acquired for different detector angular ranges. The
intensities in the experimental images were evaluated using in-house written software. To
prove the interpretation of the experimental results several simulations based on the
absorptive potential [2] and frozen phonon [3] methods were carried out and compared with
the experimental contrast.
[1] Annealing Experiments of the GaP Based Dilute Nitride Ga(NAsP), B. Kunert, D. Trusheim, V.
Voßebürger, K. Volz, and W. Stolz, Phys. Stat. Sol. (a) 205, No. 1, 114–119 (2008).
[2] A Practical Approach for STEM Image Simulation Based on the FFT Multislice Method, K.
Ishizuka, Ultramicroscopy, 90(2-3), 71-83 (2002).
[3] Incoherent Imaging of Zone Axis Crystals with ADF STEM, R. L. Loane, P. Xu, J. Silcox,
Ultramicroscopy, 40, 121-138 (1992).
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Antimonide-based materials, such as gallium phosphide antimonide (GaPSb), that are grown
highly mismatched on silicon substrates have interesting applications in high electron mobility
III/IV channel layers on Si (001) substrates. As there are no III/IV semiconductors with high
electron mobility which can be grown lattice matched on Si, different buffer layers have to be
studied and the defect formation within these layers has to be understood in detail to optimize
the layer structures for later device application.
To avoid antiphase boundaries penetrating through the Ga(PSb) layer, a gallium phosphide
(GaP) layer is grown between the silicon substrate and the Ga(PSb). The antiphase boundaries
created by the growth of a polar material on the non-polar silicon substrate annihilate within
the GaP [1]. The mismatch between GaP and Ga(PSb) is between zero to twelve percent,
depending on the composition. The strain induced by the high mismatch should be relaxed by
misfit dislocations at the interface. However, dark-field and high resolution TEM have shown
that the bulk contains many other defects like stacking faults, twins and threading dislocations.
High resolution TEM and HAADF (high-angle annual dark-field) scanning transmission
microscopy investigations of the interface using a double Cs-corrected JEOL 2200FS (S)TEM
have revealed that the misfit dislocations mainly are Lomer dislocations and 60° dislocations
pairs. Molecular dynamics simulations with Stillinger-Weber potentials have been used to
model the structure of the dislocations theoretically. The crystal model has been used as input
to simulate the HAADF images with the multislice algorithm and frozen phonon simulation. This
contribution shows that HAADF imaging in combination with molecular dynamics simulation is
very suitable for defect characterization at the interface of strained materials. TEM is very
useful to gain insight on the crystal structure of GaPSb and other metamorphic buffer layers so
that their growth can be optimized.
[1] GaP-nucleation on exact Si (001) substrates for III/V device integration, K. Volz, A. Beyer, W.
Witte, J. Ohlmann, I. Németh, B. Kunert, W. Stolz, Journal of Crystal Growth 315 (1) (2011), pp.
37 – 47



 
Fig. 1: High resolution HAADF image of the GaP/GaPSb interface with misfit dislocations and stacking faults.
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Ternary (GaIn)As as well as Ga(NAs) materials are widely applied in the fields of glass fiber
communication, solar cells, electronic and optoelectronic industries [1]. The physical properties
of quantum wells can be significantly influenced by both the chemical composition and the
interface morphology, whereas the latter can be controlled by the growth temperature and by
the introduction of growth interruptions. As a result, it is of great importance to characterize
the crystallographic interface structures for technological applications. In the present work, we
are mainly focused on the characterization of the interface structure of quantum wells using
atomic force microscopy (AFM) and transmission electron microscopy (TEM).
The (GaIn)As and Ga(NAs) quantum wells were grown with metal organic vapor phase epitaxy
(MOVPE) on GaAs (001) substrate at temperatures of 525°C and 625 °C with different growth
interruption times (0s, 20s, 40s, 120s). After growth of each quantum well, both smooth and
island-like structures were observed with AFM as shown in Fig.1. To analyze the
crystallographic structure and composition of the islands, high resolution TEM was utilized to
investigate the interface between the ternary materials and the GaAs from both, [010] and
[110], directions. TEM results, giving quantitative information from the cross-section of the
samples, will be correlated with AFM data, which shows the surface of quantum wells. The
results suggest that there is a characteristic island structure depending on growth conditions.
The islands exhibit a height of about two atomic layers and a width of smaller than 10 nm.
Hence, HRTEM in combination with AFM provides a good method to obtain information of the
interface structures of quantum wells.
References:
[1] K. Volz, et.al. Doping, electrical properties and solar cell application of GaInNAs, in: A. Erol
(Ed.), Dilute III–V Nitride Semiconductors and Material Systems, Springer, Berlin, Heidelberg,
2008, pp. 269–404.
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Fig. 1: Fig. 1 AFM micrograph of an interior Ga(NAs) interface; the island-like structures are marked by the white
circles.
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Monolithic integration of Gallium Antimonide (GaSb) heterostructures on Silicon (Si) is a
promising road for producing efficient optoelectronics devices (lasers diodes [1], integrated
photonic circuit...).
Three problems are to be overcome for growing such heterostructures on Si: First, the lattice
mismatch between GaSb and Si (12.2%) which generates a high density of dislocations.
Second, the growth of polar semiconductors on non-polar ones causes antiphase boundaries
(APBs). Finally, the 3D growth mode of GaSb on Si which is due to the surface energy
difference between the substrate and the films.
To understand and reduce the defects density, we have investigated the structural properties
of GaSb grown on Si by Molecular Beam Epitaxy (MBE) using the two complementary
techniques X-Ray Diffraction (XRD) and Scanning Transmission Electron
Microscopy(TEM/STEM).
We have observed a 2D array of misfit dislocations at the interface GaSb/Si [2]. Coupling
Grazing incidence XRD and STEM observations, we confirmed that this array is formed of a
pure 90°-type dislocations (Lomer-type). The Geometrical Phase Analysis [3] (GPA) shows a
well localized stress field around misfit dislocations. In addition to dislocations, we have
reduced the twins density from 77 twins/µm to 11 twins/µm (measured on cross-section along
a <110> direction near the interface between the layer and substrate) with optimizing surface
treatment. We have used a vicinal Si substrates with different angles of miscut to suppress
APBs but those defects are always present. AlSb buffer layer was also used to ameliorate the
crystalline quality of GaSb and evolve from a 3D islands growth mode to a 2D one [4]. In
addition to the 3D islands growth of AlSb buffer, we have identified (using EDX) an AlSb
wetting layer at the interface. We are now investigating an alternative route based on thermal
treatment to prepare the substrate and reduce the APBs density.
[1] J.R. Reboul, L. Cerutti, J.B. Rodriguez, P. Grech, and E. Tournié ,Appl. Phys. Lett. 99, 121113
(2011).
[2] S. Hosseini Vajargah, M. Couillard, K. Cui, S. Ghanad Tavakoli, B. Robinson, R. N. Kleiman, J.
S. Preston, and G. A. Botton, Appl. Phys. Lett. 98, 082113 (2011).
[3]M. J. Hÿtch, J.-L. Putaux, J.-M. Penisson, NATURE 423, 270-273 (2003).
[4] Y. H. Kim, J. Y. Lee, Y. G. Noh, M. D. Kim, S. M. Cho, Y. J. Kwon, J. E. Oh, Appl. Phys. Lett. 88,
241907 (2006).
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Fig. 1: STEM-HAADF image of GaSb/Si with AlSb buffer
layer.
 

 
Fig. 2: TEM micrograph illustrating an example of twin and
APBs.
 

 
Fig. 3: STEM-BF micrograph of interfacial misfit dislocations
on GaSb/Si.
 

 
Fig. 4: Strain map parallel to the interface (εXX).
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Pb20GexSe80-x thin films have been prepared on amorphous substrates by vacuum
deposition. Transmission electron micrographs shows the effect of Ge addition on the
morphology of particles of Pb20GexSe80-x thin films. Measurements of optical spectra has
been done for Pb20GexSe80-x in the visible to near IR region as a function of composition and
morphology. The composition of the system was checked with EDX. The optical constants;
refractive index(n) , and the extinction coefficient (k) were determined from transmission and
reflection spectra. Absorption coefficient (α) could be calculated from transmission data, the
direct energy gap could be calculated from the relation between (α2) and (α2/3)vs. energy (hv)
in e.V. Direct energy gaps were found to increase with decreasing Ge content. The direct gap
were found to range from 1.2 to 2.1 e.V. The real and imaginary dielectric constant were
calculated and related their values to concentration of germanium. The optical conductivity
was determined for all concentrations of germanium in Pb20GexSe80-x. This system is
promising candidates for up to date applications such as the production of a new generation of
p-n junctions, photovoltaic cells, transistors, and solar cells. These applications is depending on
thermoelectric properties as Pb20GexSe80-x where x = 20% for p-type and x = 25% for
n-type. Other applications that depends on thermoelectric power is possible such as heat
generators and energy conversion applications. Also the thermoelectric analysis were included
such as Figure of Merit, thermoelectric conversion efficiency, and the Fermi energy level
changes upon heating.
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Mn-doped Ge quantum dots (QDs) embedded in Si are particularly interesting since their small
size and the confinement effects may affect the electronic structure, the spin interactions and
thus their ferromagnetic properties. Room-temperature and electric-field-controlled
ferromagnetism were demonstrated in self-assembled Mn0.05Ge0.95 QDs [1].
Highly strained Mn-doped Ge wetting layers (WLs) and QDs embedded in Si have been
prepared by Molecular Beam Epitaxy via Stranski-Krastanow growth mode on Si. High
resolution scanning transmission electron microscopy (HRSTEM) imaging and Electron energy
loss spectroscopy (EELS) spectrum imaging were performed at 200 kV on a FEI Titan3 Ultimate
fitted with probe- and image-side aberrations correctors. EELS measurements were done in
STEM mode using a Gatan Quantum spectrometer. TEM specimens were prepared using
chemical mechanical wedge polishing to obtain clean and damage-free specimen.
In this presentation we report on Mn diffusion and the formation of Mn-rich precipitates in
highly strained few monolayer thick Ge WLs and nanometric size Ge QDs heterostructures
embedded in silicon. In the Ge/Si system Mn always precipitates and the size and the position
of Mn-rich precipitates depend on the growth temperature (figure 1). At high growth
temperature manganese strongly diffuses from germanium to silicon. By decreasing the
growth temperature manganese diffusion is reduced [2]. In the Ge QDs system grown at low
temperature Mn precipitates are detected, not only in partially relaxed Ge QDs but also in fully
strained Ge WLs, between dots, as shown by the figure 2 [2]. Mn precipitates are identified by
EELS (figure 2e) and three of them are indicated by white arrows in figure 2a.
In the GeMn system, the growth has to be performed at low temperatures (< 150 °C) to
incorporate Mn and avoid the formation of Ge3Mn5 clusters [3,4]. Nevertheless, lateral
segregation is still observed and leads to the formation of Mn-rich nanocolumns, i.e.
elongated nanostructures parallel to the growth direction [4]. The nucleation of these GeMn
nanocolumns required a critical thickness of 4 nm, which was explained by a subsurfactant
epitaxial growth with Mn atoms occupying subsurface interstitial sites [4,5]. In this work we
demonstrate that it is possible to incorporate Mn into extremely thin strained Ge layers. This
feature is likely due to the electronic structure modification in these few Ge layers grown in
compressive strain on silicon [6].
[1] F Xiu et al, Nat. Mater. 9 (2010), p. 337.
[2] E Prestat et al, APL 104 (2014).
[3] M Jamet et al, Nat. Mater. 5 (2006), p. 653.
[4] T Devillers et al, PRB 76 (2007), p. 205306.
[5] C Zeng et al, PRL 100 (2014), p. 066101.
[6] T Dietl, Nat. Mater. 5 (2006), p. 673.



 
Fig. 1: Cross-sectional STEM-EELS of Mn-doped Ge WLs growth at different temperatures and different Mn
concentrations. (a) High angle annular dark field (HAADF) image of the four layers: the two lowest are grown at 220 °C
and the two at the top are grown at 380 °C. (b) Ge map and (c) Mn map obtained by EELS. In (d) Mn (green) versus Ge
(red) composite map.
 

 
Fig. 2: Plane view (a) Bright field- and (b) HAADF-STEM images of one Ge(Mn) QDs layer grown on Si substrate. (c-f
EELS analysis of two Ge(Mn) QDs. (c) HAADF-STEM image acquired simultaneously than the EELS SI. (d) Ge map (e) Mn
map and (f) Si map obtained by EELS. The arrows in (a) indicate Mn precipitates.
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Although nickel has long been used as a contact material to InGaAs, details of low temperature
phase formation are not perfectly explored yet. In a recent publication formation of a single
Ni4InGaAs2 phase with hexagonal structure was described and epitaxial growth to the InGaAs
substrate at 250°C was claimed [1]. We confirm the formation of the hexagonal structure here,
however we report on the formation of a polycrystalline Ni6InGaAs2 reaction layer at 350°C.
A 300 nm thick lattice matched p-(In0.53Ga0.47)As layer was grown epitaxially on InP substrate. 20
nm Ni was deposited on it and covered with 7 nm TiN protecting film. The samples were RTP
annealed for 60 s at 350°C in nitrogen atmosphere to induce the solid state reaction between
Ni thin film and the InGaAs layer. The reaction product was studied by Auger Electron
Spectroscopy (AES) depth profiling, cross sectional TEM and Atom Probe Tomography (APT).
The AES analysis used 5 keV primary electron energy, 20 nA beam current with a diameter of
40 µm. For the depth profiling Ar+ ions of 1 keV energy were applied and the angle of incidence
with respect to the surface normal was 80o. All specimens were rotated during sputtering. The
Ar pressure was 2.5*10-7 torr. The TEM lamellae were prepared by Ar+-ion milling (10 keV, 2
mA) till perforation, followed by 2 keV ion milling to remove damaged layer. Both BF and
HRTEM images and selected area electron diffraction patterns were recorded in a JEOL 3010,
operated at 300 keV. The GATAN camera in the GIF Tridiem was used for imaging and a GATAN
Orius camera in the JEOL 3010 recorded the diffraction patterns. Fast Fourier transforms (FFT)
of the HRTEM images were also analyzed identically to diffraction patterns.
The reaction layer is about 55‑60 nm thick polycrystalline film (Fig 1). Its composition is close
to Ni6InGaAs2, as measured by AES. The same composition was also determined by APT.
Examining both the individual grains one-by-one in the HRTEM image and of the FFTs from
different grains in that HRTEM, we see that the growth is not epitaxial in general, since all
grains have different orientations. As an example, a HRTEM image including 3 grains and the
FFT for one of the grains indexed with the ProcessDiffraction program [2] are shown in Fig. 3
and Fig.4, respectively. For the indexing we used the hexagonal structure published in [1] but
allowed for a mall tolerance in the measured d-values, because our XRD measurements
showed that the measured diffraction lines were slightly shifted from the values reported in
the literature. The small change in the lattice parameters may be connected to the different
composition.
[1] Ivana et al., J. Vac. Sci. Technol. B 31(1) 012202‑1 -012202‑8 (2013).
[2] Lábár J.L., Ultramicroscopy 103(3) 237-249. (2005)
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Fig. 1: Polycrystalline reaction layer. The interface to the
InGaAs is close to planar at large scale however,
non-perfect planarity is obvious from the undulations
following grains at the bottom interface. Layer thickness is
55 nm±10 nm.
 

 
Fig. 2: AES depth profile of the in-depth distribution of
elements in the reaction layer. It is seen that the
composition is almost constant along the depth of the layer
and it is close to Ni6InGaAs2, a value also measured with
APT.
 

 
Fig. 3: HRTEM image with 3 grains of the reaction product
layer all differently oriented. All 3 grains were successfully
indexed as hexagonal Ni4InGaAs2 phase allowing for a small
tolerance in the d-values.
 

 
Fig. 4: Central part of the FFT from the middle grain
(Grain2) in Fig. 3. Indexed as Ni4InGaAs2 allowing for a small
tolerance in the d-values. Successful indexing of several
such patterns from different orientations indicate that the
crystal structure must be the one published in [1] with
slightly different lattice parameters.
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Over the past decade, considerable attention has been given to the growth of InGaN epilayers
for photovoltaic applications. Such applications require the growth of epilayers with high
indium contents, but, most importantly, with a thickness of over 100nm. At such thicknesses
material quality has been shown to rapidly deteriorate, and the epilayers become rough,
compositionally inhomogeneous, and highly defective. In a recent contribution, the present
group proposed that by periodically inserting ultra-thin GaN layers during the growth of the
InGaN epilayer, one could suppress the fluctuations in the indium composition, and thereby
produce high quality epilayers that meet the requirements for photovoltaic applications. An
experimental demonstration of the improvement that could be obtained using this semi-bulk
growth process was given with InGaN epilayers containing 8% indium. In the present
contribution, the most advanced transmission electron microscopy techniques are combined
for the first time to evaluate the improvement obtained in semi-bulk InGaN epilayers grown by
MOVPE. The epilayers used in this study contain 16% indium, double that of the previous
contribution for a similar thickness. Particular attention is given to the strain and luminescence
of these epilayers. More specifically, electron holography in a transmission electron
microscope (HoloDark) was used to map the deformation in both the growth and the in plane
directions with nanometric resolution. The results show that the semi-bulk InGaN epilayers are
pseudomorphically strained on the underlying GaN substrate (see Fig.1). Furthermore,
cathodoluminescence in a scanning transmission electron microscope (STEM-CL) was used to
map the luminescence of these epilayers at the nanometer scale. A single, sharp emission is
observed throughout the epilayers where the compositionnal fluctuations have been
successfully suppressed (see Fig.2). These results serve to showcase the potential of semi-bulk
InGaN for optoelectronic applications. Potential pathways to demonstrating epilayers with
higher indium contents are discussed.
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Fig. 1: (left) HAADF STEM image of the semibulk InGaN epilayer ; (middle) Mapping of thedeformation along the c axis ;
(right) mapping of the deformation along the a axis.
 

 
Fig. 2: (left) HAADF-STEM image of the zone mapped in STEM-CL ; (middle) Observed luminesencepeak ; (right)
mapping of the intensity of the observed peak
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Self-assembly of nanostructures has recently gained increasing interest in the context of
technological applications of nanoscale devices since it generates new collective properties [1]
and leads to new nanomaterials that yield versatile functionalities [2]. ZnO nanocrystals
attract great attention because of their applications for solar cells, photocatalysis, UV lasing or
chemical sensing. Since their properties highly depend on morphology and size, it is of great
importance to study the (3D) structure of the nanoparticles. In this study, we investigated the
influence of the Al-doping on the shape and the coupling of ZnO nanopyramids by advanced
Transmission Electron Microscopy (TEM).
Since the self-assembly should be characterized in 3 dimensions, HAADF-STEM is combined
with electron tomography. Figure 1 illustrates the 3D reconstruction of a couple of ZnO
nanopyramids and highlights their faceting. The coupling occurs between the two flat bases,
which are not in direct contact to each other and is even stronger for particles that yield a
pronounced pyramid shape. A random misalignment for each couple is found in addition to a
concave shape of both surfaces at the base of the pyramids. Identification of the surface
planes was performed by a combination of electron tomography and aberration corrected
HAADF-STEM images (Figure 2.a) whereas high resolution TEM images (Figure 2.b) highlight
the presence of ligands molecules. The base (0001) surfaces are very flat (except for the
convex surface) but the {1-101} edges show elementary steps.
The coupling of the nanopyramids might be related to the intrinsic polarity along the [0001]
direction of the ZnO nanoparticles. It is likely that the polarity of the NPs would lead to the
preferential coupling of bases with different polarization. To study this effect, we combined
HAADF-STEM and (ABF)-STEM imaging which allows mapping of the lightest elements such as
hydrogen and oxygen together with heavier elements. The results presented in Figure 3 show
that the Zn atoms are oriented toward the base and O points toward the tip leading to a
O-polarization. Also for other nanopyramids the same observation was made. We therefore
conclude that apparently, the strength induced by the ligands is stronger in comparison to the
effect introduced by polarization.

[1] Z. Tang, N. Kotov, One-dimensional assemblies of nanoparticles: preparation, properties
and promise, 2005.
[2] S. Kinge, M. Crego-Calama, and D. N. Reinhoudt, Self-assembling NPs at surfaces and
interfaces, chemphychem, 2008
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Fig. 1: Volume rendering of the electron tomography tilt series HAADF-STEM projections oriented in three different
positions.
 

 
Fig. 2: (a) High resolution STEM-HAADF images of a Al-doped ZnO nanopyramid in [11-20] zone axis and their
corresponding Fourier transform (spectra). (b) HRTEM images of a ZnO couple of nanopyramids in the [11-20] zone
axis.
 

 
Fig. 3: (a) Atomic resolution aberration corrected HAADF-STEM detail of the structure in a zoomed region of the edge of
the nanopyramid. (b) Atomic resolution aberration corrected ABF-STEM detail in the same area as in (a). (c)
Temperature colored detail of the HAADF-STEM image (green) superimposed with the ABF-STEM image (red) of the
same region.
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Bi2O3 is a material with potential applications at a nanometric level which range from
catalysis, radiation dosimetry, the field of medicine, etc. In this project, a method of synthesis
from “Green Chemistry” previously used and reported [1] is used to form Bi2O3 nanoparticles.
Like in other cases, tannic acid plays the role of reducing agent and stabilizer with which the
result is a fast and inexpensive method, compared to other synthesis methods, and with low
environmental impact, in the production of nanoparticles. The crystalline phases of Bi2O3
obtained at a nanometric level are characterized by the microscopy used in this project.
Nanoparticles of Bi2O3 were obtained by reducing bismuth nitrate pentahydrate
(Bi(NO3)3*5H2O) in a solution at a concentration of 3 mM, with the help of tannic acid
(C76H52O46) at a concentration of 0.45 mM. The variation of the method consists on freezing
the Bi2O3 nanoparticle solutions with liquid nitrogen and the following process of
lyophilization[2]. The process was repeated for different values of pH in the solutions with the
purpose of finding the best conditions for synthesis. The characterization process was
performed on a transmission electron microscope (TEM) JEOL 2010 model and the
spectroscopy studies were performed with a Micro-Raman ThermoScientific.
In the “HRTEM” images, figure 1A, different phases of Bi2O3 nanoparticles were found,
preferably β-Bi2O3 and γ-Bi2O3, figure 1B and figure 2A. In the “HAADF” images, different
forms of regular shape and size were found.  However, the particles do not show spherical
symmetry. The granulometry studies show a good distribution in size with an average particle
of (11±5) nm. The Raman spectroscopy, figure 2B confirms the formation of α-Bi2O3 particles
in the following frequencies: (87, 121, 307 y 459 cm-1), which match previous reports from
sources[3].
We can conclude that we have a new method in the synthesis of Bi2O3 nanoparticles with a
low cost and low environmental impact using (Bi(NO3)3*5H2O) as a precursory agent and
(C76H52O46) as reducing agent and stabilizer of said nanoparticles.

[1]  R. Herrera-Becerra, J. L. Rius, y C. Zorrilla, «Tannin biosynthesis of iron oxide
nanoparticles», Applied Physics  A. (2010).
[2] Abdelwahed, W, G Degobert, S Stainmesse, y H Fessi. «Freeze-drying of nanoparticles:
Formulation, process and storage considerations». Advanced Drug Delivery Reviews (2006).
[3] A.J Salazar-Pérez, M.A Camacho-Lopez, R.A. Morales . F. Ureña, and Jesus Arenas Alatorre.
«Structural evolution of Bi2O3 prepared by thermal oxidation of bismuth nanoparticles. »
Superficies y Vacío ( 2005).
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Fig. 1: HAADF image and particles size distribution.
   

Fig. 2: TEM image showing some particles.
 

 
Fig. 3: HRTEM image for γ-Bi2O3 fase.
 

 
Fig. 4: Raman espectra.
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Manufacturing semiconductor devices involves dealing with polycrystalline materials at
different steps of the fabrication process. As the size of devices reduces constantly,
microstructure and texture of such materials can be a source of variability in devices
performance. That is why advanced characterization is essential to ensure the development of
new technology (28nm and 14nm) nodes. Electron Backscatter Diffraction (EBSD) analysis
known as a SEM-based technique to determine grains orientation has shown limitations in
resolution for the characterization of material microstructure.
New perspectives are offered with a recent Automated Crystal Orientation and phase Mapping
(ACOM-TEM) technique developed for TEMs [1]. This EBSD-TEM like attachment (also known as
ASTAR tool from NanoMEGAS [2]) provides maps with a nanometer resolution. An example
realized on an integrated device is represented in Figures 1(b) and (c). While Figure 1(b) shows
the different phases present in the device scanned area, Figure 1(c) reveals the orientation of
every grain found in each of these materials.
The interest of ASTAR is first illustrated with a failure analysis case realized on the poly-Silicon
gate microstructure of a 28nm device technology. Coupling this technique with others TEM
based techniques (morphology and chemical analysis) has enabled the understanding of the
specific failure mechanism which will be presented.
More challenging are materials presenting grains sizes of less than 20nm, like the Tungsten
used to fill contacts in 14nm FDSOI process flow. To tackle such problems, it is necessary to
fully define, characterize and optimize parameters affecting the quality of the results. As the
ACOM approach always ends with the solution, which corresponds to the highest matching
index for each point of the area scanned [1], it is of importance to consider the so-called
reliability parameter. This factor is a measure of the uniqueness of the solution. This is
illustrated with Figure 2 that concerns a p-MOS shared contact filled with Tungsten. The
orientation map (Figure 2(a)) is supplemented by the reliability values (Figure 2(b)). Reliability
is retrieved in grey scale, black areas representing the poorest values. Parameters such as
probe size, diffraction camera length, and TEM lamella thickness through the excitation error
used in the simulated diffraction templates were adjusted to maximize the reliability map.
Benefit of precession to improve the reliability [1] was also verified in the present case. During
this study, all the experiments were carried out using a FEI TECNAI FEG TEM operating at a
high voltage of 200 keV.
References:
[1] Edgar F. Rauch et al., Z. Kristallogr. 225 (2010) 103-109
[2] NanoMEGAS - http://www.nanomegas.com/



 
Fig. 1: Fig. 1 (a) STEM VLAADF image from a device cut in cross section. (b) ASTAR’s phase map highlighting different
polycrystalline materials (poly-Silicon, Nickel Silicide, Tungsten, Copper), and its (c) corresponding orientation mapping.
 

 
Fig. 2: Fig. 2 (a) ASTAR's orientation map of shared (left one) and single (right one) contacts in Tungsten combined with
its reliability map. (b) Corresponding ASTAR’s reliability map with values scaled from 1 to 20% on a grey scale.
 



Type of presentation: Poster
 

MS-8-P-2371 Characterization of an Fe-ZnO nanorod by STEM-EELS
 

Baik H. S.1, Yang M.2, Kim M. S.3, Park J. C.4, Min B. K.5
 
1Korea Basic Science Institute, Seoul, Korea, 2Korea Basic Science Institute, Kangneung, Korea,
3Samsung Electronics, Suwon, Korea, 4Gumi Electronics & Information Technology Research
Institute, Gumi, Korea, 5Yeungnam University, Gyeongsan, Korea
 

Email of the presenting author: baikhs@kbsi.re.kr
 

Fe-ZnO  is a candidate material in the field of room temperature magnetic semiconductors and
dilute magnetic semiconductors(DMS). However, to accomplish DMS, the localized magnetic
phase has to be formed inside the semiconductor. Many studies have been reported over the
past 15 years; however, it was difficult to produce but also to analyse even if it is done[1]. In
this study we focus on these dual difficulties, but specifically on the analytical difficulty.
Fe-ZnO nanorods have been fabricated using colloidal synthesis by a wet chemistry method[2]
which can control the length and diameter of the nanorod product. This method has been
successfully applied to synthesis of Co-ZnO, but not yet in the case of Fe-ZnO. We first
synthesized ZnO:Fe by boiling Fe-spearate, Zn-spearate and Na- oleate in a solution of
1-octadecene. After mixing Fe-spearate and Zn-spearate at the specified
ratio, various morphologies of nanorods were formed along the doping concentration during
the synthesis reaction(Figure 2). In order to detect the Fe inside of ZnO, we utilized an
aberration-corrected scanning transmission electron microscope (Jeol ARM 200CFG) combined
with electron energy loss spectroscopy(Gatan inc). Magnetic characteristics of Fe-ZnO
nanorods were evaluated with the SQUID technique.

Figures 2 and 3 present TEM micrographs, magnetic characteristics and STEM-EELS sepctra.
Various aspect ratios of nanorods can be found through the TEM images. The length and
diameter range of our nanorods are 50 ~ 100 nm and 10 ~ 20 nm, respectively. Magnetic
characteristics of the 100-nm nanorod were measured and evidenced ferromagnetism. There
is considerable Z-contrast changing along the long axis of the nanorod, which suggests rod
composition variation, By Z-contrast mechanism there is more Zn atom in the brighter region
and smaller in dark region. The intensity ratio of Fe L2,3 is a useful tool for evaluating chemical
state. In the dark region, the increasing Fe L2 partial ratio from Fe L3 suggests that Fe
oxidation state is also increasing[3]. On the other hand, Zn spectrum becomes shapeless in
the dark region, probably due to the lattice distorsion. In order to estimate the exact chemical
state of Fe, we applied "Hartree-Slater and modified double-step hydrogenic continuum
models" to remove backgound from the Fe L23 edge spectrum. Furthermore, if Fe is
substituted for Zn in the nanorod to form the magnetic phase, a lot of Zn vacancies can be
formed, and HRSTEM reveals strong strain in the dark contrast region. It is necessary to
calculate the defect formation energy and electronic structure variation in details. 
[1] T. Dietl et al. Science 2000, 287, 1019
[2] Yang Y et al. Am Chem Soc. 2010, 132(38), 13882-94
[3] Schmid, H.K. et al. W. Micron 2006, 37, 426?432
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Fig. 1: Schematic description of Fe-ZnO synthesis
 

 
Fig. 2: A, B, C: Various aspect ratio of Fe-ZnO nanorods, D: magnetic characteristics of the 100-nm nanorod
 

 
Fig. 3: STEM image(left) and core Loss  spectra obtained from brighter and darker region(right)
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Metal-Insulator-Transition (M-I-T) is the basis of electrical or thermal-driven phase change of
oxide layer. Some oxides can change their conductivity from insulator to metal above certain
current density. Although M-I-T is not fully understood at present, it can be used as a switching
device for the solution of sneak leakage problem. In order to apply the bipolar switching
materials as the active layer of Resistive-switching Random Access Memory (RRAM), selection
device which can minimize the sneak leakage current is needed. Among various candidates,
we chose Nb-oxide for the selection device because of its compatibility with semiconductor
structure. We have elucidated the mechanism of M-I-T of the amorphous NbO2 layer by using
in-situ Transmission Electron Microscopy (TEM) technique combined with Atom Probe
Tomography (APT).
At first, we have prepared the sandwich-type stack consisting of top-electrode
(TE)/Nb-oxide/bottom-electrode (BE) as shown in Fig. 1. Then, I-V curves were measured by
using the in-situ probing system which can reveal the microstructural change simultaneously.
APT was sequentially used to achieve compositional change in three-dimensions.
During the mild operation of Icompliance < 10 μA, forming voltage was gradually approached
to stable level of Vth = 0.6 V, while a threshold switching (TS) was distinctly measured.
Reverse bias could reset forming step. No crystallization was, however, observed during the
operation. This means that the TS of amorphous Nb-oxide is not caused by distinct
crystallization but by charge injection. APT analysis after switching operation could reveal that
cyclic fatigue could lead to the compositional change of Nb-oxide layer into the insulating
NbO2 and metallic NbOx. This compositional redistribution is likely to enhance the reliability of
the device.
On the contrary, the severe operation of Icompliance > 100 μA caused the filament formation
of NbO2 layer. Conductive paths in the NbO2 layer were competitively formed by intense
operations. The present result demonstrates that the resistive switching of NbO2 relies on
different mechanisms with respect to applied current. This could be confirmed by the followed
in-situ heating experiment and electron energy loss spectroscopy analysis.
 

Acknowledgement: This research was supported by Samsung Electronics Co., Ltd. The authors
thank NINT for supplying the analysis equipment.



 
Fig. 1: Image for the in-situ probing experiment. Switching layer consisting of TE/Nb-oxide/BE stack is shown in inset
image. The Nb-oxide layer could be sustained amorphous phase even after cyclic I-V measurements.
 

 
Fig. 2: Tip-shaped sample prepared by using FIB for the
combinatory analysis of electrical probing and APT. After
I-V measurement, sample was moved to APT chamber to
analyse the elemental distribution of Nb-oxide.
 

 
Fig. 3: Threshold voltage alteration during M-I-T cycles.
Compliance current was set to 0.5 μA.
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Embedding nanocrystals (NC) in non-volatile flash memories are promising devices for
computers, mobile phones or USB keys. The insertion of a semicondutor (SC) in an insulating
matrix requires the elaboration of complex "oxide/SC/oxide/Si(001)" heterostructures, and the
control of the associated successive growth steps. It’s in this context that we have studied the
Ge initial growth mechanisms on LaAlO3(001), a crystalline oxide with a high dielectric constant
(high-k material). In a previous work [1, 2], it has been shown the chemical and structural
properties obtained in-situ, by X-ray photoelectron spectroscopy, X-ray photoelectron
diffraction, electron diffraction (LEED and RHEED) and transmission electron microscopy (TEM).
10 monolayers (ML) Ge have been deposited at 600°C by molecular beam epitaxy on a c(2 x 2)
reconstructed LaAlO3(001) surface. In these conditions, islands can be observed due to a lower
LaAlO3(001) surface free energy. Some of them exhibit a preferential relationship in their
heteroepitaxy (Fig 1), where the Ge(001) planes are parallel to the LaAlO3(001) ones, but
rotated by 45° in the [001] direction, i.e. Ge<110>// LAO<100>. In this presentation we
turned our attention to other types of NC on the LAO(001)-c(2x2) surface. We show that
several growth modes are actually present:
i) NC formation supported by a Ge wetting layer of 1 atomic plane (Fig 2). ii) NC, usually
twinned with a coherent (11-1) Σ3 twin plane, as shown in figure 3 where Ge (112) // LAO
(001), and Ge <110> // LAO <100>. In this case a chemical process of relaxation occurs at the
interface characterized by the formation of a mixed ML of Ge-La. iii) Between the NC (fig.4),
the presence of a germanium layer consisting of a few atomic ML is observed.
This diversity of growth modes is the result of an almost instantaneous crystallization of the
germanium surface at 600°C, in which lattice parameter distortions and interfacial energy are
involved. In order to promote this diversity, we have probably to consider a sequenced
process, but quasi instantaneous, in which there is a change in the surface energies.
[1] Didier Dentel et al., Acta Materialia 60 (2012) 1928-1936
[2] Jean-Luc Bischoff et al., Physica Status Solidi A (2012) 1-6



 
Fig. 1: Round shaped Ge NC (Restored wave function phase
image)
 

 
Fig. 2: Stranski-Krastanov growth mode (STEM dark field)
 

 
Fig. 3: Twin and chemicalrelaxed mixed Ge-La monolayer
(STEM dark field)
 

 
Fig. 4: Ge layer (Restored wave function phase image)
 



Type of presentation: Poster
 

MS-8-P-2466 The core-shell structure of dysprosium-doped BaTiO3 ceramics
 

Park D.1,3, Markus K.2, Souza R.2, Martin M.2, Mayer J.1,3, Weirich T.1
 
1Central Facility for Electron Microscopy, RWTH Aachen University, Germany, 2Institute of
Physical Chemistry, RWTH Aachen University, Germany, 3Ernst Ruska Centre for Microscopy
and Spectroscopy with Electrons (ER-C), Research Centre Jülich, Germany
 

Email of the presenting author: park@gfe.rwth-aachen.de
 
BaTiO3 (BTO) ceramics are commonly used in multilayer ceramic capacitors (MLCCs) to
increase capacitance. In spite of the relatively high permitivity of BTO, its permitivity varies in
a non-linear manner with temperature and shows a rapid increase in the vicinity of the
ferroelectric transition temperatures. To produce temperature stable capacitors, BTO ceramics
are doped by rare-earth elements together with various additives. By doping rare-earth ions,
the permitivity is flattened over a wide range of temperatures, leading to a more stable
temperature dependency of the permitivity [1]. In particular, dysprosium (Dy)-doped BTO
shows some significant improvements for capacitor applications [2]. Since these improvements
are directly linked with the microstructure, we started an investigation on the doping behavior
of Dy in BTO ceramics by transmission electron microscopy (TEM).
Energy filtering transmission electron microscopy (EFTEM) was mainly applied to reveal the
spatial distribution of Dy and the incorporation of Dy ions into the perovskite structure of BTO.
Elemental distribution maps based on the three-window technique show strong diffraction
contrast, disturbing the interpretation of a spatial distribution of elements [3]. However,
jump-ratio images based on the two-window technique contain less diffraction contrast and are
thus an alternative when the former approach yields unreliable results. In this study, both
methods are compared and discussed in detail.
As shown in Fig. 1, the jump-ratio images clearly show a core-shell structure of the Dy-doped
BTO grains. Ti-L2,3 and Ba-M4,5 maps show that the substitutions of Dy on both Ti and Ba sites
occur at the shell regions. The Dy-M4,5 map confirms it again showing higher contrast only at
the shell regions. This result is also supported by electron energy-loss (EEL) spectra measured
at the core and shell regions (Fig. 2). It is assumed that this amphoteric character of Dy results
in a decrease in the leakage current and prolongs the life time of the capacitors [2].
At the triple points and the grain boundaries, two types of secondary phases with distinct
chemical composition can be identified by jump-ratio maps (Fig. 1, see arrows with different
colors in the Ti-L2,3 map). Several Dy-enriched grains were also observed in the specimen as
shown in Fig. 2 (c) and (d).
References
1. Kishi, H. et. al., Japanese Journal of Applied Physics (2003), 42, 1-15
2. Sakabe, Y. et. al., Japanese Journal of Applied Physics (2002), 41, 5668
3. Grogger, W.et. al., Phys. Stat. Sol. (a), Wiley Online Library (1998), 166, 315-325



 
Fig. 1: The jump-ratio maps for (a) Ti-L2,3 , (b) Ba-M4,5 , (c) Dy-M4,5 , and (d) O-K edge of the BaTiO3 ceramic. The core-shell
structure is clearly visible in the jump-ratio maps. Regions with the secondary phases of distinct chemical composition
are indicated by arrows of different color in the Ti jump-ratio map.
 

 
Fig. 2: (a) The high angle annular dark field (HAADF) image of the core-shell structure, (b) EEL spectra at the core
(blue) and shell (green) region. The spectra are aligned at the Ti-L3 edge. (c) The HAADF image of the secondary phase
of the Dy-rich grain and (d) the EEL spectrum for the Dy-rich grain.
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Since the theoretical prediction [1] of surface states in Bi2Se3 and their subsequent
experimental confirmation by means of ARPES measurements [2], there have been no
transport measurements unambiguously showing the presence of surface conductivity in
Bi2Se3. Defects like twinning, Se vacancies, mosaicity twist and tilt, are known to influence
transport properties.
The goal of the present work was to reveal the origin of the formation of different structural
defects in Bi2Se3 thin films. We conducted a detailed study of layers grown by MBE on
InP(111)A and -B terminated flat and rough substrates. This choice of substrate reduces the
formation of mosaicity twist sufficiently due to an almost perfect lattice match (0.2%) between
InP and Bi2Se3.
Bismuth selenide layers grown on flat InP(111)B were found to have a "poor-crystalline quality"
interface layer, which consists of crystalline domains with a thickness of one quintuple layer
(QL). They are not always perfectly aligned to the substrate; misalignment occurs in areas
where domains meet and try to merge. There are two difficulties in this process. First, the ‘flat’
InP(111)B substrate (RRMS = 0.1 nm) is not atomically flat, but has diatomic surface steps with a
height of 3.38 Å (0.35 QL). Second, even if two nucleation points form on a perfectly flat area,
there is always a chance of twin formation, depending on how the second layer of the QL is
formed (A−B−C or A−C−B). Because of both reasons we conclude that "2D information"
passed on to the film by a flat substrate is not sufficient for realizing the controlled growth of
Bi2Se3.
AFM, XRD and STEM measurements of Bi2Se3 grown on a rough InP(111)B substrate (RRMS = 2.1
nm) reveal the absence of twin domains and a high-quality interface. Since the sides of the
hollows are higher than the height of a QL (9.6 Å), they behave as additional {1-11} surfaces,
so that both the substrate surface and the side surface of the hollow define the alignment of
the QL layers and the stacking within a QL, providing the "3D information" that results in the
unique layer stacking. Similar experiments performed using Fe-doped InP(111)A substrates
showed the same tendency; the only difference between A and B terminated substrates was
the particular family of twin domains that was suppressed by roughness.
The suppression of twins results in a reduction of the carrier density up to 89% compared to
values obtained for twinned Bi2Se3 layers.
[1] H Zhang et al., Nature Phys. 5 (2009), p. 438.
[2] D Hsieh et al., Nature 460 (2009), p. 1101.
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Fig. 1: Cross-sectional HAADF-STEM images of the interface between a Bi2Se3 film and a flat InP(111)B substrate. Small
vertical arrows mark positions of twin boundaries, formed perpendicular to the substrate; horizontal arrows and kinks
in zig-zag lines mark positions of twin boundaries, formed parallel to the substrate. 
 

 
Fig. 2:  Cross-sectional HAADF-STEM image of an interface region of a Bi2Se3 film grown on a rough InP(111)B substrate
with a simulated image inserted. A difference in contrast between the experimental HAADF-STEM image and the
simulated image is present since roughness has been not included in the simulation.
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ZnO is one of the wide bandgap semiconducting materials and also the most widely used
transparent conductive oxide (TCO) layer in solar cells. Very conform layers can be prepared
by atomic layer epitaxy (ALD). This promises that even structured solar cells can be covered
by this method in which the layer is formed in many cycles, as only a monolayer thick material
is deposited in a single cycle. Here we study the structure of ALD ZnO layers deposited on
various single crystalline substrates using conventional and high-resolution transmission
electron microscopy (TEM) as well as by X-ray diffraction (XRD).
Diethyl Zinc (DEZ) and water were used as precursors for growth of ZnO on single crystalline
sapphire, GaN, SiC and diamond substrates. The growth was carried out between 150°C and
300°C without any buffer layer and the nominal thickness of the layers is 40 nm.
The layers were characterised by TEM using a Philips CM20 conventional microscope operating
at 200 kV and a spherical aberration (Cs) corrected FEI Titan for high-resolution imaging at 300
kV. All of the samples in cross-sectional and in-plane geometries have been thinned by
conventional Ar ion milling at 10 kV with a final polishing at low voltages (<1 keV). XRD was
used to determine the orientation of the grown layer. The X-ray and TEM results will be
compared in this study.
The ZnO layer on sapphire was found polycrystalline. Fig. 1 shows the overview of the whole
grown layer in cross-section. The contrast of the ZnO layer clearly shows the polycrystalline
nature of the layer, which was supported by electron diffraction patterns as well. Fig. 2 is a
high resolution Cs-corrected TEM image showing grains in the ZnO layer with different
orientations. The fact, that efforts to grow single crystalline ZnO on single crystalline sapphire
failed can be explained by the large misfit and by the low deposition temperature.
ZnO deposited on GaN was found to be single crystalline in both XRD and high-resolution TEM
analyses due to the low misfit. However, local TEM investigations revealed some small regions
of ZnO on GaN, which are misoriented.
Long columnar domains can be seen in the ZnO layer grown on diamond at 300°C. The ZnO
layer is composed of two domains, both of them have the c-axis parallel to the surface normal
and the two domains are twisted around the c-axis by 30°.
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Fig. 1: Cross-sectional TEM image showing the whole ZnO layer.
 

 
Fig. 2: High-resolution TEM image of the sapphire/ZnO interface region showing the polycrystalline ZnO.
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GeSbTe (GST) is one of the most attractive materials used for the Phase-change Random
Access Memory (PRAM) because of the high ION/IOFF ratio and rapid phase-transition between
amorphous and crystalline states. The phase stability of GST layer, however, should be
strengthened in order to assure ten year’s reliability of devices. That is, cyclic read /write
operations can lead to atomic migration and phase separation resulting in the failure of
devices. In order to enhance the resistance to thermal and electrical stresses, doping of light
elements is conventionally adapted to GST. In this study, a carbon-doped GST (C-GST) was
prepared and evaluated the migration behavior of GST layer by using sequential experiments
of in-situ TEM and atom probe tomography (APT).
The stack of TiSiN(heater, 10nm)/C-GST (undoped or carbon-doped, 30~100 nm)/TiN(top
electrode, 30nm) was deposited on the Si substrate by using PVD. At first, the phase-changing
behavior of the FIB-prepared device sample was investigated. By using in-situ TEM probing, the
gap with two orders of magnitude was achieved between High Resistance State (HRS) and Low
Resistance State (LRS). Then, the same specimen was loaded to an APT, in order to investigate
the exact movement of elements corresponding to the electrical fatigue. Femtosecond-pulsed
UV laser (100kHz, 343nm) was utilized for the assistance of the field-evaporation of the
sample.
The resistance of undoped-GST was rapidly dropped by cyclic I-V measurement and finally
stuck to the low resistance state as shown in figure 4. At the same time, the local contrast of
undoped-GST layer was continuously changed. According to AP analysis, this contrast change
was due to the phase separation of GST into GeSb-rich phase and Te-rich phase. On the
contrary, no significant migration was observed at the C-GST sample. However, atom probe
tomographic image obtained after I-V measurement reveals that GeTe cluster was formed in
the C-GST layer. Since the GeTe materials is also phase-changing material with acceptable
performance, the GeTe clustering can be allowed from the device performance point of view.



 
Fig. 1:  TEM image of needle-like GST stack. Cyclic I-V curve
could be simultaneously measured in a TEM.
 

 
Fig. 2: Data retention measurements of GST stack.
Resistance of undoped GST is gradually decreased and
stuck at LRS. C-GST keeps the high resistance up to 103

cycles.
 

 
Fig. 3: APT Elemental map of C-GSTbefore cyclic I-V
measurement. Orange dots represent GeTe. No
significantclustering was observed.
 

 
Fig. 4: APT Elemental map of C-GST after cyclic I-V
measurement. GeTe clusters were randomly distributed in
the C-GST layer.
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Kinked Si nanowires (KSiNWs) have potentials for nanoelectronics in integrated electronic
devices. The turning angles of the KSiNWs, however, are difficult to be controlled because of
the limited understanding to the mechanisms of the kinks. We will give a talk about the growth
mechanisms of the KSiNWs grown by CVD. By using transmission electron microscopy, the
connection of the adjacent components of KSiNWs were studied in details. We noticed that all
the Si segments have {111} twin boundaries (TBs). More importantly, these twins are closely
related with the kinks. As we know, multiple twins are quite common in semiconductor
nanowires and the growth mechanisms of the twins in Si, InP,  nanowires etc., whether the
twin boundaries are normal or perpendicular to the axes, have been widely discussed
elsewhere. Therefore, we focus on the kinks rather than twins. Although the turning angles of
the KSiNWs are changeable, the atomic layers of the close Si segments are connected
epitaxially. We found that coherent {111} twins are crucial not only for the kinked angles, but
also for the epitaxial growth. The corresponding geometric analysis was carried out to explain
the turning angles based on TEM observation.
We conclude that multiple twins in Si nanowires are classified into three types: 1) with {111}
TBs parallel to; 2) normal to; 3) inclined to the axes of Si nanowires. We detected 71°, 90°,
109°, 125°, and 158° turning angles, which lie with the combination of different types of twins
in the connected Si segments. The TBs running along the length of the wire is a necessary
conditon for the formation of 90° turning angles. The atomic layers at the connected area of
the kinks are continuous because {111} planes are equivalent from the crystallographic point
of view.
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Fig. 1: General view of KSiNWs. (a) the top view SEMimage of the KSiNWs. (b), (c), the side view SEM images from the
up, and lowpart respectively. The kinked areas were marked by pink arrowheads foremphasis. (d)-(f), bright-field TEM
images to show some typical KSiNWs. g, aHAADF-STEM image to display the catalyst nanoparticle (shown as white) on
thetip.
 

 
Fig. 2: Details of a L-shaped KSiNWs. (a) a bright-field TEM image taken ata low magnification. ( b) Abundant thin lines
lie on the both segments with thelines parallel to each other. (c) Selected area electron diffraction patternindicating the
characterization of {111} twins. (d)-(f) Twins in differentparts revealed by HREM images.
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Non-volatile flash memory devices based on floating gate memories and memristors are the
most likely candidates for the post-CMOS technology in nanoscale memory-bit cells and
computation devices1. The use of nanoparticles (NPs) as novel architectures, named
nano-floating gate-memories (NFGM)2, is of enormous interest due to advantages in tunability
of charge trapping sites - which can be controlled by the size and nature of the NPs-, making
them ideal candidates for new flash memory devices compatible with plastic electronics2.
However, while these systems are quickly approaching the stage of industrial application,
some important problems remain unsolved, such as the limits of spatial resolution where the
switching occurs, and the role of proximity to the interface of isolated NPs which has never
been directly observed nor understood.
We demonstrated3 that a reversible switching can be induced in the tunnel conductivity at the
level of a single NP in a NFGM constituted by 50 nm large-Cobalt NPs embedded into a TiO2

matrix, by applying appropriate voltage pulses using a scanning tunnelling microscopy (STM)
tip. The positive pulses inject holes into the NP, which becomes positively charged, and its
proximity to the surface works as a floating gate, inducing a band bending towards a lower
energy states due to the electrons in the TiO2 being attracted by the charged NP, while the
surface morphology remains unaltered. These states are present in the thin layer in between
the STM tip and the surface become accessible as empty states for tunnelling from the STM tip
at energy below the conduction band of TiO2. The injection of electrons in a positively charged
NP discharges the NP, thereby resetting the system. We show how this procedure can be used
on a template of embedded NPs to create a template entire regions We performed our
experiments at room temperature using prototypical materials which are commercially
available and whose processing is well established. Our study demonstrates the switching in
tunnel conductivity in single NP and provides useful information for the understanding
mechanism of resistive switching.
1. J. Borghetti et al. Nature 464, 873-876 (2010).
2. M. Kang, K.-J. Baeg, D. Khim, Y-Y. Noh, Y-Y. & D-Y. Kim, Adv. Funct. Mater. 23, 3503-3512
(2013).
3. A. Gambardella, M. Prezioso and M. Cavallini, Scientific Reports 4, 4196- (2014)
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Fig. 1: Surface Topography and Tunnel Conductivity before and after the tip conditioning (+5V, 500ms). The Cobalt
nanoparticles embedded into the semiconducting TiO2 matrix (left) switch to a new state becoming detectable as
changes in the tunnel conductivity maps, while surface morphology remains unaltered (right).
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III-V nanowires have attracted great interest due to their potential applications in
optoelectronics and nanoelectronics.1 For nanowires to be practically useful, controlling the
structural quality is critical. Here we report the size-dependent structural quality of Au induced
InAs nanowires grown on the GaAs {111}B substrate in a molecular beam epitaxy (MBE)
reactor. The morphological, structural and chemical characteristics of the grown nanowires and
their corresponding catalysts were investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM).
Fig.1 shows SEM and TEM investigations of InAs nanowires. Fig.1a is a typical tilted SEM image
in which nanowires, in which nanowires have varied diameters. TEM investigations were
performed on the nanowires with different diameters. Figs. 1b and 1d show the high-resolution
TEM images of a typical thick nanowire (~45nm) and a typical thin nanowire (~30nm), both
near the nanowire tops, respectively. As can be seen, the thick nanowire has many planar
defects along its growth direction, while the thin nanowire contains no lattice-defects. To
understand this phenomenon, energy dispersive spectroscopy (EDS) analysis was preformed to
determine the composition of the catalysts and their underlying nanowires. Figs. 1b and 1d
show EDS spectra of a thick nanowire and a thin nanowire, respectively. Our quantitative
analysis of the EDS results indicates both nanowires are InAs, and the catalyst’s composition of
the thick nanowire contains ~16 at.% In and ~84 at.% Au, while the catalyst’s composition of
the thin nanowire contains ~39 at.% In and ~61 at.% Au.
Based on these experimental results, the following growth behaviour of nanowires can be
proposed. When Au nanoparticles are formed from its thin film, different sizes of Au
nanoparticles cab be formed. With introducing the In source, In atoms diffuse into the Au
nanoparticles to form Au-In alloyed particles. Due to different In diffusibility in Au nanoparticles
with difference sizes, smaller Au nanoparticles may quickly absorb more In to form Au-In
catalysts with a high In concentration, while larger Au nanoparticles tend to absorb relatively
less In. Since nanowire growth at high supersaturation favors wurtzite structure, InAs
nanowires induced by small catalysts with a high In concentration and therefore high In
supersaturation2 have defect-free wurtzite structure, while defected InAs nanowires are
induced by larger catalyst with a low In supersaturation.
References
1 H. Xia, Z. Y. Lu, T. X. Li, P. Parkinson, Z. M. Liao, F. H. Liu, W. Lu, W. D. Hu, P. P. Chen, H. Y.
Xu, J. Zou, and C. Jagadish, Acs Nano 6, 6005 (2012).
2 F. Glas, J-C. Harmand, and G. Patriarche, Phys. Rev. Lett. 99, 146101 (2007).
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Fig. 1: (a) Tilted SEM image showing thick and thin nanowires. (b, d) High-resolution TEM images taken from the top of
thick nanowire and thin nanowire, respectively. (c,e) EDS spectra of catalyst and its underlying nanowire from thick
and thin nanowire, respectively.
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In this presentation we will show how off-axis electron holography is routinely used in the
semiconductor industry for mapping the presence of active dopants [1] and strain with
nm-scale resolution. The need for site specifivity means that focused ion beam (FIB) milling is
indispensible for the preparation of specimens. In this presentation we will discuss the
problems and advantages of using the FIB for both dopant and strain mapping by electron
holography.
Figure 1 shows STEM images of two different FIB-prepared fully processed semiconductor
devices with and without spacers which are used to control the diffusion of dopants under the
gate. The devices have been electrically tested so that the holography results can be
compared to these tests and simulations. Maps of the electrostatic potential distribution arising
from the presence of active dopants have been acquired by off-axis electron holography.
Figure 2 shows four different boron doped pMOS devices. Device A has a wide spacer and B
has a narrow spacer. The effect of the width of the spacer can be directly seen in the potential
map and the active dopants have diffused underneath the gate in this case degrading the
electrical properties of the device. Devices C and D show that by changing the energy and
dose of the dopant implants, the electrostatic potential distribution can be tuned to provide
excellent electrical properties [2].
Dark field electron holography [3] can also be used to measure the strain in the same devices.
Figure 3 shows a STEM image and strain maps for the pMOS device strained using a SiN CESL.
Strain maps for the inplane and growth direction are shown. Here very low values of strain are
expected and dark holography can easily detect the distribution of strain under the gate. We
will comapre the results obtained by dark field electron holography to other TEM-based strain
mapping techniques.
[1] Rau et al. Phys Rev Lett 82, 2614 (1999)
[2] Cooper et al. Semi Science and Tech 28 125013 (2013)
[3] Hytch et al. Nature 453, 1086 (2008)
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Fig. 1: STEM images of the pMOS devices showing the different spacer thicknesses.
 

 
Fig. 2: Electrostatic potential distributions for four different devices examined by off-axis electron holography. The
spatial resolution in the potential maps is 5 nm.
 

 
Fig. 3: (a) STEM image of a pMOS device (b) strain map for the in plane and (c) growth directions. The presence of
dislocations can be observed in the in plane region.
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Key pieces of modern day technology such as the dynamic random-access memory (DRAM)
keep following the trend of down-sizing. This requires the dielectric layer that is a crucial
component in these structures to reduce its thickness [1]. As downscaling continues the
thickness of dielectric components reaches a limit where electrons can tunnel through the
dielectric. To overcome this limitation high-k dielectrics such as HfO2 [2], TiO2 or BaTiO3 are
investigated. Coating high aspect ratio substrates with a dielectric increases the capacitance
of DRAMs by the factor of the aspect ratio. Morphology and conformity of this coating layer
play a crucial role for the quality and functionality of a DRAM. We report on a transmission
electron microscopy (TEM) study of thin TiO2 layers deposited on a high aspect ratio trench-like
substrate.
The key enabling technique to coat high aspect ratio surfaces pinhole–free is atomic layer
deposition (ALD) [3]. Two self-limiting reactions of precursors with the surface ensure good
uniformity of layers with precise control of the thickness. In addition, a variant of ALD based on
O2 plasma as oxidant rather than water vapour is used. This plasma-enhanced ALD (PEALD)
has the advantage of lowering the temperatures that are necessary for the precursor ligands
to react with the surface. Both, ALD and PEALD were applied to coat an amorphous Si
substrate that features a trench-like structure with TiO2 using TDMA-Ti precursor at 75°C at a
chamber temperature of 240°C.
Fig. 1 shows TEM micrographs of the trench structure (in a cross-sectional view) covered with
100 cycles of TiO2 using ALD and PEALD, respectively. The micrograph (e) gives an overview of
the trench substrate. (a) and (b) show the top part while (c) and (d) show the lower part of the
trenches. For (a) and (c) ALD was applied whereas for (b) and (d) PEALD was used for the
deposition. PEALD yields better step coverage (bottom thickness divided by top thickness) of
88% compared to 79% for ALD.
In the HRTEM micrograph in Fig. 2 the atomic structure of TiO2 is resolved revealing that PEALD
unlike ALD induces crystallization at the same chamber and precursor temperature. In the
inlay image of Fig. 2 the simulated diffraction pattern of the anatase phase of TiO2 is compared
to the SAD pattern yielding good agreement. Diffraction spots indicated by an arrow
correspond to the brookite phase. Both phases have been observed in HRTEM as well. It is
planned to investigate how the parameters during PEALD (temperature, plasma power and
purging times) influence crystallization.
1. H. Wong and H. Iwai, Microelectron. Eng. 83 (2006)
2. T. Usui, et al., Appl. Phys. Lett. 101 (2012)
3. S. M. George, Chem. Rev. 110 (2010)



 
Fig. 1: TEM of high aspect ratio trenches are shown in cross-sectional view. (a) and (b) show top end of trenches coated
with TiO2 using thermal ALD and PEALD, respectively. (c) and (d) show bottom end of trenches coated with TiO2 using
ALD and PEALD, respectively. (e) TEM at lower magnification illustrates the high aspect ratio.
 

 
Fig. 2: HRTEM confirming crystalline structure of TiO2 deposited with PEALD on top end of the trench structure (cf. Fig. 1
(b)). Inlay shows SAD spots compared to the simulated diffraction rings of the anatase phase of TiO2. Diffraction spots
corresponding to the brookite phase are indicated by arrows.
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Recently high quality GaAs/AlGaAs quantum well heterostructures based on core multishell
nanowires were fabricated by metal organic vapour phase epitaxy (MOCVD) [1]. The nanowires
show excellent optical properties including extremely high quantum efficiency, intense
emission for extremely low submicrowatt excitation. Calculations suggest that the optical
properties depend critically on the morphology and composition of the GaAs quantum wells
[1]. In order to fully understand the structure-property relationship and to optimize the growth
process, it is necessary to determine the local atomic arrangement and composition with high
spatial resolution. In this work we use aberration corrected scanning transmission electron
microscopy (STEM) to investigate the cross-sectional structure and morphology of the
nanowires [2]. Several structural features, including the width of the quantum well were found
to have a 3-fold rotational symmetry about the <111> growth axis. By using atomic resolution
high angle annular dark field (HAADF) STEM, the crystal polarity was determined directly from
the asymmetric intensity distribution in the dumbbell structure along the [110] projection and
further linked to the three-fold symmetry of the heterostructure morphology about the
nanowire growth axis. These results indicate that the two-dimensional vapour-solid (VS)
growth of the nanowire multishells depends strongly on the polarity of the nanowire sidewall
facets, which determine the surface energies and surface reconstruction of the facets, and
hence driving the anisotropic growth of the heterostructures [2].
The aluminium composition of GaAs/AlGaAs heterostructures was measured by quantitative
HAADF-STEM. The intensity of HAADF images was normalized to the incident beam intensity
and transferred to an absolute scale to compare with simulated HAADF image intensities. The
STEM simulation uses multislice calculations incorporating thermal diffuse scattering via a
frozen phonon approach. By comparing the simulated electrons intensity with the
experimental results, the HAADF-STEM images were translated into aluminium composition
maps with high spatial resolution as shown in Fig. 2 [3].
[1] M. Fickenscher, T. Shi, H. E. Jackson, L. M. Smith, J. M. Yarrison-Rice, C.L. Zheng, P. Miller , J.
Etheridge, B. M. Wong, Q. Gao, S. Deshpande, H. H. Tan and C. Jagadish, Nano letters 2013 13
(3): 1016-1022.
[2] C. Zheng, J. Wong-Leung, Q. Gao, H. H. Tan, C. Jagadish, and J. Etheridge, Nano Letters
2013 13 (8), 3742-3748.
[3] H. Kauko, C. L. Zheng, Y. Zhu, S. Glanvill, C. Dwyer, A. M. Munshi, B. O. Fimland, A. T. J. van
Helvoort, and J. Etheridge, Appl. Phys. Lett. 103, 232111, (2013).
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Fig. 1: HAADF-STEM image of an AlGaAs/GaAs nanowire cross-section viewed along the ⟨111⟩ direction. Several
morphological features, including the different thickness of the AlGaAs rich bands, the different size of the corners of
AlGaAs QW as well as the GaAs cap layer and the tapered GaAs QW, all show three-fold rotational symmetry around
the growth axis.
 

 
Fig. 2: (a) High resolution STEM-HAADF image of GaAs/AlGaAs quantum well heterostructures and (b) the
corresponding Al composition mapping by quantitative STEM.
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Ge/Si heterostructures show many advantageous properties making them promising
candidates for building blocks in various applications, such as microprocessors, high
performance photo- and X-ray detectors and Ge lasers. However, Ge layers grown on Si
substrates show a high density of crystal defects due to the large lattice mismatch of 4.2 %
between Si and Ge as well as cracks at thicknesses beyond a few microns. One of the ways to
solve these problems is to grow dense arrays of three-dimensional Ge crystals on deeply
patterned Si wafers by Low Energy Plasma Enhanced Chemical Vapor Deposition (LEPECVD)1.
By using this innovative approach, epitaxial and thermal strains can be confined close to the
heterointerface1.The threading dislocations (TDs) affecting the electrical and optical properties
of the material are the main defects yet to be eliminated. For this reason, it is important to
know which kind of TDs are present. Two different samples have been analyzed, with Si pillar
base width of 5 µm and 15 µm, and Ge height of 8 µm and 30 µm, respectively (Fig.1). The
characterization of the Ge crystals has been performed using transmission electron microscopy
techniques such as two beam conditions and weak-beam imaging, high-resolution TEM
(HRTEM) and scanning TEM (STEM).
TEM analysis shows that the Ge/Si interface is not smooth. Due to the lattice mismatch and the
rough interface several dislocations originate at the heterointerface (up to 1x109 cm-2); many
of them end at the faces of the pillars reducing the TD density towards the crystal surface. In
addition to TDs laying in (111) planes, which exit through the sidewalls of tall Ge crystals, we
also find vertical TDs traversing the crystals from the interface right to the surface along the
[001] direction2. These dislocations are not visible under g=(004) diffraction condition, they
have edge character with g=1/2[1-10] (Fig.2). Apart from these dislocations, TDs running
along the [1-10] direction are observed with b=1/2<110> as well as partial dislocations with
b=1/3<111> and b=1/6<112>. Dislocations with b=1/2[011] are also observed, they are not
visible at g=(11-1) and g=(02-2) reflections.
In summary, the present work confirms the presence of the dislocation network and addresses
the types of dislocations in Ge/Si crystal such as the TD running along [001] and [1-10], and
other kinds of dislocations found in the crystals. The characterization of the different
dislocation types, revealing their origin and density in Ge/Si crystals, will help to further
understand the properties of these complex semiconductor structures and will outline ways of
optimizing their epitaxial growth.
1 Falub C. V. et al. Science, 335 , 1330-1334, 2012.
2 Marzegalli A. et al. Adv. Mater., 25, 4408-4412, 2013.



 
Fig. 1: Ge crystals epitaxially grown on (001)-Si pillars: (a) SEM image of 8 µm tall Ge crystals on (001)-Si pillars with 5
µm base width. (b) TEM image revealing TDs under g=(2-20) and g=(004) diffraction conditions. (c) TD labeled by a
black arrow is not visible under g=(004) diffraction condition.
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Ternary rare-earth based oxides are promising candidates for gate insulators in e.g. high
electron mobility transistors due to their wide band gap (> 5 eV) and large permittivity (>24).
Here we report on oxides, such as GdScO3 or LaLuO3, for which epitaxial growth could be
achieved on GaN (0001) [1]. Such crystalline, high-k epitaxial layers potentially enable
epitaxial overgrowth and hence offer new pathways towards 3D integration. Therefore a
careful determination of the layers’ structural properties including interface abruptness and
dielectric properties is essential.
The ternary rare-earth based oxides were deposited by pulsed laser deposition (PLD) using a
KrF excimer laser (wavelength 248 nm, pulse width 20 ns, fluence 2.5 J/cm2) at between 620
°C and 740 °C at which crystalline growth occurs. X-Ray diffraction (XRD) and electron
diffraction (ED) experiments were carried out to determine the structure of the crystalline
phase. For high-resolution analyses of the interface, wedge shaped TEM specimens with a
wedge of 3° were prepared by mechanical grinding with the MultiPrepTM polishing system from
Allied High Tech Products. Subsequently Ar ion milling at 4.5 keV and 6° angle was employed
for 5 min. High resolution images were obtained with an aberration corrected FEI Titan 80-300
TEM. The dielectric properties of the films are determined by capacitance-voltage
measurements.
The studies revealed a novel hexagonal structure opposed to the well-known orthorhombic
phase. This is demonstrated in the diffraction pattern of GdScO3/GaN(0001) shown in Figure 1.
Clearly, pseudomorphic growth has taken place. The lattice constants deduced from XRD,
a=0.360 nm and c=0.595 nm, agree within the margin of errors with the values measured by
ED. Because of the large mismatch between GdScO3 and GaN of 12 % structural defects appear
within the layers (not shown). Figure 2 displays the interface between GdScO3 and GaN in
atomic resolution. The interface is atomically sharp. Local variations in contrast arise due to
changes in crystal tilt, which typically arise from structural defects. Complete results of GdScO3

and LaLuO3 will be presented. The dielectric properties of the films are determined by
capacitance-voltage measurements. In the case of GdScO3 a permittivity of 27 is measured for
a 16 nm thick film, making this novel crystalline material promising for high k dielectrics.
References
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Fig. 1: Diffraction pattern of GdScO3/GaN. The encircled spots are indexed with respect to the hexagonal lattices of GaN
(red) and GdScO3 (blue).
 

 
Fig. 2: High resolution TEM image of GdScO3 grown onto GaN. The growth direction [0001] is marked by arrows.
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In recent years, GeSn has emerged as a valuable candidate for the convergence of Si based
microelectronics and photonics.
However, the extreme low solubility of Sn and the large (14.7%) lattice mismatch between the
elements rendered the use of conventional MBE and CVD growth methods problematic. On the
other hand, a very promising alternative to the conventional MBE and CVD growth methods is
given by pulsed laser induced epitaxy (PLIE), in which epitaxial GeSn is achieved through fast
non-equilibrium solid-liquid-solid phase transitions1.
In order to assess the quality of the PLIE-grown GeSn films, a full characterisation in terms of
cristallinity and morphology, as well as of Sn concentration and strain distribution, is required. 
In this work, several TEM as well as FIB based techniques are employed in this sense. HREM
and BF/DF imaging are used to analyse crystallinity (Figs. 1,2) and defect distribution of the
materials and STEM/EDS analysis to determine Sn distribution across the layers.
On the other hand, Geometrical Phase Analysis (GPA) provides, by analysing the phase
variations between different regions, a detailed map of local distortion as well as revealing the
presence of defects.
In particular, we focused on the relaxation mechanism of the initially pseudomorphic GeSn
layers.
Finally, we present a preliminary analysis of the local distortion of Kikuchi lines, and hence the
local strain fields, in PLIE-grown layers, obtained by Electron BackScattered Diffraction (EBSD)
in a FIB. An example of EBSD pattern from the surface of a plain GeSn layer is shown in Fig.3.
References
1 - S. Stefanov, J. C. Conde, A. Benedetti, C. Serra, J. Werner, M. Oehme, J. Schulze, D. Buca, B.
Hollander, S. Mantl, S. Chiussi
Laser synthesis of germanium tin alloys on virtual germanium
Appl. Phys. Letters 100, 104101 (2012)



 
Fig. 1: Fig. 1 - BF image of the whole structure
 

 
Fig. 2: Fig.2 – Cross sectional HREM image of the top
surface of a GeSn layer, showing very good crystallinity.
 

 
Fig. 3: Fig. 3 – EBSD pattern from the surface of a GeSn layer
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Strained silicon opens interesting perspectives for photonic applications, since the modification
in the crystal structure symmetry can give rise to non-linear effects. The deposition of a
straining layer on top of a silicon waveguide can break the silicon lattice inversion thus
enabling significant linear electro-optic effect [1] or second-harmonic generation [2]. It is
therefore important to monitor the stress induced by the process steps used to define the
structures and to check the validity of the stress model adopted in the computer simulations of
the process itself. In this work the Convergent Beam Electron Diffraction (CBED) technique was
used to estimate the lattice deformation induced by a silicon-nitride film deposited on
micrometer-scale silicon rib structures.
The manufacturing process consisted in the deposition of low-temperature silicon oxide on Si
wafers, followed by photolithography and selective removal through reactive-ion etching. An
Si3N4 film was then deposited on the structures, inducing a significant strain inside the silicon
ribs. In the analysed samples, shown in Fig. 1, the rib height and width were 450 nm and 2 μm
respectively, while the deposited Si3N4 thickness was 375 nm. TEM samples thinned along the
[110] orientation were analysed in the [230] projection in a Tecnai F20T transmission electron
microscope operated at 200 kV and in the STEM mode; the lamella thickness was estimated
about 350 nm. HOLZ lines patterns were recorded in a matrix of points using the procedure
reported in [3] and analysed with the ASAC software [4]. The resulting stress configuration was
also simulated using a finite-element method.
An overall compressive strain was measured, as induced by the deposited Si3N4. Fig. 2 shows a
comparison of the measured and simulated strain component εZZ. Both results behave
symmetrically with respect to the rib width with a reduced compressive strain at the centre.
Fig. 3 shows the same results for the εXZ shear strain component: as expected, both curves
show an antisymmetric behaviour with respect to the rib centre, which is directly reflected in
the diffraction pattern features (see insets in Fig. 3). Although the simulation seems to slightly
underestimate the crystal deformation, the overall agreement can be considered good.
In conclusion, the combination of process simulation and CBED strain measurement results
proved to be effective in predicting the optical behaviour of strained crystal silicon structures.
[1] R. S. Jacobsen et al., Nature, vol. 441, pp. 199-202, May 2006.
[2] M. Cazzanelli et al., Nature Materials, vol. 11, pp. 148-154, Feb 2012.
[3] A. Armigliato, R. Balboni and S. Frabboni, App. Phys. Lett. 86 (2005), p.63508.
[4] http://stream.bo.cnr.it/docs/iTEM_Solution_ASAC.pdf



 
Fig. 1: ADF STEM image of Silicon rib section. Foil normal is [110] while vertical direction is [001]. The Si3N4 appears
brighter in the image than the silicon substrate.
 

 
Fig. 2: Experimental (dots+bars) and simulated (squares) of the εZZ strain component across the Si rib (along [-110]
direction) at a height of 65 nm with respect to the rib bottom floor.
 

 
Fig. 3: Experimental (dots+bars) and simulated (squares) of the εZZ strain component, same conditions of Fig. 2. In the
insets a portion of the CBED patterns, registered at the points indicated by the arrows, show an antisymmetrical
behaviour.
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For optoelectronic applications, InGaAs quantum dots (QDs) in GaAs are a well-known
materials system with various advantageous properties. However, the integration of
GaAs-based devices with standard silicon based technologies remains challenging, because of
the large lattice mismatch between these materials. Within the III-V semiconductors GaP
allows a pseudomorphic growth on Si due to the small lattice mismatch of only 0.4%. But GaP
is an indirect semiconductor, thus not very suitable for optoelectronic applications.
Calculations show [1] that InGaAs-QDs in a GaP matrix allow radiative direct transitions under
certain composition, size and strain conditions. Such QDs are a promising way to combine their
advantageous optoelectronic properties with the structural advantages of GaP.
By metalorganic vapor-phase epitaxy, InGaAs-QDs were successfully grown within GaP. Prior to
the InGaAs, a few monolayer (ML) thick GaAs-layer was deposited onto the substrate [2]. After
the InGaAs-layer, the growth was interrupted for several seconds to allow for QD-formation.
The subsequent deposition of a few ML GaAs facilitates a further strain engineering of these
dots. A strong increase in the photoluminescence intensity of these structures indicate the
switching from indirect to direct optical transitions within these dots [3].
As the quaternary InGaAsP system is zink blende structure, the strong composition
dependence of the {200}-structure factor (Fig. 1) can be exploited to investigate the structural
properties of these dots within the TEM. Therefore, all samples were prepared as cross-section
along <100> zone axis. For instance, zone-axis HRTEM combined with Fourier filtering of the
(020)-coefficient reveals the shape of a truncated pyramid, which is typical for QDs (Fig. 2).
Furthermore, fourier-filtered micrographs under two-beam conditions can be used to obtain
further details of the structure. For instance, a comparison of a conventional (200) darkfield
(intensity of diffracted beam) with the amplitude of the (200) image Fourier coefficient
(amplitude of complex product between direct and diffracted beam) reveals an InP-enriched
layer, 7 nm above the InGaAs-layer (Fig. 3).
This enriched layer could be attributed to In segregation during growth.

References:
[1] C. Roberts, et al., Electronic, optical, and structural properties of (In,Ga)-As/GaP quantum
dots. Physical Review B 86, 205316 (2012)
[2] G. Stracke, et al., Growth of In0.25 Ga0.75 As quantum dots on GaP utilizing a GaAs
interlayer. Applied Physics Letters 101, 223110 (2012)
[3] G. Stracke, et al., Indirect and direct optical transitions in In0.5Ga0.5As/GaP quantum dots.
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Fig. 1: Composition dependency of the {200} structure
factor in Volts. Calculated using the isolated atom
approximation and Doyle&Turner atom form factors.
 

 
Fig. 2: Real part of Fourier-filtered (020) reflection of
HRTEM micrograph (a.u.). The filtered intensity is
proportional and sensitive to compositional changes.
 

 
Fig. 3: Comparison of contrasts in conventional (200) darkfield micrograph (left) and Fourier-filtered (200)-coefficient of
image under two-beam conditions-revealing an InP-enrichment due to segregation above the InGaAs-layer.
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Bismuth Telluride is a very well known thermoelectric material with relatively high coefficients
at room temperature. Recently, interest in bismuth telluride has been renewed as scientists
measured it as a 3D topological insulator. Bismuth telluride is a relatively easy material to
obtain and different compositions are being studied both as bulk material and as thin films.
The main aim of the study is to compare the structure of bulk and surface of Bridgman grown
crystals using both transmission electron microscopy (TEM and HRTEM) and surface
characterization techniques as Low Energy Electron Diffraction (LEED).
Crystals of Bi2Te3 were Bridgman grown in a sealed quartz ampoule in a directional resistance
oven at a temperature of 600oC. The crystals were slowly cooled down to room temperature
and the quartz ampoule broken to retrieve the grown crystal. Conventional X-ray diffraction
showed patterns compatible with a single crystal along the sample except for the starting
point, which was discarded. Low loss energy measurements were performed and also showed
patterns compatible with a single crystalline sample.
The grown crystals were cleaved and fixed on a substrate for LEED. The samples for TEM were
prepared in two ways: cleaved pieces were crushed in an agate mortar and deposited directly
onto a holey carbon copper grid. Thin cleaved slices were chosen and mounted directly onto a
sample holder and cut into thin slices with a Leica UC6 Ultramicrotome with a diamond knife
into water. The thin slices were fished out and deposited onto a holey carbon coated TEM grid.
A second ultramicrotome sample with a thinner cut was also made.
The samples were analyzed at a 200kV transmission electron microscope (Tecnai G2-20 from
FEI). The LEED samples were cleaved then sputtered with 0.5 keV Ar+, annealed for 60
minutes at 473 K and cooled down to 223 K before measurement.
The four diffraction patterns show a quite distinct behavior of the different preparation
methods and analysis.
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Fig. 1: Diffraction pattern of the crushed sample
 

 
Fig. 2: Diffraction pattern of the ultramicrotome cut sample
 

 
Fig. 3: Diffraction pattern of the thinner ultramicrotome cut
sample
 

 
Fig. 4: Low loss diffraction pattern
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Irradiation of single crystalline compound semiconductors with energetic heavy ion beams
produces disorder in the irradiated crystal lattices. Indium Phosphide (InP) is an important
technological III-V compound semiconductor used in space solar arrays and variety of
electronic devices. In this investigation, both electron transparent and bulk samples cut from
InP (001) wafer were bombarded by 200 MeV Au+ ions (~ 1MeV/amu) at fluencies ranging from
5x1010 to 1x1014 ion/cm2 in order to study the amorphization process of the InP (complete
atomic disorder of the original InP crystal lattice). As shown in figure 1 for thin foil samples
observed by TEM, the progression of amorphization is followed with increasing the fluence of
irradiating Au+ ions. Complete amorphization occurs at fluence of < 5x1013 ion/cm2 as
confirmed by the inset showing the selected area electron diffraction (SAD) pattern were the
diffused rings and the absence of any diffraction spots are synonymous with amorphous state.
This observation was further supplemented by Rutherford Backscattering Spectrometry (RBS/C
technique) for the bulk InP samples which showed that at irradiation fluence of 1x1014 ion/cm2

the sample surface was completely amorphous. Generally, amorphization in swift heavy ion
irradiated compound semiconductors like InP can best be described by a combination of both
hetergenous mechanism (direct impact amorphization were each ion creates an amorphous
ion track) and homogenous mechanism (defect accumulation were each ion creates an
agglomeration of point defects). Models have been developed wherein an impinging ion can
produce both a combination and coexistence of both amorphous ion tracks and point
defect-rich zones which, when overlapping, convert the crystal to amorphous state [1]. By
invoking the Hecking model [2] for the accumulation of damage we showed that the
amorphization process proceeds by the accumulation and overlap of ion tracks.
In this model an indicator of the amorphization process are the values of relative disorder
(∆χ)min defined as:
(∆χ)min = (Yirradiated - Yunirradiated) / (Yrandom - Yunirradiated)
Where Y is the measured RBS/C yields. The values (∆χ)min give an estimate of the relative
amount of disorder in the crystal and reaches unity for a complete amorphous state. Plotting
(∆χ)min versus the ion fluence as shown in figure 2 we conclude that amorphization favours
the homogenous mechanism [3]. This was confirmed by HRTEM observations which show that
individual ion track cores are not amorphous as shown in figure 3.
References
[1] W.J. Weber, Instruments and Methods B, 166/167 (2000) 98-106.
[2] N. Hecking et al, Nuclear Instruments and Methods B, 15 (1986) 760-764.
[3] A.S. Khalil, PhD Thesis, Australian National University, Australia (2007).



 
Fig. 1: Figure 1: TEM micrographs for three different irradiating fluencies. In (a) for 5x1010ion/cm2, the ion tracks are
well separated and in (b) overlap leads to amorphous pockets at 1x1013 ion/cm2. These will grow with increasing ion
fluencies till complete amorphization occurs at ion fluence of 1x1014 ion/cm2 (c).
 

 
Fig. 2: Figure 2: The plot of (∆χ)min versus Au+ ion fluencies,
the best fit can be described by the Hecking model which
gives more weight to homogenous mechanism parameter
σs rather than the heterogeneous mechanism parameter σa.
   

Fig. 3: Figure 3: HRTEM of an ion track core, the
continuation of lattice fringes implies that the core is not
amorphous.
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Al-induced layer exchange (AlILE) is an effective route to fabricate polycrystalline seed layers
from amorphous Si (a-Si) for solar cell and transistor applications. The process utilizes the
tuneable nucleation and growth of crystalline Si (c-Si) in nano-crystalline Al (Fig. 1). This
means, heating a stack of a-Si/diffusion barrier/Al at a temperature of around 450 °C leads to
the diffusion of Si into the Al layer followed by the sparse crystallization of Si at some Al grain
boundaries and the subsequent in-plane growth of those crystallites. Thereby Al is replaced by
Si (change of stacking order). This results in Si grain sizes up to several tens of micrometres. A
crucial role for this reaction plays the barrier layer between Si and Al, which is intendedly
induced in order to tailor the diffusion kinetics (larger Si grain sizes). Usually, the barrier layer
is formed by oxidizing the surface of the Al prior to deposition of a-Si. Recently, it has been
shown that with oxidized Ti as a barrier layer the resulting Si grain sizes can be increased up to
250 µm [1]. However the underlying mechanism is not clarified.
In our study, layers of Al (45 nm), Ti/TiOx (2-5 nm) and a-Si (85 nm) were subsequently
deposited onto quartz glass using e-beam PVD. The Ti layer was either natively oxidized in air
(Ti/native TiOx) or TiOx was directly deposited (PLD-TiOx). In situ heating light microscopy was
performed in order to pre-characterize the process kinetics of the samples (growth of c-Si). For
TEM studies a FEI TITAN3 80-300 was used. In situ TEM heating experiments with a
DENSsolutions heating holder were conducted to follow reaction-phase formation and Si
crystallization. It turned out in our experiments that the complete oxidation of Ti is important
to generate secondary-phase free c-Si layers. The in situ heating experiments further revealed
that, in the case of only natively oxidized Ti (remaining metallic Ti in the vicinity of the Al
layer), the metallic Ti forms secondary phases with Al and Si at grain boundaries of the Al layer
(brighter crystallites in Fig. 2b). The most important result is, independent of the complete
oxidation of the deposited Ti, that the TiOx is unintendedly reduced by the underlying Al during
heat treatment. This causes the formation of aluminium oxide and metallic Ti, which can
further react to secondary phases in the upper layer (Fig. 3b). EDXS and SAED show that the
secondary phases exhibit TiAl3-type structure and consist of Ti, Al and Si. Our results indicate
that the Ti.AlILE process is similar to a conventional AlILE process where native aluminium
oxide is utilized as the barrier layer, simply due to the fact that such an oxide forms upon
reduction of the TiOx.
[1] Antesberger et al., J APPL PHYS 112, (2012)
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Fig. 1: Ti.AlILE process using a) native oxidized Ti and b) PLD-TiOx: Starting at 350 °C, in case of a), the unoxidized Ti
forms a secondary phase in the bottom layer (cf. 2b). In both cases, a) and b), later Al reduces TiOx, releasing Ti, which
forms a secondary phase in the upper layer and Si crystallizes as in conventional AlILE.
 

 
Fig. 2: Ti.AlILE process with natively oxidized Ti: ADF-STEM planview images (the a-Si layer on top is not recognizable):
a) before heat treatment (cf 1a) and b) after 30 min at 450 °C showing secondary phases (brighter crystallites) in the
original Al layer containing Ti, Al and Si (preferentially formed at grain boundaries of Al).
 

 
Fig. 3: Reduction of TiOx by Al: ADF-STEM cross-sectional images of a) unreacted and b) reacted region of a sample with
PLD-TiOx (30 min at 450 °C). While the TiOx layer is clearly discernable in a) (bright contrast), it has disappeared after
reaction due to the reduction of the TiOx by Al. This causes the formation of secondary phases in the upper layer.
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Metal-organic semiconducting materials that are based on the charge transfer complexes of
7,7,8,8-tetracyanoquinodimethane (TCNQ) have gained significant attention due to interesting
opto-electronic properties, which have generated opportunities for fabricating organic
nanostructured optical and electronic devices[1]. Among the various metal-organic complexes,
majority of recent efforts have focused on investigating CuTCNQ and AgTCNQ[2]. Notably,
although alkali metal-TCNQ complexes such as LiTCNQ, NaTCNQ and KTCNQ also have
interesting electrical charge transportation properties, these materials have not received
intensive scrutiny for device fabrication, particularly due to the high reactivity of alkali metals
and therefore significant challenges associated with their fabrication[3].
From nanomaterial templating perspective, textiles belong to a class of versatile materials that
are typically porous, flexible, and are woven into a 3D matrix. These interwoven structures are
relatively stable, rich in surface area and exhibit hierarchical ordering [4]. The true potential of
textiles can be further realised by using them as microtemplates for directly growing
nanomaterial and/ or adding interesting functionalities. In this context, the use of textiles as
templates to directly grow metal-TCNQ organic semiconductor charge transfer complexes
offers unique advantages in terms of low-cost yields, flexibility, ease of synthesis and
robustness. More importantly, the good absorbent property of cotton-based textiles allows high
binding of ionic reactant species to textile fibres by simple solution immersion. This research
outlines a simple ‘dip-grow’ approach to synthesise alkali-metal TCNQ nanostructures on a 3D
textile template and demonstrate their capability for opto-electronics and gas sensors.
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Fig. 1: SEM images of the uniformly decorated high aspect
ratio (~100) nanorods of 10-50 µm length KTCNQ arrays
grown around textile fibres in radial symmetry. The
absence of microrods on untreated substrate ascertains
that the observed structures are indeed alkali metal-TCNQ.
 

 
Fig. 2: SEM images of NaTCNQ arrays grown around textile
fibres. The absence of microrods on untreated substrate
ascertains that the observed structures are indeed alkali
metal-TCNQ.
 

 
Fig. 3: An I-V curve of K-TCNQ in the presence and absence of solar-light. A pronounced hysteresis in the I-V
characteristics was observed due to switching from a high to low resistive state
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Aluminum nitride (AlN) crystallizes in wurtzite structure (P63mc) with the lattice parameters of
a=0.311 nm and c=0.498nm. AlN is a very promising material for application not only to
surface acoustic wave (SAW) devices and optoelectronic devices for very short wavelength
regions but also substrate materials. In the course of research on metal-organic vapor phase
epitaxy (MOVPE) of AlN, it was found that the crystallinity of AlN depends upon the annealing
temperature of sapphire substrate. In this work, detail characterization was conducted to
clarify the origin of its annealing temperature dependence.
Prior to the deposition of AlN, a sapphire (0001) substrate (0.2 degree off toward m-direction)
was annealed at Tan=1150 - 1350oC for surface-cleaning. Thereafter, AlN was deposited by
MOVPE first at 1200oC to be 100nm in thickness and then overgrown at 1500oC. Thin-foil
samples were made with a focused ion beam (FIB) mill (Hitachi. FB-2000K), followed by
finishing with an argon-ion mill. TEM observation was performed with a JEM-2000EX
microscope (JEOL). SEM observation and EBSD analysis were also carried out (Zeiss, Ultra55)
for the AlN specimens without any prior treatment such as coating or etching.
It was found from the X-ray rocking curve (XRC) measurement that the twisting of AlN along
c-axis is around 3 degree for Tan > 1250oC, while very little twisting occurs for Tan < 1250oC. Fig.
1 shows the results of TEM observation for the AlN specimens of Tan=1350oC and 1225oC. One
can see that in both specimens, threading dislocations (TDs) have been formed and run
upward. The densities of dislocations with screw and edge components are roughly estimated
to be approximately 109 cm-2 and 1010 cm-2, respectively. In the specimen of Tan=1350oC, TDs
are straight in shape and form a columnar structure of AlN. Fig.2 shows SEM and EBSD results
of the specimens. In the SE (out-lens) image of the specimen of Tan=1350oC shown in (a), one
can see pits and steps. In the SE (In-lens) image (b), dark winding line-contrast is recognized.
The locations of the line contrast coincide with those of steps in (a). The grain reference
orientation deviation (GROD) map (the maximum deviation~3o) shown in (c) indicates clearly
that the dark line contrast corresponds to the boundaries of twisting domains. For the
specimen of Tan=1225oC, on the other hand, pits and step are seen in the SE-image (Out-lens)
shown in (d), but dark line contrast is not recognized in (e), and the GROD map in (f) does not
indicate the existence of twisting domains. These results suggest that low-angle grain
boundaries can be observed in SE image (In lens). The origin of the contrast is not clarified.
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Fig. 1: CTEM results for the cross section of AlN/sapphire. (a)(b)(c) Specimen of Tan=1350oC, (d)(e)(f) Specimen of
Tan=1225oC, (a)(d) Bright field image; zone axis illumination // [01-10], (b)(e) Dark field image; two-beam condition
g=0002, (c)(f) Dark field image; two-beam condition g=2-1-10.
 

 
Fig. 2: SEM and EBSD results for the top surface of AlN.   Acceleration voltage is 2 kV. Direct magnification =30k.
 (a)(b)(c) Specimen of Tan=1350oC, (d)(e)(f) Specimen of Tan=1225oC, (a)(d) SE image (out-lens), (b)(e) SE image
(In-lens), (c)(f) Grain reference orientation deviation (GROD) map; Maximum deviation angle= 3o
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III-nitrides are important compounds in solid state lighting and display systems as they are
appropriate semiconductor materials for light-emitting diodes (LEDs) with high efficiency and
functionality. However, further improvement in material quality and structure design is
needed. In particular, the polarization issue in the III-N wurtzite (WZ) heterostructures has
been extensively investigated. Growth directions other than along the usual polar c-axis are
necessary for the extension of the emission spectrum from the UV-blue towards the green with
high efficiency. The LEDs active region is based on GaN/InGaN multi quantum well (MQW)
structures, as both material quality and In incorporation are critical issues when growing on
non-polar or semipolar directions in planar devices.1 The growth of InGaN/GaN MQWs on
different facets of nanostructures might be a promising approach for the extension of the
emission spectrum.2

Here, Ga-polar GaN nanocolumn arrays3 with InGaN quantum wells are grown by molecular
beam epitaxy (MBE) and the growth mechanism is studied. Interestingly, the nanocolumns
branch out under particular conditions. Branching is attributed to the matters of polytypism,
and polarity in the structure.4 It is well-known that c-planes with N polarity have the highest
potential for growth of GaN nanocolumns compared to all other polar, semipolar, and non-polar
facets.5 In the case of Ga-polar nanocolumns studied in this work, the number of structural
defects increases, while In is incorporating. This eventually leads to the formation of a
tetrahedron-like zinc-blende GaN on top of the column, which provides three free N-polar
facets ({111} planes) and acts as a seed for the growth of three branches. It is also observed
that the particular growth condition, together with In presence stimulate the growth of
non-polar facets. While the branches grow in N-polar [0001] direction, they laterally expand.
This expansion, which can also be seen in parasitic N-polar nanowires grown on the substrate
mask material (Mo), is significantly higher than the case of pure GaN with normal growth
conditions, because the lateral growth in nonpolar direction is almost equal to the growth in
[0001] N-polar direction.
Moreover, cathodoluminescence (CL) in SEM and TEM is performed in order to study the
luminescence properties of the branched nanostructures with high spatial resolution.
References
1 S. P. Denbaars, et al, Acta Materialia 61, 945 (2013)
2 C.Y. Cho, et al, Appl. Phys. Lett. 93, 241109 (2008)
3 Urban et al, New J. Phys. 15, 053045 (2013)
4 R.R. Zamani et al, ACS Nano 8, in press (2014), DOI: 10.1021/nn405747h
5 S. Li, A. Waag, J. Appl. Phys. 111, 071101 (2012)
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Fig. 1: (a) SEM micrograph of a Ga-polar GaN/InGaN nanocolumn array; the inset show a bird-view of a branched
nanocolumn. (b) STEM image showing the structure of the branched and non-branched nanocolumns, (c) EELS
compositional maps showing Ga in red and In in green; (d) TEM image of a non-branched WZ nanocolumn and (e) the
corresponding power spectrum
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Side-controlled quantum dot (QD) growth is a promising solution for single-photon sources. The
nucleation of self-organized QDs can be influenced by a buried oxide stressor formed by a
partially oxidized AlAs layer beneath a GaAs layer [1]. The length differences of Al-O and Al-As
bonds form a locally varying strain field modifying the free energy of the GaAs (001) surface.
We used dark field electron holography (DFH) [2] in Lorentz mode to directly measure the
strain distribution over a large field of view. The resulting geometric phase contains the strain
gradient which can be directly obtained for uniform thick specimen [3].
For specimen preparation, focused ion beam (FIB, FEI Helios Nanolab 600) etching was used to
fabricate a specimen with a smooth thickness of about (110 ± 10) nm. Images were recorded
by FEI Titan Berlin Holography Special 300 kV TEM at the TU Berlin.
The examined specimen was a linear wedge-shaped mesa test structure with a buried oxidized
AlAs layer [4]. The layer sequence from substrate to the surface comprises only the stressor
structure of partially oxidized AlAs and a GaAs spacer layer. The stressor structure consists of
a sandwich of Al0.9Ga0.1As/AlAs/Al0.9Ga0.1As which was laterally oxidized from the mesa edges by
water vapor [5] forming an oxide aperture (1.08 ± 0.02) µm wide (fig. 1). The bright contrast
region on both sides corresponds to the oxidized part of the AlAs layer.
Figure 3 shows the strain distributions as obtained from DFHs of (111) and (111). In all four
images, strain-free GaAs substrate region below the AlAs were used to quantify the strain in
the corresponding maps. Directly above the edges of the oxidization front symmetric to the
opening, compressive strain in growth direction (εzz) (fig. 3a) and tensile strain in-plane (εyy)
(fig. 3b) in the same area is detectable. The shear component (fig. 3c) is not detectable and
the strong rotation (fig. 3d) exhibits an anti symmetrical behavior.
The behavior of our analysis corresponds well with calculated strain fields based on continuum
elastic models [4] in the area of the aperture opening (fig. 2). The measured local tensile
surface strain up to 0.5 % is by a factor of 4 smaller than the calculated one. This results from
specimen relaxation, preparation artifacts and averaging due to the specimen tilt of about 15°.
Such tensile surface strain can influence the QD nucleation in the aperture area.
1. A. Strittmatter et al., Applied Physics Letters 100 (2012) 093111.
2. M. Hÿtch et al., Nature 453 (2008) 1086.
3. M. Hÿtch et al., Journal of Physics: Conference Series 241 (2010) 012027.
4. A. Strittmatter et al., physica status solidi (a) 209 (2012) 2411.
5. K. D. Choquette et al., IEEE Journal of Selected Topics in Quantum Electronics 3 (1997) 916.
 

Acknowledgement:
This work is supported by the DFG Collaborative Research Centre 787 ‘Semiconductor
Nanophotonics’.



 
Fig. 1: a) Sketch of linear wedge-shaped mesa with position
of TEM lamella, b) bright field conventional TEM overview of
the mesa showing the edges of the aperture. The oxidized
layer is visible as bright contrast in the AlGaAs layer
sandwich.
 

 
Fig. 2: Calculated line scans of surface strains εxx + εyy

across a circular mesa of 3 µm diameter exhibiting
different aperture sizes; the horizontal line marks
unstrained GaAs [4]. The magenta colored line is the
central moving average of nine data points (27 nm width)
from line scan in Figure 2b increased by a factor of 4 for
better comparison.
 

 
Fig. 3: Local strain of the lattice in percent with a) strain of in growth direction εzz (002), b) strain in lattice direction εyy

(220), c) shear component εzy, and d) the rotation component ωzy. Scale bar corresponding to the color in a)-d).
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Self-assembled semiconductor quantum dots (QDs) are of interest for a wide range of
optoelectronic applications that include infrared photodetectors, lasers and optical amplifiers
[1]. As the structural properties of the QDs, such as their morphology and chemical
composition, determine their optical and electronic properties, accurate techniques for
understanding of these parameters are required.
In this communication we describe the results of an aberration-corrected scanning
transmission electron microscopy (STEM) study in combination with X-ray energy dispersive
spectrometry (EDS) to investigate the structural properties of multiple layers of InAs QDs
grown on InGaAs and capped with InP. We analyzed the strain field of QDs that determines the
nucleation in the subsequent layers. STEM/EDS elemental maps show the effect of this strain
field on the composition of the InGaAs layer, suggesting a interdiffusion between In and Ga
atoms. We also use atomic resolution STEM to identify local changes of lattice distances. The
samples were grown by metal-organic vapor phase epitaxy on a (100) InP substrate. The cross
sectional specimens for TEM analysis were prepared by focused ion beam technique (FIB).
HRTEM and STEM/EDS analysis were performed using a Cs-probe corrected Titan 80-300
operating at 300kV.
[1] M. H. Degani, M. Z. Maialle, P. F. Farinas, N. Studart, M. P. Pires, P. L. Souza,
Multiple-photon peak generation near the ~10 μm range in quantum dot infrared
photodetectors, J. Appl. Phys. 109 (2011) 064510–1-8
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Fig. 1: High resolution STEM image of an InAs quantum dot.
 

 
Fig. 2: (a) HAADF image of stacked QDs. (b) – (f) STEM/EDS elemental maps of the marked area: (b) HAADF, (c) As, (d)
In, (e) Ga and (f) P.
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Several protocols have been reported in the last few decades for the production of colloidal
CdSe nanocrystals (NCs) with the wurtzite crystal structure. In particular, NCs elongated along
the c-axis were subjected to studies both aimed at calculation of equilibrium configurations
(e.g., [1]) and at the experimental determination of the polarity (e.g., [2]). These results report
of NCs often showing different endings at the opposite <0001> directions, with flat ends
pointing towards the [0001] direction. This is due to the preferential binding of the most
common surfactants to the Cd ions and to the consequent higher stability of (0001) facets,
terminating with Cd atoms exposing one dangling bond.
In this contribution, CdSe NCs were obtained using a mixture of two different Cd precursors
(CdCl2 / CdO=50% wt.) and a lower amount of phosphonic acids (hexylphosphonic acid and
octadecylphosphonic acid) compared to the standard CdSe nanorod synthesis. The synthesis
results in monodispersed wurtzite CdSe nanopyramids (NPs, Fig. 1) with a {0001} equilateral
base facet (side length = 20 nm) and three lateral {01-12} isosceles sides (lateral edges = 16
nm). The NP shape is directly evidenced by HAADF tomography volume reconstruction (Fig.
2a). Preliminary results of aberration-corrected HRTEM imaging in negative CS conditions [3]
and exit wave reconstruction (EWR) show phase variations in few Cd-Se dumbbells (ZCd=48,
ZSe=34), suggesting the NP base as corresponding to (000-1) planes (Fig. 1 b-c). These
analyses were carried out on an image-corrected Jeol JEM 2200FS microscope operated at 200
kV. A further preliminary proof comes from annular bright field (ABF) imaging, obtained on a
probe-corrected FEI Titan “cubed” microscope (operated at 200 kV, see Fig. 1d).
The unusual polarity of these CdSe NPs is mainly related to the use of CdCl2 as a Cd precursor,
as Cl- is known to form complexes with phosphonic acids [4], therefore limiting their amount for
NC surface passivation. This effect is also enhanced by the relatively low amount of
phosphonic acids employed during the process. The detailed knowledge of the faceting of
these peculiar NCs will be useful to elucidate the seeded growth of wurtzite CdS branches
starting from the NPs (Fig. 2b). The knowledge of the polarity of the NP base will be
fundamental also to explain the formation of peculiar patterns based on these NCs upon
addition of particular surfactants (Fig. 2c).
[1] L. Manna et al., J. Phys. Chem. B 109, 6183 (2005)
[2] G. Bertoni et al., ACS Nano 6, 6453 (2012)
[3] K. Urban et al., Phil. Trans. R. Soc. A 367, 3735 (2009)
[4] M. R. Kim et al., ACS Nano 6, 11088 (2012)
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Fig. 1: (a) Overview HAADF image of CdSe NPs. (b) HRTEM image of a NP ([10-10] z.a., CS=-40 μm, defocus=11 nm). (c)
EWR phase for the same NP (magnified portion). Some columns with higher phase are directed towards the apex (NP
sketch in the corner). (d) Filtered ABF images of a NP portion, showing intensity variations in few dumbbells ([10-10]
z.a.).
 

 
Fig. 2: (a-b) HAADF tomography-based volume reconstructions (isosurface views) of (a) two views of a CdSe NP and (b)
a CdSe/CdS branched NC obtained by seeded growth starting from a CdSe NP. (c) BF-TEM image of a region showing
four-leaved clover assemblies of the NPs obtained upon addition of particular surfactants.
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Conductive bridging RAM (CBRAM) is an emerging nonvolatile memory concept and alternative
to RRAM, PCM or MRAM, offering lower energy consumption, higher speed and better 3D
implementation opportunities. Despite research efforts, there are still two major obstacles to
be overcome: the cycle-to-cycle and device-to-device variability. One cannot tackle these
problems without examining the functioning of such device structures at the atomic level. TEM
observation of the conductive bridge, also referred to as filament, is challenging due to
localization problems and FIB preparation influences. One can avoid these issues by direct
electrical contacting the electron transparent TEM lamellae. This requires the ability to create a
stable electrical contact on a < 100 nm thin TEM lamella without destroying it.
In this work we prepared TEM lamellae from a blanket layer stack containing a 5 nm Al2O3

electrolyte and created a top contact by depositing Pt using the FIB beam. As bottom contact
the TEM Cu grid was used. To lower the contact resistance, a 100nm thick platinum layer is
sputtered over the specimen prior to the final thinning process. After thinning, the lamellae are
cut into several cells allowing multiple filament creation within one lamella (fig. 2). In order to
contact these small areas we rely on a so-called nanoprobing setup implemented in a SEM. The
setup is based on four independent probes with fine mechanical control as they are
piezo-driven, providing sub-nm precision for landing on the TEM lamellae contacts.
Basically the probe-contact area can now be used to impose the required I-V cycling of the
dielectricum. However one does observe that the contacting resistance dominates the entire
system such that the resistance drop from a filament bridging the Al2O3 layer cannot be
observed. To overcome this problem the quality of the contact resistance is improved by
replacing the commercially available tungsten probes which have a thin oxide on their surface
causing the high resistance, with conductive diamond tips. These probe are in-house
fabricated, oxide free and gave a good electrical contact with substantially decreased tip wear
(fig. 1).The IV’s obtained with these nanoprobes, show a gradual SET process, with a resistance
change from the high to low resistance state of 100 X (fig. 3). It is shown that the cells on
these lamellae can be reset to their original high resistance state at least 5 times. In order to
elucidate the material changes related to the SET/Reset process, TEM/STEM and chemical EDS
analysis are performed in a Tecnai and Titan microscopes, on the structures before/after the
switching (fig. 4).
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Fig. 1: Figure 1: SEM image during the nanoprobing with
diamond tips. Probe P1 functions as bottom electrode
contact on the Pt coated Cu grid and P2 as top electrode on
the ion Pt. Inset: stack scheme, FIB-cut and Pt backcontact.
Red line indicates position of expected filament.
 

 
Fig. 2: Figure 2: STEM image of the sample before
switching. FIB cuts reach into silicon and divide the
specimen into cells, which can be tested independently.
Inset: HR-TEM of switching layers. If a positive bias is
applied on the Cu, Cu+ ions bridge through the Al2O3 layer
towards the Si.
 

 
Fig. 3: Figure 3: IV cycling on a single cell of the stack on
the thinned lamella allows to set and reset the device
several times.
 

 
Fig. 4: Figure 4: EDX map showing the distribution of
elements.
 



Type of presentation: Poster
 

MS-8-P-3402 In-situ TEM with electrical characterisation of tapered InAs nanowires
with Ohmic contacts
 

Zhang C.1,2, Xu Q.2, Zandbergen H. W.2
 
1School of Computer, National University of Defense Technology, Changsha 410073, China,
2Delft University of Technology, Kavli Institute of Nanoscience, 2628 CJ Delft, the Netherlands
 

Email of the presenting author: h.w.zandbergen@tudelft.nl
 
Semiconductor nanowires have attracted much interest due to their outstanding properties as
building blocks in nanoelectronic devices [1]. Among these, InAs nanowires with a smaller
band gap and higher electron moblility exhibits particular potential for high performance
transistors, memory, interconnects and sensors. Since a high stability of these nanowires (NW)
is required, it is important to perform failure tests. There are some reports on in-situ TEM with
electrical failure tests [e.g. 2-5] on the electrical properties as well as the failure tests of
semiconductor nanowires, but these were done with an in-situ STM tip in a TEM holder. In this
set-up the electrical contact of the STM tip with NWs is realized by moving the STM tip to
contact one side of the NWs However, it is difficult to control the contact quality as well the
contact resistance between the NWs and STM tip. We have developed an alternative set-up
allowing the investigation of the electrical properties as well as breakdown of tapered InAs
nanowires with Ohmic contacts using a homemade in-situ TEM biasing holder. Furthermore, by
having more than two contacts on the nanowire we could also measure the contact resistance
of the applied contacts (except for the most outer contacts), which showed that the contact
were Ohmic. By measuring a number of segments of a tapered nanowire we determined that
the electrical resistivity is constant (~10-2Ω·cm) for nanowires with diameter larger than
120nm and gradually increases for thinner sections. The electrical breakdown started in the
position close to the cathode side, and starts with electromigration of In, followed by the
sublimation of arsenic. The critical current density for breakdown was about 106 A/cm2. The
set-up for electrical measurement is shown in Fig. 1(a). The electrodes deposited on silicon
nitride membrane consist 5 nm Cr and 95 nm Au with a width of 500 nm and separated by 4
µm from each other. Then of 500nm wide 5 µm long gaps were created by drilling holes on the
membrane using a FIB. Next, a single tapered nanowire was transferred onto the electrodes by
using an ex-situ nano-manipulator. Finally platinum was deposited on top of the joints between
the nanowire and the electrodes with FIB to ensure a good contact quality. REFERENCES 1. S.
W. Nam, et al, Science 336, 1561(2012) 2. T. Westover, et al, Nano Lett. 9, 257 (2009). 3. Z.
Xu, D. Golberg, and Y. Bando, Nano Lett. 9, 2251 (2009). 4. K. Davami, et al, Chem. Phys.
Chem. 13, 347 (2012) 5. J. Zhao, H.Y. Sun, S. Dai, Y. Wang, and J. Zhu, Nano Lett. 11, 4647
(2011).
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Fig. 1: (a) Scheme of the in-situ chip. The tapered InAs nanowire is connected to five electrodes on a SiN membrane.
Each of the electrodes is 500 nm wide and separated by 4µm. Slits are present on the SiN membrane, allowing TEM of
the NWs suspended over these slits. (b) bright field TEM image of tapered InAs nanowires with Ohmic contacts.
 

 
Fig. 2: (a) HAADF image of one InAs nanowire after breakdown, particles were found close to the anode, while the
breakdown happened in a position close to the cathode. (b)-(d) EDX maps of the nanowire at low magnification, which
shows clearly the particles close to the anode are rich in indium and oxygen.
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The multilayer metallization schemes of Ti/Al/Ti/Au and Ti/Al/Mo/Au ohmic contacts are
prepared at identical techniques and conditions but altered only the barrier metals as Ti and
Mo with same thickness of 30 nm. Scanning Transmission electron microscopy (STEM) and
associated analytical technique are used to study the interface microstructure of the
metalizations which are annealed at 800 °C. The study is focused on understand the diffusion
behavier of the barrier layer at identical conditions.
Fig.1 shows the cross sectional STEM images of Ti barrier based multilayer as Ti/Al/Ti/Au
metallization scheme. In this metallization scheme has obviously observed in copious amount
of Au inter-diffused through 30nm Ti barrier during the annealing. Thick layer of 8-10 nm has
formed on the AlGaN layer. The considerable amount of Au has penetrated through AlGaN by
forming tubular protrusion at regular interval. In this Au layer was segregated out in
AlGaN/GaN interface. The boundary range could not be observed between Ti/Al/Ti layers and it
has to be formed other phases such as Au2Ti, Al3Ti and Au2Al at in and out of diffusion layers .
TiN phase is formed adjacent to Au rich thick structure and it may be a key factor for low
resistance. HRSTEM image is shown in the figure 3 and it is represented that the thick layer
possesses TiN, AlN along with Au.The high rate of diffusion through Ti barrier layer indicates its
ineffectiveness of prevention to Au and Al diffusions at an annealing temperature of 800 °C.
The larger region of TiN phase formation at the contact area is used to promote the electron
transport. However, accumulation of high occupancy Au rich thick layer could be degrading its
efficiency. Whereas in fig.2 shows Ti/Al/Mo/Au scheme, Mo has higher melting point than other
metals, claimed to be a potential diffusion barrier due to its excellent contact resistivity. But, in
this case the larger amount of Mo grains was combined as Au-Mo region due to their low
solubility to Au. The Au rich thick layer was measured about 6 – 10 nm at the region of below
the Au-Mo layer as shown in the Fig 3. Also HRSTEM image is indicated to absence of Al or Ti
on this layer. It is indicated that the consumption of GaN layer is much lower than Ti barrier.
The higher ratio of Al and Ti mixture surface is observed at outer-diffusion compared with
inter-diffusion. This degrades the formation of TiN layer at contact region. The lowest contact
resistivity of 4x10-6 Ω.cm–2 for a Ti barrier and 7x10-6 Ω.cm–2 for a Mo barrier is obtained at a Ti/Al
ratio of 0.43. We conclude that Ti remains better barrier layer for this condition but the
segregation Mo particles did not allow Au layer to form binary phase with Al and Ti and also
effected formation of critical TiN phase.
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Fig. 1: Low magnification STEM image of Ti/Al/Ti/ Au
multilayer ohmic contact.
 

 
Fig. 2: Low magnification STEM image of Ti/Al/Mo/ Au
multilayer ohmic contact
 

 
Fig. 3: HHRSTEM image at the Au rich contact layer with
multiple phases on Ti/Al/Ti/ Au ohmic contact
 

 
Fig. 4: HRSTEM image at the Au rich layer shows GaN
phase on Ti/Al/Mo/ Au ohmic contact
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Gallium nitride (GaN) has been recognized as a promising material for high-performance
light-emitting devices. Commercial nitride semiconductors are grown on single-crystal
substrates with (0001) oriented surfaces. However, electrostatic fields generated by the
spontaneous and piezoelectric polarization along [0001] axis in wurzite GaN layers lower the
luminous efficiency of the devices. One way to increase the efficiency is use of GaN layers
grown on semipolar planes [1]. Mostly, GaN-based devices are fabricated using silicon carbide
or sapphire substrates. These substrates are expensive and insulating and are not available in
large diameter. On the other hand, silicon is inexpensive material and has reasonable thermal
and electrical conductivity. Si(001) substrate is preferable for GaN growth since Si(001) single
crystal is the material of the electronic silicon industry.
In this work results of TEM investigation of thick (up to 15 µm) semipolar GaN layers grown on
1.5-inch Si(001) offcut substrates with 3C-SiC and AlN buffer layers are presented. The offcut
angles were 0°, 4° and 7° toward the Si [110] direction (samples 1, 2 and 3). The growth of
GaN layer was realized by hydride-chloride vapor-phase epitaxy (HVPE) on AlN/3C–SiC/Si
template. The SiC and AlN buffer layers were formed by solid-phase epitaxy [2] and HVPE
respectively without any prior masking and etching of silicon substrate.
It has been established that GaN layer of sample 1 consists of oriented wurzite grains. The
[2-1-10] axis of all GaN grains is parallel to [110] directions of silicon substrate. The [0001] axis
of the majority of GaN grains is near parallel to <111> Si so the angle between GaN [0001]
axis and normal to substrate is equal approximately 52°. Grains contain basal plane stacking
faults with a density varying from grain to grain within 2×105 - 3×106 cm-1.
In the case of samples 2 and 3 structure of the GaN layer changed significantly. The layer is a
single crystal and the density of stacking faults decreased considerably (fig. 1). Unusual
orientation relations were revealed in these heterostructures: the GaN [0001] axis is still near
parallel to Si<111>, however, the angle between AlN[0001] and GaN[0001] is ~1.5° (fig. 2).

References
1. A. E. Romanov _ T. J. Baker, S. Nakamura, J. S. Speckb. Strain-induced polarization in
wurtzite III-nitride semipolar layers// J. Appl. Phys. 100, 2006, p. 023522(1-10)
2. Kukushkin S.A., Osipov A.V. A new method for the synthesis of epitaxial layers of silicon
carbide on silicon owing to formation of dilatation dipoles // J. Appl. Phys., 113, 2013, P.
024909(1-7)
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Fig. 1: Cross-sectional TEM image of sample 2.
 

 
Fig. 2: SAED pattern registered from the area shown in fig. 1
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This contribution deals with the detection and analysis of electroluminescence (EL) emitted by
depletion mode (normally-on) InAlN/GaN high electron mobility transistors (HEMTs) at room
temperature and high drain-source voltages. Contacting of examined transistor structures was
performed under an optical microscope equipped with color CCD camera and thermoelectric
cooling system; for further details about the developed low-light imaging setup see [1]. It has
been observed that EL signal comes predominantly from the area along the gate fingers, which
is consistent with observations made by other groups [2], [3]. EL maps captured at gate-source
voltage VGS = 0 V and at drain-source voltages VDS in the range from 20 to 30 V revealed
inhomogeneities in intensity of emitted EL signal (Fig. 1). This is clearly evident for VDS below 25
V and particularly for right gate electrode, where the area with weaker luminescence is
marked in Fig. 1f by dotted line. Such EL quenching is directly linked to that part of transistor,
where the intensity of electric field is suppressed due to the local electric breakdown or due to
leakage currents in the vicinity of the gate terminal. It has been found, that some
electroluminescence arises also from the area near the edge of the drain contact pad (marked
by arrow in Fig. 1f). In this region, a large amount of EL signal intensity varies significantly over
time, which is most likely caused by local charging and consequent discharging of the traps
represented by metastable states in the energy gap of the semiconductor. Such
time-instability of EL intensity has been observed also in the vicinity of the gate fingers, which
is easily noticeable in Fig. 1e in the form of a bright spot highlighted by arrow; the rest of
captured maps do not show any evidence of increased luminescence in this area. Similar
results have been observed also by mapping of currents induced by electron beam (EBIC) in
scanning electron microscope [4]. Obtained results will be discussed in context of the quality
assessment of such advanced semiconductor devices.
 
References
[1] Priesol, J. et al, In Proceedings of ADEPT, 2nd International Conference on Advances in
Electronic and Photonic Technologies, June 1-4, 2014, Tatranská Lomnica, Slovakia; accepted,
in print
[2] Lossy, R. et al, Phys. Stat. Sol. C 6, No. 6, 1382–1385 (2009)
[3] Meneghini, M. et al, IEEE Trans. Device Mater. Rel. 13 (2), 357–361 (2013)
[4] Kováč, J. et al, Microelectronics Reliability 52 (7), 1323–1327 (2012)
 
 

Acknowledgement: This work was supported by the Slovak Research and Development Agency
under the contract APVV-0367-11 and by the Scientific Grant Agency, No. 1/0921/13. Also the
support from the STU project LUMIGaN is kindly acknowledged.



 
Fig. 1: Image of HEMT captured by optical microscope with marked gate G, source S and drain D electrodes (a) and
corresponding EL maps captured at VGS = 0 V and VDS = 30 V (b), 27.5 V (c), 25 V (d), 22.5 V (e), and 20 V (f).
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Multilayers based on perovskite ferroelectric materials (PbZrxTi1-xO3, BaTiO3, etc.) are
intensively studied for the development of ferroelectric random-access memories (FeRAM) or
the fabrication of artificial multiferroic devices. High quality epitaxial perovskite multilayers are
currently grown by pulsed laser deposition on substrates with perovskite structure and
reduced lattice mismatch, like SrTiO3 (STO). The possibility of integrating such perovskite
multilayer devices onto silicon chips is of high practical interest. Given the structural difference
between Si (diamond cubic structure, aSi= 0.543 nm) and the perovskite layers to be grown on
top (pseudocubic lattice parameter ap around 0.39÷0.41 nm), the characterization of the
microstructural aspects regarding the growth of the perovskite layers on Si substrates
deserves a special attention.
This work contains a quantitative HRTEM analysis of the epitaxial growth of
PZT52/48/SrRuO3/SrTiO3 multilayer onto Si(001) substrate. A cross-section specimen has been
prepared for TEM by mechanical thinning followed by ion milling at 6o angle of incidence and 4
kV acceleration voltage using a Gatan PIPS installation. The TEM/HRTEM investigation has been
performed on a JEM ARM 200F electron microscope operated at 200 kV.
The selected area electron diffraction pattern reveals the epitaxial growth of the STO, SRO and
PZT layers. Despite the presence of the amorphous SiO2 layer, there is a clear orientation
relationship between the STO layer and the Si substrate: (001)STO || (001)Si and (010)STO ||
(110)Si.
The mismatch between the (110)Si planes (d110=0.1916 nm) and (010)STO (d010=0.1953 nm)
with respect to Si is of 1.9%, considering the bulk values. The pseudocubic lattice constant for
the PZT layer measured on the electron diffraction pattern is 0.404 nm, which makes a 3.6%
mismatch with respect to the STO lattice parameter. The lattice fringe deformation across the
HRTEM micrograph has been analyzed using the Geometrical Phase Method. The HRTEM lattice
fringe deformation with respect to (220)Si planes has been mapped out. The numerical values
across the map can be read out on the line profile pointing from the substrate to the PZT layer.
The measured values of fringe deformation correspond to the bulk values.
Our quantitative HRTEM study indicates that the STO lattice is fully relaxed due to the
presence of the amorphous SiO2 layer at the interface, while the PZT layer shows an in-plane
compression across the first 10 nm at the interface with the SRO layer. The strained region
inside PZT exhibits clusters of dislocations for strain relaxation, as indicated by the geometrical
phase image.
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Fig. 1: TEM image displaying the PZT/SRO/STO/Si multilayer
structure and the corresponding SAED pattern from a large
area including the Si substrate and the deposited
multilayer.
 

 
Fig. 2: HRTEM image showing the epitaxial growth of the
SRO and PZT layers on the STO layer.
 

 
Fig. 3: (a) HRTEM image of the PZT/SRO/STO/Si sample; (b) Corresponding power spectrum; (c) geometrical phase
image corresponding to the selected spot 220Si; (d) map of the lattice fringe deformation with respect to the (220)Si
lattice planes; (e) averaged line profile of the lattice fringe deformation along the black arrow on map (d).
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Over the last decade, AlGaN/GaN high electron mobility transistors (HEMTs) have emerged as
a promising candidate for high power and high frequency applications due to their superior
physical properties such as high two dimensional electron gas (2DEG) density, high breakdown
voltage and better temperature tolerance. Spontaneous polarization and hence the density of
the 2DEG at the heterointerface is strongly influenced by the composition of the AlxGa(1-x)N
layer. Therefore, precise tuning of the Al fraction in AlGaN layer (typically less than 25nm
thick) plays a vital role in device performance. Recent improvements in analytical
instrumentation with the capability of providing information at exceptionally high spatial
resolution have made scanning transmission electron microscopy (STEM) an attractive method
for extracting quantitative compositional information on the nanometer scale. In this study, we
analyze the chemical composition of the AlxGa(1-x)N layer using STEM. In the first approach,
based on the fact that intensity of images acquired with high-angle annular detector is
sensitive to the atomic number and specimen thickness, the normalized experimental image
intensity was compared with a look-up table. This look-up table was obtained using
frozen-lattice multislice simulations with the relevant experimental parameters. For each
chemical composition four different configurations of randomly distributed Al atoms with
distinct thermal displacement were simulated and averaged. To ensure the accurate
calibration of the image intensity as a fraction of total incident beam intensity, the detector
response was mapped without sample interference at the same contrast and brightness of the
experimental images. The second approach involves the evaluation of bulk plasmon position in
the low-loss region of the electron energy-loss spectrum acquired using double
aberration-corrected Titan operating at 300keV and equipped with a monochromator and a
Gatan Quantum spectrometer. Spectrum images were recorded from AlN, GaN and AlGaN
layers with an energy dispersion of 0.025 eV/channel and an energy resolution of 0.4 eV. After
Fourier-log deconvolution of the spectra to remove the plural-scattering component, the
energy position of the bulk plasmon peaks were extracted using a Gaussian function fitted by a
nonlinear least-square curve-fitting method. The bulk plasmon peak position of AlGaN displays
a blue shift with respect to GaN plasmon (Fig.1). Given a linear relation between plasmon peak
position and the ratio of AlN and GaN [1], Al fraction in the AlGaN layer can be determined;
however, a better understanding of the strain effect on peak position is required for precise
quantification of plasmon shifts.
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Fig. 1: Deconvoluted low-loss EELS spectra from the AlN, GaN and AlGaN layers
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Gallium and other Group-III Nitrides are the materials of choice for various semiconductor and
optoelectronic applications. The large tunable band gap of nitride alloys starting from InN
(1.9eV), GaN (3.4eV) and AlN (6.2eV) in conjunction with its material properties would enable
the bandgap engineering by appropriate alloying for fabrication of various high power and high
frequency devices.

Growth of bulk GaN is difficult due to the extreme requirements of temperature and pressure.
Due to the unavailability of bulk GaN wafers, GaN based devices have to be fabricated on
foreign substrates such as sapphire, silicon and silicon carbide etc. Growth on these lattice and
thermally mismatched substrates lead to formation of various defects and high dislocation
densities (~109-1010/cm2).

This present study is aimed at understanding the microstructural evolution of Gallium Nitride
during the early stages of growth on c-plane sapphire, which in-turn may further enhance our
understanding on the genesis of dislocations in the group-III Nitride materials. For the current
work GaN growth runs have been carried out in a MOCVD reactor (AIXTRON make) using the
standard two step growth recipe under different nitridation temperatures (TN = 530, 800 and
1100oC). This study aims to investigate the early stages of growth and understand the nature
of the low temperature (LT-GaN), its morphology and defect structure as it only acts as the
nucleation site for successive GaN layers grown above it. Microstructural characterization of
the LT-GaN layer under different nitridation temperatures has been carried out.

TEM and High Resolution TEM investigations have revealed the formation of LT-GaN islands on
sapphire. Different orientation relationships and various defects have also been observed in
the LT-GaN layer under different nitridation temperatures. These will be discussed in detail in
the paper.
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Fig. 1: TEM Bright Field Micrograph showing the LT-GaN islands grown on c-plane sapphire nitirded at 530oC
 

 
Fig. 2: (a) HRTEM Micrograph (TN=800oC) in ZA [ 11-20] Sapphire and [10-10] GaN; and (b) HR micrograph (TN=1100oC) in ZA
[10-10] Sapphire and [11-20] GaN.
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Metamorphic heterostructures with InAlAs/InGaAs/InAlAs quantum well on GaAs substrates are
the promising materials for the fabrication of high performance microwave devices (high
electron mobility transistor – HEMT). Metamorphic HEMT heterostructures on GaAs substrates
have slightly inferior structural quality – surface morphology and structural defects density as
compared to InP-based HEMT. The heterostructures were grown on (1 0 0) oriented and (1 0 0)
+ 2° vicinal GaAs substrates. The structural perfection of a composite quantum well was
investigated (fig.1, 2) by aberration corrected (probe Cs corrected) TEM/STEM TITAN 80-300.
The structural parameters of the layers and the interfaces including flatness were studied by
high-resolution HAADF STEM. By using the intensity histogram filtration, it was found, that the
interfaces between the bottom part of the In enriched layers and the top part of metamorphic
buffer (MB) layers were flat and abrupt. The dislocation density was estimated by weak beam
dark field imaging method. The dislocations of different types were observed and some of
them were associated with stacking faults. The estimated dislocation density in the MB was
5x109 cm-2. In all samples these dislocations were uniformly distributed over the whole MB
and close to the inverse layer their density decreases to 5x108 cm-2. After the inverse step
and smoothing layer, and close to the active region of the heterostructure the dislocation
density decreased further by two orders of magnitude The heterostructures with nano-inserts
of InAs in the quantum well on InP substrates will be considered in this work (fig.3). It was
found, that the influence of the quality of the quantum well heterointerfaces on the electron
mobility is not the dominant factor.
The work carried out as part of the contract with the State Ministry of Education №
14.ВВВ.21.0009.



 
Fig. 1: HR HAADF STEM images of the QW area of the(a) “(100)” sample and (b) “(100) + 2°” sample
 

 
Fig. 2: The histograms of HR HAADF STEM signal intensity of the QW area and the corresponding interpolating functions
 

 
Fig. 3: STEM image of QW and corresponding intensity histogram 
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GaN rods grown by MOVPE on sapphire are attracting considerable interest because of their
potential use in optoelectronic devices. Self-catalyzed, mask-free growth of GaN rods with high
aspect ratio and low defect densities has been demonstrated [1-3]. The crystal polarity of GaN
plays a key role in the growth process and strongly affects the morphology and faceting of the
rods. In particular, rods composed of strands with opposite polarity and distinct surface facets
are frequently observed, either in side-to-side [1] or core-shell [2] configuration. In this
contribution we demonstrate that CBED is perfectly suited for polarity analysis of GaN
core-shell rods both in cross-section and plan-view geometry.
Fig. 1 summarizes polarity analysis in cross-section geometry [2]. Freestanding rods with
diameters ranging from 500 to 1500 nm extend out of the substrate as can be seen from the
bright field image. The {0002} dark field image of an individual rod reveals the different
polarities of core and shell by exploiting polarity sensitive contrast. Furthermore, the surface
facets are different. While the shell possesses a flat facet the core shows inclined facets which
form a cone protruding from the top surface. This enables CBED analysis in thin parts at the tip
and sidewall of the rod yielding Ga and N polarity of the core and shell, respectively [2].
Fig. 2 summarizes polarity analysis in plan-view geometry. After scratching off GaN rods from
the sapphire substrate and transferring them onto a Si wafer FIB lift out has been used for
fabrication of a thin TEM lamella perpendicular to the rod axis. Fig. 2b shows a bright field
image of a rod section viewed against the growth direction. In order to reveal the inversion
domain boundary and enable polarity determination the sample has been tilted from [0001]
counterclockwise by 31.6° about the vertical axis to [2,-1,-1,3]. The projected crystal structure
of a rod with Ga polarity is depicted in Fig. 2c and the corresponding CBED pattern calculated
for a slice with 95 nm thickness using JEMS [4] is shown in Fig. 2f. Comparison with the
experimental CBED patterns Figs. 2d and 2e unambiguously proves that the core and shell
possess Ga and N polarity, respectively, in agreement with the result obtained in cross-section
geometry.
The plan-view polarity analysis cannot only be applied to core-shell GaN rods but is also be
expected to be very useful for the investigation of inversion domains in thin GaN films.
[1] Tessarek et al., Jpn. J. App. Phys. 52 (2013) 08JE09.
[2] Tessarek et al., J. App. Phys. 114 (2013), 144304.
[3] Tessarek et al., Cryst. Growth Des. 14 (2014), 1486.
[4] P. A. Stadelmann, Jems Electron Microscopy Software (1999-2012), java version
3.7624U2012, CIME-EPFL, Switzerland.
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Fig. 1: Core-shell GaN rods with different polarities in the core and shell region. The CBED analysis shows that the core
and shell possess Ga and N polarity, respectively (from [2]).
 

 
Fig. 2: CBED polarity analysis in plan view geometry confirming the polarity obtained in Fig. 1 (see text for details).
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Unique properties, such as high density of charge carriers and electric field-induced switching
behavior are found in one-dimensional nanostructures of metal-tetracyanoquinodimethane
(M-TCNQ).[1] For the case of Ag-TCNQ, reversible phase transition can be induced by electric
field applied along the TCNQ ∏-∏ stacking direction, resulting in resistive switching with an
on-off ratio reported to be as high as 104. A proposed mechanism suggests that, a partial
neutral species of Ag and TCNQ form during the transition, provide additional conduction
channels and increase the material conductivity substantially. Studies based on large-area
Ag-TCNQ nanowires (NWs) provided useful information.[2] However, there is still lack of
detailed studies from individual NWs, where the NW size and electric behavior can be
correlated, and much more intrinsic qualities of a particular NW can be expected.
Using in situ Transmission Electron Microscopy (TEM), we are able to investigate the switching
behaviors of individual Ag-TCNQ NWs. For the in situ study the NWs were grown directly on a
Au TEM grid, as shown in Figure 1a. Figure 1b depicts one unit cell of the orthorhombic
Ag-TCNQ phase II structure [3] along different axes. Typical TEM image and diffraction pattern
from a single Ag-TCNQ NW are shown in Figure 1c and 1d. Generally, a NW growth direction
along [100] is observed. In situ electric measurements were performed using an STM-TEM
holder from Nanofactory Instruments AB in combination with the aberration-corrected Titan3

80-300 microscope at the University of Erlangen-Nürnberg. The W tip and the Au TEM grid
serve as the two electrodes as schematically shown in the inset of Figure 2a.
In our study, for up to 30 individual NWs with different sizes, phase transition and resistive
switching have been successfully induced. The typical I-V behavior of a single NW is shown in
Figure 2a: starting from a state with low conductivity, and then switched on once the electric
field reaching a certain point. The differentiation of current over bias, shown as inset in lower
right of Figure 2a, as well suggests a sudden increase in the NW conductivity. Together with
the large current passing through the NW after switched on, Joule heating becomes an issue
which can easily lead to the NW breaking down. Figure 2b shows a NW switched on and
surviving a current rang up to ~100 nA. However, it broke down at the center under the same
bias sweep, but with current compliance increased to ~1 µA. This failure indicates that, heat
dissipation should be taken into consideration for achieving high performance devices.
Reference
[1] Potember P. S. et al., Appl. Phys. Lett., 34, 1979, 405.
[2] Xiao K. et al., Adv. Funct. Mater., 18, 2008, 3043.
[3] Shields L. J. Chem. Soc. Faraday Trans. 2, 1985, 1.
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Fig. 1: Figure 1. (a) TEM image of Ag-TCNQ NWs grown directly on a Au TEM grid. (b) A unit cell of Ag-TCNQ along
a-axis (top) and c-axis (bottom). (c) TEM image of an individual AgTCNQ NW. (d) Diffraction pattern from the NW shown
in (c), taken along [001] zone axis.
 

 
Fig. 2: Figure 2. (a) I-V behavior from a single NW, by sweeping the bias 10 V→-10 V→10 V. Current compliance of 1 µA
was applied. Upper left inset shows the NW, and the electric measurement setup. Lower right inset is dI/dV from 0
V→-10 V. (b-c) Repeating the bias sweep 0 V→-10 V→ 0 V for a same NW with 100 nA and 1 µA current compliance
respectively.
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Shape memory alloys (SMA) show unique properties based on a martensitic phase
transformation. The martensitic structures and interfaces control shape memory and
superelasticity. Crystal size at the nanoscale can strongly impact martensitic phase
transformations. The present work reports recent results of transmission electron microscopy
(TEM) studies of phase transformations, defect structures, and martensitic interfaces of
nanostructured SMA obtained by different processing routes.
Bulk nanocrystalline SMA alloys can be processed by methods of severe plastic deformation
(SPD). As shown by TEM bright field (BF) and dark field (DF) images, SPD of ferromagnetic
NiMnGa SMA yields strong grain refinement. Using TEM diffraction, concomitant disordering of
the tetragonal martensite and a phase change to a face centred cubic structure is observed.
Upon heating, the ordered Heusler austenite forms similar to that of the coarse grains.
However upon cooling, TEM lattice fringe images and selected area diffraction shows that in
the small grains a highly defective structure of modulated 14M martensite arises.
Highly localized processes of amorphization in NiTi-based and CuZr-based SMA subjected to
SPD were analysed. Figure 1a shows SPD processed CuZr. While the density of dislocations is
rather low, numerous deformation bands intersect the twinned martensite. Bands that extend
several hundreds of nm while their width is several nm only frequently show intersections and
bifurcations. HRTEM (cf. Figure 1b) and nanodiffraction reveal that bands contain an
amorphous phase. Opposed to models predicting localized amorphization by accumulation of
dislocations at twin boundaries, the bands are rather intersecting them. While SPD
amorphization of NiTi is almost complete, TEM shows a high density of nanocrystalline debris.
Upon heating, debris acting as nuclei strongly impacts crystallization kinetics. Figure 2 shows
the results of TEM in-situ heating yielding a rather high nucleation rate while the rate of growth
is very small causing nanocrystallization.
Strong size effects on martensitic phase transformations can arise by the high
surface-to-volume ratio of freestanding nanocrystals. Figure 3a to c shows TEM images of
core-shell nanospheres processed by femtosecond laser ablation of NiTi targets. A single
laminate of twinned martensite is observed in smaller martensitic cores of the nanospheres
(cf. Figure a and b) while larger cores can host self-accommodated groups of different
martensitic laminates.
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Fig. 1: Nanoscale amorphization of CuZr. (a) TEM BF image of twinned Cm martensite containing numerous amorphous
nanobands. Frequently bands mutually intersect (e.g. near A) and show branching (near B). (b) HRTEM image. A
nanoband inclined to the (001) twin boundaries (dashed lines) runs parallel to (1-10) lattice planes (full lines).
(BD=[110]).
 

 
Fig. 2: Nanocrystallization of NiTi. TEM in situ heating (temperature of 377°C). (a) BF images of nanocrystals embedded
in the amorphous matrix. (b) After 51 min of heating new nanocrystals (marked by arrows) nucleated isolated from
each other. (c) Diameter of four nanocrystals measured as a function of time showing constant rates of growth.
 

 
Fig. 3: TEM images of core-shell nanospheres processed by laser ablation of NiTi targets. The core contains NiTi with a
martensitic B19´ structure. (a) and (b) Nanoparticles with a core diameter of 45 and 75 nm, resp., containing a single
laminate of twinned martensite. (c) Nanoparticle with a core of 83 nm diameter containing at least two laminates.
 



Type of presentation: Invited
 

MS-9-IN-6084 STEM-Based Characterization of Defects and Precipitates in Structural
Materials
 

Smith T. L.1, Bowers M. L.1, McAllister D. A.1, De Graef M.2, Mills M. J.1
 
1Department of Materials Science and Engineering, Center for Electron Microscopy and
Analysis (CEMAS), The Ohio State University, Columbus OH 43210, USA, 2Department of
Materials Science and Engineering, Carnegie Mellon University, Pittsburgh PA 15213. USA
 

Email of the presenting author: mills.108@osu.edu
 
Advancements in our ability to characterize deformation mechanisms and precipitate
structures finer length-scales are providing new insights into the governing deformation
mechanisms and precipitation processes in several important commercial alloy systems. These
advancements are based upon developments using STEM-based approaches to imaging and
chemical analysis using EDS.
Diffraction contrast STEM imaging holds significant advantages over conventional TEM (CTEM)
imaging of defects [1-3]. The advantages include the suppression of auxiliary contrast effects
(bend contours, etc.) and the ability to image in thicker specimens than is practical using
conventional TEM at standard operating voltages. Additionally, CTEM visibility rules such as
those for stacking faults and “g•b analysis” for dislocations also remain in STEM mode
provided the convergence condition and detector geometry are configured appropriately, as in
Figure 1 showing a dislocation analysis for a Ni-base superalloy. High contrast, bright-field
images along low index zone axes can also be formed – a mode which is not feasible with
CTEM. These conditions will be described and image simulations that support these
conclusions using the CTEM Soft program will also be presented.
High resolution high angle annular dark field (HAADF) imaging and ChemiSTEM compositional
analysis has provided new insights into microstructure development and deformation
processes in the commercial superalloy 718. Atomic-scale imaging using HAADF (Figure 2a) is
extremely effective for revealing the morphology and size of these precipitates, where the
Nb-rich γʹʹ (DO22 structure) phase appears with enhanced intensity relative to the FCC matrix.
The highly planar {010} faces bounding the γʹʹ phase are interfaces with the γʹ phase. While Z
contrast from the L12 ordering in the γʹ phase is indistinguishable from the matrix, this
conclusion is unambiguously supported by ChemiSTEM EDS mapping, as shown in Figure 2b.
Deep insight into the mechanisms of plastic deformation have also been gained through
HAADF imaging, which in this alloy has advantages relative to diffraction contrast imaging due
to the large strain fields of the precipitates that tend to obscure the dislocation structures.
References
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Fig. 1: Example of a dislocation analysis in a Ni-base superalloy. Shown are zone axis [001] bright field and two dark
field images using g020 and g200. Inset region shows two different families of dislocations.
 

 
Fig. 2: (a) HAADF STEM image on <110> zone showing a composite γʹʹ/γʹ particle. (b) ChemiSTEM™ EDS map showing
net intensity of Nb and Al peaks which enables discrimination of γʹ and γʹʹ particles.
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Al-Pb composites consisting of nanometer-sized Pb inclusions embedded in a polycrystalline Al
matrix serve as model systems for size-dependent melting studies [1]. To analyze the impact
of the surrounding matrix on the melting and solidification temperatures of the Pb
nanoparticles, Ga was added to the matrix within the solute solution regime. The alloying of Ga
expands the lattice of the Al matrix and thus reduces the mismatch between matrix and
particle. Although Ga is immiscible with Pb, the melting and solidification of the Pb
nanoparticles was affected by the Ga addition. A large undercooling of the solidification onset
of up to 100K with respect to melting was found with increasing Ga content [2]. Chemical
analyses (EDX) were performed using a double-corrected, monochromated Titan 60-300 with
ChemiSTEMTM technology. The results of this investigation are shown in the Figures. The Pb
nanoparticles were oriented along the <110>-direction of the fcc matrix and imaged by
HAADF-STEM (Fig. 1). The chemical analysis shows that Ga segregates at the particle-matrix
hetero-interface (Fig. 2). The Ga concentration has been traced in the form of a profile across
the Pb nano-particle (see boxed area in Fig. 2). It shows peaks in the Ga signal at the
interfaces to about 7.4 at.% (Fig. 3). The level across the Pb nanoparticle is about 1.2 at.%
higher on average than the surrounding matrix concentration of 4.7 at.% due to the other Ga
enriched interfaces which are projected in plan view. The width of the Ga enriched zone
around the Pb nanoparticle is about 2.2 nm. This Ga enriched zone acts as a buffer between
the nanoparticle and the nominal Al94Ga6-matrix inhibiting the nucleation of the liquid Pb. It has
been shown that vacancies play a key role in accommodating the misfit strain upon
solidification of nanoparticles embedded in Al [1,3]. Presumably the increased number of
vacancies available around the Pb nanoparticles relative to the matrix lead to an accelerated
Ga diffusion in this region and thus to the observed Ga segregation. The Ga segregation, in
turn, leads to solid solution hardening of the buffer phase, which then becomes more rigid with
the Ga increase. This hinders an elastic accommodation of the mismatch strain from the matrix
side. The scenario of a suppressed nucleation upon cooling is hence explicable since the liquid
Pb nanoparticles contract upon solidification and thus bring a negative pressure on the Pb
particles. Thus the undercooling of the Pb nanoparticles can be explained by thermodynamics
according to Clausius-Clapeyron.
[1] E. Johnson, H.H. Andersen, U. Dahmen, Microsc. Res. Techniq. 64 (2004), p. 356.
[2] A. Moros et al. to be published.
[3] L.H. Zhang, E. Johnson, U. Dahmen, Acta Mater. 53 (2005) p.3635.
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Fig. 1: HAADF-STEM image of a faceted Pb nanoparticle
embedded in an Al94Ga6-matrix viewed along the
<110>-direction. Six out of fourteen interfaces are imaged
in edge-on conditions.
 

 
Fig. 2: EDX Ga map using a probe current of 450 pA and an
acquisition time of 454 s.
 

 
Fig. 3: Al, Ga and Pb profiles corresponding to the boxed area in Fig.2.
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Thin Pd membranes constitute an enabling material in hydrogen permeation and sensing
applications. Due to hydriding, the initial volume of the Pd structure expands by about 10%
due to the α→β-phase transformation, which induces a large plastic deformation within the
material [1,2]. In the present work, nanoscale plasticity mechanisms activated in sputtered
nanocrystalline (nc) Pd thin films subjected to hydriding cycles at different hydrogen pressures
have been investigated for the first time using advanced TEM. The in-situ measurement of the
evolution of the internal stress during hydriding of the nc Pd films shows that this internal
stress increases rapidly in the compressive direction, and gradually reaches a constant value
of 120 MPa tensile stress for the α-phase transformation and 920 MPa compressive stress for
the β-phase transformation (Figure 1a). The automated crystallographic orientation mapping in
TEM (ACOM-TEM) before and after hydriding did not reveal significant changes of the grain size
and the crystallographic texture, excluding grain boundary mediated processes as dominant
hydrogen induced plasticity mechanisms.
Figures 1b and 1c show HRTEM images of ∑3 {111} coherent twin boundaries (TBs) in Pd films
before and after hydriding to the β-phase, respectively. In these figures, clear loss of the
coherency of these boundaries can be observed. Such a feature is due to the interaction of
coherent TBs with lattice dislocations generated during hydriding. This can be confirmed by
the local g-maps shown in the same figures and demonstrating a clear increase of dislocation
density after hydriding to the β-phase. However, significant changes of dislocation density or
the coherency of coherent TBs have not been observed in Pd films hydrated to the α-phase.
These results confirm that hydrogen induced plasticity is mainly controlled by dislocation
activity at higher hydrogen pressures. Surprisingly, an fcc→9R phase transformation at Σ3
{112} incoherent TBs (Fig. 2) as well as a high density of stacking faults (SFs) (Fig. 2b) have
been observed after hydriding to the β-phase indicating a clear effect of hydrogen on the
stacking fault energy of Pd. Such observations also suggest that hydrogen atoms remain
trapped at the defect cores after dehydriding. Our findings provide precious information for the
validation of atomistic simulations on the interaction of hydrogen with extended defects and
for better understanding of the effect of hydriding on the macroscopic mechanical properties
of nc metallic thin films.
References
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071911, 102 (2013).
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Fig. 1: Figure 1. a) Evolution of the internal stress in nc Pd during hydriding cycle b) HRTEM micrograph of a CTB in the
as-deposited Pd film. A local g-map is shown in the upper left. c) HRTEM image showing the loss of coherency of a
∑3{111} CTB after hydriding to the β-phase. The local g-map from the dashed square is shown as upper-right inset.
 

 
Fig. 2: Figure 2. a) HRTEM image of 9R band embedded in the Pd matrix after hydriding to the β-phase. b) HRTEM
image of hydrated Pd film in the β-phase showing a 9R band at a Σ3 {112} incoherent TB and several SFs indicated by
arrowheads. The lower left inset shows the shift in the position of the {111} planes in the SF indicated by dashed lines.
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The properties of nano-scale defects such as bubbles in materials are extensively studied for
both current and potential future purposes. Those range from the mechanical effects of
alpha-particle irradiation in nuclear reactor walls, to the study of plasmonics and fluids at the
nanometric scale. The creation of He bubbles in Si and other semiconductors is particularly
interesting for their potential applications for electronics, such as their ability for gettering or
the Smartcut™ process.
Our purpose is to improve the understanding of the processes governing the evolution of those
bubbles during thermal annealing by studying their inner fluid pressure and density, which are
predominant factors in their behavior during growth.
So far, spatially-resolved EELS has been shown to be a powerful tool for elemental
quantification. But the intense probe used for this technique results, for our systems, in the
desorption of He, making consecutive experiments on any single bubble difficult. Furthermore,
this forbids studying bubbles during in situ annealing. Here the method uses EFTEM instead of
STEM for spectrum acquisition, in order to greatly reduce the local irradiation intensity and to
facilitate sample drift detection as well (see Figs. 1-3). This, combined with the measurement
of the density-related He1s→2p transition-energy shift (Fig. 3), provides a means to determine the
density in the bubbles.
In our He-implanted Si samples, bubbles range from approximately 20 to less than 5
nanometers in diameter (Fig. 1). Initial results from EFTEM have allowed us to establish
conditions and procedures for the acquisition, treatment and extraction of data from the
samples. Specifically, optimal parameters were determined for signal quality versus acquisition
time. The energy filtering aberrations and sample drift can now be corrected simultaneously,
by a procedure which has been coded in-house and shows good results on both aspects. Noise
reduction is necessary, and a statistical treatment is applied to the data (MSA) for further
signal improvement. Finally, the spectra are deconvolved for multiple scattering, and the He
K-edge is extract and fitted(Fig. 3). Pixel per pixel, density and pressure maps can now be
obtained over several bubbles simultaneously (Fig. 4), and mean pressure and size can be
extracted for each one. While this procedure was being implemented, in situ thermal annealing
experiments were performed, clearly showing bubbles emptying between room temperature
and 800°C, and movement and shape alteration in the same range. Acquisitions were
performed with various annealing temperature and time steps, allowing for the detailed study
of the bubbles' behavior relative to those parameters as well as their proximity with one
another.



 
Fig. 1: Filtered image at 17+-0,5eV, around Si plasmon,
with largest bubbles clearly visible.
 

 
Fig. 2: Filtered image at 23+-0.5eV, around He K-edge,
same area as Fig. 1.
 

 
Fig. 3: Single spectrum acquired via EFTEM, and
post-treatment extracted signal. He K-edge clearly visible
at ~23eV, behind Si plasmon at ~17eV.
 

 
Fig. 4: Density map obtained from same area as Fig. 1
showing density variations between and across bubbles.
Data truncated below 90nm-3 for clarity.
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GaN is a wide and direct band gap semiconductor emitting blue light. The wide single crystal
substrates for device manufacturing have been obtained heteroepitaxially through chemical
vapor deposition on sapphire, and they contain lots of dislocations. Dislocations have been
observed lying parallel to c-axis, whose core structures do not change significantly with the
film growth. But when Si(111) used for the heterosubstrate, the dislocations undergo structural
changes because they are under high compressive stress. It is derived from the large thermal
mismatch between GaN and Si(111).
For the present study, GaN on Si(111) was prepared by a metal-organic vapor phase epitaxy
(MOVPE) method. [1] The atomic configurations were investigated with a 300keV scanning
transmission electron microscope (STEM) (ARM200F, JEOL) equipped with a high angle annular
dark field (HAADF) detector. And to analyze the strain distribution around the dislocation,
geometry phase analysis (GPA) was applied to the HRSTEM images. [2]
We have investigated structural changes occurred in the threading edge dislocation (TED)
among the types of threading dislocations in the GaN/Si(111) as it is the majority. TEDs are
inclined toward <1-100> and <2-1-10>. [Fig. 1(c)] The inclination could be understood by
“surface-mediated climb” mechanism suggested by Follstaedt. et. al. [3] The TED core shifted
to a compressive region and deformed to a structure consisting of two partial edge
dislocations. (Not shown here) The partial dislocations introduced local stacking fault (SF). The
core of the partial dislocation has structures of distorted (1-100) surfaces, which are different
from those found in conventional TED. The SF between the cores is suspected of having strong
metallic Ga bonds, which could be serious electrical defects.
[1] Kai Cheng, M. Leys, S. Degroote, M. Germain, and G. Borghs, Appl. Phys. Lett. 92, 192111
(2008)
[2] A. K. Gutakovskii, A. L. Chuvilin, S. A. Song, Bulletin of the Russian Academy of Sciences
Physics 71(10),1426 (2007)
[3] D. M. Follstaedt, S. R. Lee, P. P. Provencio, A. A. Allerman, J. A. Floro,and M. H.
Crawford,Appl. Phys. Lett.87, 121112 (2005)
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Fig. 1: WBDF TEM images of (a) g=1-100 and (b) g=0002 show inclined TEDs with an angle of ~17º. The [0001]
plane-view exhibits TEDs inclined toward <1-100> and <2-1-10>. Circles indicate TED inclined to <1-100>.
 

 
Fig. 2: (a) GPA applied to [0001] HRSTEM images with two orthogonal diffraction spots of g=11-20 and g=1-100 in the
FFT images. The map of inter-planar distance for (b) g=11-20 and (c) g=1-100.
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Hollow Zn2SiO4 has evoked significant interest as a multifunctional material with applications in
various domains ranging from cathode ray tubes, electrocatalysis, luminescent devices and
selective metal ion absorption. Among various methods for fabrication of hollow structures, the
classic one is Kirkendall process, exploiting differences in the diffusion rates of different
species. In this study, we synthesize Zn2SiO4 by exploiting Kirkendall effect involving the
reaction between ZnO nanorods and a chemically-synthesized SiO2 shell. Using in-situ heating
in the TEM, we have monitored the nucleation and coalescence of the Kirkendall voids leading
to tubular structure in the SiO2-coated ZnO nanorods. We compare the mechanism of
formation of the nanotubes with results from in-situ heating in the TEM and samples heated in
air as well as under reducing conditions. While heating the samples in air leads to
microstructural evolution that is similar to the in-situ experiments, there is a significant
difference in the samples heated under reducing conditions. Heating the ZnO@SiO2

nanostructures in a reducing atmosphere (95% Ar + 5% H2) leads to the formation of
amorphous silica nanotubes owing to etching of ZnO in H2 atmosphere. Thus, this
understanding of the relevant diffusion processes for the diffusion couple at nanoscale
presents a general conceptual platform to fabricate different multifunctional one-dimensional
hollow nanostructures. The fabricated Zn2SiO4 nanotube show excellent toxic metal ions
(titanium and uranium) adsorption property and also serve as good cathode materials for Li-ion
batteries.
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Fig. 1: Fig. 1. (a) schematic of microstructure evolution under different conditions; (b), (c) and (d) are TEM images
showing nanotube formation from ZnO@SiO2 on annealing in air; (e) Comparison of the XRD patterns of the ZnO@SiO2

core@shell structure, as synthesized and after heating the same in air at 900oC, thus resulting into rhombohedral
Zn2SiO4 phase
 

 
Fig. 2: Fig. 2. (a-f) are results of in-situ heating showing the hollow structure formation; (g) is SAED pattern of
intermediate showing mixed phase of silicate (marked in red) and ZnO; (h) HRTEM showing Kirkendall void
 

 
Fig. 3: Fig. 3. (a) BF TEM image showing SiO2 nanotubes formed on heating ZnO@SiO2 in reducing atmosphere; (d-g) are
STEM elemental mapping results from the region (b-c) showing no presence of Zn, further confirming etching of ZnO in
H2 atmosphere
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Aberration correction has enabled atomic resolution at low accelerating voltages in scanning
transmission electron microscopy (STEM). The continuing improvement of the resolution of
STEM instruments not only provides clearer images, but also enables atomic scale information
to be recorded more rapidly. Rapid scanning provides numerous benefits. With a single rapidly
scanned image it is often possible to outrun damage in beam sensitive materials. Recording a
series of rapidly scanned images provides a means of removing motion blur. Instead of
recording a single image with a long dwell time, one can drift correct a series of rapidly
scanned images and then average them for a sharper image. Such series can however also be
used to record dynamic processes in action. The dynamics could be triggered with a change in
temperature, however using specially designed heating or cryogenic sample holders can
compromise the stability of the microscope and reduce resolution. An alternative is to use the
electron beam itself to provide the energy needed to overcome the energy barriers involved in
dynamic processes. As we show, if the beam is gentle enough and scanned sufficiently rapidly,
useful information about dynamic processes can be revealed. Dynamic processes such as
solid-state chemical reactions are ubiquitous in materials science. They are relied upon for
applications ranging from materials synthesis to device operations. For instance,
electrochemical energy systems rely on ion exchanges to store or release energy. Furthermore
in devices such as batteries these exchanges often necessitate not only the transport of ions
but also phase changes which involve their own transformation dynamics. We demonstrate the
use of Z-contrast annular dark-field electron microscopy to directly observe the atomic scale
dynamics of a manganese oxide phase change. The energy of the electron probe is used to
transform Mn3O4 into MnO. By recording a time series of rapidly acquired atomic resolution
images we uncover the detailed motions of the atomic columns as the phase front advances.
Furthermore, the atomic number contrast of the Z-contrast images allows changes in the
occupancy of the atomic columns to be quantified. The results illustrate the advantages of
applying STEM to study dynamic processes. Z-contrast imaging offers interpretability and the
ability to quantify changes in occupancy while EELS offers additional robust compositional and
chemical information.
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Fig. 1: HAADF image of phase front between MnO (top) and spinel Mn3O4 (bottom).
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    Recently, inherent interfaces in perovskite oxides have initiated a fascinating and
challenging research subject due to their broad prospects in developing new generations of
electronic devices. The typical paradigms include electronic conductivity and large
photovoltaic effect at ferroelectric domain walls, e.g., in BaTiO3 [1] and in BiFeO3 [2]
respectively, polarity at twin boundary of CaTiO3 [3], and ferromagnetism at antiphase
boundary (APB) of Mn-doped hexagonal BaTiO3 [4]. These domain boundaries are particularly
interesting because they can be created, annihilated, rewritten and displaced electrically
inside the materials, which lead to agile functionalities at nanoscale.
   Previously, theoretical investigation on SrTiO3 has predicted that at temperatures below ~ 40
K, spontaneous polarization and ferroelectricity can be developed in easy and hard boundaries,
respectively [5], which make these APBs attractive for practical future applications, if this will
happen at room temperature. Using negative spherical-aberration imaging (NCSI) technique in
an aberration-corrected TEM, the development of spontaneous polarization (PS ≈ 14 uC/cm2)
inside an easy boundary has been experimentally confirmed in antiferroelectric PbZrO3 at room
temperature. As result of breaking of Pb cation ordering and octahedral rotation across the
boundary, lattice parameter is found to strongly change perpendicular to the boundary plane.
First-principles calculations confirm the polarity at the APB. Considering their straight
geometry and small sizes, the strain-free APBs are expected to stimulate further interests of
both fundamental and applied research in the future.
References
[1] T. Sluka et al, Nat. Commun. 4, 1808 (2013).
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Fig. 1: Fig. 1. Domain boundary types in tetragonal SrTiO3 (space group I4/mcm, octahedral rotation symbol a0a0c-). (a)
Easy boundary: the octahedral rotation c-axis is orthogonal to the boundary plane. (b) Hard boundary: the octahedral
rotation c-axis is parallel to the boundary plane.
 

 
Fig. 2: Fig. 2. (a) Morphology of the APBs in PbZrO3. (b) HRTEM image of PbZrO3 along [001] direction. The schematic
unit cells are overlapped on the image. Yellow circles: Pb columns, green circles: Zr/O columns, red circles: oxygen
columns. The schematic unit cells illustrated at both sides show the p-phase shift of the APB.
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Strontium titanate (SrTiO3) has been used as a model material to understand the underlying
mechanism of resistive switching phenomena for ReRAM applications.[1,2] It has been widely
accepted that lattice defects play an essential role in the resistive switching processes in
SrTiO3.[2,3] Therefore, a profound knowledge of the microstructures of a large variety of
defects is a prerequisite for thoroughly understanding the microscopic switching mechanism.
In this study, we have investigated antiphase nanodomains in Fe-doped SrTiO3 films by high
resolution scanning transmission electron microscopy (STEM).
Randomly distributed dark contrast features with size up to about a few nanometers were
observed in both the cross-section and plan-view bright field images of the Fe-doped SrTiO3

film (Fig. 1). High-resolution cross-section HAADF images recorded along [100] and [110] zone
axes reveal that these dark contrast features are antiphase nanodomains formed by half unit
cell shifting along the [011] direction with respect to the surrounding film (Fig. 2). Plan-view
HAADF imaging shows that the antiphase boundaries appear to be composed of edge-shared
TiO6 octahedra with a local Ti enrichment (Fig. 3). The edge-shared TiO6 octahedra are
commonly seen in TiO2, such as anatase and rutile. The observed antiphase boundaries
therefore differ from those of the Ruddlesden-Popper phases,[4] which are with an A-site atom
enrichment.
Since antiphase nanodomains were not observed in Fe-doped SrTiO3 single crystals, Fe-doping
alone is not sufficient for the formation of antiphase nanodomains. A reasonable explanation
for the formation of the antiphase nanodomains appears to be atomic scale chemical
inhomogeneities or fluctuations during the film growth causing local Ti-enrichments, which in
turn induce the formation of antiphase nanodomains.
The identified defect structures offer great potential for tailoring the electronic properties of
SrTiO3. By deliberately controllable chemical fluctuations, a similar formation of Antiphase
nanodomains in other perovskite oxides is conceivable.
References
[1] Waser, R.; Aono, M. Nat. Mater. 2007, 6, 833.
[2] Waser, R.; Dittmann, R.; Staikov, G.; Szot, K. Adv. Mater. 2009, 21, 2632.
[3] Szot, K.; Speier, W.; Bihlmayer, G.; Waser, R. Nat. Mater. 2006, 5, 312.
[4] Ruddlesden, S. N.; Popper, P. Acta Cryst. 1958, 11, 54.
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Fig. 1: Cross-section a) and plan view b) BF-TEM images of a Fe-doped SrTiO3 film grown on a Nb-doped SrTiO3

substrate.
 

 
Fig. 2: Cross section HAADF images recorded along a) the [100] and b) the [110] zone axes. Defect areas were marked
by rectangles. Solid circles: matrix lattice; open circles: antiphase lattice (green: Sr, yellow: Ti). Scale bar: 1.0 nm.
 

 
Fig. 3: Plan view HAADF image of an antiphase nanodomain imaged aong the [001] zone axis. Edge-on areas were
marked by rectangles, which was used for modeling and simulation. Structure models of the marked antiphase
boundary and anatase are shown for comparison (green: Sr, yellow: Ti, red: O). Scale bar: 1.0 nm.
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During the past few decades, interest in titanium alloys has continuously increased due to their
combination of properties such as high strength, low density, biocompatibility and good
corrosion resistance. However, both their low ductility and their lack of strain-hardening limit
their use in advanced applications where superior combinations of strength and ductility are
required. Recently, an electronic design approach for the development of a new family of
titanium alloys exhibiting a combination of high ductility and improved strain-hardening rate
has been proposed and exemplified in the binary Ti–12 wt.%Mo grade [1]. The chemical
formulation of such alloys was designed following the Morinaga model based on the cluster
DV-Xα method by mapping electronic parameters Bo (bond order) and Md (d-orbital energy)
[2]. This map is of great interest since it can be used as a tool to design new titanium alloys
exhibiting specific improved performances.
Based on this approach, as-quenched Ti-12 wt.% Mo alloy with athermal ω phase has been
designed to exhibit simultaneous transformation induced plasticity (TRIP) and twinning
in-duced plasticity (TWIP) effects in order to improve mechanical properties of the as-quenched
β phase [1]. Mechanical tests exhibit a work hardening rate never reached before in Ti alloys
(Figure 1a) [3]. The monotonic raising of the strain-hardening rate reaches a maximum value
of ~ 2000 MPa from the elastic limit to ε = 0.1, the early stage of the plastic deformation.
Electron back scattered diffraction (EBSD) has shown the occurrence of {332} <113> twinning
and β→α” stress-induced martensitic transformations during tensile loading (Figures 1b and
1c). On the other hand, high resolution transmission electron microscopy (HRTEM) revealed
the presence of {112} <111> nanotwins (Figure 2a) accompanied with stress-induced ω
phase (Figure 2b). The ω phase was found to nucleate on the (211) mechanical twin
boundaries. The nanoscale mechanisms controlling the formation and the interaction of phase
boundaries and twin boundaries have been investigated using TEM techniques including
aberration corrected TEM and in-situ TEM micro/nanomechanical testing. Special efforts have
been also made to elucidate the elementary mechanisms controlling the interaction of
deformation dislocations (especially screw dislocations) with the stress induced interfaces.
Finally, the role of these fundamental mechanisms in the remarkable mechanical properties
exhibited by the Ti alloy used in the present study is discussed.
[1] M. Marteleur et al., Scripta Materialia, Vol 66, Issue 10, 2012, pp. 749-752
[2] M. Abdel-Hady et al., Scripta Materialia. Vol 55, Issue 5, 2006, pp. 477-480
[3] F. Sun et al., Acta Materialia, Vol 61, Issue 17, 2013, pp. 6406-6417



 
Fig. 1: Figure 1: (a) Tensile true strain/true stress curve is shown by the black line. The strain-hardening rate, dσ/dε, is
plotted in black circles and the smoothed curve is shown in red. (b) EBSD map showing {332} <113> twins (orange) in
β matrix (blue) in sample deformed at ε = 0.05. (c) EBSD map showing two variants of α” phase (blue and green).
 

 
Fig. 2: Figure 2: HRTEM images taken along [110] in sample deformed at ε = 0.007, showing (a) {112} <111>
mechanical twin lamella. Note the high strain field at the tip of the twin due to the presence of twinning partial
dislocations stopping in the β matrix and (b) stress-induced ω phase nucleating on the (211) plane of the twin lamella.
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The charge-density wave (CDW) is an electronic ground state with broken translational
symmetry brought by correlated electron-phonon interactions. Decades of studies on the
subject have established that a highly anisotropic band structure is essential for the
emergence of this ground state and is characteristic to a wide spectrum of low-dimensional
materials. Indeed, CDW has been largely found in one-dimensional (1D) and two-dimensional
(2D) material systems such as NbSe3 and TaSe2. The existence of CDW in three-dimensional
materials is usually not expected. It is not found until recently that the tetragonal rare-earth
transition-metal silicide system with three-dimensional crystallographic structure R5T4Si10,
where R is Dy, Ho, Er, Tm, and Lu, and T = Ir and Rh, can exhibit CDW phase transitions. Here,
we report the investigations of CDW in Dy5Ir4Si10 at different temperatures using
transmission electron microscopy (TEM) techniques including electron diffraction (Figure 1)
and dark-field superlattice imaging. Incommensurate superlattice diffraction spots along c axis
were observed in the electron diffraction patterns (Figure 2) when the sample was cooled
below the well-known CDW transition temperature at ~208 K. CDW becomes commensurate
with further cooling and configurations of CDW dislocations imaged by the dark-field technique
convincingly show that the CDW phase transition is accompanied by a concomitant
cell-doubling structural phase transition. Intriguingly, the cell-doubling transition is featured by
an inversion-symmetry breaking observed by further convergent beam electron diffraction. A
disparity in the CDW modulation vectors, q+ and q-, readily arises, breaking the CDW principle
that the associated modulations should remain invariant upon spatial inversion. Upon
dark-field imaging using respective q+ and q-, we surprisingly observed the contrast reversal
of the CDW domains (Figure 3), a phenomenon largely undocumented in the past. The
potential linking of this discovery to the emergent chiral CDW, which allow the breakdown of
the spatial-invariant principle, was discussed.



 
Fig. 1: Electron diffraction pattern along the [100] zone axis
obtained at 100 K, which shows the commensurate satellite
spots of charge-density wave modulations characterized by
q+ = (0, 0, ¼) and q- = (0, 0, –¼). The room-temperature
pattern along the same projection is also shown (inset).
 

 
Fig. 2: [100]-zone-axis diffraction pattern taken at the
same sample region to Figure1 at otherwise 190 K,showing
the emergence of incommensurate satellite peaksas
indicated by the white circle.
 

 
Fig. 3: (a) and (b), the superlattice dark-field TEM images obtained from the respective commensurate q+ = (0,
0,¼)and q- = (0, 0, –¼) vectors in Figure 1 as a result of the symmetry breaking along c axis upon the CDW
modulation.
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Cation exchange reactions have been recently demonstrated to be a powerful route to
synthesize inorganic nanocrystals (NCs) with controlled size, shape, and crystal phase. In this
kind of reactions the cations within the crystal structure of ionic NCs can be replaced with
other cation species, while the sublattice of anions remains in place [1].
This study concentrates on transmission electron microscope (TEM) experiments of cation
exchange and diffusion reactions between CdSe and Cu2Se nanocrystals via thermal
annealing. We are be able to fully convert nanorods and nanowires of CdSe with hexagonal
structure into Cu2Se nanorods and nanowires with cubic structure, directly at subsolidus
condition (i.e. not in solution or passing through melt status) by thermal activation performed
in-situ (Figure 1), as confirmed by selected area electron diffraction (SAED) patterns analysis.
TEM and energy filtered TEM (EFTEM) analysis revealed that Cu species interdiffusion and
concomitant Cd sublimation reactions are activated when mixture of nanorods or nanowires of
CdSe and nanoparticles of Cu2Se are annealed together under high vacuum condition up to
400°C. The as-obtained cation exchange preserves shape and textural relation of
nanoparticles during thermal reaction, aside from an anisotropic partial dissolution of
hexagonal wurtzite nanorods and nanowires, as shown from high angle annular dark field
(HAADF) scanning TEM (STEM) imaging. These thermal instability and consequent preferential
dissolution processes are considered to be activated by intra-crystalline diffusion of Cu species
from Cu2Se nanoparticles into hexagonal CdSe nanorods and nanowires lattices which trigger
out-diffusion and sublimation of Cd. The mixture of CdSe and Cu2Se nanocrystals is therefore
an example of thermally unstable system, despite the separate components showing to be
stable under the same conditions.
[1] Robinson, R. et al. Science 317 (2007) 355.



 
Fig. 1: In-situ annealing experiment of CdSe nanorods and Cu2Se nanoparticles. Zero loss filtered image, corresponding
EFTEM maps of Cu and Cd, SAED patterns with integrated diffractogram acquired at room temperature (a-c) and 400°C
(d-f). Scale bars 50 nm.
 

 
Fig. 2: In-situ annealing experiment of CdSe nanowires and Cu2Se nanoparticles. a) zero loss filtered image; EFTEM
maps, Cu-green, Cd-blue acquired at room temperature (b) and 400°C (c); d-e) HAADF images acquired at 400°C
showing anisotropic partial dissolution of nanowires over the time at beginning (d), 4 (e) and 8 minutes (f). Scale bars
50 nm.
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Co-based alloys, of a composition of Co-12Al-9W, form a stable two phase γ/γ’ microstructure
at 900 °C [1]. This microstructure is morphologically identical to the microstructure of Ni base
superalloys and promises greater temperature capability due to the higher melting point of Co
compared to Ni. γ’ cubes, consisting of the L12 crystal structure are coherently embedded in a
solid solution fcc (A1) γ matrix. In contrast to Ni-base superalloys the lattice constant of the γ’
phase is larger than the one of the γ matrix corresponding to a positive lattice misfit. To
ensure precipitate hardening at temperatures, which are relevant to practical applications,
700-1100 °C, as experienced in gas turbine applications, the stability of the γ/γ’ phases is of
fundamental importance.
In this study the stability of the γ and γ’ phase as well as the lattice misfit in Co based alloys
was investigated. Employing in situ heating in the transmission electron microscope (TEM) the
dissolution of the γ’ precipitates is directly observed. Small tertiary γ’ precipitates in the
channels start to diminish at a temperature of about 800 °C and are fully dissolved at 850 °C.
The volume fraction of the γ channels increases at the expense of the γ’ precipitates, Figure 1.
During heating, the different thermal expansion of γ and γ’ and the redistribution of alloying
elements changes the lattice parameters and therefore the resulting lattice mismatch [2]. In
contrast to lattice misfit measurements by x-ray diffraction (XRD) [3], where the contributions
from γ and γ’ are often difficult to separate, the diffraction intensities of the two phases can be
clearly distinguished in selected area electron diffraction patterns. Combined with in situ
heating experiments this enables the determination of the local lattice misfit at various
temperatures up to 950 °C .
With the γ and γ’ volume fractions, evaluated from the images, and the lattice parameters at
different temperatures, a thermodynamic assessment using the software Thermo-calc , and
TCNI6 database (www.thermocalc.com), shows to be in good agreement, as illustrated for the
volume fraction in Figure 2.
[1] J. Sato et al, Science (2006), vol.312, p. 90
[2] Yu.N. Gornostyrev et al, Scripta Materialia (2007), vol.56, p. 81-82
[3] F.Pyczak et al, Materials Science & Engineering A (2013), vol.571, p. 13-18
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Fig. 1: Series of TEM dark field micrographs recorded during in situ heating of a Ni containing Co-base alloy. The arrow
marks the region, where the tertiary γ’ precipitates show contrast at 708 °C and 801 °C until no contrast is observed at
854 °C, where the tertiary γ’ precipitates are fully dissolved.
 

 
Fig. 2: The evolution of phases with temperature for the Ni containing Co-base superalloy shown in Figure 1 calculated
with the software Thermo-calc. Dots represent the experimentally obtained volume fraction of the γ’ phase (blue) and
the γ phase (red) during in situ heating.
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Strain analysis with high spatial resolution is important to understand and tune e.g.
mechanical or electrical properties of materials and devices. Averaging scattering methods,
like neutron and x-ray scattering [1], are well established to measure strain, but have the
drawback of no (or almost no) spatial information. Spatially resolved TEM techniques (CBED
[2], GPA), on the other hand, often suffer from the limited number of data points or from the
small volume which can be probed.
Here we present a method to map strain by CBED on a very local scale. EDX spectra are
recorded simultaneously, which enables to correlate structural information from the CBED
patterns to the chemical information.
While there are well established tools to quantify EDX spectra, the evaluation of a large
number of CBED patterns associated with such a mapping fueled the development of an
automized procedure. As sketched in Fig. 1, the CBED patterns are first binarized using a
variety of image filters. A Hough transformation is applied on the binarized image to roughly
find the lines. In the next step these lines are refined on the original CBED pattern minimizing
the intensity along the line. The distances of particular intersection points are calculated to
characterize the local strain state of the material.
In principle, this technique is not limited to a particular material system or microstructure.
However, it best reveals its benefits in investigations of strain at interfaces, in layered
structures or of strain distributions due to chemical gradients. In the example depicted in Fig.
2, a γ/γ’ microstructure of a Ni based superalloy (ERBO1C) was investigated in which cuboidal
γ’ precipitates (L12) are coherently embedded in a γ solid solution matrix. Due to a small lattice
misfit (<0.5%), the γ channels are weakly tetragonally distorted. This small distortion has a
large influence on nucleation, mobility and annihilation of interface dislocations as well as on
the directional coarsening of the microstructure during creep deformation.
For the mapping in Fig.1 an area of 200 nm x 200 nm of a γ/γ’ microstructure has been
selected. In b) and c) the chemical distribution of Ni and Cr is shown. By using the technique
described above, the lattice parameter axx, ayy and the tetragonal distortion axx/ayy are evaluated
(d)-f)). It can clearly be seen that both orientation dependent lattice parameters vary in the
perpendicular γ channels, while in the γ’ precipitate no significant difference is observed. The
direct comparison of the chemical and structural mapping demonstrates the good agreement
of both data sets.
[1] R. Gills et al., Appl. Phys. A (2002) 47: 1446C.
[2] C. Schulze and M. Feller-Kniepmeier, Mater. Sci. Eng. (2000) 281: 204H.
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Fig. 1: Sketch of the automized CBED pattern evaluation procedure: The CBED pattern a) is binarized in the first step to
roughly find the lines via Hough transformation b). These are then optimized on the original image minimizing the
intensity along the lines c) to calculate the distances of particular intersection points to characterize the strain state.
 

 
Fig. 2: a) STEM image of a γ/γ’ microstructure. The mapped area is highlighted with a red rectangle. b) and c) show the
Ni and Cr distribution of the mapped area from EDXS. d) and e) show the orientation dependent lattice parameter
determined from CBED patterns, the tetragonal distortion is plotted in f).
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Asbestos-containing materials, extensively used in the past in many European countries, are
now considered hazardous wastes of great concern. It has been proved that inertization can be
obtained via thermal treatment above 1100 °C. This solution relies upon the scientific evidence
that all asbestos minerals at high temperature transform into stable crystalline silicates via a
solid state recrystallization process [1]. Asbestos fibres preserve the same external crystal
habit although a complete modification of the structure at a molecular scale occurred. This
phenomenon is called pseudomorphosis. With increasing the temperature of the thermal
treatment above 650-750 °C, the transformation sequence of chrysotile asbestos predicts the
crystallization of forsterite (Mg2SiO4) and enstatite (MgSiO3 ) [1]. In a system high in Ca, such as
cement-asbestos, crystallization of cement phases such as larnite (Ca2SiO4), ferrite (ideally
Ca4Al2Fe2O10), and Al-,Ca-,Mg-rich silicates, such as akermanite (ideally Ca2MgSi2O7) and
merwinite (ideally Ca3MgSi2O8), occurs. In this work, analytical and spectroscopic techniques
coupled with microscopy allowed for the study of individual residual pseudo-morphosed fibre
bundles, in cement-asbestos samples heat treated at 1200 °C. Phases detected were mainly
monticellite (CaMgSiO4) or akermanite. They likely formed through the reactions: CaO + MgSiO3

(en) -> CaMgSiO4 (mtc), and CaMgSiO4 (mtc) + CaO + SiO2 -> Ca2MgSiO7 (ake). This suggests
that, although transformation reactions occurred largely at the solid state, a substantial
mobilisation of Ca and Mg resulted. Such a process is essential for the attainment of the bulk
mineralogical composition predicted by the phase diagrams in the system CaO-MgO-SiO2 [2];
however, because of crystallization under non equilibrium conditions, departures from the
expected bulk phase composition are still observed. This study contributes to the definition of
factors conditioning the recycling of transformed cement-asbestos as secondary raw material
[2-3].
[1] Cattaneo A, Gualtieri AF and Artioli G. (2003) Kinetic study of the dehydroxylation of
chrysotile asbestos with temperature by in situ XRPD. Physics and Chemistry of Minerals, 30,
177-183.
[2] Viani A, Gualtieri AF. (2014) Preparation of magnesium phosphate cement by recycling the
product of thermal transformation of asbestos containing wastes. Cement and Concrete
Research, 58, 56-66.
[3] Viani A, Gualtieri AF. (2013) Recycling the product of thermal transformation of
cement-asbestos for the preparation of calcium sulfoaluminate clinker. Journal of Hazardous
Materials, 260, 813-818.
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Fig. 1: Example of asbestos fibres in a cement-asbestos sample after thermal treatment at 1200 °C. Pseudomorhosis is
evidenced by the extensive recrystallization in what was initially an association of asbestos fibres.
 

 
Fig. 2: Micro Raman spectrum of the residual pseudo-morphosed fibre bundle shown in the inset picture. Main Raman
bands of merwinite are reported.
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Dislocation and deformation twinning are traditionally known to be plasticity carriers of
crystalline materials at room temperature. By using in-situ TEM mechanical testing technique
(Fig. 1), here we report that the plasticity of a specially orientated single crystal magnesium is
carried out neither by dislocation nor by deformation twinning, but through a direct
reconstruction of the unit cell, which results a twinning-like reorientation without a traditional
defined twinning plane[1].
Deformation twinning is a major mode of plastic deformation for magnesium and its alloys, due
to their very limited number of slip systems. But twinning mechanisms for such metals are
much less understood. In our experiments, when the submicron-sized single-crystal
magnesium was compressed normal to the prismatic ({10-10}) plane or stretched normal to
the basal ({0002}) plane, a twinning-like reorientation was produced. However, the rotation
angle of the lattice was around 90 degree, rather than the theoretical value of 86.3 degree.
Moreover, the boundary largely deviated from the twinning plane that is a crystallographic
plane mirroring the parent and the twin lattices. Most surprisingly, in one sample, the
sweeping boundary produced a sizable plastic strain of tetragonal compression character
instead of simple shear. Aberration-corrected TEM observations revealed that the boundary
between the parent lattice and the “twin” lattice was composed predominantly of
semi-coherent basal-prismatic interfaces instead of the {101-2} twinning plane. We proposed
and demonstrated that the migration of this boundary was dominated by the movement of
these interfaces undergoing basal-prismatic transformation via unit-cell-reconstruction (Fig. 2).
Under the external stress, the basal plane would be transformed into the prismatic plane and
vice-versa. As a result, the boundary could migrate, which led to the growth of one grain with
the expense of the other one, and finally produced a considerable plastic strain (~6%). The
propagation of such boundary may be less sensitive to precipitates that are traditionally
important for age hardening. The reported novel plastic deformation mode in magnesium may
have implication for the alloy design.
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Fig. 1: Figure 1 Experimental setup. The in-situ test was conducted on a Hysitron PicoIndenter 95 holder inside a TEM
(JEOL 2100F). The sub-micron sized sample and the diamond tip were fabricated by FIB. Red and blue color of the
sample schematic represent to two grains.
 

 
Fig. 2: Figure 2 Schematics of dislocation (left), twin (mid) and unit-cell-reconstruction.
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Twinning is a very important deformation mechanism in hexagonal metals, such as
magnesium. The most commonly observed twin is {10-12} type twin, followed by {10-11}
type twin, depending on the direction of stress. {10-11} type twin is often followed by a
re-twinning of {10-12} type, forming a double twin, which also leads to fracture. Complex
interactions between dislocation slip and twins occur in hexagonal systems. Nucleation of
twins is also a subject of intense investigations. Atomistic simulations show that nucleation of
{10-12} twins most likely occur on grain boundaries, especially with low angle misorientations
[1]. In the present work twin-dislocation interactions and twin nucleation have been examined
in a deformed Mg-Zn alloy.
An extruded Mg-2.4at%Zn alloy with grain size of 1-3μm was fractured by three-point bending
test. A specimen below the crack surface was sampled by focused ion beam technique, and
studied by a JEOL 4000EX transmission electron microscope, operated at 400 kV.
Complex structure of twinning and slip was observed beneath the crack surface. Relatively
away from the surface, an array of {10-11} type twins was observed, with width of about 200
nm. Diffraction contrast showed extensive basal and prismatic slips. Dislocation pile-ups
occurred on the twin boundaries. Twins re-twinned to form {10-11}-{10-12} double twins.
Repeated twinning with the help of slip activity led to finer twin domains, with final sizes of
about 50 nm, whose boundaries were no longer planar. Three domains A, B and C related by
double twinning are shown in Fig. 1. Basal slip activity in B, and its interaction with B-C twin
boundary is observed. 
Nucleation of twinning was observed on single tilt grain boundaries (STGB), such as in Fig. 2.
Grains P and Q are tilted about 24-29° about <11-20> zone axis. An array of dislocations
forming a 2° low sub-boundary (at Q’) interacts with the STGB, creating a twin nucleus N,
which makes a {10-11} type twin with the matrix grain Q. This nucleation process is an
experimental example of that shown for {10-12} twin by simulation [1].
An array of {10-11} type nano-sized twins of less than 50 nm in size was observed in the
matrix with high level of basal and prismatic slip activity [2]. These are first examples of
nucleation of {10-11} type twins, mediated by dislocations. These dislocation-twins
interactions and nucleation of twins will be described and discussed in the presentation.
References:
[1] J. Wang et al., Scripta Mater. 63 (2010) 741.
[2] A. Singh, H. Somekawa and T. Mukai, Philos. Mag., 2014, doi:
10.1080/14786435.2013.869052
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Fig. 1: Nano-domains related by twinning, all oriented along a <11-20> zone axis. Lines on basal planes are drawn. A
and B are related by {10-12} type twinning (ideal angle 86°). B and C are related by {10-11} twinning (ideal angle
56°). B and D are related by {10-12} twinning. A 16° boundary exists between C and E. A-B-C make a double twin.
 

 
Fig. 2: Nucleus N of a twin on single tilt grain boundary between grains P and Q. All are oriented along a <11-20> zone
axis. A array or a pile-up of dislocations is observed at Q'.
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Recently, stress-induced products such as α″, ω phase and twinning and their effect on
mechanical properties of titanium base alloys have attracted considerable attention. It has
been revealed that the structural stability of the β phase significantly influences the plastic
deformation mode in metastable β-Ti based alloys. In this work, stress-induced products in a
series of metastable β-type Ti-xV (x=16, 18 and 20 wt%) binary alloys after tensile tests were
characterized by EBSD. The stress-induced ω phase and twinning and their corresponding
Schmid factors were correlated with the structural stability of the Ti-V binary alloys.
The β-type Ti-xV (x=16, 18 and 20 wt%) binary alloys were prepared by arc melting in vacuum
and were hot-rolled and subjected to solution treatment at 1123 K followed by water
quenching. The initial microstructure of Ti-V binary alloys is single β phase. They were
tensile-tested at room temperature and a strain rate of 2×10-4 s-1. The samples for EBSD
measurements were electro-polished in a solution of 5% perchloric acid and 95% methanol at
−30 °C and 50 V. The tensile direction of samples was set to be parallel to the RD in EBSD
measurements. The EBSD maps were taken by JEOL 7000F SEM equipped with Oxford HKL. Fig.
1(a, b) are the EBSD orientation and phase maps of Ti-16V alloy, respectively. Many
stress-induced plate-like features can be observed within grains and identified as
stress-induced ω phase. The habit plane of ω phase is {-5502}ω//{332}β determined by the
lattice correlation boundary method. Supposing the activated growth direction of ω phase is
{332}<113> in the β phase, the corresponding Schmid factors fall into a range between 0.44
and 0.48 as shown in Fig. 1(c). Fig. 2 (a, b) are the orientation and phase maps of Ti-18V alloy.
The plates with mis-orientation angle of 50.5° along the <110> direction correspond to
{332}<113> twins in the β phase. Additionally, stress-induced ω phases can be observed in
the grain. Fig. 2(c) shows that the Schmid factors of {332}<113> deformation twins are
between 0.43 and 0.50 and stress-induced ω phase is 0.47. The deformation twins are
activated easily in comparison with stress-induced ω phase. Fig. 3(a) shows the orientation
map of Ti-20V alloy, where all the plates were identified as {332}<113> deformation twins.
The Schmid factors of {332}<113> twins are between 0.44 and 0.46 as shown in Fig. 3(b).The
structural stability of β phase increases with increasing the content of V in Ti-xV binary alloys.
Based on EBSD results, it can be concluded that the plastic deformation mechanism
transforms from stress-induced ω phase to {332}<113> deformation twinning with increasing
of the structural stability of β phase in Ti-xV binary alloys.
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Fig. 1: Fig. 1 EBSD orientation map (a), phase map (b) and Schmid factors (c) of Ti-16V alloy.
 

 
Fig. 2: Fig. 2 EBSD orientation map (a), phase map (b) and Schmid factors (c) of Ti-18V alloy.
 

 
Fig. 3: Fig. 3 EBSD orientation map (a) and Schmid factors (b) of Ti-20V alloy.
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Typical ultrahard or superhard materials would require three-dimensional bonding networks
commonly consisting of high densities of strong covalent bonds, atomic constituents and
valence electrons. Currently, the most powerful way to yield the high densities of these factors
is the synthesis under high pressure conditions. However, in recent years transition metal
borides have attracted extensive interests because of superior mechanical properties and
ambient-condition synthesis without the need of high pressure. Among those borides, the W-B
system has attracted particular attention since the report on WB4 with a measured
superhardnees, Hv of about 46.3 GPa, as the highest measured hardness among the borides
mentioned above. Although the superhardness of WB4 has been again confirmed
experimentally and interpreted theoretically, subsequent first-principles calculations show
contradictions on high-pressure experimental findings and theoretical predictions. Therefore,
this tungsten boride still needs further clarification.
Because boron is a weak electronic scatterer, it is impossible to refine the accurate structure of
WB3+x from XRD patterns of powder samples. Nevertheless, the aberration-corrected HRTEM
image provides a powerful tool to directly visualize the light mass elements (i.e., oxygen and
boron). For the hP16-WB3 structure, between any two dense boron lines there exists a
tungsten-atom line, which consists of a repeated unit of every two tungsten atoms separated
by a void. However, aberration-corrected HRTEM images reveal that the voids are partially
occupied in the WB3/WB3+x boundary (Fig. 1e) and fully occupied in the WB3+x region (Fig. 1f) by
extra boron atoms. As further evidence, the extra atoms can be also found in the
aberration-corrected HRTEM images in Fig. 1j and 1k projected along the [0001] direction. This
suggests that WB3+x can be considered as defective hP16-WB3 in which the extra x boron atoms
occupy the interstitial sites in the tungsten layers.
By means of aberration-corrected high-resolution transmission electron microscopy
experiments and in combination with variable-composition evolutionary algorithm coupled with
density functional theory, we have studied and characterized the composition, structure and
hardness properties of WB3+x (x < 0.5). The results rationalize the seemingly contradictory
high-pressure experimental findings and suggest that the interstitial boron atom is located in
the tungsten layer and vertically interconnect with four boron atoms, thus forming a typical
three-center boron net with the upper and lower boron layers in a three-dimensional covalent
network, which thereby strengthen the hardness.
[1] Zhang et al, Phys Rev Lett 106 (2011) 165505.
[2] Cheng et al, Appl Phys Lett, 103 (2013) 171903.
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Fig. 1: The aberration-corrected HRTEM image of the superhard WB3+x. (a) The projection of the hP20-WB4. (b) The AC
HRTEM image of WB3+x and their boundaries. (c, h) The projections of hP16-WB3. (d),(e), (f) and (i), (j), (k) The AC
HRTEM images along the [11-20] and [0001] directions, respectively. (g) and (l) The projections of defective WB3+x.
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The microstructure of the martensite in shape memory alloys is characterized by the
combination of multiple habit plane variants (HPVs) to minimize the elastic strain energy upon
transformation, which is so-called self-accommodation (SA). In the present study, the SA
morphology of the B19’ martensite is systematically investigated by SEM, CTEM and STEM. The
SEM used was Cal Zeiss ULTRA 55. The STEM used was JEM-ARM200F equipped with a
spherical aberration corrector for electron optic system. The surface relief morphology of wide
area in polycrystalline bulk specimen was observed by SEM. The crystallographic aspects of
each HPV was determined by electron diffraction experiments with CTEM. The interface
structure between HPVs was investigated by HAADF-STEM.
There are twelve pairs of the minimum SA unit consisting of two HPVs with V-shaped
morphology connected to a {-1-11}B19’ Type I variant accommodation twin. It is found that an
ideal SA morphology consists of three V-shaped units, i.e., a total of six HPVs, clustered around
one of the <111>B2 poles with hexagonal shape as shown in Fig. 1. Triangular and
parallelogram SA morphologies are also observed. The triangular morphology consists of a
V-shaped unit and third HPV. Although there are four candidates of the third variant in the
triangular SA morphology, specific two HPVs are only confirmed. The parallelogram
morphology consists of two V-shaped units, i.e., a total of four HPVs [1]. The variant selection
rule and the number of possible HPV combinations in each of these self-accommodation
morphologies are established. It is revealed that there are four kinds of characteristic HPVs
interface to complete the SA morphologies mentioned above. The HAADF-STEM observations
well agree with the prediction of crystallographic aspects of the interfaces from the
phenomenological theory of martensite crystallography and the geometrically nonlinear theory
[2, 3].
In-situ cooling and heating SEM observations and three dimensional SA morphologies are also
discussed. The evidence of thin foil effect in in-situ TEM observations will be provided

References
[1] M. Nishida, T. Nishiura, H. Kawano, T. Inamura, Philos. Mag. 92 (2012) 2215-2233.
[2] M. Nishida, E. Okunishi, T. Nishiura, H. Kawano, T. Inamura, S. Ii, T. Hara, Philos. Mag. 92
(2012) 2234-2246.
[3] T. Inamura, T. Nishiura, H. Kawano, H. Hosoda, M. Nishida, Philos. Mag. 92 (2012)
2247-2263.
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Fig. 1: SEM image of reverse transformation surface relief showing ideal six HPVs cluster around [111]B2 in Ti-51.0 at%
Ni alloy.
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Oxide ceramics with fluorite structure have potential applications in the field of
nuclear-technology, such as to inert matrix fuels and transmutation targets, because of their
exceptional resistance to radiation damage with energetic particles. In the environment of
those fuel/target applications, high-density electronic excitation will be induced along the path
of fission fragments, resulting in the formation of columnar defects of ion tracks.
Understanding of the atomic structure of ion tracks is indispensable to clarify of the
microstructure stability of the fuel/target materials under the radiation environment. This
paper reports the atomic structure of ion tracks in CeO2 exposed by high-density electronic
excitation under the irradiation of swift heavy ions through atomic-resolution HAADF- and
ABF-STEM observations.
Sintered polycrystals of CeO2 specimens were irradiated with 200 MeV Xe ions at Tandem
accelerator facility in Japan Atomic Energy Agency (JAEA) at an ambient temperature to
fluence ranging from 3×1011 to 1×1014 ions⋅cm-2. High-density electronic excitation, whose
electronic stopping power is 30 keV/nm, is induced at the surface region of specimens, at
which microstructure observations were prrformed in the present study. Imaging and
analytical TEM and scanning TEM (STEM) techniques were applied to the ion-irradiated
specimens by using JEOL ARM-200F at HVEM Laboratory of Kyushu University to understand
the structure of ion tracks in an atomic scale.
A low-magnification HAADF-STEM image in ceria from an end-on direction shows black-dot
contrast of ion tracks as shown in Fig. 1. A line analysis of the signal intensity reveals that the
atomic density of Ce cations inside the ion tracks decreases significantly. A high resolution
HAADF-STEM image of an ion track in ceria (Fig. 2) shows that the crystal structure of
Ce-cation column is retained even at the core region of ion tracks. It is also noted that the
base-line signal intensity increases especially around the core damage region of the ion track
for a size of about 4nm. An ABF-STEM image of the identical ion track shown in Fig. 2 showed
that O-anion columns is preferentially blurred and/or disappeared at the core damage region of
the ion track. An intensity profile across the ion track shows that the intensity of the O-anion
signal is significantly reduced at the core damage region for 4 nm in diameter. Those results
clearly show that the oxygen sublattice in fluorite structure is significantly disordered at the
core damage region of ion tracks. The atomic structure of ion tracks implies the formation of
vacancies or small vacancy clusters inside the ion tracks.
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Fig. 1: Low magnification HAADF-STEM image of CeO2

irradiated with 200 MeV Xe ions to a fluence of 1×1014
ions⋅cm-2, which was taken from the ion-irradiated direction
to show ion tracks from an end-on condition.
 

 
Fig. 2: High resolution HAADF STEM image of CeO2 taken
from the [001] direction including an ion track (located at
the center of the micrograph) formed under 200 MeV Xe
ion irradiation to a fluence of 3×1012 ions⋅cm-2. Inserted is
an atomic model of CeO2 superimposed on the
HAADF-STEM image from the [001] direction.
 

 
Fig. 3: ABF-STEM image for the identical region shown in Fig. 2 (a). Magnified images of the peripheral region (b) and
the core damage region of the ion track (c) are also presented.
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Depositing CIGS solar-cells on steel-substrates would allow fabrication of light flexible cells.
This specificity would also give access to a roll-to-roll deposition process, i.e. a production-line
process that would eventually lead to a cheaper final product. But electrical performance of
this kind of cells is degraded by inter-reactions between the thin film multilayer and the steel
substrate [1, 2]. To limit this drawback, a barrier layer is added between the steel substrate
and the back contact layer [2]. Nonetheless, elemental diffusion may occur anyway.
Consequences on the electrical properties of the cell of such a phenomenon are well described
in the literature [3], but no direct observation of the altered layer has been shown. These
reactions occur under the surface as deep as several hundred nanometers and maybe
extremely local, what makes their analysis non-trivial. The purpose of this work is to use
electron microscopy techniques to study, on the nano-scale, reactions and products between
the steel substrate and the active CIGS multilayer.
The analysis uses two different samples elaborated by sputtering, then annealed at 550°C for
15mn under Se atmosphere. The first sample is [Steel + Ti + Mo + Se] (Figure 1), and the
second is [Steel + Ti + Mo + CIGS]. The analyses have been obtained using Transmission
Electron Microscopy.
SEM imaging and EDS mapping reveals surface defects spaced by several microns as well as
strong changes of sample composition in the micron size defects. In order to understand the
nanometric origin of this diffusion process, targeted cross-sections of the defects were
prepared using the Focused Ion Beam in-situ lift-out method. TEM-BF and HAADF imaging on
the first sample revealed crystals resulting from reaction between steel and Se (“C” figure1).
Structural analysis using electron diffraction combined with EDS elemental mapping confirmed
the formation of a second phase consisting of hexagonal CrSe whereas Fe is largely absent in
these grains.
Though such diffusion processes can be blocked by thick amorphous layers, the interaction
between steel and thinner layer remains important for the development of future functional
steel surfaces. Correct understanding of interlayer reaction may allow to control defects, thus
improving the final solar-cell efficiency.
[1] P. Jackson et al. (2004), Contamination of Cu(In,Ga)Se2 solar cells by metallic substrate
elements
[2] Wuerz, R. et al. (2009). CIGS thin-film solar cells on steel substrates,
doi:10.1016/j.tsf.2008.11.016
[3] F. Pianezzi*et al. (2012). Electronic properties of Cu (In, Ga) Se2 solar cells on stainless
steel foils without diffusion barrier. doi:10.1002/pip.1247



 
Fig. 1: STEM High Angle Annular Dark Field (Left) and TEM Bright field (Right).
 

 
Fig. 2: Selected Area Diffraction patterns (aperture diameter 400nm, position "C" figure 1); experimental (left),
simulated (right), representation of the CrSe 3D-crystal orientation (center)
 

 
Fig. 3: STEM _EDS mapping [Blue: Cr K-edge, Yellow: Se K-edge, Red: Fe K-edge] (Left); RBG compiled image (Right)
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Near-equiatomic NiTi shape memory alloys have attracted widespread interest for applications
due to their excellent properties [Prog. Mater. Sci. 50(2005)511]. One of the main
characteristics ruling potential applications is the transformation behavior, what can be
notably affected by several thermomechanical treatments like post-deformation annealing,
thermal cycling or aging [Scr. Mater. 45(2001)153; Mater. Sci. Eng. A 332(2002)25; Acta Mater.
50 (2002)4255]. In fully solution-annealed NiTi, the B2 austenite transforms directly into B19’
martensite, but the presence of Ni3Ti4 coherent precipitates and internal stresses can lead to
the formation of the intermeadiate R-phase [Prog. Mater. Sci. 50(2005)511]. The austenite to
R-phase transformation presents unique properties like narrow thermal hysteresis or high
stability during cycling [Prog. Mater. Sci. 50(2005)511, Mater. Sci. Eng. A 332(2002)25] and for
these reasons to understand correctly this transformation is very promising. Only few works on
this transition were reported and two- or multi-stage transformations involving the formation of
B19’ martensite were claimed [Scr. Mater. 69(2013)545; Scr. Mater. 72-73(2014)21]. One
essential issue to be solved in order to take advantage of the R-phase transition is the B19’
suppression [Scr. Mater. 72-73(2014)21]. In the present work, in-situ TEM was used to provide
direct evidence of the microstructural evolution in an aged Ti-50.3 at.% Ni alloy.
TEM slices cut from the TiNi wire were assembled together in a DSC holder to perform 75
cycles from -100 to 100°C at a heating/cooling rate of 10°C/min. Electron transparent foils
were prepared by electropolishing. In order to interpret the peaks observed in the DSC
measurements (see Fig. 1), the sample was investigated at different temperatures after
cooling/heating in-situ in the TEM.
An image taken at 25°C upon direct transformation is shown in Fig.2. Selected area diffraction
patterns (SAD) were acquired in the areas indicated by numbers. At this temperature, clear
evidence of the typical R-phase spots at 1/3<110>B2 positions was only observed near grain
boundaries (GB) (area 3). As following a sequence, at -10°C evidence for martensite variants
were also observed in areas with a high concentration of defects (as area 2 in Fig.2). Finally, at
-180°C the alloy completely transformed (Fig.3).
The phases involved in the observed multi-stage transformation were characterized in all cases
(see Fig.4 as example). The starting microstructure is critical to determine the nucleation of
the martensite variants and the DSC peaks are related to that.
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Fig. 1: DSC measurement after 75 cycles between -100°C
and 100°C. The peak temperatures as well as the
martensite and austenite start and finish temperatures are
indicated for reference.
 

 
Fig. 2: Bright field image taken at 25°C after cooling from
100°C near a GB.
 

 
Fig. 3: a) and b) Bright field images acquired at -180°C
showing the material completely transformed.
 

 
Fig. 4: a) and b) SAD patterns acquired along the [111]B2
zone axis; characteristic R-phase spots at 1/3 <110>B2
positions and spots at 1/2 <110>B2 positions together with
streaks typical for the twinned B19' are evident.
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Charpy impact testing has been performed in order to provoke twinning in a UNS S31803
duplex stainless steel. Bright field optical microscopy of samples deformed at temperatures
below -40°C revealed deformation twins which appear to continue into adjacent austenite
grains. Samples deformed at -46°C and -70°C have been examined by EBSD. To be able to
examine the same region of interest by optical microscopy and EBSD, the final sample
preparation was polishing with OP-U suspension.
Figure 1 shows a bright field optical image of a sample deformed at -70°C. Two deformation
twins in the ferrite phase are apparently penetrating the subjacent austenite grain. In the
EBSD orientation map shown in Figure 2, a change in orientation (color change) for the
elongated features relative to the twins is observed at the phase boundary. This misorientation
is 31.5°. Both of the deformation twins have a {112} twinning plane and <111> twinning
direction. This well-known bcc twinning mode, can be presented as a rotation of ±60° about a
common <111> axis.
Figure 3 is showing a phase map were bcc and fcc structures are red and green, respectively.
It is observed that the elongated features inside the austenite, and the deformation twins in
the ferrite, all have a bcc structure. It should also be noted that the image quality map in
Figure 4, is darker for the austenite phase, while bright for the ferrite phase, including the
twins. This indicates a higher degree of deformation in the austenite lattice, especially for the
elongated features.
The orientation relationship, between the austenite grain (fcc) and the elongated feature (bcc),
can be presented as a rotation of 90° about a common <112> axis. This is in accordance with
the orientation relationship as proposed by Kurdjomov-Sachs (K-S) for the crystallographic
relation that connects the parent and the product orientation during the diffusionless γ (fcc) to
αM (bcc) transformation. This indicates that the elongated features observed in connection with
the deformation twins are deformation-induced martensite. An equal relationship also applies
for the sample deformed at -46°C. Rotated data sets, with (001)[100] austenite orientation, for
samples deformed at -46°C and -70°C has revealed two martensite variants in accordance to
theoretical K-S variants; type II.6 and III.3, respectively [1].
In samples deformed at temperatures below -40°C, elongated features with martensitic
structure are observed in the austenite. These features are in connection with the deformation
twins in the ferrite phase. A general increase in deformation twin density was observed for
decreasing temperatures, with a transition temperature at -40°C.
 
Reference:
[1] M. Karlsen et al. Metallurgical and Material Transactions A, 40A:310-320, 2009
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Fig. 1: Bright field micrograph of specimen polished with
OP-Ususpension. The lighter grains are austenite phase and
the darker matrix is the ferrite phase, with deformation
twins visible as dark bands. Inside the marked area, two
parallell bands are crossing the phase boundary.
 

 
Fig. 2: EBSD orientation map of the delimited region in
Figure 1. The two parallell bands change color (orientation)
when crossing the phase boundary. The misorientation is
31.5°. The angle axis pair between the yellow austenite
grain and the pink band is a rotation of 90° about a
common <112> axis.
 

 
Fig. 3: Phase map showing the ferrite phase (bcc) in red
and austenite phase (fcc) in green. It is observed that the
elongated features in connection with the deformation
twins have bcc-structure.
 

 
Fig. 4: Image quality map shows light twins inside the
bright ferrite phase. In contrast, the austenite grain is
darker than the ferrite grain. The elongated features
appear even darker. Areas with dark colors indicate a
higher degree of deformation in the lattice.
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Shape Memory Alloys (SMAs) are intelligent materials which are able to change their own
shape in response to a variation in the outer temperature or to an applied tension over the
material. These outstanding properties which are known as superelasticty, pseudoelasticity
and shape memory effect are the consequence of the thermo-elastic Martensitic
Transformation (MT). MT in Cu-Al-Ni takes place between a high temperature β3 phase which is
cubic, and low temperature phases β´3(monoclinic) or γ´3 (orthorhombic), depending on the
alloy composition[1].
The Phenomenological Theory (PT) had been used to calculate the habit plane between
austenite and martensite, as well as the possible twinning relationships between the different
variants of martensite. These theoretical predictions were initially verified by optical
microscopy, and the corresponding Orientation Relationships (OR) were determined by the
back reflection Laue method. Most recently Transmission Electron Microscopy (TEM) and
Electron Back-Scattered Diffraction (EBSD) have been used to confirm the PT on SMAs. But in
spite of the fact that the EBSD is a powerful and fast method for orientation determination,
barely any study has been focused on the systematic use of EBSD for martensite
characterization on Cu-based SMAs.
Taking everything into account, in this work it is proposed EBSD as an efficient tool for the
orientation determination of the martensite lathes and also for the characterization of the
interface planes between martensites in Cu-Al-Ni SMAs. In order to achieve this goal, first a
systematic and fast method for indexing martensites on Cu-Al-Ni SMA single crystal is
proposed, where predictions of the interfaces of the variants are also given based on the
self-accommodating groups. Second, directions and distances in degrees have been
determined to reach the edge-on condition in the TEM for each OR between martensites for a
proper characterization of the interface. This method has been tested on TEM samples from
the bulk specimen where the characterization had been performed, obtaining a suitable match
between the predictions and the TEM results.
[1] V Recarte, R B Pérez-Sáez, E H Bocanegra, M L Nó, J San Juan. Metall Mater Trans A 33,
(2002) 2581
[2] T Saburi, C M Wayman, K Takata, S Nenno. Acta Metall 27, (1978) 979
[3] M L Nó, A Ibarra, D Caillard, J San Juan. Acta Mater 58, (2010) 6181 
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Fig. 1: Orientation determination of the martensites by EBSD, the notation used is the one described by Saburi[2]. The
PT predicts that the interface for this case is (402)3´//(-40-2)4//(100)β3. For the β´3- γ´3 case, the basal planes of both
phases are parallel and come from the (-202)β3 as was observed previously by insitu TEM[3]. 
 

 
Fig. 2: Edge on TEM SAD pattern of the same interface
described in the Fig1. Thus it has been proved that the
interface predicted by the EBSD in conjunction with the   PT
is the correct one.
 

 
Fig. 3: Atomic 3D real space of the martensites in the same
conditions than the diffraction pattern and EBSD maps. The
arrows give the shift direction of atoms to become in lattice
coincidence.
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Space based solar cells are exposed to high doses of radiation from electrons, protons, γ-rays,
X-rays and also neutrons [1, 2]. The resulting radiation damage leads to the eventual
degradation of these solar cells. It is therefore important to understand and predict the
radiation effects on the properties of these materials. GaAs is a well suited material for solar
cells deployed in space, due to its intrinsic semiconducting properties [3, 4]. A review of the
relevant literature indicates that the effects of neutron irradiation on GaAs have not been
studied in detail. The aim of this investigation is the characterisation of the microstructure of
GaAs irradiated with a spectrum of fast and thermal neutrons to a dose of 1x1020 neutrons/cm2.
Irradiation is followed by annealing in the temperature range from 600 to 1000 °C. The
evolution of the microstructure was investigated by using conventional and high resolution
transmission electron microscopy (TEM and HRTEM). Conventional TEM revealed a high density
of dislocation loops in the unannealed neutron irradiated GaAs (Fig. 1). The presence of these
small loops indicates that annealing occurred during the neutron irradiation process,
facilitating the agglomeration of point defects. The loop diameters increased after annealing at
600 °C (Fig. 2) and 800 °C (Fig. 3). The dislocation loops which have {110} habit planes were
found to be of interstitial nature. This finding is in agreement with earlier studies on proton
bombarded and 1 MeV electron irradiated GaAs where interstitial loops on {110} planes
became visible after annealing at 500 °C [5]. It was found that the dislocation loop density
produced by a dose of 1x1020 neutrons/cm2 in GaAs, is similar to that produced by a proton
dose of ~1x1016 protons/cm2 at their projected range [6]. High resolution (aberration corrected)
TEM and STEM of samples annealed at 600 °C confirmed the nature of the dislocation loops
(not shown) and also revealed the presence of defects that were not observed before by
conventional TEM (Fig. 4). These defects were found to be two-layer nano-twins on the {111}
plane. An explanation for the origin of the nano-twins in neutron irradiated and annealed GaAs
wil be presented.
References
[1] M. Hadrami et al., Sol. Energy Materials and Solar Cells 90 (2006) 1486
[2] A.F. Meftah et al., Renewable Energy 34 (2009) 2422
[3] T.V. Torchynska, G.P. Polupan, Semiconductor Phys., Quantum Electronics &
Optoelectronics 5 (2002) 63
[4] C.S. Solanki and G. Beaucarne, Energy for Sustainable Development 11 (2007) 17
[5] J.H. Neethling, Proc. 13th Internat. Congress on EM, Paris, 2A (1994) 101
[6] J.H. Neethling and H.C. Snyman, J. Appl. Phys. 60(3) (1986) 941



 
Fig. 1: A bright field TEM micrograph of neutron irradiated
GaAs as-irradiated.
 

 
Fig. 2: A bright field TEM micrograph of neutron irradiated
GaAs annealed at 600 °C.
 

 
Fig. 3: A bright field TEM micrograph of neutron irradiated
GaAs annealed at 800 °C.
 

 
Fig. 4: An unfiltered HAADF STEM micrograph of a
double-layer nano-twin in neutron irradiated GaAs annealed
at 600 °C.
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Ferritic nitrocarburizing is a widely employed industry process, by which a strengthened
nitrocarburized surface can be formed on mechanical tools or parts made of steels. Mainly
composed of the ε-Fe2-3(C,N) and the γ′-Fe4(C,N) carbonitride phases as well as the α-Fe
phase, the nitrocarburized surface has featured microstructures and properties that are
directly related to the phase transformations occurred in the surface layers. Thus far the
following phase transformation sequence for the surface has generally been accepted: α-Fe +
N/C → ε → γ′. In the present work, these phase transformations were systematically revisited
by microstructure and property characterizations in association with a controlled
nitrocarburizing process by which the microstructures and properties of the surface are
adjustable. A Siemens D5000 XRD, a JSM 6700F SEM, a JEOL HRTEM operating at 300kV and a
JSM JXA-8230 electron probe microanalyzer (EPMA) equipped with a wavelength dispersive
spectroscopy (WDS) were used for microstructure examinations. An instrumented
nanoindenter (CSM UNHT) and a standard Vickers hardness tester were employed for property
measurements. Our study demonstrates that to fully understand the microstructure and the
property of a nitrocarburized surface, the following phase transformation sequence has to be
adopted: α-Fe + N/C→ γ-N/C + N/C → γ′ + N/C → ε, in which the existence of a transitional
austenite phase containing N/C-atoms (γ-N/C) has to be assumed and the γ′-phase actually
forms prior to the ε-phase.
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The development of new persistent luminescent phosphors in solid state lighting research is a
challenge for advanced flat-panel applications. Persistent phosphors involve two types of
active centers, i.e. emitters that are capable of emitting radiation after being excited and traps
which rather store excitation energy and release it gradually to the emitters. Whereas the
emission wavelength of a persistent phosphor is mainly determined by the emitter, the
persistence intensity and time are determined by the trapping states generally associated with
lattice defects or dopants.
The long persistence of CaTiO3:Pr phosphors is based on the luminescence of the rare earth
atoms dispersed in the perovskite lattice, more specifically due to the 1D2–3H4 transition at 615
nm, i.e. close to the “ideal red”. Despite numerous studies dedicated on the enhancement of
the afterglow efficiency at the mascroscopic level, no clear mechanism of the afterglow
process have been suggested to date. A recent study on the incorporation of CaO excess in the
perovskite lattice demonstrates an increase of the persistent luminescence [1]. The
well-known defect chemistry of CaTiO3 suggests the formation of Ruddlesden-Popper (RP)
planar faults or layers intergrowth due to CaO excess. Besides, Ti and/or O vacancies can be
induced by the incorporation of CaO in excess. These chemical inhomogeneities in the matrix
may have a stronger influence on the persistence luminescence since they can act as traps
and increase the decay time, but no direct evidence has been revealed so far.
Here we combine electron-based spectroscopies as an unique approch to correlate the
structural/chemical heterogeneities in the CaTiO3 lattice with their optical response probed at
the nanoscale. We use aberration-corrected electron microscopes coupled to high-resolution
energy electron-loss spectroscopy (EELS) for imaging and identifying down to the atomic scale
the different structural defects in the perovskite matrix. Besides, we map at the nanoscale the
spatial distribution of the spectrally-resolved cathodoluminescence (CL) using a home-made
optical spectrometer coupled to a STEM-VG microscope [2]. Hence the local Pr distribution on
the cationic sites of the perosvkite lattice as well as the inter-valence charge transfer
mechanism are further investigated.
[1] E. H. Otal et al. Optical Materials Express, 2 (2012) 405
[2] L. Zagonel et al. Nanoletters, 11 (2011) 568
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Fig. 1: a) HAADF intensity map of the probed crystallite, b) extracted CL spectra (over 40*40 nm2) at two distinct sites:
(i) with solely the red emission and (ii) with a self-trapped exciton emission additionnally to the red one, c) and d) maps
of the excition emission and red emission in the host material, respectively.
 

 
Fig. 2: a) large view STEM-HAADF image from an edge of the same crystallite studied in Fig. 1 a), b) STEM-HAADF
image over the planar structural defect with the scanned region of interest, c) and d) Ca-L2,3 and Ti-L2,3 maps,
respectively, indicating the planar defect as an extra single CaO plan typical of Ruddlesden-Popper defect in perovskite
lattice.
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 Hybrid systems of inorganic semiconductor films and graphene have recently opened up a
new field of transferable optoelectronics.1 Particularly, GaN films grown on chemically
vapor-deposited (CVD) graphene makes it possible to take a step toward practical application.2

Nevertheless, polycrystallinity of the CVD graphene have resulted in the formation of
high-angle grain boundaries in the GaN films which have rarely been reported. Investigation of
defects such as grain boundaries is essential since they play a significant role in determining
physical properties of the system. In this report, we examined the optical properties of grain
boundaries in conjunction with microstructure and electronic structure characterization to
discuss the origin of those optical properties.
Optical properties of the grain boundaries in GaN films were investigated by combination of
electron backscatter diffraction (EBSD) and cathodoluminescence (CL) analyses. The position
of grain boundaries was located in scanning electron microscope by detecting EBSD pattern
where CL analysis was conducted subsequently, revealing that the grain boundaries in the GaN
films act as non-radiative recombination sites (Fig.1).
In order to further investigate the origin of the optical properties of the grain boundaries, we
first found the atomic configurations of those grain boundaries using an aberration corrected
scanning transmission electron microscope (STEM). Atomic configuration of the grain
boundaries showed different arrangements depending on the misorientation angles of each
grain. For example, a coincident site lattice boundary formed at specific misorientation
condition was composed of a periodic array of open core structures (Fig.2). Mostly, constituent
core structures of grain boundaries were similar to previously reported dislocation core
structures. In some cases, however, grain boundaries exhibit non-periodic arrangement of
certain types of core structures that have rarely been reported.
Based on the atomic configurations investigated by STEM analysis, we performed density
functional calculations of the grain boundaries to probe the local electronic structures which
are highly related to optical properties. Furthermore, variation of local electronic structure
induced near the grain boundaries was investigated experimentally by detecting electron
energy loss near edge fine structure, making it possible to discuss the origin of non-radiative
optical characteristics of the grain boundaries.
To this end, we characterize the optical properties of the grain boundaries in GaN films, and we
expect that the origin of them could be identified by atomic and electronic structure
characterization.
1 H. Yoo et al., Adv. Mater. 24 515 (2012)
2 H. Yoo et al., Appl. Phys. Lett. 102 051908 (2013)



 
Fig. 1: SEM image, EBSD mapping images, and CL mapping image of GaN thin films. (a) SEM image of the GaN thin
films for EBSD and CL analyses. EBSD inverse pole figure maps in (b) the normal direction and (c) the transverse
direction. (d) CL panchromatic image obtained from the same region where EBSD analysis was conducted.
 

 
Fig. 2: Fourier-filtered Cs-corrected STEM image of coincident site lattice grain boundaries in GaN thin films
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Iron sulphides play important role in natural processes and are widely used as geochemical
indicators. Despite extensive research in last decades many questions about this
highly-complex system remain unanswered. Although it is generally accepted that
Fe-sulphides nucleate from the amorphous precipitates [1], the exact understanding of the
subsequent phase transformations becomes complicated by metastable transient phases,
extensive solid solutions and unquenchable polymorphs. To explore some of these issues we
synthesized mackinawite-like near-amorphous precipitate from Fe-chloride, sulphur and
diethanolamine using ultrasonic irradiation. This “first precipitate” was further solvothermally
treated at temperatures up to 200 °C; to preserve the intermediate metastable phases, small
amount of Fe in starting reagents was substituted with Cu. For characterisation of the products
we employed XRD (PW1710, Philips Analytical B.V., Germany) and various TEM techniques
(JEM-2100, Jeol Inc., Tokyo, Japan).
The cell parameters of fresh undoped FeS correspond to the reference values for layered FeS
(mackinawite) [2], while doping with Cu results in the expansion of the unit cell along the
c-axis, proportional to the amount of Cu in the starting composition [3]. Incorporation of Cu
between the (001) layers of mackinawite strengthens the structure and enhances its
crystallinity. The incorporation of transition metals in the structure is a temporary process and
these interactions strongly influence the pathways for the subsequent phase transitions (Fig.
2). While during solvothermal treatment undoped FeS transforms directly to pyrite (FeS2), the
Cu-rich mackinawite transforms into different Cu-Fe-S phases, depending on the amount of Cu
absorbed in the initial precipitate: large amounts of Cu results in the formation of bornite and
chalcopyrite, while at low Cu concentrations a mixture of Cu-rich mackinawite and cubic FeS
[4] is obtained, which are not observed in pure Fe-S system (Fig. 1). The investigation of such
product showed that structural defects can be preserved during structural transformation.
References:
[1] Benning LG, Wilkin RT, Barnes HL (2000) Reaction pathways in the Fe–S system below
100°C. Chemical Geology 167
[2] Csákberényi-Malasics D, Rodriguez-Blanco JD, Kovács Kis V, Rečnik A, Benning LG, Pósfai M
(2012) Structural properties and transformations of precipitated FeS. Chemical Geology
294-295
[3] Morse JW, Arakaki T (1993) Adsorption and coprecipitation of divalent metals with
mackinawite (FeS). Geochimica et Cosmochimica Acta 57
[4] Zavašnik J, Stanković N, Arshad SM, Rečnik A (2014) Sonochemical synthesis of
mackinawite and the role of Cu addition on phase transformations in the Fe-S system. Journal
of Nanoparticle Research 16
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Fig. 1: The near-amorphous first precipitate, obtained with sonochemical synthesis, transforms during solvothermal
treatment into different (Cu, Fe)-S phases, depending on the initial amount of Cu in the starting reagents, while low
amounts of Cu propagates a mixture of Cu-rich mackinawite and cubic FeS.
 

 
Fig. 2: Incorporation of Cu between S-S layers of mackinawite structure during sonochemical synthesis results in
expansion of unit cell in c-axis and has a significant influence on phase transformation of Fe-sulphides during further
solvothermal treatment.
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The structural study of (111) twin of natural spinel crystals from Mogok (Burma) suggested
that tetrahedrally coordinated Mg2+ ions, linked to the twin-forming hcp stacking, are probably
replaced by Be2+. It has been also proposed that incorporation of Be during crystal growth
triggers tropochemical twinning in spinel and the formation of modulated compounds of the
taaffeite BexMgyAl2(x+y)O4(x+y) homologous series [Daneu et al. 2007]. This hypothesis has been
experimentally supported by liquid-phase assisted reactive sintering of primary oxides, where
the addition of BeO triggered abundant twinning of spinel, whereas no twins formed in pure
Al2O3–MgO system [Drev et al. 2013]. Atomic-resolution HAADF-STEM images of (111) twin
boundaries indicated a distinctive dark contrast at the boundary tetrahedral sites (Fig. 1), but
spectroscopic evidence for a single atomic layer of Be was still lacking to confirm the
tropochemical origin of twinning. To produce such an evidence, we designed analytical
strategy for accurate measurement of Be on the twin boundary, using a probe-corrected
field-emission gun transmission electron microscope with the scanning unit (Jeol-ARM). First,
EELS spectra were collected form synthetic chrysoberyl (BeAl2O4) and taaffeite (BeMg3Al8O16)
samples, where Be2+ ions are in a similar structural environment as in the (111) twin boundary
in spinel. The material is quite sensitive to high electron doses and spectral imaging (ESI) was
out of question. As opposed to the (111) twin boundary in spinel, where we have only one
situation per crystal, in taaffeite structure there are multiple situations where the analytical
approach could be tested. Therefore the spectra were collected from (0001) planes of taaffeite
using short acquisition times and a narrow rectangular window of approx. dimensions of 20 x
0.2 nm2, containing only Be atoms in hcp layers of the structure. The width of the stripe was
limited by the neighboring Al-rich kagome layers, which could cause overshadowing of Be-K
edge (111 eV) by the tails of the Al-L2,3 edge (79 eV). To avoid collecting energy losses from
neighboring atomic layers the spectra were recorded form thin crystal parts. The same
analytical approach was then implemented on the (111) twin boundaries in spinel, where the
presence of Be was successfully confirmed. Based on experimental HAADF-STEM images
supercell models containing 336 atoms were constructed for simulations and twin-boundary
energy calculations within the frame of density-functional theory (DFT). The calculated
boundary energy for Mg2+ occupying the interfacial tetrahedral sites is one order of magnitude
larger than if the sites are occupied by Be2+. Continued in Acknowledgement ...
 

Acknowledgement: ... Comparison of the twin boundary energy to bulk spinel suggests that the
twinning is more favorable than a fault-free structure (Fig. 2), which explains anisotropic
growth of (111) twins after their nucleation [Drev et al. 2013].
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Fig. 1: Z-contrast image of (111) twin with EELS spectra for chrysoberyl, taaffeite and (111) twin boundary in spinel.
Fig. 2: Comparison of simulated and experimental HAADF-STEM images of (111) twin. DFT calculations indicate that
Be-rich boundary has the lowest energy. Intensity maxima correspond to atomic columns of overlaid models.
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Semiconductor Nanowires (NWs) are known to exhibit crystal structures that can differ from
the stable bulk crystal structure. In GaAs, which has Zinc-Blende (ZB) structure in the bulk,
NWs can also crystallize in Wurtzite (WZ) crystal structure which – in contrast to ZB – can show
spontaneous polarization (SP) due to the lower symmetry of the WZ crystal lattice. The SP
occurs along the crystallographic (0001) axis which corresponds to one of the cubic {111}
axes and arises as virtual “sheets“ of alternatingly charged planes perpendicular to the (0001)
axis. We will show a first direct evidence of the SP in WZ-GaAs together with a quantified
measurement of its strength.
We use Differential Phase Contrast (DPC) microscopy in a FEI Tecnai F30 scanning TEM to
detect the SP. As electrons pass the sample perpendicular to the (0001) axis they get
deflected by the elctric field generated by the charged planes which act like a series of
capacitor plates. By using a position sensitive four quadrant detector we can measure this
deflection and thus visualize the effect of the SP [1]. The system was calibrated to allow
quantification of the electric fields that deflect the electron beam.
In fig. 1 we show measurements from the tip of a GaAs NW where the crystal structure
changes from WZ to ZB. As expected the charge distribution (fig. 1(C)) differs significantly
between ZB and WZ crystal structure where the latter reveals an oscillating behavior while the
former is zero despite some noise. In addition it can be seen that also twin defects in the ZB
where the stacking order reverses from ABC to CBA show significant charging (fig. 2).
As quantitative measurement of SP are not possible directly on the WZ structure we use an
arrangement of two closely related twin defects which can be treated like a plate capacitor
filled with a dielectric. By measuring the electric field difference between inside and outside
this structure we can calculate SP to be 0.0027(6) C/m² which is in very good agreement with
theoretical estimations [2].
[1] Lohr et al., Ultramic., 117 (2012), 7.
[2] Belabbes et al., Phys. Rev. B, 87 (2013), 035305.; Jahn et al., Phys. Rev. B, 85 (2012),
045323.
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Fig. 1: Overview (A) and HRTEM (B) of the NW tip region. (C) Charge distribution map with superimposed line scan
profile showing the difference in charge density between WZ (oscillating behavior) and ZB (only noise) structure.
 

 
Fig. 2: (A) Overview over two twin defects in the ZB region of a NW. (B) HRTEM of one twin boundary showing the
stacking reversal. (C) Charge distribution map revealing one positive and one negative charged layer at the twin
boundaries.
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Indium adatom mobility plays a crucial role in defining the final configuration of InGaN
nanostructures. This behavior is particularly important in the effort to obtain high alloy content
quantum wells that can operate with high internal efficiency, towards advanced optoelectronic
and photovoltaic applications. The advantages of plasma assisted molecular beam epitaxy
(PAMBE) regarding metastability and suppression of phase separation have not been fully
exploited so far in this regard.
We consider PAMBE-grown InGaN interlayers grown on (0001) GaN/Al2O3 templates, with
various thicknesses from 1 nm up to 40 nm, in heterostructures comprising 100 nm GaN
spacers (Fig. 1). Growth of InGaN was performed under the same conditions, i.e. at 450oC
under slightly metal rich conditions. Such conditions have been shown to produce 40%
average indium contents when InGaN was grown in epilayer form, albeit through phase
separation phenomena. In the present case we focused on elucidating such phenomena at
early stage and on understanding the influence of strain relaxation. Observations were
performed using transmission electron microscopy (TEM). The employed techniques were
diffraction contrast and high resolution TEM (HRTEM), taking care to minimize beam exposure
as well as the ion milling time during sample preparation. Nanoscale strain measurements
were performed using geometrical phase analysis (GPA).
Under the given growth conditions, the critical InGaN thickness for strain relaxation was
determined experimentally at 5 nm, through the observation of threading dislocation (TD)
emanation, as shown in Fig. 1. The elastic and plastic strain components of the total misfit
were determined. Thin InGaN interlayers exhibited a sharp GaN/InGaN interface followed by a
rough InGaN/GaN interface. Although the first GaN monolayers after the InGaN layers were
grown at the InGaN growth temperature in order to limit indium interdiffusion, the average
indium distribution was found to be graded, peaking close to the GaN/InGaN interface and
reducing gradually as shown in Fig. 2(a). The indium incorporation was determined to increase
with increasing interlayer thickness under the same growth conditions, exceeding 30% after
the 5 nm layer thickness, as shown by the attained lattice strain measurements [e.g. Fig. 2(b)].
Compositional inhomogeneities associated to strain fluctuations were studied in association to
the defect structure and the degree of plastic relaxation.
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Fig. 1: Cross sectional bright field TEM image showing a heterostructure comprising InGaN interlayers with increasing
nominal thickness and 100 nm GaN spacers. Emanation of TDs connected to misfit dislocations is observed after the 5
nm thick interlayer (arrow).
 

 
Fig. 2: HRTEM images of InGaN interlayers with superimposed GPA maps of the relative d-spacing of (0002) planes. (a)
A ~2 nm layer with strain grading after the GaN/InGaN interface and peak (0002) mismatch >1.5%. (b) A partially
relaxed layer of ~7 nm thickness with (0002) mismatch of ~ 4%. (Arrows indicate the directions of the line profiles.)
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Most of the currently studied artificial multiferroic systems are based on epitaxial multilayers
grown onto SrTiO3 (001) single crystals (STO), using SrRuO3 (SRO) epitaxial layers as bottom
electrode. In the ferroelectric heterostructures, the microstructural characteristics of the
deposited thin films as well as the interfaces between the ferroelectric layers and the
electrodes play a fundamental role in the electrical behavior of the heterojunction (polarization
hysteresis loops, C-V and I-V characteristics). Atomic scale structural and chemical
characterization plays a major role in further understanding the extrinsic contributions to the
electrical characteristics. We have used a Cs probe corrected JEM ARM 200F electron
microscope to investigate the interface structure and strain driven structural distortions in the
PZT/SRO/STO and BTO/SRO/STO systems, where PZT stands for PbZr0.2Ti0.8O3 and BTO for
BaTiO3. Pulsed Laser Deposition (PLD) has been used for the deposition of the epitaxial SRO,
PZT and BTO layers onto STO(001) substrates.
We have performed Scanning Transmission Electron Microscopy (STEM) and Electron Energy
Loss Spectroscopy (EELS) for the atomic resolution characterization of the SRO-PZT and
SRO-BTO interfaces (Figure 1). The atomic interdiffusion at the interface has been studied
using the Z contrast in STEM imaging by High-Angle Annular Dark Field and Annular Bright
Field. Our studies reveal that an atomic interdiffusion occurs across a region of up to 7 atomic
planes around the SRO-PZT and SRO-BTO interfaces. Atomic scale EELS – Spectrum Imaging
(EELS-SI) reveals the nature and position of the atomic species at the interface.
SAED patterns from areas including the SRO layer exhibit faint diffraction spots appearing in
positions which are not allowed by the reflection conditions in the space groups of SRO, PZT,
BTO or STO. FFT of the corresponding HRTEM micrographs prove that the concerned spots are
generated from nanometric areas inside the SRO layer. We have performed a quantitative
HRTEM study to measure and map the strain fields inside the SRO layer at the nanometric
scale. Our study, supported by quantitative image processing by the Geometrical Phase
Method and image simulation, clearly proves a strain-driven monoclinic distortion in
nanometric domains inside the thin SrRuO3 epitaxial layers, thus explaining the presence of the
diffraction spots in forbidden positions in the SAED patterns.
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Fig. 1: (a) HAADF – STEM image of SRO - BTO interface; (b) Intensity profile along green arrow through the atomic
columns in image (a); (c) Atomic resolution EELS – SI at the SRO - BTO interface.
 

 
Fig. 2: (a) HRTEM image of an epitaxial SRO thin film sandwiched between the STO(001) substrate and the PZT layer;
(b) FFT corresponding to area 1 in HRTEM micrograph; (c) Supplementary spots appearing in the FFT corresponding to
area 2 in HRTEM micrograph.
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Inversion domain boundaries (IDBs), bounding two neighboring domains with opposite polarity,
are extended defects that may have detrimental implications in the performance of III-Nitride
active layers, where the IDB* and the Holt type IDB models are observed by Transmission
Electron Microscopy (TEM) methods. In particular, the high formation energy Holt IDB has been
found to be electrically active by inducing electronic states in the band-gap, while the IDB* is
inactive. Therefore, it is crucial to unambiguously determine the type of IDBs in order to
appreciate their influence on the electronic properties of III-Nitrides
heterostructures-nanostructures.
Here, we present a concise methodology, based on Geometrical Phase Analysis (GPA), in order
to precisely identify the type of the observed IDBs, by inspecting the phase shift P(r) between
adjacent inverse polarity domains in the phase images of High-Resolution TEM (HRTEM)
micrographs. This means that for a specific type of IDB, the phase in two neighboring inverse
polarity crystals would be shifted by a certain value that corresponds to the translation vector
of the IDB. Depending on the diffracting conditions, P(r) is ±3π/4 and ±π/4 for the Holt and
IDB* models, respectively, when the 0001 reflection is used. The corresponding values for the
0002 reflection are ±3π/2 and ±π/2. An interesting case is that the rigid body translation
between the two models (±1/2[0001]), introduces an ambiguity in the identification of the
specific IDB model, when the 0002 reflection is used. Following an extensive series of through
focus and thickness HRTEM image simulations, it was found that the phase shift of the Holt
model is strongly influenced by the imaging conditions (defocus and thickness values of the
specimen). Thus, in order to irrefutably identify a Holt IDB, the 0001 reflection should be used.
The above methodology was implemented to identify the related IDB model between a GaN
nanoisland (NI) and a GaN nanowire (NW), grown on Si(111) by MBE [Fig. 1(a)]. The
corresponding phase images are shown in Figs. 1(b) and (c), using the 0002 g vector and the
0001 g vector of the Fast Fourier Transform (FFT), respectively, while line profiles of the phase
images perpendicular to the IDBs are given in Figs. 1(e) and (f). Fig. 1(d) is the phase image
using the 0002 vector of a simulated Holt IDB [inset in Fig.1 (a)]. The GaN NI is used as
reference region in both cases and even though identification of the IDB type is unclear when
using the 0002 g vector [Fig. 1(f)], this ambiguity is raised employing the 0001 g vector [Fig.
1(e)], which reveals the Holt type character of the IDB.
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Fig. 1: (a) HRTEM image of an IDB between a GaN NI and a GaN NW. HRTEM image simulation of a Holt IDB is given as
inset (b) & (c) Corresponding phase images using the 0002 g vector and the 0001 g vector in the FFT, respectively. (d)
Phase image using the 0002 g vector of a simulated Holt IDB (e) & (f) Line profiles of the phase images.
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Aluminium alloys belong to the most widely used metallic materials in many industrial
applications. Final properties of the alloy are highly dependant on the thermo-mechanical
treatment during manufacturing and the resulting microstructure. Thus detailed knowledge of
the microstructure evolution during processing is required for tailoring the final product.
Aluminium alloy from AA3003 series with main alloying elements Mn, Fe and Si was prepared
by twin-roll casting in industrial conditions. This material was further subjected to severe
plastic deformation by equal channel angular pressing (ECAP). During ECAP the billet is
pressed through two channels of equal cross-section, which intersect at an angle of 90°. The
equivalent strain imposed to the material after one pass is ε~1. Such deformation leads to
fragmentation of the grains and ultimately to formation of ultra-fine grained structure [1].
The objective of the present work was to evaluate the role of ECAP on the precipitation kinetics
during isochronal annealing. Three materials were compared – as-cast material, material after
one ECAP pass and material after four ECAP passes. Measurements of relative electrical
resistivity changes were combined with in-situ heating in transmission electron microscope
JEOL 200FX working at 200 kV. The in-situ observation enabled detailed study of the
precipitates evolution during the whole temperature range.
At lower annealing temperatures the recovery of dislocation substructure took place. During
annealing up to 300 °C the first precipitates of α-AlMnFeSi phase [2] started to form. Their size
increased with further annealing but above 450 °C the smaller ones dissolved back to the solid
solution. The precipitation started first in the material after four ECAP passes, last in the
as-cast material, which was not subjected to deformation. It is known that in this type of alloy
the precipitates form preferentially on grain boundaries [3]. As the number of the grain
boundaries increases with the imposed deformation, the precipitation was facilitated in the
materials subjected to ECAP.
[1] M. Poková and M. Cieslar: In-situ TEM study of the role of pre-annealing on the
microstructure development of an AA3003 aluminium alloy subjected to ECAP. Kovové
Materiály (2014) in press.
[2] M. Karlík, T. Mánik and H. Lauschman: Influence of Si and Fe on the distribution of
intermetallic compounds in twin-roll cast Al-Mn-Zr alloys Journal of Alloys and Compounds 515
(2012) 108-113.
[3] M. Poková, M. Cieslar and J. Lacaze: The Influence of Silicon Content on Recrystallization of
Twin-Roll Cast Aluminum Alloys for Heat Exchangers. Acta Physica Polonica A 122 (2012)
625-629.
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Fig. 1: The evolution of electrical resistivity during isochronal annealing (derivation of relative changes). The peaks in
positive values correspond to precipitation, the negative ones correlate with particles dissolution. “Init” denotes
material after twin-roll casting, “1P” and “4P” materials after one and four passes in ECAP, respectively.
 

 
Fig. 2: Micrographs from in-situ TEM heating with a rate 50 °C/50 min. The evolution of microstructure of the alloy after
four ECAP passes – recovery of dislocation substructure, grain growth, precipitation of α-AlMnFeSi phase and its
dissolution back to solid solution.
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Experiments were conducted to investigate deformation-induced processes during in-situ
tensile test at elevated temperature. The billets of coarse-grained copper were processed by
equal-channel angular pressing (ECAP) at room temperature using a die that had an internal
angle of 90° between the two parts of the channel and an outer arc of curvature of ~ 20°,
where these two parts intersect [1]. The pressing speed was 10 mm/min. To obtain an
ultrafine-grained (UFG) material, the billets were subsequently pressed by route Bc by 8 ECAP
passes to give the mean grain size ~ 0.7 µm (Fig. 1a).
The constant strain-rate test in tension was performed at 473 K using testing GATAN stage
Microtest 2000EW with EH 2000 heated grips which is configured for in-situ electron back
scatter diffraction (EBSD) observations. Microstructure was examined by SEM-FEG TESCAN
MIRA 3 XM equipped by EBSD detector HKL NordlysMax. The tension test was interrupted by
fast stress reductions after different deformation step and observation of microstructure
changes was performed.
Despite of a considerable interest in ECAP processing method, there are not many works
documenting microstructure evolution and changes during creep testing and determining
creep mechanisms of ultrafine-grained materials processed by ECAP. It was found that creep
resistance of UFG pure Al and Cu is considerably improved after one ECAP pass in comparison
with coarse grained material, however, further repetitive pressing leads to a noticeable
deterioration in creep properties of ECAP material [2,3] Recently it was observed the
coarsening of the grains in microstructure of ECAP copper during creep at elevated
temperature [4]. It was suggested that creep behaviour is controlled by storage and dynamic
recovery of dislocations at high-angle boundaries [4,5].
In the present work was found that ultrafine-grained microstructure is instable and significant
grain growth has already occurred during heating to the testing temperature (Fig. 1b). Static
recrystallization during heating led to the formation of high fraction of special boundaries ∑3
and ∑9 (Fig. 1d). The tensile deformation at 473 K led to the additional grain growth (Fig. 1c)
and during tensile testing (Fig. 2) the nucleation and subsequent growth of cavities were
observed.
References:
[1] Valiev R Z, Langdon T G, Progr. Mater. Sci. 51 (2006) 881
[2] Kral P, Dvorak J, Seda P, Jäger A, Sklenicka V, Rev. Adv. Mater. Sci. 31 (2012) 14
[3] Dvorak J, Sklenicka V, Kral P, Svoboda M, Saxl I, Rev. Adv. Mater. Sci 25 (2010) 225 [4]
Blum W, Dvorak J, Kral P, Eisenlohr F, Sklenicka V, Mater. Sci. Eng. A 590 (2014) 423
[5] Blum W, Dvorak J, Kral P, Eisenlohr F, Sklenicka V, J. Mater. Sci. 49 (2014) 2987
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Fig. 1: In-situ observation of microstructure after a) 8 ECAP passes, b) subsequent heating to the test temperature, c) ε
~ 0.1 at 473 K and d) distribution of misorientation angle
 

 
Fig. 2: The dependence of true stress vs. true strain for copper processed by 8 ECAP passes
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Localized surface plasmon resonances (LSPRs) arise from the interaction of electromagnetic
radiation with free charge carriers in nanoscale metals, which leads to coherent charge
oscillations at optical frequencies. LSPRs of metallic nanocrystals (NCs) have drawn great
attention due to their various applications. However, the occurrence of LSPR is not restricted
only to nanostructured metals, but is also observable in various other nanomaterials, e.g. the
binary copper chalcogenides. The interesting properties of Cu2-xS, a well-known p-type
semiconductor exhibiting stoichiometry-dependent bandgap [1], make its NCs appealing in
very diverse fields. Thus, in recent years various studies on plasmonic behavior and different
synthetic approaches with controlled Cu stoichiometry were proposed. NCs with compositions
comprised between the limiting cases represented by CuS and Cu2S (i.e. covellite and
chalcocite, respectively) can be routinely made, although each one with a different synthetic
procedure. This makes it difficult to compare their physical properties, since each sample has
its own geometrical parameters and type of surface passivation.
Our approach, based on the reaction of the as-synthesized covellite NCs with a Cu(I) complex
at room temperature, allows to access several stoichiometries in colloidal copper sulfide NCs,
starting from CuS (covellite) NCs, up to Cu2S. Thus, starting from a common sample, by this
approach it is possible to access a wide range of compositions of NCs and study variations in
their structure and plasmonic response: from the metallic covellite, with a high density of free
carriers, up to Cu2S NCs with no localized surface plasmon resonance (Figure 1). In all these
NCs the valency of Cu in the lattice stays close to +1, while the mixed -1/-2 valency of S in
covellite gradually evolves to -2 with increasing the Cu content, i.e. sulfur is progressively
reduced. The addition of copper to covellite NCs is similar to the intercalation of metal species
in layered transition metal dichalcogenides (TMDCs), i.e. the dichalcogenide bonds holding the
layers are progressively broken to make room for the intercalated metals, while their overall
crystal structure does not change much (Figure 2). However, differently from TMDCs, the
intercalation in covellite NCs is sustained by a change in the redox state of the anion
framework. Furthermore, the amount of Cu incorporated in the NCs upon reaction is associated
with the formation of an equimolar amount of Cu(II) species in solution, so that the reaction
scheme can be written as: CuS + 2γCu(I) → Cu1+γS + γCu(II).
[1] Liu et al. Thin Solid Films, 431-432, (2003), 477.
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Fig. 1: A, B) optical absorbance spectra and XRD patterns from CuS to Cu2S NCs. For Cu2S, the black pattern (at RT) is
compatible with a mix of low temperature chalcocite and anilite, the green one (after a thermal treatment at 150°C) is
compatible with hexagonal chalcocite. C) Crystal structure projections of covellite, anilite, hexagonal chalcocite.
 

 
Fig. 2: HRTEM images of single Cu1+γS (0≤γ<0.8) NCs showing the (11-20) lattice planes with d-spacing ranging
between 1.89 Å (Figure 2A, covellite) and 1.98 Å (Figure 2D, high temperature chalcocite). E) 1D-integrated diffraction
patterns obtained from SAED collected on the same samples
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      InGaN is an industrially important material used for active layers in the quantum-well
structure for enhanced (blue) light emission in optoelectronic applications. InGaN/GaN multi
quantum-well structure is known to have excessive density of threading dislocations, which
could significantly influence the luminescence characteristics. Accordingly, there have been
many discussions about the effects of the dislocations on optical properties. Some argue that
the dislocations would not have much effect on the luminescence characteristics since the
quantum dotlike regions formed by the phase segregation of InGaN enhance quantum
confinement effects and these effects dominate the luminescence characteristics1, while
others state that dislocations can give rise to In diffusion and In/Ga intermixing, which finally
result in the breakdown of the quantum-well structure and the degrade of the luminescence
performance2. Even though extensive researches on dislocations in InGaN layers have already
been reported, these researches have progressed mostly based on various experimental
findings. Recently, demands for systematic studies based on quantum mechanical calculations
have been increasing to understand the atomistic role of dislocations on optical properties of
InGaN layers.
      We have investigated the effect of dislocations on the segregation of Indium atoms on
InGaN layers by comparing the interaction energy between Indium and dislocations by
replacing Indium atoms for various Ga sites. The first principles calculations based on the
density functional theory have been carried out using the VASP pseudopotential code to study
the role of dislocation in the InGaN. We used the functional of the local-density approximation
for the exchange-correlations and ultrasoft pseudopotential method for descriptions of core
electrons. In order to model the dislocation of InGaN, we used 2√3x7x2 wurtzite GaN supercell
of 224 atoms. We confirmed that an Indium atom located in the vicinity of the dislocation core
was energetically much more stable (Fig. 1). Additional Indium atoms are also preferred to be
located around the core, which indicates that the dislocation could play a role in drawing
Indium atoms and thereby cause the indium segregation (Fig. 2). Moreover, these calculations
indicate that the Indium atoms around dislocations could be possibly cause red-shift effect in
the luminescence characteristics (Fig. 3).
Reference :
1 I. H. Ho and G. B. Stringfellow, Applied Physics Letters 69, 2701 (1996).
2 N. Duxbury, U. Bangert, P. Dawson, E. J. Thrush, W. Van Der Stricht, K. Jacobs, and I.
Moerman, Applied Physics Letters 76, 1600 (2000).
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Fig. 1: Most stable configuration of GaN dislocation
structure containing one indium atom. Green and purple
atoms indicate Gallium and Indium, respectively. Dotted
polygons signify the core of GaN edge dislocations (closed
core).
 

 
Fig. 2: Most stable configuration of GaN dislocation
structure containing three indium atoms. The numbered
atoms will be used for the local density of states (LDOS)
analysis of Fig. 3. It should be noticed that the supercell
structure is constructed with two layers of unit cell.
 

 
Fig. 3: LDOS of five atoms in the structure of Fig. 2. LDOS of In1 shows the possibility of the red-shift effects in the
luminescence characteristics. The bandgap of bulk GaN was estimated as 2.5eV in our calculation conditions.
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Up to now only a few synthetic routes for the colloidal synthesis of intermetallic NCs were
published [1], despite the recent intensive study on properties of these materials.[2] In this
context, we report the synthesis of colloidal heterostructures made of a core of Au2Cd alloy
surrounded by a shell of CdSe via a one-pot approach. Gold NCs, acting as seeds, were
converted to AuCd alloy NCs as intermediate step. The formation of a CdSe shell was triggered
as soon as a Se precursor was injected in the solution containing the AuCd NCs. One
peculiarity of our synthesis method is that the Cd atoms employed for the formation of the
shell seem to be supplied by the AuCd alloy NCs with minor or no contribution from residual Cd
species present in solution. This assumption is supported by the fact that the composition of
the core varied from AuCd to Au2Cd upon CdSe shell growth, then the shell growth stopped
spontaneously. Therefore, both the initial AuCd core synthesis (from Au NCs to AuCd NCs) and
the following shell growth are self-limited by the formation of Au-Cd alloy NCs with two
compositions that are particularly stable also in the bulk, namely AuCd and Au2Cd. The AuCd
NCs were therefore acting as a reservoir of Cd atoms. This synthesis approach results in a
drastic reduction or total absence of byproducts (i.e. CdSe), while yielding more symmetric
core/shell structures with variable core size.
Metal-semiconductor NC heterostructures are model systems for understanding the interplay
between the localized surface plasmon resonances in the metal domain and the relaxation of
the excited carriers in the semiconductor domain. Since the spectral features of the individual
Au2Cd and CdSe domains in our core/shell NCs overlap in the visible range, in order to better
understand the hot electrons relaxation dynamics of these systems we recorded transient
absorption spectra by pumping either below (800 nm)or above the CdSe bandgap (400 nm).
We obtained similar spectral shape and lifetime for the plasmon peak in both cases, which
indicates that most of the photons were absorbed by the Au2Cd core. By fitting the decay of
the transient absorption signal at the plasmon peak position for different pump power levels,
we extracted a low-power limit of half a picosecond for the hot electrons relaxation lifetime.
Almost the same relaxation time was found for the core/shell NCs and for the AuCd NCs seeds
used for their synthesis. This indicates that in the Au2Cd/CdSe core/shell NCs the relaxation of
hot charge carriers is determined mainly by their interaction with the bulk phonons, while
surface modes seem to play a minor role.
1 Chen, W.; Yu, R. et al. - Angew. Chem. Int. Ed. 2010, 122, 2979–2983
2 Zeng, J.; Huang, J. et al. - Adv. Mater. 2010, 22, 1936–1940.



 
Fig. 1: a,b)TEM images of Au and AuCd alloy NCs. c)HRTEM image of AuCd NCs. d)HAADF STEM image of AuCd NCs and
their EDX spectrum with the Cd and Au peaks. Cu peaks come from Cu TEM grid. The chemical composition is
consistent with an atom ratio Au:Cd of 1:0.94. e)Static absorption spectra of Au and AuCd alloy NCs. f)XRD pattern of
AuCd alloys NCs.
 

 
Fig. 2: TEM image of Au2Cd/CdSe core/shell NCs. b)HRTEM image of a single Au2Cd/CdSe core/shell. c)HAADF STEM
image of Au2Cd/CdSe core/shell NCs. EDX line profile (red line) exhibits Au, Cd, and Se distribution across the cores
and the shells. d)Static absorption spectra of Au, AuCd and Au2Cd/CdSe samples. e)XRD pattern of the Au2Cd/CdSe
sample
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Melting and crystallization of small particles are of scientific interest due to size effects, and
being studied since decades. However, nanoparticles embedded in a matrix show additional
contributions to their melting behaviour caused by the interfaces [1]. In the present study, Bi
was processed as nanoparticles embedded in a Zn matrix. The aim of the work is to
understand the contributions of the interface structure to the overall melting behaviour of the
nanoparticles.
Samples of embedded nanoparticles were made using melt-spinning. The as processed bands
of Zn with embedded Bi nanoparticles were ion-milled using acceleration voltages between
below 3.5 kV. Scanning electron microscopy (SEM) and focused ion beam (FIB) imaging was
accomplished using a Zeiss EsB1540. TEM was made using a Zeiss Libra 200FE with an
corrected in-column Omega filter and an aberration-corrected Titan 80-300. In-situ TEM
heating experiments were conducted using a Hitachi H800.
Figure 1 shows an FIB image of the as processed Zn-Bi sample. The surface layer of the thin
melt spun ribbons was removed by the FIB Ga beam to obtain an oxide free surface showing
strong channelling contrast of the Zn grains. Bi nanoparticles show up dark. A detailed TEM
analysis was made to obtain a size distribution. In Figure 2a) a TEM bright-field image is
shown. Bi nanoparticles show an elongated morphology with an c/a-ratio of ~1.8. The volume
weighted size distribution of the embedded nanoparticles has a mean about 13 nm. It should
be emphasised, that Bi particles have a sharp interface along their elongated direction
(Zn{0,0,1}||Bi{1,0,2}), whereas other facets are not pronounced. To gain insights into the
melting behaviour, TEM in-situ experiments were conducted. Figure 3 shows TEM bright-field
images taken at one selected area during the heating experiment. Figure 3a) is taken at room
temperature (RT) before the heating; a few nanoparticles are numbered. During heating,
nanoparticles melt and get mobile, as observed at a nominal temperature of 220°C (cf. Figure
3b)). After heating up to 270°C and subsequent cooling back to RT the number and position of
several Bi nanoparticles has changed (cf. Figure 3c).
However, in agreement with previous studies it was possible to process Bi nanoparticles in a
Zn matrix. The size of the nanoparticles was about 13 nm in the short direction (named a) with
an c/a-ratio of ~1.8. Based on the presented in-situ heating experiments it can be concluded,
that in the Zn-Bi system already below the bulk melting point of 271°C nanoparticles are
molten and show mobility. Moreover, Ostwald ripening was observed.
1. Couchman, P.R.P. & Jesser, W.W.A., 1977. Thermodynamic theory of size dependence of
melting temperature in metals. Nature, 269(6), pp.481–483.
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Fig. 1: FIB image of the as prepared Zn-Bi. Channelling contrast arises showing Zn grains with a size of several
micrometres. Bi particles occur with dark contrast, homogenously distributed in grains and some at grain boundaries.
Additional contrast arises along grain boundaries, where Bi is spreading over the sample surface and into the Zn
matrix.
 

 
Fig. 2: TEM of the as-processed Zn-Bi melt-spun ribbons. In a) a TEM bright-field image shows elongated nanoparticles.
The long- and short- axes are denoted  by c and a as indicated. A size distribution of the short axis a is plotted in b).
The mean of the volume weighted size distribution of a is 13 nm and the c/a-ratio is ~1.8.
 

 
Fig. 3: In-situ TEM experiment of embedded Bi nanoparticles. Bright-field images were taken at different temperatures
during the experiment, in a) at RT, b) at ~220°C and in c) at RT after heating up to 270°C. Selected nanoparticles are
numbered. During the heating nanoparticles moved and aggregated.
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Germanium islands growth on SiC has attracted much attention for the development of
optoelectronics in SiC technology. The epitaxial relationships between Ge nano-islands and SiC
were well studied by reflection high-energy electron diffraction (RHEED), HRXRD and STM etc
[1]. It has found that the Ge islands does not form always single crystalline nature and possess
several orientations related to the substrate. These may be exhibited with defects, different
structural phases and inclusions etc., depending on growth techniques and conditions.
In the present work, Ge islands were deposited on 8 degree off axis 4H-SiC by the CVD
technique. The Ge nanoparticles were characterized by high resolution transmission electron
microscopy (HRTEM).
The characterization shows that in general (but not always) Ge nano-particles grow with
{111}Ge//(0001)SiC. We have presented in this work, HRTEM studies of a Ge nano-particle
with different orientation than the above mentioned one. A HRTEM image of this nano-particle
taken along [-1100]SiC is shown in fig.1. It can be identified that the particle reveals several
phases. Fig. 2 represented the filtered and magnified images of selected areas of interest such
as A, B, C and E, D, F are corressponding to Fast Fourier Transforms (FFT’s). Using the SiC
lattice parameters as an internal standards, the three marked areas can be characterized. In
fig. 2A the configuration of the lattice planes and measured d-spacings are identified that Ge
nanoparticle oriented along along [-112]Ge. In fig. 2B two orientations of Ge are found with
electron beam parallel to [-112]Ge and [-110]Ge respectively. The respective planes are
identified in fig. 2B for the corresponding zone directions and are compatible with FFT as
shown in fig. 2D. A similar case is also identified in the area of fig. 2C. The estimated lattice
parameters for the area with the [-110] orientation is indicated the presence of Si, which is
rather unexpected. Also the same results have been obtained from the corresponding FFT (Fig.
2F). The extra periodicity has shown in the figure 2C can most probably be attributed to the
overlapping between Ge and Si. The SiC substrate should have played major role to form Si.
The possible reason for this could be that at higher temperature (1500⁰ C) the Ge could
promote the wetting of topmost layer of the Si rich surface and should increase the surface
energy and the dangling bonds. During cooling processes, the Ge solidifies (800–900 ⁰C)
reduces the surface energy and dangling bonds. At this time the remaining dangling bonds
helps lead the formation either Si or GeSi particle[2]
[1] K. Aït-Mansour et.al Applied Surface Science 241 (3-4), 403 (2005)
[2] K. Aït-Mansour et.al Journal of Physics D: Applied Physics 40 (20), 6225 (2007)
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Fig. 1: A HRTEM image of a mixed phase Ge nano-particle on off axis 4H-SiC. Three different areas (A, B, C) are chosen
to identify the different phases
 

 
Fig. 2: Fig 2: HRTEM images (A, B, C) and the corresponding FFTs (D, E, F). In area A a single Ge nanocrystal imaged
along [ ̅112] is seen. In area B two Ge nanocrystals imaged along [ ̅112] and [ ̅110] are found. In area C the presence of
Ge (imaged along [1 ̅12]) and Si (imaged along [ ̅110]) is detected.
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Organic electronic devices are modern technologies based on charge transport properties of
molecular assemblies. However the promises of low cost fabrication technologies are
overshadowed by extreme dependence of the electronic properties on their internal structure,
which is difficult to determine. While X-ray scattering techniques provide high-resolution
structural information of organic monolayers they lack the spatial resolution to study domain
structure. On the other end scanning probe techniques provide lattice periodicity information
but are unsuitable for study of large areas. We have combined the advantages of electron
diffraction based techniques, with a low dose, scanned parallel beam and automated
diffraction analysis to study structure of organic self assembled monolayers.
Organic molecules were dissolved in chloroform and deposited on Langmuir-Blodgette trough.
Molecules were assembled at the air-water interface and transferred to variety of electron
transparent substrates such as, amorphous continuous and lacey carbon, silicon nitride and
silicon oxide membrane 10-20nm thick. Small variations in sample preparation alter the
molecular film thickness and morphology all films were pre screened by AFM. As with many
organic materials, electron beam damages the monolayers with rates that depend on the
nature of the support and the structure of the monolayer. Thus all structural information was
obtained with a total dose of less then 50 e-/Å2.
The morphology of typical monolayer varies between a continuous 50-100 µm films for stearic
acid and DH5TBA, .5-2 µm islands for pentathiophene buteric acid derivatives and small
100nm domains for TSB (see Fig. 1). All the molecules organize into a herringbone
arrangement with two molecules per unit cell described in 2 dimensions by the p2gg space
group. Their diffraction pattern exhibits the expected lack of (0,1) and (1,0) reflections and are
of a=5-6.5 Å(±0.1 Å) and b=7-9 Å (±0.1 Å)in size for the short and long lattice parameters,
respectively.Discrete dark field images (see fig. 2) provide insight into local variations in the
films crystallinity and quality. Comparison of the change of lattice parameters as function of
small changes in molecule structure or sample preparation provides valuable insight into the
monolayer formation mechanisms (see Fig. 3D).
On our experimental setup the resolution is limited by the radiation hardness of the sample
and is few 60-90nm for these monolayers. However, improvement in data acquisition
techniques, mainly better and faster data acquisition combined with more sensitive cameras
will allow acceding 10nm resolution.
References: [1] Hendriksen, B.L.M.; et al. Nano Lett. 2011, 11, 4107-4112. [2] Altoe V.; et al.
Nano Lett. 2012,12,1295 (2012)
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Fig. 1: Dark field (HAADF) STEM images showing the
morphology of 5TBA (A), D5TBA,  (B), DH5TBA (C), and TSB
(D) supported on TEM grids. Scale bar: 500nm. (E)
Correlation between the orientation of the long axis of the
radial D5TBA monolayer domains and the [0,1] lattice
direction. (F) Models of the molecules used in this study.
 

 
Fig. 2:  a) Diffraction patterns from 4 areas depicted by the
blue rectangle in e. b) AFM cross-section of two 5TBA
islands on a TEM grid, c) top (upper) and side view (lower)
of the crystalline structure, d) simulated kinematic
diffraction pattern, e)  HAADF image of the with yellow
arrows point in the (0,1) crystallographic direction.
 

 
Fig. 3: Analysis of the crystallographic information from a 5TBA monolayer. (A) HAADF image, scale bar: 500nm. (B)
Orientation of the domains . (C) Discrete dark field images scattered into the {1,1},{0,2},{1,2} and {1,3} reflections.
 (D) Graphic representation of the changes in lattice parameters  of the self assembled thin films studied here. 
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Commercial aluminium alloys (AA) 6000 (Al-Mg-Si) and 3000 (Al-Mn) series, are mainly made
for extrusion and rolling respectively. In industry, the casting alloys are homogenized to
dissolve and / or transforming the rich second phase particles in Fe and producing a fine and
homogeneous grain structure and new intermetallics, which results in increased ductility and
improved properties for the extrusion and rolling, respectively. In this work commercial
aluminium alloys made by the Venezuelan company CVG-ALCASA were used to characterize
the transformation β→α of these intermetallics during homogeneization of the alloys Al-Mg-Si
(6063) and Al-Mn (3003), apprecianting that they change their shape, composition, crystalline
structure, size and distribution. In the case of the AA 6063 the monoclinic β-(AlFeSi) phase is
transformed to a cubic β-(AlFeSi) phase. Meanwhile, in AA3003 alloy the orthorhombic
β-(AlFeSi) phase is transformed in phase α-(AlFeMnSi), cubic. Homogenization heat treatment
was conducted for the AA6063 at 560 °C (range of β→α transformation) for 4 hours and for the
AA3003 alloy heat treatment temperature was 500 °C for 1 hour. In both cases, the cooling
was conducted at a rate of about 200 °C/hour. Transmission electron microscopy (H-600 TEM
operated at 100 KV) and scanning electron microscopy in the secondary electron emission
mode (SEM S-2500) coupled to an energy dispersive spectrometer (EDS) Thermo Noran was
used. In the case of the AA6063 (ALMgSi), TEM observations allowed to establish the kinetics
and possible mechanism of β→α transformation. It was observed that the particles α-(AlFeSi) of
globular morphology nucleate on the β-(AlFeSi) rod-like phase (Figure 1). During processing,
the β-phase intermetallics are gradually replaced by a dispersion of particles α (Figure 2).
Subsequently, islands of α particles grow and are rounded at the expense of the β phase
remaining (Figure 3). Microstructural observations of the AA3003 alloy revealed that during
transformation β→α, the β phase is consumed by the growth of α phase, resulting in a duplex
β//α combination. In the case, the β→α transformation takes place through the eutectoid
decomposition of the β-(AlFeMn) phase, but requires silicon diffusion from the matrix along the
interface between β and α. The SEM image of the alloy AA3003 (Figure 4) shows the growth of
α phase at the expense of β phase, which is confirmed by the corresponding EDS spectrum.
Because the α phase has higher contrast than the β phase, the SEM images can be used to
demonstrate key features of the transformation.
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Fig. 1: Nucleation mechanism of α-(AlFeSi) particles from
the β-(AlFeSi) phase.
 

 
Fig. 2: TEM micrograph of the process of
growing-strangulation.
 

 
Fig. 3: TEM micrograph showing the separation of the new
phase α-AlFeSi.
 

 
Fig. 4: SEM micrograph showing the growth mechanism of
α-(AlFeMnSi) phase from the β-(AlFeMn) phase.
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Planar defects in diamond known as platelets on the {001} planes are found in type Ia
diamonds which contain nitrogen impurities [1,2]. Humble proposed a model for the diamond
platelet consisting of a double layer of carbon atoms [3]. More recently, Miranda and
co-workers proposed a new model for the microscopic structure of platelets in diamond which
forms by a shearing process [1]. The core of the platelet defect is a double layer of threefold
coordinated sp2 carbon atoms embedded in the sp3 diamond matrix [1]. The model proposed by
Humble [3] is one of the earlier carbon interstitial models favoured by Goss and co-workers [4].
It is the purpose of this paper to establish whether Cs-corrected high resolution (scanning)
transmission electron microscopy (HRSTEM/ HRTEM) imaging of platelets in type Ia diamond
can determine which of the two models, Miranda and co-workers [1] or the earlier carbon
interstitial model of Goss and co-workers [4], are in better agreement with the experimental
results. HRTEM specimens were prepared by using a Helios Nanolab 650 focused ion beam
(FIB) SEM and investigated in a double Cs-corrected JEOL JEM-ARM200F HRTEM.
Fig.1(a) is a HRTEM image of a {001} platelet in diamond viewed edge-on. Fig. 1(b) and (c)
show typical but different HAADF STEM images of {001} platelets viewed edge on. The atomic
structure of the {001} platelet model proposed by Miranda and co-workers [1] is different
when viewed along the two perpendicular <110> directions. A similar type of inequivalence of
the projected platelet structures along the <110> and <1-10> directions is present in the
Humble [3] model favoured by Goss and co-workers [4]. Supercells containing the platelet
defect in diamond (Fig. 2) were constructed using the atomic positions from the models of
Miranda et al. [1] and Humble [3]. The difference in HAADF STEM platelet images of two
different platelets shown in Fig. 1(b) and (c) is consistent with the platelet models shown in
Fig. 2 when viewed along two perpendicular <110> directions. It is impossible to tilt the
diamond foil through 90º in the HRTEM in order to image a {001} platelet along two
perpendicular <110> directions, hence images of different platelets were recorded since it is
likely that some will be viewed along the <110> and others along the <1-1 0> directions
according to the indexing convention adopted by Miranda et al. [1] and Goss et al. [4] and
shown in Fig. 2. Comparisons of HRTEM/HRSTEM images and image simulations of the platelet
models shown in Fig. 2 will be presented.
References
[1] C.R. Miranda, et al., Phys. Rev. Lett. 93, 265502 (2004).
[2] J. Bruley, Phil. Mag. Lett. 66, 47 (1992).
[3] P. Humble, Proc. R. Soc. London, A 381, 65 (1982).
[4] J.P. Goss, et al., Phys. Rev. B 67, 165208 (2003).
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Fig. 1: (a) HRTEM image of a {001} platelet in diamond viewed edge-on. (b) and (c) show typical but different HAADF
STEM images of {001} platelets viewed edge on. Beam direction = <110>. Scale bar: 1.26 nm
 

 
Fig. 2: Supercells containing the platelet defect in diamond constructed using the atomic positions from the models of
Miranda et al. [1] (a and b) and Humble [3] (c and d). The vertical direction is <001> for all the platelets and the
viewing directions are <110> for (b) and (c), and <1-1 0> for (a) and (d).
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Materials based on zinc oxide with additions of other transition and main group metal oxides
offer a broad range of applications such as varistors, transparent conducting oxides (TCOs),
gas sensors and dye-sensitized solar cells. They have good semiconducting and optical
properties at a low price and easy availability.[1] In order to fully comprehend the physical
properties of these materials, it is crucial to gain an understanding of the atomic arrangement
and the formation mechanisms of their unique structural features, i.e. basal and pyramidal
inversion domain boundaries (IDBs).
ZnO nanowires (NWs) were grown on fused silica substrates via a thermal evaporation method
and a metal-seeded growth mechanism.[2] Doping of said NWs with indium was performed by
spin-coating with an organic solution of indium nitrate. For thermal decomposition of the
solution droplets and subsequent reaction of the In2O3 particles with the NW surface, the
specimen was then annealed inside a furnace in air. Conventional TEM bright field imaging was
conducted with Philips/FEI CM30 T and CM300 FEG-UT microscopes operated at 300 kV. HAADF
and BF/ABF STEM imaging at high resolution was performed using an advanced analytical
TEM/STEM system (JEOL JEM-ARM 200CF equipped with a cold FEG and probe Cs corrector).[3]
The aforementioned synthesis method yields NWs of different growth directions.
Type-<10-11> NWs are favourable for TEM investigations due to their distinct morphology. It
can be shown that the formation of In-decorated basal IDBs occurs largely at {10-11} facets of
the NW surface and especially at boundaries between {0001} and {10-11} facets. These IDBs
permeate the ZnO NW at a rate of up to 2.7 nm min-1.
High-resolution HAADF imaging reveals that {0001} facets of the nanostructure are not
terminated by the basal IDB proper, but by the unreactive oxygen-terminated -c face of a 2-
layered ZnO slab, leading to an energetically favourable surface (Fig. 1). The higher Z
contrasts observed in cation columns in the vicinity of {10-11} facets indicate that they are
enriched with In compared to the surrounding ZnO domain, while also being terminated by a
single-layer slab of ZnO.
In atomic-resolution ABF STEM images of incomplete IDBs, a discrete boundary between the
basal IDB and 2 {0002} lattice planes of ZnO is observed. At the pyramidal IDB, a
displacement of cations is clearly visible while the anion lattice remains virtually unaffected.
(Fig. 2) We conclude that the pyramidal IDB acts as a "conveyor belt" for indium cations
towards the end of the incomplete basal IDB.
[1] D. P. Norton et al., Mater. Today 6 (2004), 34-40.
[2] H. Simon, T. Krekeler, G. Schaan, W. Mader, Cryst. Growth Des. 13 (2013), 572-580.
[3] H. Schmid et al., Ultramicrosc. 127 (2013), 76-84.



 
Fig. 1: Annular bright-field (ABF, left) and high-resolution high-angle annular dark field (HAADF, right) STEM images in
<2-1-10> orientation. Fully developed basal and pyramidal IDBs can be observed. {10-11} and {0001} facets are
terminated by one and two layers of ZnO respectively.
 

 
Fig. 2: High-resolution ABF STEM image in <10-10> orientation with a superimposed model of the crystal structure
showing considerable displacement of cations at the pyramidal IDB.
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The transformation of diamond to graphite by ion implantation and annealing has been
reported by several authors [1,2]. Previous studies done on the carbon implantation of
diamond using the Cold Implant Rapid Anneal technique have indicated that if the critical dose
of about 5.2 × 1015 carbon ions is exceeded, diamond transforms to graphite [2]. Below the
critical dose, recrystallization of the implanted layer into the original diamond structure is seen
[3]. This paper present results of a high resolution transmission electron microscopy (HRTEM)
and electron energy loss spectroscopy (EELS) investigation of room temperature, single energy
(150 keV) C implanted diamond (synthetic type IIa, <100>) using a dose (1,5x1016 C+/cm2)
exceeded the critical dose as defined above. The implanted layer was studied by cutting the
diamond into several pieces and annealing each piece at different temperatures of up to a
1000 oC. HRTEM specimens were prepared by using a Helios Nanolab 650 FIB/SEM and
investigated in a double Cs-corrected JEOL JEM-ARM200F HRTEM equipped with a Quantum
Gatan Image Filter.
Fig. 1 is a bright-field scanning TEM (STEM) image of carbon implanted and annealed diamond,
showing the implanted region extending from the diamond surface to the interface between
the damage layer and diamond substrate. Inserted is a selected area diffraction pattern
obtained from the layer showing amorphous rings. Fig. 2 shows an EEL spectrum of the C
k-edge obtained from the implanted layer. Although the π* peak is an indication of the sp2
character of the carbon layer, the overall EEL spectrum in Fig. 2 is characteristic of highly
disordered or amorphous carbon [4]. Further results of the structural evolution of the
implanted layer with annealing will be presented.
This investigation illustrates the value of HRTEM and EELS to determine the nature of defects
generated by ion implantation in diamond and the micro- and nanostructure of the implanted
layer. These techniques are also very useful for the determination of the critical implantation
and annealing conditions for the transformation of diamond to graphite.
References
[1] RA Spits et al, Nucl. Instr. and Meth. in Phys. Res. B 85 (1994) p. 347.
[2] EK Nshingabigwi et al, Proceedings of the South African Institute of Physics (2011) p. 711.
[3] TE Derry et al, Nucl. Instr. and Meth. in Phys. Res. B 267 (2009) p. 2705.
[4] H Daniels et al, Phil. Mag. 87 (2007) p. 4073.
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Fig. 1: Bright STEM image of the implanted layer after implantation. Inserted is a selected area diffraction pattern of
the implanted layer
 

 
Fig. 2: EEL spectrum of the implanted layer showing an amorphous carbon character
 



Type of presentation: Poster
 

MS-9-P-5738 STEM observations of indium segregation in InAlN epitaxial layers
 

Borysiuk J.1, Sobczak K.1, Kaminska A.1, Jezierska E.2, Yamamoto A.3, Schenk D.4, Suski T.5,
Zytkiewicz Z. R.1
 
1Institute of Physics, Polish Academy of Sciences, Warsaw, Poland, 2Faculty of Materials Science
and Engineering, Warsaw University of Technology, Warsaw, Poland, 3Department of Electrical
and Electronics Engineering, University of Fukui, Fukui, Japan, 4SOITEC Specialty Electronics,
Villejust, France, 5Institute of High Pressure Physics, Polish Academy of Sciences, Warsaw,
Poland
 

Email of the presenting author: borysiuk@ifpan.edu.pl
 
Indium segregation in high In content InAlN layers grown on GaN/sapphire templates was
investigated by scanning transmission electron microscopy (STEM). The chemical
nonuniformity of the layers was determined from energy dispersive X-ray analysis (EDX) and
high-angle annular dark-field (HAADF) imaging. Low In content samples show no indication of a
preferential incorporation of indium, proving that compositionally uniform layers and structures
could be grown. For high content of indium, above 20 at % on average, the growth becomes
unstable, leading to the preferential incorporation of In at some orientations [1,2]. The
V-shaped In-rich structures were observed, resulting in the preferential indium segregation at
the sides of the structures (Fig. 1). Indium atoms segregation was usually visible as a bending
of lattice planes in InAlN structure. A detailed, structural model of strained defects, based on
high-resolution TEM (HRTEM) observations was proposed. The model assumes coherent
substitution of aluminum by indium in Al lattice sites which leads to the a-plane compressive
stress accumulation. Such stress leads to the vertical strain by upward motion of the
neighboring lattice sites and elongation of the c-lattice constant locally. Theoretical (simulated)
HRTEM images, taking into account the In concentration variations were generated using JEMS
software [3]. The changes of the contrast intensity between different atomic columns with
variable In content were compared with the experimental data.
[1] G. Perillat-Merceroz, G. Cosendey, J.-F. Carlin, R. Butté, N. Grandjean, J. Appl. Phys. 113
(2013) 063506
[2] P. Vennégués, B.S. Diaby, H. Kim-Chauveau, L. Bodiou, H.P.D. Schenk, E. Frayssinet, R.W.
Martin, I.M. Watson, J. Cryst. Growth 353 (2012) 108
[3] P.A. Stadelmann, Ultramicroscopy 21 (1987) 131
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Fig. 1: HAADF and TEM cross-section images of InAlN layers with indium content of 25% (a,c) and 28% (b,d),
respectively.
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Real materials including ceramics and minerals are, in general, of polycrystalline nature, and
the prevailing presence of internal interfaces between grains, i.e., grain boundaries (GBs) often
influences significantly their mechanical, electrical and physical properties. Magnesium oxide
(MgO) is one of the best characterized oxide materials in terms of GBs and defects, and is
often considered as a model oxide system owing to its simple rocksalt structure (with both the
Mg and O atoms octahedrally coordinated) [1-2].
In this work, we investigated the microstructures of "near-Σ5" GB (Σ indicates the degree of
geometrical coincidence at a GB ) in MgO in order to understand how the misalignment of
tilting angles from the exact Σ5 orientation can modify GB structures at the atomic scale. Also
it remains unknown whether impurities are segregated to the near-Σ5 GB and how such
segregation can drive GB structure change and thus modify material property.
Here, we apply a bicrystal technique to fabricate a symmetrical tilt near-Σ5 GB with a
bonding-angle deviation of ~1.7±0.1° from the exact Σ5 orientation, i.e., from the (310) plane.
(S)TEM observations were performed by JEOL JEM-2010F (200 kV) and JEM-2100F (with
Cs-corrector, 200 kV). Finally, we interpreted the GB local structure via mathematical approach
based on O-lattice theory [3].
As a result, dark-field (DF) images showed periodically aligned edge dislocations on the
boundary in order to compensate lattice mismatch due to misalignment. Annular bright field
(ABF) images also revealed that the near-Σ5 GB comprises an alternating array of six normal
Σ5 GB structural units and one deformed Σ17 GB structural unit, and importantly the Ca and Ti
impurities are selectively segregated to the Σ5 units, while they are absent at the Σ17 units
[4]. This near-Σ5 GB with tilting angle of 35.3° is mathematically equivalent to Σ533 GB on (22
7 0) plane. According to dissociation rule expected by O-lattice theory, this kind of GB with
high Σ value can easily dissociate into two low Σ GB with special structure units, i.e., six Σ5 GB
units and one Σ17 GB unit. This mathematical expectation is completely same as the obtained
experimental result. The detailed will be reported.
[1] Z. Wang, M. Saito, K. P. McKenna, L. Gu, S. Tsukimoto, A. L. Shluger, and Y. Ikuhara, Nature
479, 380-383 (2011).
[2] M. Saito, Z. Wang, S. Tsukimoto, and Y. Ikuhara, Journal of Materials Science 48, 5470-5474
(2013).
[3] W. Bollmann, "Crystal defects and crystalline interface", Springer-Verlag, New York (1970).
[4] M. Saito, Z. Wang, and Y. Ikuhara, Journal of Materials Science, 49, 3956-3961 (2014).
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ZnO nanowires have been widely applied for fabricating functional optoelectronic devices such
as LEDs, solar cells and thin film transistors. Elemental doping is an effective method to modify
the properties of ZnO. Previous studies have shown that the doped atoms produce planar
defects inside ZnO nanowires [1-2]. To understand the mechanism of this phenomenon, a
comprehensive study of dopant induced defects within ZnO nanowires is necessary. Because
annular dark field (ADF) and annular bright field (ABF) imaging techniques in Cs-corrected
STEM can provide ultra-high resolution and very informative images, it is recognized as a
powerful strategy to investigate the doping-induced defect structure [3].
In present study, we obtained the microstructural defect details of Sn doped ZnO (SZO)
nanowires with probe forming Cs- corrected STEM. ADF and ABF detectors were used for the
image acquisition. The inner-outer detection semi-angles of ADF and ABF detectors were
68-170 mrad and 11-23 mrad, respectively. The crystal structure of the sample nanowires
were identified as wurtize SZO based on electron diffracting technique. Figure 1 shows the
HAADF and ABF images of the planar defect in which the atoms of Sn, Zn and O were labelled
with overlaid spheres. It was found that the planar defect in SZO nanowire is inversion domain
boundary. In addition, according to EELS line scanning, Sn impurities were found preferring to
incorporate in the inversion domain boundary. The twin boundary were also found in different
SZO nanowires. Figure 2 shows the twin boundary in SZO nanowire. From the FFT of the
HAADF image, it indicated the twin boundary is parallel to (1 -1 0 -3) plane, and the angle
between upper and bottom crystal (0 1 -1 0) planes is about 150 degrees. It is interesting that
the ordering variation in intensity of HAADF image on the twin boundary was observed. The
right hand side of the dumbbell atoms is brighter than left hand side on the twin boundary.
This phenomenon was not found in the inversion domain boundary, the result was shown in
figure 3. Because the intensity of HAADF image is proportional to Z1.7 [4], it is supposed that
the intensity variation on the twin boundary might be resulted from different dopant
concentration.
[1] Y. Ding et al., Phys. Rev. B, vol. 70, no. 23, p. 235408, Dec. 2004.
[2] Y. C. Park et al., Appl. Phys. Lett., vol. 102, no. 3, p. 033103, 2013.
[3] S. Pennycook and P. Nellist, Scanning transmission electron microscopy: imaging and
analysis. 2011.
[4] O. L. Krivanek et al., Nature, vol. 464, no. 7288, pp. 571–574, 2010.
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Fig. 1: Inversion domain boundary in SZO nanowire. (a) HAADF image. (b) ABF image and supposed atomic structure
overlaid on the images.
 

 
Fig. 2: Twin boundary in SZO nanowire. (a) HAADF image and FFT of ROI-1. (b) HAADF image and the supposed atomic
structure overlaid on the image in the twin boundary.
 

 
Fig. 3: Line profile in the planar defect. (a) Inversion domain boundary. (b) Twin boundary.
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Recently, considerable research in the welding of austenitic stainless steels has again been
developed by use for nuclear and the other energy applications. Austenitic Stainless Steel has
been widely used a weld filler to join the low-alloy steel reactor pressure vessel (RPV).
The chemical compositions of low alloy steel A36 contain 0.22% C, 0.014% S and 0.015% P,
and the weld filler austenitic stainless steel E308L contain 19.07%Cr, 9.99% Ni, 0.026% C,
0.534% Si, and the E309L, 23.65% Cr, 12.49% Ni, 0.028% C, 0.421% Si. The welding conditions
were chosen based on the construction specifications of the nuclear power plants. The weld
deposit a coating of three layers of stainless steel, the firth pass with E309L electrode and
others two steps with E308L electrode on a carbon steel plate type A36(figure 1),simulating
the properties of the inner lining of a vessel (cladding) of the BWRs reactor . Plate type A36,
with dimensions 28.09 x 10.63 x 1.26 cm, were welded under a constrained conditions using
shielded metal arc welding (SMAW)(75 A and 22 V),interpass temperature ≤ 90°C.
The metallographic examination of the weld were realized by optical microscopy and scanning
electron microscopy (SEM), energy dispersive X ray (EDX), using the microscopes JEOL JEM
6010LV. The specimens were cut from center area of the weld metal (10 mm X 10 mm X 10
mm).The transverse section of the weld were polished, etched with 3 pct Nital for 15 seconds
the carbon steel A-36, and the weld metal, heat-affected zone (HAZ) with aqua regia, and then
examined [1]. As a result of welding, these materials may, depending on composition, solidify
with a structure different. One problem with fusion welding of these materials is their
susceptibility to solidification cracking. Cracks have been found in various regions of the weld
zone with different orientations in the weld zone (figure 2), such as centerline cracks,
transverse cracks, and micro cracks in the underlying weld metal or adjacent or HAZ. The
general structure of the first weld pass consists of elongated columnar dendrites at the melt
pool, where heath transfer is highly directional, and more equiaxed cellular dendrites in the
middle with slower cooling (figure 3 and 4).
The Vickers hardness in the range of 165-220 HV, was increase of the steel plate to third weld
pass [2].
REFERENCES
[1] ASM Handbook, Metallography and Microstructures, Volume 9[2] L. Zamora R., Aguilar
Torres J.A, Díaz Pérez L., Sandoval Jiménez A. “Análisis microestructural de recubrimiento de
acero inoxidable austenítico sobre placa de acero al carbón A-36” XXII Congreso Técnico
Científico ININ-SUTIN, Centro Nuclear de México, Diciembre 2012.
Acknowledgement: The authors are greatly to C. Jorge Perez del Prado of the Department of
Materials Technology for this work is gratefully acknowledgements.



Fig. 1: Carbon Steel Plate A-36 and austenitic stainless
steel Weld metal.

Fig. 2: Carbon steel A36 and stainless steel 304 at 500X.

Fig. 3: Interface Carbon steel A36 and stainless steel, 500X
Fig. 4: Interface Carbon steel A36 and stainless steel
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Metal-organic frameworks (MOFs) are a new class of porous materials, consisting of metal ion
centers linked together by organic linkers to create crystalline porous networks. MOFs have
received a great deal of attention because of their high specific surface areas and pore
volumes, applicable in gas (H2) storage, catalysis, and photovoltaics.1 For specific applications
MOF crystals can be loaded with catalytically active materials like Pd, Au, Cu and Ru in the
form of nanoparticles, small clusters or single atoms, leading to a heightened activity in e.g.
olefin hydrogenolysis and methanol synthesis or with semiconductor nanomaterials like GaN or
ZnO for improved optical properties.2
Characterizing these delicate materials is far from trivial. Most of the common characterization
techniques like X-ray diffraction of nitrogen adsorption for this type of materials offer global
information only. However, in the case of nanostructured and/or -sized systems or upon
loading of the frameworks, local structure information is of pivotal importance. Transmission
electron microscopy is ideally suited for this, as it can provide structural information down to
atomic resolution. MOFs can however be considered as soft matter and are therefore very
sensitive to electron beam illumination, making TEM investigation of MOFs challenging.
One of the first MOFs studied by TEM was MIL-101 (Cr). The relatively stable nature of this MOF
made pore imaging by HRTEM feasible3 Most other commonly-used MOF materials are
significantly less stable to electron beam illumination. Improved TEM technology including
low-voltage techniques, cooling holders, beam-blanking systems and fast-readout cameras
however do allow pore imaging of far less stable MOFs like MOF-5 and ZIF-8.4 Advanced TEM
techniques like tomography make it possible to determine the distribution of nanoparticles
within the MOF framework, as in the recent example of hydrogen storage material
Pd@COF-102.5 Combining imaging with spectroscopy in the electron microscope allows
distinguishing between chemical species within the frameworks and measuring bonding at the
local scale.1
Studying porous materials in 3 dimensions at the atomic scale is even more challenging.
Again, beam damage is the limiting factor. We applied low-dose aberration corrected
HAADF-STEM to zeolite crystals loaded with Ag. A careful analysis of HAADF-STEM images
acquired along different zone-axes enabled us to propose a 3D model for the positions of the
Ag ions.
1Turner S. et al. (2008) Chemistry of Materials, 20, 5622-5627.
2Esken D. et al. (2011) JACS, 133, 16370-16373.
3Lebedev O. I. et al. (2005) Chemistry of Materials, 17, 6525-6527.
4Wiktor C. et al. (2012) Microporous and Mesoporous Materials, 162 131-135.
Acknowledgement: We acknowledges financial support from the ERC Advanced Grant
“Countatoms” (GVT), the ERC Starting Grant “Colouratoms” (SB) and FWO support (ST).



Fig. 1: Fig. 1: a) High resolution image of an intact cubic MOF-5 crystal (FT inset). 4 b) Enlarged image of region in the
white box in a) with image simulation. c) Fourier filtered image with image simulation d) Simulated HRTEM image e)
Structure of MOF-5; the white stripes in d) correspond to the terephthalate linkers of MOF-5, the pores are in grey.

Fig. 2: Fig. 2. a) Tomographic reconstruction of Pd@COF-102.  The Pd nanoparticles are rendered in gold, the COF
framework in soft off-white. b) Orthoslice through the 3D reconstruction of a loaded Pd@COF-102. The particles visible
as white dots are clearly present in the whole crystals without any preferential distribution in size or position.
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We developed in situ atomic scale mechanical microscopy (In Situ: ASM) for investigation of
the deformation dynamics of materials with simultaneous atomic scale imaging. The In situ
TEM mechanical testing techniques are generally applicable to regular TEM samples by tensile
experiment with simultaneous double tilt, and thus the ability of obtaining atomic scale
imaging about the deformation dynamics of the deformed materials. We show several
examples of the atomic scale deformation dynamics of Ni, Pt, Au and Cu as well as Cu-Zr
metallic glass. It was revealed that these materials show unusual large strain elasticity,
size-dependent elasto-plastic transitions and the unusual plasticity behaviors at nano-scale.
For example, the cross-over plasticity mechanisms from partial dislocation to full dislocation
and twins were discovered in deformation of nano single crystalline Cu samples. A long
standing puzzle and uncertainties of grain rotation in ultra-small nano-sized polycrystalline
materials (grain size less than 8nm) was demonstrated through this in situ: ASM. It was
uncovered that the dislocation climb takes care of the grain rotation behaviors in small grain
systems. These results shed lights in understanding the interesting mechanical behaviors and
the related dislocation activities of the metallic materials at small scale and useful for
designing new materials with strength and ductility as well as those applications in micro- and
nano- electronics and mechanics.
Reference:
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[2] NANO LETTERS, 11, 3151 (2011)
[3] NANO LETTERS, 12, 4045 (2011)
[4] NATURE COMMUNICATIONS, 1, 24, DOI: 10.1038/ncomms1021, 2010
[5] NATURE COMMUNICATIONS, 3, 609, DOI: 10.1038/ncomms1619, 2012
[6] NATURE COMMUNICATIONS, 4, 2413 | DOI: 10.1038/ncomms3413, 2013
[7] NATURE COMMUNICATIONS, 5, 4402, DOI: 10.1038/ncomms5402, 2014
[8] PHYS. REV. LETTS., (2010)
[9] SCIENCE, 339, 1191 (2013)
[10] SCIENTIFIC REPORTS, 2, 852 (2012), DOI: 10.1038/srep00852
[11] ACAT MATER., 59, 6511 (2011)
[12] ACTA MATER. 61, 4689 (2013)
[13] NANO LETTERS, 12, 4595 (2012)
[14] NANO LETTERS, 12, 4045 (2012)
[15] APPL. PHYS. LETTERS, 101, 233109 (2012)
[16] APPL. PHYS. LETTERS, 104, 013111 (2014)
Acknowledgement: This work was supported by the National 973 Program of China
(2009CB623700), the National Outstanding Young Investigator Grant of China (10825419), the
Key Project of C-Natural Science Foundation (50831001),  the Beijing High-level Talents
(PHR20100503), the Beijing PXM201101420409000053, the Natural Science Foundation
(11004004) and the Beijing 211 Project.



Fig. 1: Experimental Set-up for in situ ASM, see reference [7, 8] et al.

Fig. 2: In situ atomic scale dynamic observation: Grain Rotation through grain boundary dislocation climb. See
reference [7].
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Metal-organic frameworks (MOF) have attracted increasing attention in recent years due to
their vast potential in clean energy and environmentally relevant applications such as
hydrogen storage, gas separation and purification, and catalysis of materials. ZIF-8 has
demonstrated its ability in separating propylene/propane gas mixtures by kinetic adsorption.
The crystalline structures of MOF are very fragile under electron beam illumination (much
more sensitive than zeolites or inorganic mesoporous materials). Therefore it is technically
challenging to image the nanoporous structures of MOFs at high resolution.
Direct detection of high energy electrons with an active CMOS (complimentary metal-oxide
semiconductor) sensor is replacing the traditional CCD (charge-coupled device) cameras for
many performance demanding applications in electron microscopy such as imaging beam
sensitive specimens. The detection quantum efficiency (DQE) can be improved significantly by
counting individual electrons that reach the image sensor and setting the residual sensor
background to zero, thus allowing images with increased signal-to-noise ratio (SNR) to be
captured under extremely low electron dose.
Figure 1 is a low magnification TEM image showing small size (30 – 100 nm) ZIF-8 particles.
Structural damage was evident by the fast fading of diffraction rings even under a low
intensity parallel electron beam. Usually high order diffraction spots disappeared first. The
critical dose for spots with lattice spacing 0.3 nm or smaller was estimated to be in the range
of ~ 20 - 30 e-/pixel.
To capture high resolution images, we employed the K2 direct detection camera operating in
electron counting mode. The electron dose rate was set to be ~ 1 e-/pixel/sec. Figure 2 is a
counted image of a ZIF-8 particle oriented in [111] zone axis recorded at 300 kV. The TEM
magnification was 43 kx and the total electron dose is ~3 e-/pixel. This particle retains
well-defined hexagonal shape and a high degree of crystallinity. Figure 3 is the fast Fourier
transform (FFT) image of this particle that clearly shows high resolution information transfer of
0.3 nm or beyond in all directions.
We have demonstrated that direct detection camera with electron counting is capable of
recording high resolution images of MOF specimens with a dose of a few electrons per pixel.
 

Acknowledgement: The authors wish to thank Karen Bustillo at NCEM, LBNL for her assistance
in this work.



 
Fig. 1: Low magnification TEM image of ZIF-8. Particle size ranges from 30 to 100nm.
 

 
Fig. 2: High resolution electron counted image of a ZIF-8
particle recorded with K2 direct detection camera at 300 kV
and TEM magnification at 43 kx. Total electron dose is ~ 3
e-/pixel. The image shows exceptional SNR for the given
electron dose.
 

 
Fig. 3: FFT image of the particle in fig. 2 showing high
resolution information transfer of 0.3 nm or beyond in all
directions.
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Structure determination of new zeolite materials is essential in order to understand and design
the synthesis and develop new applications. Because of small crystal size and possible
disorder, structure determination of many zeolite materials is a huge challenge. Recent
advances in electron microscopy and electron crystallography have facilitated the study of
these materials greatly. The power of these methods is here shown by the structure
determination of two new zeolite structures, ITQ-39[1] and ITQ-38[2].

Electron crystallography has two mayor advantages over conventional x-ray diffraction. Firstly
we can now acquire single crystal diffraction data from crystals smaller than 50 nm utilizing
the Rotation Electron Diffraction (RED) method [3]. With this data in hand important
information about the structure such as unit cell, symmetry etc. can be obtained, if the
structure is ordered it can be obtained ab-initio from the RED data. The second benefit of
electron microcopy is the possibility to obtain high resolution transmission electron microscopy
(HRTEM) images. Recently a new method to reconstruct the projected potential from a
through-focus series of HRTEM images, called QFocus, has been developed.[4] Such an image
reveals the local arrangement of atoms and channels in the material and is of great
importance in the study of disordered materials.

The structure of the new zeolite ITQ-39 could not be determined by conventional methods due
to the very small crystal size, 30x30x500 nm, and severe disorder. By collecting RED data from
a crystal of ITQ-39 the presence of stacking disorder could be observed as lines of diffuse
scattering, Fig. 1. Also twining could be seen. By collecting structure projection images along
two perpendicular directions the aforementioned features could be confirmed and furthermore
the channels and smaller ring could be observed, see Fig. 1. Crystallographic structure factors
were extracted from ordered regions of the structure projection images. These regions were as
small as 5x10 nm. By merging the structure factors from the two images, a 3D potential map
could be constructed and the atomic structure could be determined, Fig. 2. It turned out that
the material is a new zeolite family built from a random intergrowth of three different
polytypes.

Electron crystallography has later been applied also to a second novel zeolite ITQ-38. It has
shown to be a method that can be applied more generally and has a large potential for
structure determination of zeolites as well as for other materials.

References
[1] Willhammar, T et al., Nature Chem. 4  188–194 (2012).
[2] Moliner, M et al., J. Am. Chem. Soc., 134 6473–6478 (2012).
[3] Zhang, DL et al., Z. Kristallogr.  225 94-102(2010).
[4] Wan, W et al. Ultramicroscopy 115 50 (2012).



 
Fig. 1: In the (a) h0l and (b) 0kl slices from the RED data the twinning and the stacking disorder can be identified,
structure projection images along (c) [010] and (d) [100] directions reveals the local arrangement of the atoms and the
disorder.
 

 
Fig. 2: The three dimensional electrostatic potential map reconstructed from the structure projection images (blue) and
the framework structure determined from is (yellow).
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Electron tomography has proven to be a unique tool for the elucidation of nanoscale
mechanisms that cannot be clarified by simple two-dimensional imaging. In this contribution a
novel etching process, induced by exposure of colloidal Cu2-xSe(core)/Cu2-xS(shell) bullet-in-rod
nanocrystals (NCs) to oxidative environments, is analyzed via a combination of TEM-related
techniques, with a key role played by electron tomography. The progressive addition of an
oxidizing agent (namely, cupric chloride, CuCl2, in solution with methanol) leads to extraction
of electrons and Cu+ ions from the NCs suspended in toluene. The process has been followed
by exposure of the NCs to increasing amounts of CuCl2 (η = molar ratio of CuCl2 to Cu+ ions in
the NCs). Surprisingly, the NC region initially dismantled is the Cu2-xSe core rather than the
relatively thick (about 3 nm) outer Cu2-xS shell (Fig. 1 a-c). HAADF-STEM tomography-based
volume reconstruction of the weakly etched NCs (η=2) evidences in most cases a hollow
morphology (Fig. 2i). Only a small fraction of the NCs exhibits empty channels connecting the
central void to the shell surface at the same etching stage (Fig. 2ii). This demonstrates
that Cu+ ions extracted from the NCs into the solution must have diffused from the core
through into the shell. This mechanism is substantially different from the classical Kirkendall
effect [1], in which the formation of hollow structures is due to the different diffusion rates of
two species across an interface. In this case the out-diffusion of a single species (Cu+ ions) is
demonstrated.
Further addition of CuCl2 to the Cu2-xSe/Cu2-xS NCs leads to dismantling of the shell, after the
core region has been emptied (Fig. 2iii-iv). A central porous region is left with CuSxSe1-x

composition. Selected area electron diffraction (SAED) patterns and HRTEM analyses show an
evolution of the shell material from monoclinic Cu2S (α-chalcocite) to a covellite (hexagonal
CuS)-like structure, which shows higher stability by surviving till later stages of the oxidation
process (Fig. 1 d-h).
The etching mechanism presented here is triggered both by the stronger tendency of Cu2-xSe
over Cu2-xS to oxidation and by the fast Cu+ ion diffusion in copper chalcogenides. This novel
process for the fabrication of copper chalcogenide hollow crystals can be employed in the
production of nanostructured crystals for applications in catalysis, energy storage, plasmonics
and medicine.
[1] Y. Yin et al., Science 304, 711 (2004)



 
Fig. 1: (a-c) HAADF images of NCs obtained at increasing η and corresponding longitudinal EDS line scans. (d)
Azimuthally integrated SAED patterns showing structural evolution of NCs. (e,f) HRTEM image and corresponding
Fourier transform of the tip (shell) region of an initial NC and (g,h) same for a CuSxSe1-x porous NC at late etching stage.
 

 
Fig. 2: Top: HAADF images of selected Cu2-xSe/Cu2-xS NCs observed after addition of CuCl2 (η=2 for i-ii, η=4 for iii-iv).
The lower panels show (a) the isosurface rendering of the corresponding reconstructed volume (WBP+SIRT), (b) a
longitudinal cut-through, and (c,d) transversal sections, with planes perpendicular to the elongation direction.
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The performance of any hierarchically structured material composed of functional particles is
not only governed by the intrinsic properties of the particles but also strongly influenced by the
morphology of the 3D network that is formed. For instance, few experimental and theoretical
studies show that besides a dependence on the intrinsic properties of carbon nanotubes, the
good electrical and mechanical properties also depends on the 3D organization of the particle
network such that the contact properties can be controlled by changing the network topology
[1, 2]. The main factors that influence these changes in any network are the aspect ratio,
polydispersity, bending flexibility, tortuosity and attractive interactions of the particles [2].
Here we report that the electrical properties of rod-shaped CNT particles can be optimized by
changing the morphological arrangement of the nanofillers forming the 3D network. To this
end the self-organization of CNT’s of different average lengths and polydispersity into porous
3D compacts was studied. Our experimental findings show a twofold increase in electrical
conductivity for the optimized network resulting from the synergetic assembly of optimized
CNT populations into hierarchically structured materials. Mixture of varying CNT lengths
introduces a competing length distribution in the system which alters the self-organized
packing and results in higher conductivity at certain specific configuration as shown in the Fig.
1. The volume fraction normalized conductivity plot also indicates that the global variation in
packing density of the CNT compacts is independent of the electrical conductivity. Large-area
HAADF-STEM imaging (~100 μm2) (Fig. 2) at nanometer resolution of thick sections (~500 nm)
followed by quantitative image analysis (Fig. 3) was used for analysis. This analysis shows a
correlation between the local packing variations and the average length of the CNTs which
could be used as a criterion to obtain such an optimized network. The entire work reveals the
significant influence of the particle size distribution on network connectivity during the
optimization of the conductive properties of CNT systems. The direct quantitative capability of
HAADF-STEM imaging, along with the large area analysis at nanometer resolution, gives a
unique upper hand for understanding many problems on self-assembly and hierarchical
ordering which extends the electron microscopy towards a bulk characterization technique.
References
1. Hermant MC, Klumperman B, Kyrylyuk AV, van der Schoot P, Koning CE. Soft Matter.
2009;5(4):878-85.
2. Kyrylyuk AV, Hermant MC, Schilling T, Klumperman B, Koning CE, van der Schoot P. Nat
Nano. 2011;6(6):364-9.
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Fig. 1: Volume fraction normalized electrical conductivity plotted as a function of average aspect ratio. Aspect ratio is
varied by mixing three different CNT systems - A, B and C at appropriate ratios.
 

 
Fig. 2: Stitched HAADF-STEM micrographs revealing the
local packing variations in CNT network topology.
 

 
Fig. 3: Segmentation of CNT network based on local
packing variations.
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Zeolites have great potential for applications in various fields. Especially, application to
management of leaks of radioactive waste such as 137Cs attracts attention in Japan. However
ion-exchange behavior within zeolites have been poorly understood. In order to clarify this
issue, precise structural information of adsorbed cations in the zeolite is inevitable. In our
study, cation-exchanging mechanism of Cs+ within NaA zeolite was considered precisely. In
order to understand where adsorbed cations are in the zeolitic nanocavities, we employed
aberration corrected high-angle annular dark-field scanning transmission electron microscope
(AC-HAADF-STEM) and aberration corrected high-resolution transmission electron microscope
(AC-HRTEM). Ab initio molecular dynamics (AIMD) simulations were also performed, in order to
understand the atomic-level dynamics of Cs+ and Na+ within the zeolitic nanocavities.
Cs-exchanged zeolite was prepared by immersion of NaA zeolite into 5000 mg/L of
nonradioactive CsCl aqueous solution for 12 hours. FIG. 1 shows already-known crystal
structure of NaA [1]. There are three kinds of Na+ sites within NaA. In this study, sites at the
center of single six-membered ring (S6R) and single eight-membered ring (S8R) are named
Na1 and Na2 respectively. Na2 site is slightly shifted from the center of S8R and forms
symmetrically equivalent four positions which have occupancy of ca. 25%. That is, a Na+ cation
at Na2 site exists in either of four positions in a S8R. Another extra site of Na3 is located at the
inside of the α-cage, but occupancy of Na+ at this site is considerably low (6.6%). FIG. 2 shows
the AC-HAADF-STEM images of NaA and Cs-exchanged NaA, which were taken by a JEOL
JEM2100F. The results of AC-HAADF-STEM observations exhibit that Cs+ cations were
exchanged with Na+ cations only at Na2 site. Precise locations of Cs+ cations captured at Na2
site were evaluated by AC-HRTEM observations performed on a JEOL JEM2200FS. Comparison
of simulated images with experimental image (FIG. 3d) exhibits that Cs+ cations captured at
Na2 sites are exactly located on a center of S8R, in contrast to Na+ cations. The difference in
the cation sites in the S8R between Na+ and Cs+ were also confirmed from the trajectories in
the present AIMD simulations. This may also be an indication that Cs+ is firmly ‘captured’ at the
center of S8R. Lower leaching from zeolite could be effective for long-term storage of Cs+. To
improve ion-exchange capability of zeolite, it is essential to choose the suitable framework
whose cavities fit to ionic radius of cation.
References
[1] J. J. Pluth and J. V. Smith, J. Am. Chem. Soc. 102 (1980) 4704.
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Fig. 1: Crystal structure of NaA zeolite. (a) [001]-projection of NaA zeolite, (b) Schematic modelof α-cage and (c)
Schematic model of β-cage.
 

 
Fig. 2: Experimental AC-HAADF-STEM images. (a) Raw
image of NaA, (b) filtered image and structural model of
NaA, (c) raw image of Cs-exchanged NaA and (d) filtered
image and structural model of Cs-exchanged NaA.
 

 
Fig. 3: Experimental AC-HRTEM images. (a) Raw image of
NaA, (b) filtered image and structural model of NaA, (c) raw
image of Cs-exchanged NaA and (d) filtered image and
structural model of Cs-exchanged NaA.
 



Type of presentation: Poster
 

MS-10-P-1616 Plasmonic Nanopores Observed by Scanning Transmission Electron
Microscope Cathodoluminescence
 

Sannomiya T.1, Junesch J.2, Shi J.1, Nakamura Y.1, Yamamoto N.1
 
1Tokyo Institute of Technology, Tokyo, Japan, 2ETH Zürich, Zürich, Switzerland
 

Email of the presenting author: sannomiya@mtl.titech.ac.jp
 
Substance transport plays an essential role in biological processes, such as inter cellular
communication. To investigate such transport phenomena, synthesized solid state membranes
with nanosized pores, so called nanopores, can be utilized. Nanopore membranes are also
useful for filtering devices or catalytic electrodes. We fabricated ultrathin nanopore
membranes out of various materials by combined colloidal lithography and film transfer
technique. The pore size could be reduced down to 10 nm scale by additional material
deposition. The fabricated nanopores were characterized by transmission electron microscopy
as well as optical transmission spectroscopy. Short-range ordered (SRO) Au nanopores showed
plasmonic resonance in the Vis-NIR wavelength range due to the coupling between the pores
through surface plasmon polariton. Optical measurement showed that the nanopore
membranes with hydrophobic surfaces were able to support water on only one side of the
membrane, which is important for high performance biosensors or medium separation. To
analyze the inter-pore optical coupling of the plasmonic nanopores, we applied aberration
corrected scanning transmission electron microscope (STEM) with cathodoluminescence (CL)
detection system. CL spectrum of the SRO plasmonic nanopores showed consistent spectral
features as the optical extinction spectra. As expected, SRO structure showed inhomogeneous
optical coupling between the pores with their local resonances depending on the inter-pore
distances. We also found a symmetric coupling mode of nanopores at long wavelengths than
the anti-symmetric coupling mode when pores are located close to each other. Such
anti-symmetric mode was observed even for a connected pore pair.
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Fig. 1: TEM image of pores fabricated in a suspended AlN/Au/AlN membrane.
 

 
Fig. 2: Cathodoluminescence mapping of short-range ordered plasmonic nanopores in a suspended AlN/Au/AlN
membrane, measured at the wavelengths of 700 and 800 nm. Horizontally polarized light has been detected.
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Zeolites are crystalline microporous aluminosilicate minerals with numerous industrial and
scientific applications, including catalysis, preparation of advanced materials and nuclear
processing. Transmission Electron Microscopy (TEM) is a very powerful technique to
characterize the structure and composition of such materials at the atomic scale. For the case
of cation exchanged zeolites, it is of crucial importance to determine the atomic positions of
the cations in the zeolitic framework. Such knowledge enables one to understand and optimize
the connection between the structure and the properties of the materials. Recently, high angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) was used to
image Ag cations in the LTA framework.1 HAADF-STEM images yield an intensity which scales
with the atomic number Z and the thickness of the sample.2 Therefore, the Ag cations will
appear with higher intensity in comparison to the elements in the zeolitic framework (Si, Al and
O).
Unfortunately, zeolites are extremely sensitive to damage caused by the electron beam,
especially in the case of a relatively low Si/Al ratio. The use of aberration corrected TEM at
relatively low electron dose, however, does enable one to obtain high resolution images. Here,
we combine monochromated, aberration corrected HAADF-STEM with a careful image analysis,
the so-called template matching technique, in order to determine differences in the 3
dimensional positions of Ag cations present in FAU-X and FAU-Y. For both samples, which have
an fcc structure, HAADF-STEM images were therefore acquired along the three main zone axes
[100], [110] and [111] and compared with the results from X-ray diffraction (XRD).3,4 This is
illustrated in Figure 1 and Figure 2 for the [110] zone axis. This enabled us to propose a 3D
model for the atomic structure of Ag-exchanged FAUY and FAUX zeolites (Figure 3).
1. A. Mayoral et al. Angew. Chem. Int. Ed., 2011, 50, 11230-11233
2. S. J. Pennycook. Annual Review of materials Science, 1992, 22, 171-195
3. Butikova et al. Kristallografiya, 1989, 34, 1136-1140
4. Eulenberger et al. J. Phys. Chem., 1967, 71, 1812-1819
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Fig. 1: High resolution HAADF-STEM image of Ag exchanged
FAU-X zeolite, acquired along [110]. The inset presents the
results of the averaging procedure of the template
matching, using 50 templates.
 

 
Fig. 2: a) Comparison between the averaged image and the
XRD model (overlay)3 for the FAU-X along the [110] zone
axis. Inconsistencies between the experimental image and
the XRD model are indicated by yellow circles in Figure a.
b) Comparison between the averaged image and the
refined model (overlay).
 

 
Fig. 3: Proposed model for FAU-X sample, oriented along the [110], [100] and [111].
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Zeolite beta is a solid of interest due to its acidic properties and unique structure with a
framework of three-dimensional system of interconnected 12 membered ring channels.
Structure of zeolite beta has an intergrowth of three polymorphs A, B and C. It has a tortuous
channel with a pore opening of 5,6 Å x 6,5 Å and a straight channel with a pore opening of 5,7
Å x 7,5 Å. It is usually synthesized by hydrothermal method in the presence of
tetraethylammonium hydroxide (TEAOH) as organic template under high pH conditions. The
synthesis of pure zeolite beta is determined by different factors such a time, temperature and
Si/Al ratio. For example, depending of the Si/Al ratio it can be synthesized pure zeolite beta
phase or a mixed of zeolite beta phases with impurities of other type of zeolite. In this work,
zeolite beta was synthesized by varying the Si/Al ratio from 13 to 50. The source of aluminum
(Al2(SO4)3) was dissolved in water and a source of silica (SiO2) was added in
tetraethylammonium and potassium chloride (KCl). The mixture was stirred and placed in a
Parr reactor under crystallization temperature of 170 °C during 24 hours. The solid was
filtered, washed and dried at 70 °C, followed by calcination at 500 ° C for 5 hours. The solid
obtained were characterized by XRD and SEM. The XRD pattern of the synthesized solid shows
characteristic peaks of zeolite beta at 7.6° and 22.4° and new peaks around 14º, 21º and 23º.
These new peaks can be associated with zeolite ZSM-12, this suggest that the synthesized
solid may consist of a mixture of zeolite beta phase and zeolite ZSM-12. Characterization by
Scanning Electron Microscopy (Figure 1) shows different morphologies such as aggregates of
microcrystals corresponding to zeolite beta and crystals of hexagonal habit corresponding to
zeolite ZSM-12. The characterization by XRD and SEM suggest that the synthesis conditions
used in this work allowed obtaining zeolite beta with impurities of zeolite ZSM -12.
 

Acknowledgement: This research was supported by FONACIT 20010001442



 
Fig. 1: Reference zeolite beta
 

 
Fig. 2: Si/Al 13
 

 
Fig. 3: Si/Al 25
 

 
Fig. 4: Si/Al 50
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Natural zeolites have attracted worldwide interest for use in a broad range of applications,
even though they may contain more impurities compared to the synthetic ones. Since natural
zeolites are abundant in nature, they are easily available and environmental friendly. HEU-type
zeolites (clinoptilolite and heulandite; monoclinic crystal structure, space group C2/m, cell
parameters a≈17.7, b≈17.9 and c≈7.4 Å [1]) are the most abundant minerals on earth
exhibiting a zeolite structure, making them low-cost industrial minerals with several
commercial applications. [2]To date, the main technique to study the structure of natural
HEU-type zeolites has been single crystal X-ray diffraction. [2] However, XRD collects structural
information from a large area to reveal an average structure, and therefore does not provide
local information. In order to gain more information on the pure HEU-type zeolite at a local
level, low voltage aberration corrected TEM was used in this study.In this work, we report the
first characterization of the atomic structure of the HEU-type zeolite through use of low voltage
aberration corrected transmission electron microscopy under low dose conditions (Figure 1).
The sensitivity of this type of zeolite to the electron beam is in the typical range for natural
zeolites and therefore the described measuring procedures for TEM imaging of intact HEU-type
zeolites are applicable to many other sensitive, natural zeolites. Using low-voltage,
aberration-corrected transmission electron microscopy at low-dose conditions, the interaction
of loaded natural zeolites with Ag+ and Zn2+ ions is also studied. In the case of HEUAg, the
presence of Ag clusters within the HEU zeolite structure as well as larger Ag nanoparticles at
the surface of HEUAg has been confirmed. The larger Ag nanoparticles are found to be
preferentially positioned at the zeolite surface, while the small Ag clusters are embedded in
the HEU channels (Figures 2 a,c,e). For HEUZn, no large Zn(O) nanoparticles are present,
instead, the HEU channels are evidenced to be decorated by small Zn(O) clusters (Figures 2
b,d,f). Finally, in order to characterize the Zn2+ environment, we resorted to EXAFS
measurements. The results demonstrate that the zinc cations in HEUZn arrange in the form of
small octahedral oxo-complexes.
1. N. Döbelin, T. Armbruster, Am. Mineral. 88 (2003) 527.
2. A. Godelitsas, T. Armbruster, Microporous Mesoporous Mater. 61 (2003) 3.
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Fig. 1: (a) HRTEM image of the HEU-type zeolite along [010]. A simulated image at Δf = -150 nm and thickness 67 nm
is presented as an inset. (b) A model of the HEU-type zeolite along [010] overlaid on the magnified image simulation.
 

 
Fig. 2: HAADF-STEM images of (a) HEUAg and (b) HEUZn. 3D representation of the reconstructed volume of the (c)
HEUAg and (d) HEUZn. Orthoslices through the reconstructed volume of the (e) HEUAg sample and (f) HEUZn sample,
the bright regions correspond to Zn(O)clusters positions, which are located in the middle of the volume.
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Zeolites are aluminosilicates and have wide industrial applications in catalysis, adsorption and
separation due to their large surface areas and well-defined pores with molecular dimensions.
The structure of an aluminosilicate zeolite ITQ-39 has been determined by electron
crystallography and is one of the most complex zeolite ever solved. ITQ-39 is an intergrowth of
three different polymorphs that are built from the same layer but with different stacking
sequences and the structure also contains twinning. ITQ-39 consists of a three-dimensional
intersecting pairwise 12-ring and 10-ring pore system that makes it promising catalyst for
converting naphtha into diesel fuel. Although the structure has been solved there is still a lot
left to understand about the disorder that occurs in it. For the further studies high-resolution
electron microscopy (HRTEM) images along [010] were applied and twinning was investigated
using structure projection reconstruction from through-focus series (Q-Focus). In a particle
consisting of several triangular shaped ITQ-39 crystals twinning perpendicular to the c*-axis
was observed. Twinning was confirmed between different crystals in one particle, also in a
local or large area within a crystal. In the structure twinning mainly is observed as a change of
direction of pairwise 12-ring channels and there are several options how they can be
rearranged (Fig. 1). Twin boundaries can occur as a single twin plane, several twin planes
following each other or disordered boundaries (Fig. 2). Structure model of twinned crystal was
built and applied for all three polymorphs.
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Fig. 1: The rearrangement of pairwise 12-ring channels in the twinned crystal of zeolite ITQ-39 displayed in the
structure projection reconstructed from through-focus series of HRTEM images along [010].
 

 
Fig. 2: The disordered twin boundary (a) and the single twin plane (b) observed in the structure projection
reconstructed from through-focus series of HRTEM images along [010].
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The importance and sophistication of materials deposition techniques can be seen in the cost
of silicon fabrication facilities used to produce integrated circuits which are measured in
billions of dollars. There now exists a wide range of deposition technologies. Vacuum
techniques such as thermal evaporation, sputtering, chemical vapour deposition and molecular
beam epitaxy are particularly suited to the deposition of high quality thin films. Whilst
materials deposition is universal in technology, specific techniques can be found in particular
applications in which their unique characteristics can surpass other techniques. For instance,
as supercritical fluids have no surface tension and improved mass transport over liquids they
have advantages over other deposition techniques for high aspect ratio trenches and pores
[1].
Recent studies have shown that it is possible to electrodeposit a range of materials, such as
Cu, Ag and Ge, from various supercritical fluids to grow nanowires. There are many reasons for
the interest in nanowires for applications. These include at the simplest level the possibility of
further miniaturisation of existing electronic and data storage components [2-3]. The proximity
of the surface to the whole of the bulk of the nanowire makes nanowire chemical and
biochemical sensors capable of single molecule sensitivity. In the field of thermoelectric
materials, nanowires show increased figure of merit over bulk materials because of decreased
photonic thermal
conductivity. Other routes by which nanowires could contribute to energy efficiency and
generation include photovoltaic nanowire devices and piezoelectric nanowires [4-5]. The fact
that nanowires are less susceptible to defects means that it may be possible to produce
ultra-strength materials from them. Most of the near-to-market applications use nanowires
with diameters in excess of 10nm, however initial investigations of ultrathin nanowires [6]
suggest that these may be even more exciting in the medium term. In this contribution we will
present results of materials recently prepared by supercritical fluid electrodeposition (SCFED)
in mesoporous silica templates, with pore sizes as low as 3 nm. We use various electron
microscopy techniques including high resolution transmission electron microscopy (HRTEM),
high angle annular dark field scanning TEM (HAADF-STEM) and Energy Dispersive X-ray
Spectrometry (EDS) in a doubly aberration-corrected electron microscope.
[1] JM Blackburn et al, Science 294 (2001) 141
[2] W Lu and CM Lieber, Nat. Mater. 6 (2007) 841
[3] R Skomski, J. Phys.: Condens. Matter 15 (2003) R841
[4] CJ Vineis et al, Adv. Mater. 22 (2010) 3970
[5] B Tian, TJ Kempa and CM Lieber, Chem. Soc. Rev. 38 (2009) 16
[6] T Zhu and J Li, Prog. Mater. Sci., 55 (2010) 710
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Fig. 1: TEM micrograph of 3 nm mesoporous silica pores
 

 
Fig. 2: EDS STEM elemental maps of Ge filled mesoporous silica film
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With the recent advances in transmission electron microscopes, mainly through the
implementation of spherical aberration correctors, sub-angstrom resolution is becoming easily
achievable overcoming the challenge of lateral resolution (especially for higher voltages). Our
next efforts therefore, effort should now be devoted into optimizing the different modes of
observations, improvement of detectors, and in-situ experiments among many others. One of
the main challenges from the electron microscopy and materials science point of view is the
observation of beam sensitive materials. For the cases of knock-on damage, lowering the
accelerating voltage is the solution (as happens for carbon based materials). On the other
hand if radiolysis causes the bond disruption there is not a straightforward approach, and thus
dose as well as voltage has to be taken into account. Zeolites and zeotypes suffer from this
problem and the final image resolution has always suffered from this effect. In this work, we
present the data that can be acquired by using Cs-corrected STEM under various conditions.
Many zeolites have been observed including the most beam sensitive one, LTA type (Si/Al = 1),
figure 1a, in its bare form and loaded with silver ions, whose structure has been analyzed,
figure 1b[1, 2]. Due to the benefits of ADF detectors, which provide direct observations of
heavier elements, metals contained in zeolites are more easily identified, but also, structural
defects can be studied more clearly through this method, as in the case of the titanosilicate
ETS-10[3], figure 2.
The results presented here, prove the effectiveness of this method in acquiring true
atomic-column resolution images which will provide new information on guest species within
the zeolite cavities as well as observing the structural defects with unprecedented resolution.
In addition, metal organic framework (MOF) materials, which have also been analysed, will be
presented with virtual atomic resolution of the metals allowing for structure identification in
direct space.
References
[1] A. Mayoral, T. Carey, P. A. Anderson, A. Lubk, I. Diaz, Angew. Chem. Int. Ed. 50 (2011)
11230–11233.
[2] A. Mayoral, T. Carey, P. A. Anderson, I. Diaz, Micropor. Mesopor. Mater. 166 (2013) 117-122.
[3] A. Mayoral, J. Coronas, C. Casado, C. Tellez, I. Díaz, Chem. Cat. Chem. 5 (2013) 2595–2598.
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Fig. 1: Cs-corrected STEM HAADF images of a) as-synthesized Na zeolite A along the [001] with the simulated image
inset. b) dehydrated Ag zeolite A with a ball and stick model inset, where silver appears in grey, oxygen in red and
silicon and aluminum in dark and light blue.
 

 
Fig. 2: Cs-corrected STEM HAADF analysis of ETS-10. a) Atomic resolution image along the [110] zone axis. b) Lower
magnification image along the same orientation where some defects are marked by circles. c) GPA analysis rotational
map of b), where the reference area is marked by a dashed rectangle.
 



Type of presentation: Poster
 

MS-10-P-2534 3D Multiscale characterization of silica aerogel composites
 

PERRET A.1,2, FORAY G.1, ROIBAN L.1, MASENELLI-VARLOT K.1, MAIRE E.1, ADRIEN J.1, YRIEIX B.2
 
1Université de Lyon, INSA-Lyon, UCBL, CNRS, MATEIS - 69621 VILLEURBANNE Cedex, France,
2EDF R&D MMC Department, Avenue des Renardières - Ecuelles, 77818 MORET-SUR-LOING
cedex, France
 

Email of the presenting author: anouk.perret@insa-lyon.fr
 
The reduction of energy wastage has become a global concern together with the development
of green energies and the increase of energy efficiency. In France, the national objectives on
the reduction of the rejections of greenhouse gases bring to the necessity of a thermal
renovation for 75 % of the buildings. As the requirements for old and new buildings increase
their standards, design thinner and more efficient insulation materials is of great and
increasing interest. New insulating materials with thermal conductivities lower than still dry air
(25 mW/(m.K)), such as based silica aerogel products (15 mW/(m.K)), recently developed [1],
are an interesting choice to answer those new functionalities.
In our study, silica aerogels (porosity > 80%, specific surface > 600 m²/g) are available as
granular materials and bound stiff composite boards (aerogels / latex) [2]. The optimization of
these materials requires understanding the link between their microstructure, their thermal
conductivity and their mechanical behavior. On the one hand, the abundance of mesopores
(50 nm) guarantees the low thermal conductivity of the final composite whereas the total
porosity (> 90 %) can lead to a low mechanical resistance of the aerogel. On the other hand,
the binder used to design and shape the composite leads to a stronger mechanical behaviour
(cohesion of the grains of silica aerogels between them). However, the binder has a
tremendous conductivity and it will induce an unwanted increase of the overall thermal
conductivity even at low volume fractions. An optimization of the proportions and the
respective morphologies of both phases must thus be proposed to reach simultaneously the
targeted thermal and mechanical properties.
The objective of the presentation is to propose a three-dimensional characterization from the
nanometer scale to the millimeter scale of the composite aerogel / latex board by coupling
various microscopy techniques. The mesoporous network within an aerogel grain will be
studied by Electron Tomography in a TEM (figures 1 and 2). The grain pile-up will be
investigated at the micron scale by X-ray tomography (figure 3). As far as the composites are
concerned, the formation of a binder network will be followed by wet-STEM in ESEM and the
final microstructure will be characterized in 3D using the previously mentioned techniques.
1. A. Bisson , A.Rigacci., D.Lecomte, P.Achard, Effective thermal conductivity of divided silica
xerogel beds. Non crystalline solids, 2004. 350: p. 379-384.
2. B.Yrieix , B.Morel., G.Foray , A.Bogner, Patent FR 2975691 WO2012168617 : Matériau
super-isolant à pression atmosphérique à base d'aérogel.
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Fig. 1:  Silica particle: Projection extracted from the TEM tilt series at 0°.
 

 
Fig. 2: Silica particle: 3D model of one silica aerogel particle derived from electron tomography experiments.
 

 
Fig. 3: X-Ray tomographic slice showing the aerogel grain pile-up. Aerogel grain size D50 = 800µm, resolution = 15µm
image size=15 mm*15 mm.
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Aqueous electrodeposition has been used to successfully synthesise nanowires inside porous
substrates for nearly a decade[1]. Porous Anodic Aluminium Oxide (AAO) is a good substrate
chosen for its high pore density, uniform pore distribution and controllable pore size. This
nanowire growth technique has allowed for investigation of a wide range of nanowire
diameters, 15 – 150nm[2]. But aqueous electrodeposition is limited as it becomes unstable at
the lower range of pore diameters, <15nm. We are developing a new electrodeposition
technique using supercritical fluids[3], a phase of matter at a temperature and pressure above
its critical point that incorporates a combination of liquid and gas properties. In the
supercritical fluid phase a substance has no surface tension therefore allowing it to fill small
pores and allowing for electrodeposition.
This technique has been used to create Cu nanowires with a diameter of 15nm inside a porous
AAO substrate. Cross sections of the sample were prepared using a JEOL 4500 FIB/SEM with a
cross section lift out technique and planview samples via conventional hand polishing and ion
polishing under liquid nitrogen cooling using a Gatan Precision Ion Polishing System (PIPS).
These were then imaged using a JEOL 2000 TEM, JEOL 2100 TEM/STEM and a JEOL ARM200F
TEM/STEM.
Cross section samples preparation via the FIB rendered a different image of the sample
showing scattered discontinuous copper wires as shown in Figure 1a. This is a strange result
suggesting that the samples may be naturally forming this way or may be heat sensitive with
the Cu nanowires being affected by heating during the FIB milling periods. All planview
samples were created using heat free methods and liquid nitrogen cooling during PIPS.
Analysis of the planview samples using EDS confirmed Cu nanowires had formed inside AAO
templates. TEM imaging showed a good filling rate within samples of 85%, with an average Cu
diameter of 14nm, it also highlighted deformations among the filled pores with some pores
combining and a range of nanowire circularities from elliptical to circular (Figure 1b). The
planview analysis also highlighted a structural defect that can form within the AAO creating
pockets of channels running through the sample perpendicular to the direction of growth
(Figure 2a). Atomic resolution imaging of the wires showed that the wires have a [101]
preferred orientation (Figure 2b).
We will present analysis of Cu nanowires prepared by SCFED and compare them with SCFED
Te nanowires.
[1] D Routkevitch et al Journal Of Physical Chemistry 100 (1996) 14037 – 14047.
[2] X Lin et al Solid State Communication 151 (2011) 1708-1711.
[3] P Bartlett et al ChemElectroChem 1 (2014) 187-194.
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Fig. 1: Figure 1. a) Cross section of FIB produced sample, crystalline deformed non uniform wires identified by
diffraction pattern. b) Low magnification planview image, high rate of filling easily observable along with a range of
different pore sizes.
 

 
Fig. 2: Figure 2. a) Planview image of AAO structural defect, instead of growing from bottom up they are forming
perpendicularly to the growth direction. b) Atomic resolution imaging of a Cu nanowire with the (101) orientation
clearly visible.
 



Type of presentation: Poster
 

MS-10-P-2564 Low Dose Microscopy of Porous Prussian Blue Analogue Materials for
Hydrogen Storage
 

Calderon H. A.1, Huerta A.1, Reguera E.2, Kisielowski C.3
 
1Departamento de Física, ESFM-IPN, Mexico DF, 2CICATA LEGARIA, IPN, Mexico DF, 3JCAP-NCEM,
LBNL Berkeley Ca, USA
 

Email of the presenting author: hcalder@esfm.ipn.mx
 
Prussian blue analogues (PBA) form a family of materials that are used as prototype of porous
solids for Hydrogen storage. Their porous framework is related to systematically arranged
vacancies in the building block, [Mn(CN)6]n-6. The accepted structural model for these materials
(cubic ) assumes a random vacancy distribution, which results in a 33 % of framework free
volume. Nevertheless recent spectroscopic and structural evidences show that such a model is
a limiting case. Vacancies remain ordered or at least partially ordered and thus another
structural model needs to be considered i.e, a model (also cubic). In such a model, the
accessible framework volume reaches 50 %. For copper PBA conclusive clue on an ordered
vacancies system has been obtained and the hydrogen storage capacity for this material is the
highest within the series [1]. High-resolution electron microscopy (HREM) appears as an
excellent tool to shed light on the vacancy distribution in PBA and related solids. The TEAM 05
microscope is used at 80 KV. Focal series are used to apply the exit wave reconstruction (EWR)
procedure and obtain phase and amplitude images from low dose experimental images. This is
done in order to minimize beam sample interaction. As reference material, the rhombohedral
phase of the Zn analogue is used where the porous framework is not related to the existence
of vacant sites.. Figure 1 shows a nanoparticle of Cu containing PBA material. The particle has
different crystalline regions that are enlarged in Fig. 1b-c together with some FFT spectra. The
dose rate in use is 200 e-/Å2s. Ordered vacancies are very apparent in this structure (see
arrows). The basic cubic structure can be also seen according to the different projections in the
powder particle. For instance, Figs. 1b-c show a projection along [011] although each blob is
formed by a number of intensity maxima. This is most likely the center of charge in the
structure formed by light atoms (C and N, mainly). Fig. 1c shows a grain boundary and also
details of the center of charge in the structure. Fig. 2a shows a view of the Zn containing PBA
material at a dose rate of 420 e-/Å2s. Figs. 2 b-d show phase images of the same area but with
a reduced dose of 115 e-/Å2s. These phase images show details of the atomic arrangement and
the center of charge as well. In addition they suggest rather small cavities or arrangements of
vacancies in a disordered manner. Starting from the nanopore apparently two layers with
different Z position overlap producing a slight displacement in X,Y directions and give rise to
the image when the projection is considered. The obtained results are conclusive on the
presence of a system of ordered vacancies for copper PBA.
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Fig. 1: (a) Cu rich PBA material powder nanoparticle imaged with an electron dose rate of 200 e-/Å2s. (b-c) enlargement
of selected areas in (a) and corresponding FFTs.
 

 
Fig. 2: (a) Zn containing PBA material at a dose rate of 420 e-/Å2s. (b,c) Phase images (40 image focal series at a dose
rate of 115 e-/Å2s) after EWR around a nanopore in the Zn containing PBA material and corresponding FFTs.
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Recently, we reported a template-free synthesis for amorphous silica-based nanotubes
(SBNTs) through a solid-state chemistry approach.1 The SBNTs are amorphous in terms of
diffraction and assemble to ordered 3D hyperbranched mesocrystals (Fig. 1). In the present
study, the bonding behavior and the elemental distribution of these SBNTs were investigated
at the nanoscale using energy dispersive X-ray diffraction (EDX) and electron energy loss
spectroscopy (EELS) in a transmission electron microscope (TEM). The analysis of the walls and
the interior of the SBNTs revealed chemical homogeneity along the SBNTs. A comparison of
energy-loss near-edge structures (ELNES) of the Si-L2,3-edges of the SBNTs with the two
amorphous bulk reference materials SiO2 and Si3N4 showed that the bonding situation of Si in
the SBNTs is a mixture of the one in SiO2 and Si3N4 exhibiting a tetrahedral coordination with
mostly O and N as bonding atoms (Fig. 2). By analyzing the low loss region of the EEL spectra
the band gap energy was determined at 5.7 ± 0.2 eV and the plasmon maximum at 23 ± 0.2
eV indicating that the electronic structure of the SBNTs is indeed dominated by a mixture
between SiO2 and Si3N4. In line with these results the SBNTs show a higher stability to extreme
pH conditions than pure amorphous SiO2 nanotubes2 which is attributed to the incorporation of
nitrogen as well as phosphorus. A correlation between nitrogen incorporation and
enhancement of the basicity is known from the literature.3 The increased chemical stability of
SBNTs is promising for potential applications in e.g. nanofluidic systems.
1 Sedlmaier, S. J.; Dennenwaldt, T.; Scheu, C.; Schnick, W. Template-Free Inorganic Synthesis of
Silica-Based Nanotubes and Their Self-Assembly to Mesocrystals. J. Mater. Chem. 2012, 22,
15511.
2 Hu, K.-W.; Hsu, K.-C.; Yeh, C.-S. pH-Dependent Biodegradable Silica Nanotubes Derived from
Gd(OH)3 Nanorods and Their Potential for Oral Drug Delivery and MR Imaging. Biomaterials
2010, 31, 6843.
3 Wang, J.; Liu, Q. Structural Change and Characterization in Nitrogen-Incorporated SBA15
Oxynitride Mesoporous Materials via Different Thermal History. Microporous Mesoporous
Mater. 2005, 83, 225.
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Fig. 1: Fig. 1. Scanning electron microscopy (SEM) images of SBNTs showing a) a 3D assembly and b) a zoom-in view of
a network.
 

 
Fig. 2: Fig. 2. Comparison of the ELNES of the amorphous bulk compounds Si3N4 (blue), SiO2 (red) and of an individual
SBNT (green). a) Si-L1,2,3- edges, b) N-K-edges and c) O-K-edges.
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Porous silicon coatings with reduced refractive index could are of interest as anti reflective
coatings for photovoltaics. We present coatings of amorphous silicon coatings with a high
amount of porosity deposited by glancing angle magnetron deposition under Helium
atmosphere [1]. The sputtering parameters provide control on the porosity. To get an estimate
of the Helium pressure inside the pores and correlate this to the deposition parameters we
performed (scanning) transmission electron microscopy ((S)TEM) and electron energy loss
spectroscopy and do the analysis of STEM spectrum images with our own MATLAB code to
compare different methods for the Helium density extraction from EEL-spectra. One method
refers to the blue-shift [2] of the 1s to 2p transition from its free atom value at 21.218 eV [3].
n(He) = C*ΔE+D
This method was applied by several authors and a wide range of values for the factor C were
obtained also some authors add a constant D so we choose two extreme values C = 0.015 eV
nm³ [4] and C = 0.015 eV nm³ 0.044 eVnm³ [5]. For this reason the second method based on
the intensity of the EELS-signal
n(He) = I(He)/(I(ZLP)*σ(He)*d)
is used for cross checking. This method requires a background substrations since the signal is
sitting on top of the plasmon peak [6]. Again some uncertainties are introduced by the
tabulated values for the cross-section σ and the pore diameter d measured from the image.
The obtained microscopic values are compared to results from proton backscattering and
ellipsometry. As a reference sample for those macroscopic measurements a “dense” coating
deposited under Argon atmosphere is chosen.
References
[1] V. Godinho et al. Nanotechnology, 24 (2013), 275604.
[2] W. Jäger et al. Radiation Effects, 78 (1983), 315-325
[3]H. G. Kuhn Atomic Spectra, London: Longmans (1962), p.132
[4] M.-L. David et al. Applied Physics Letters, 98, (2011), 171903
[5] D. Taverna et al. Phys. Rev. Lett., 100 (2008) 035301
[6] C. A. Walsh et al. Philosophical Magazine A, 80 (2000) 1507
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Fig. 1: TEM-image of the “dense” coating deposited under
Ar- atmosphere.
 

 
Fig. 2: TEM-image of the porous coating deposited under
He-atmosphere.
 

 
Fig. 3: Deconvoluted EEL-spectra of the coatings deposited under Ar-atmosphere and He-atmosphere. For the latter
two spectra, one for the matrix and one at a pore center, are displayed.The Helium signal at about 22 eV can be
recognized for the pore position.
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Abstract
Scanning electron microscopy (SEM) and mercury intrusion porosimetry (MIP) are two suitable
methods to study macroscopic properties of materials at the microstructural level. MIP is a
common method for the quantification of the total volume of open pores and distribution of
pore sizes. Additional structural and chemical information can be obtained by combining MIP
results and SEM imaging coupled with energy-dispersive X-ray detector (EDX) [1]. A set various
mortar types (L - lime-, LO - lime with oil-, LM - lime with metakaolin- and LMO - lime with
metakaolin and oil mortar) prepared 6 months prior to testing was selected for the
investigation. The set was divided into two groups. The first group of specimens was immersed
in 3 wt % NaCl solution at room temperature for 8 hours and the second one was immersed
only in deionized water to provide reference data for comparison. After 15 immersion cycles
the specimens were desalinated and dried. Thin sections of the reference, salt and water aged
specimens were then investigated using MIP and SEM. The data from MIP show increasing
amount of micropores between sizes 0.05 and 0.1 µm in the LM salt aged mortar. Similar effect
was observed in the L water aged mortar with increasing amount of micropores within the
range 0.1 and 0.3 µm. However, the data obtained for the other mortars with oil (LO and LMO)
show decreasing volume of micropores between sizes 0.02 and 0.1 µm. Microscopic analysis
revealed that the most fractured sample was the L mortar because of shrinkage during drying
while the remaining mortars (LO, LM and LMO) were mostly undamaged. EPMA (electron probe
microanalysis) enabled the determination of the CaO content in the carbonated and less
carbonated areas in the original not-aged mortars. The density of the binder on less
carbonated zones was lower than in carbonated areas as well as the content of CaO which
decreases in 5.4 wt % in L, 7.8 wt % in LO and 13 wt % in LM mortar. LMO specimens didn’t
show any interfaces between carbonated and non-carbonated areas, therefore it wasn’t
possible to establish differences in the CaO content. Subsequently, changes on the amount of
CaO were measured on the unaged and aged specimens. Water and salt ageing tests
decreased the CaO content of the LMO mortar and in the less carbonated areas of the L
mortar. The investigation using MIP, SEM and EPMA methods showed that the mortars were
structurally influenced only at the nanoscale level. From the chemical point of view, the most
resistant mortar types to ageing were the LO and LM mortars which showed the same content
of CaO as in the not aged specimens.
References
[1] Stefanidou M. Methods for porosity measurement in lime-based mortars. Const Buil Mat 24
(2010) 2572-2578.
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Fig. 1: Carbonated binder in the LM mortar.
 

 
Fig. 2: Less carbonated binder in the LM mortar.
 

 
Fig. 3: The interface between less carbonated and carbonated areas in the L mortar.
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Surface-enhanced Raman scattering (SERS) is a sensitive technique allowing vibrational
spectra from individual molecules to be measured. It is a high-sensitive label-free detection
method in materials science, biophysics, medical diagnostics, and molecular biology. Clusters
of silver and gold nanoparticles (NPs), generally used in colloidal solution, represent the most
efficient types of SERS-active substrates exhibiting the largest enhancement effects. In such
systems, the Raman efficiency is strictly correlated to the spatial arrangement of the
nanoparticle clusters, characterized by “hot-spots” where the collocation of nanoparticles is
optimized in dimer/trimer assemblies.
The present work presents the morphological and structural characteristics of complex
metal-dielectric nanostructures consisting of Ag nanoparticles (Ag NPs) synthesized within a
mesoporous silicon matrix [1,2]. The deep understanding of the morphology and distribution of
the nanoparticles is necessary to further interpret the contribution to plasmonic resonances in
the visible-near-infrared range.
The specimens were characterized by Field Emission Scanning Electron Microscopy (FESEM),
Transmission Electron Microscopy (TEM), HRTEM, tomography, STEM and EDX. The
cross-section lamellas for TEM investigation were prepared by Focused Ion Beam (FIB), using
the sample as prepared, without any embedding in polymeric matrix.
Ag NPs have been synthesized through the impregnation of mesoporous Si in AgNO3 aqueous
solution. The synthesis kinetics allows the growth of particles with size within and/or beyond
the pore diameter, and their density and average size are strictly dependent on the
redox-synthesis parameters. The morphology of the samples was initially characterized by
FESEM: the size distribution and the density of the Ag NPs were evaluated (shown in Figure 1).
The morphology of the structure in cross-section was further investigated by TEM, revealing
that crystals of various sizes and distribution in terms of distances and penetration are formed
within the pores of the mesoporous silicon matrix. Figure 2 shows an example were the
penetration depth was of about 400nm. The reconstruction by TEM tomography provides
further insight on the distribution of nanoparticles in 3D.
The correlation between the nanostructure morphology analyzed by SEM and TEM
microscopies and the optical response of the SERS substrates will be shown.
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Fig. 1: FESEM images of Ag NPs obtained by immersion of p-Si in AgNO3 solution with different temperature/dipping
time/salt concentration.
 

 
Fig. 2: FIB lamella of p-Si filled with the Ag NPs. (a) Bright Filed STEM, (b) HAADF STEM.
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Hierarchical porous silica in monolithic form is used in chromatography and heterogeneous
catalysis as an alternative to other fixed bed structures. Their distinctly bimodal pore size
distribution is essential to the performance of silica monoliths as solid support. A continuous
network of macropores (~2 µm) enables liquid transport at high flow rates without
necessitating high pressures, while the nanometer-sized mesopores provide the high surface
area for sufficient contact between chemicals and the stationary phase (for separation or
catalysis) immobilized on the fixed bed.
Beyond a superficial characterization of the two pore categories, the monolith’s disordered
pore structure remained largely unknown until recently, when the macropore space has been
accessed by confocal laser scanning microscopy [1]. For the much smaller mesopores nothing
beyond pore size data form bulk methods, e.g. mercury intrusion porosimetry and nitrogen
physisorption is available at present. However, an accurate and quantitative morphological
characterization would be needed to tailor the morphological properties of mesoporous
adsorbents for their intended use.
Here we demonstrate the reconstruction and characterization of the complete morphology of a
silica monolith, from macropores to mesopores, by combining FIB slice&view techniques and
high-resolution STEM tomography. Based on the three-dimensional reconstruction we
performed a comprehensive statistical analysis to extract key structural parameters relevant
to mass transport at the macropore and mesopore level. The reconstructed model is also the
starting point for simulations of flow, mass transport [2], sorption and reaction which aim at a
fundamental understanding of the morphology-transport relationships of hierarchically
structured, disordered materials as a basis to improve morphological features responsible for
separation efficiency and catalytic activity [3].
References
[1] S. Bruns, T. Hara, B. M. Smarsly, U. Tallarek, J. Chromatogr. A 2011, 1218, 5187-5194.
[2] D. Hlushkou, S. Bruns, A. Seidel-Morgenstern, U. Tallarek, J. Sep. Sci. 2011, 34, 2026-2037.
[3] D. Hlushkou, K. Hormann, A. Höltzel, S. Khirevich, Seidel-Morgenstern, A.; Tallarek, U.; J.
Chromatogr. A 2013, 1303: 28-28.



 
Fig. 1: Characterization of hierarchical structure combing FIB-SEM and HAADF-STEM tomographic techniques to build a
3D model
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The north-east area of Constantine has a very complex geological site.
The variety of sedimentary rocks such as sandstone in abundance represents a big importance
in the industry and road infrastructure.
Aggregates are the major constituents of concrete and typically occupy a large proportion of
its volume. The concrete’s properties are mainly influenced by the quality of the aggregates.
Sandstone is a widespread aggregate resource and it is increasingly being used in concrete
construction around the world.
The geological properties of this sedimentary rock are fairly diverse such as quartzite
aggregate that may produce a range of hardened concrete properties. Therefore, it is
important to study and characterize the aggregate to obtain predictable concrete properties.
The Environmental Scanning Electron (ESEM/EDS) and Optical Microscopy are to study the
morphological aspect of the existing phases. X- Ray Diffraction (XRD) and Fourier Transform
Infrared Spectroscopy (FT-IR) analysis of sandstone are required to investigate the structural
properties of them.
The SEM morphology coupled with EDS analysis shows what has been observed by previous
techniques, confirms the existence of elements proportions.
The electron microscopy observations show that the extracted samples (Fig. 1) have
morphology with angular grains of quartz with an average size from 10 to 30 μm. One can
observe that these grains are covered with fine particles of calcite.
The optical observations reveal the presence of different oxides and the intergranular
phyllosilicates such as: the Montmorillonite (Na, Ca)0,3(Al, Mg)2Si4O10 or the Kaolinite (
Al2Si2O5 ) as minor elements.
The XRD spectra reveal the present phases, that confirmed by using the Infrared spectroscopy
(Fig.2) through their vibrational modes.
The combination of these advanced techniques, which were not designed with the purpose of
answering geological or environmental questions, can generate complementary of geological
materials and opening up new approaches in the study of porous geomaterials.
All authors thank, the Process Engineering Laboratory, University of Bejaia and Birine Nuclear
Center, Ain Ouassera, Algeria for their collaboration.
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Fig. 1: SEM morphology of sandstone (X 1600): angular grains of quartz size around: 10 to 30 [μm], covered with fine
particles and the grains of calcite.
 

 
Fig. 2: We can note that the Sandstone are mainly composed of quartz (1429, 1082, 778, 694, 461 cm-1). Low Intensity
peaks can be seen 3500 and 4000 cm-1 corresponding to oxygen-hydrogen bonds HOH, which indicate the presence of
clay type compounds.
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Porous silica, also known as Aerogel, is an exciting material due to its light weight, molecular
filtration properties, and low thermal conductivity. These three characteristics make Aerogel
materials particularly well-suited for use in vacuum insulated paneling for interior construction
purposes. Exploiting these properties however requires a comprehensive understanding of the
porous network spanning multiple spatial domains ranging from the sub-millimeter to
nanometer. One technique capable of probing all of these spatial domains simultaneously is
electron microscopy; however, due to the electrically insulating nature of Aerogel powders, this
has traditionally been a challenging technique to apply.
In this work, we employ ultra-low dose Scanning Electron Micrsocopy (SEM) imaging
techniques and Focused Ion Beam (FIB) cross-sections to extract morphological information
from Aerogel powders under compression from multiple spatial domains. The low-dose SEM
was performed on a Merlin field emission SEM from Carl Zeiss company operated at
acceleration voltages down to 100 V and currents of down to 100 pA. FIB cross-sections were
prepared on a Strata DB235 FIB from FEI company and viewed in backscattered electron mode
at low voltage.
Figure 1 shows a low-dose SEM image from nanometer-sized Aerogel agglomerates acquired
using an acceleration voltage of 100 V and current of 100 pA. Such images enable the
visualization of the agglomerate surfaces of with unprecedented spatial resolution and allow us
to probe their surface morphology. Figure 2 shows a FIB cross-section on a larger Aerogel
agglomerate. The mesoporous structure is revealed in this manner and statistics can be
applied to the pore sizes and shapes. An ex-situ compression series was performed and the
effect of compression on the mesoporous metrics are quantified and interpreted within the
framework of thermal transport in porous silica media.



 
Fig. 1: Figure 1 - High resolution SEM image of
nanometer-sized Aerogel agglomerates acquired with an
acceleration voltage of 100 V and current of 100 pA. False
color is used to enhance contrast.
 

 
Fig. 2: Figure 2 - FIB cross-section of an Aerogel
agglomerate revealing its mesoporous structure.
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Powders and divided solids are widely used in industry as intermediate or finished products in
many fields: foods, cosmetics, construction, pharmaceuticals, transport, electronics and, of
course, nuclear energy. Optimizing their use requires control of processing based on an
understanding of the phenomena involved (sintering, chemical reactivity, purity, etc.).
Modeling and understanding these phenomena require data and characteristics that may be
difficult to obtain.
The present work cites examples illustrating different physicochemical characterization
techniques suitable for analysis of uranium based powder samples (oxide, carbide, fluoride and
metallic) in the raw state or after preparation (ion polishing) used in nuclear cycle.
The first section discusses dimensional characterization (particle size, morphology, porosity) by
means of image analysis and preparation techniques: SEM, TEM, FIB, electron and X ray
tomography with possible 2D and 3D image analysis. Morphological data in the form of the
powder size and shape can be obtained with new developments in 2D analysis of processed
SEM images. Among the imaging techniques only image analysis by SEM, FIB tomography
(Figure 1), and MRI are considered to be porosimetry techniques covering a wide range of pore
sizes. FIB tomography also provides data on the powder specific surface area.
The second part of this work describes elemental chemical characterization. Low-voltage EDS
spectroscopy on polished powder cross sections is used to map (Figure 2) the distribution of
phases and to detect possible impurities in the solid grains and agglomerates. The contribution
of this type characterization to understanding the reaction mechanisms of phase
transformations (especially solid-gas reactions) is illustrated for the hydrofluorination of
uranium dioxide. Sample preparation by mounting followed by ion polishing, optimization of
the EDS analysis parameters, and the contribution to solid-gas reaction models are discussed
in this study. Complementary surface analyses as Auger spectrometry allows powder surface
oxidation.
The third section describes the characterization of the chemical reactivity of powders. These
studies are performed by high-temperature in situ treatment in an environmental SEM, and
allow observation of the powder morphology transformation.
The examples discussed concern materials used in nuclear fuel fabrication processes.



 
Fig. 1: Illustration of the potential of FIB-SEM tomography for the characterization of porous media. Visualization of
closed pores labeled in different colors (a), Pore size distribution determined after skeletonization of porous matrix.
 

 
Fig. 2: X-ray EDS mapping of UO2 powder partially transformed into UF4. Red and green phase represents respectively
Oxygen and Fluor.
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Normally, X-ray diffraction (XRD) has been used to get the structure of the crystalline materials
for a long time. Compared to XRD, electron diffraction has two advantages. The size of the
crystals can be as smaller as 5nm*5nm*5nm and the phase information can be obtained from
high-resolution transmission electron microscopy (HRTEM) images [1]. The rotation electron
diffraction (RED) method [2] makes the structure determination by electron crystallography
more convenient and effective.
Aluminophosphate (APO) molecular sieves were synthesised by the U.S. company (Union
Carbide) in 1980s [3]. Here, we report a new structure, an aluminium phosphate zeolite with
special seven-member ring. For this new material, the crystal is not big enough to be
characterized by traditional methods such as single X-Ray diffraction. The RED (Rotation
Electron Diffraction) method has been used here to determine the structure of this aluminium
phosphate zeolite. The data of RED has been shown in Figure 1. The structure of this APO
zeolite has been solved and been shown in Figure 2.
[1]Willhammar, T., Yun, Y. & Zou, X. Structural Determination of Ordered Porous Solids by
Electron Crystallography. Adv. Funct. Mater. 24, 182–199 (2014).
[2]Wan, W., Sun, J., Su, J., Hovmöller, S. & Zou, X. Three-dimensional rotation electron
diffraction: software RED for automated data collection and data processing. J. Appl. Cryst. 46,
1863–1873 (2013).
[3]Wilson S., Lok B. USP: 4310440, 1982.



 
Fig. 1: Figure 1 a) Overview of the diffraction data collected by RED. b) Along a* axis in reciprocal space. c) Along b*
axis in reciprocal space. d) Along c* axis in reciprocal space. (Reflection condition: h00, h=2n; 0k0, k=2n; h0l, h=2n)
 

 
Fig. 2: Figure 2 The structure solved by using Shelx. a) Along a axis; b) Along b axis; c) Along c axis; (Unit cell: a =
8.257 Å, b = 9.910 Å, c= 7.605 Å, α= 90.02°, β=106.87°, γ = 90.01° Space group: P21/a)
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Investigation of the polymer interphases is an emerging field nowadays. In many cases
interphases determine the functionality of a system. There is a great demand for exploration of
fundamental understanding of the interphases and elucidation of their formation, dimensions
dependent on various influencing factors, change of functional properties, etc. Porous glasses
are particularly interesting materials as they can represent inverse nanocomposites, where the
interconnected pores with dimensions of nanometer scale are filled with a reactive polymer.
Furthermore, confined reactive polymers are able to react within the pores of porous glasses.
This is of particular interest in the polymer research as the reaction kinetics may be strongly
driven by the confined environment.
The epoxy resin system used in this experiment is applied on porous glass and penetrates its
pores with an extent dependent on the pore size, temperature and epoxy components mixing
ratio. Developed over the recent time challenging sample preparation procedure allowed to
produce very smooth epoxy - porous glass cross-sections. It included formation of interphases,
followed by production of cross-sections and their polishing: 1st step - manual, 2nd step - ion
beam etching.
In this study, combined AFM - Raman microspectroscopy was used to investigate the
epoxy-porous glass interphases. It allowed for morphological studies and chemical
differentiation between different regions at the cross-section and determination of the degree
of cure of epoxy system in the porous glass.
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In the last two decades, tilted tomography in a TEM has been developed as an essential
requirement for the three dimensional (3D) quantification of nanomaterials [1,2]. During the
tilt series acquisition, a projection of the area of interest is recorded at each angle over a large
angular amplitude, the final resolution along the Z axis being directly related to the maximal
tilting angle. Getting 3D chemical information in the classical modes, i.e. bright field (BF) and
Scanning TEM in the High Angle Annular Dark Field mode (STEM-HAADF) is generally delicate
or impossible: the chemical information is provided by the mass-thickness differences between
all phases, which cannot be properly measured in BF-TEM, and are delicate to quantify in
STEM-HAADF. This is especially the case of compounds constituted by chemical phase with
close masses and having similar same atomic density. A possible solution is to perform
spectroscopic analysis simultaneously during the tilt series, either Energy Filtered TEM (EFTEM)
[3,4] or STEM Energy-dispersive X-ray spectroscopy (EDX) tomography [3,5]. In this general
context both EFTEM and STEM EDX tomography were employed in the study of a silica alumina
support for catalysts composed of 50% SiO2 and 50% Al2O3. Amorphous silica-alumina are
mesoporous materials characterised by a moderate acidity and are preferentially employed as
catalyst support in hydrocarbon reactions such as hydrocracking of Vacuum Gaz Oil fraction or
Fisher-Tropsch waxes [6,7]. The same sample prepared by the co-gel method was studied in a
way to compare the chemical quantification provided by these techniques. The results (Fig. 1
and 2) show that silica (in green) is forming the core of the sample and that the surface is
essentially covered by alumina (in red). Quantitative measurements indicate that alumina
covers abound 80% of the surface of the grain even if the sample is formed by equal quantities
of Al2O3 and SiO2.
References: [1] P.A. Midgley, R.E. Dunin-Borkowski, Nature Mat., 8 (2009) 271-280; [2] T.
Epicier, chap. 3 in ‘Imagerie 3D en mécanique des matériaux’, ed. J.Y. Buffière, E. Maire,
Hermès - Lavoisier, Paris, (2014); [3] G. Möbus, R.C. Doole, B.J. Inkson, Ultramicroscopy, 96
(2003) 433-451; [4] L. Roiban, L.Sorbier, C. Pichon, P. Bayle-Guillemaud, J. Werckmann, , M.
Drillon, O. Ersen, Microsc. Microanal. 18 (2012), 1118–1128; [5] K. Lepinay, F. Lorut, R. Pantel,
T. Epicier, Micron 47 (2013) 43-49;[6] G. Busca, Acid Catalysts in Industrial Hydrocarbon
Chemistry Chemical Reviews 107 (2007), 5366-5410; [7] C. Marcilly, Catalyse acido-basique.
Application au raffinage et à la pétrochimie. Volume 2. Technip Editions: Paris (2003)
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Fig. 1: EFTEM tomography (200 kV, JEOL2100F), a) cross section through the chemical map volume parallel to the XY
plane, where silica is represented in green and alumina in red; b) model computed from the reconstructed volume: the
silica forms the core of the sample covered by alumina.
 

 
Fig. 2: STEM-EDX tomography (120 kV, FEI Osiris): a-b) cross sections through the reconstructed chemical models of
silica (green) and alumina (red); c) outer surface of the sample showing that alumina is covering the main part of the
grain.
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Using Scanning Electron Microscopy, we study how the nickel-graphite composites (Fig.1)
obtained from nickel-amorphous carbon powder mixtures containing 50 vol. % Ni by
graphitization-accompanied Spark Plasma Sintering (SPS) respond microstructurally to phase
separation. The in situ graphitization implies intimate contact between nickel and graphite; the
latter forming by a dissolution-precipitation mechanism. The treatment of the composites ―
removal of nickel by dissolution in acid and graphite by annealing in air ― was aimed at
creating porous structures. The burnout of graphite during annealing of the composites in air
proceeded parallel to the formation of NiO. The removal of graphite, however, did not lead to
the formation of structures with uniform porosity distribution. The morphological outcome of
the oxidation treatment appears to be dependent on the relative density of the Ni-C compacts
as well as on the presence of Ni(C) solid solutions. During oxidation, the presence of carbon in
the solid solution results in the evolution of CO thus preventing the formation of a continuous
NiO film. A longer annealing of the compacts in air led to the formation of NiO structures
shown in Fig.2. The NiO-based compact that formed did contain porosity; however, that
porosity was inherited from the nickel-graphite composite that was not fully densified; in
addition, the hollow NiO structures contained closed porosity. The NiO network formed as a
result of nickel oxidation simultaneous with oxidation of carbon did not structurally repeat the
pre-existing nickel network. A conclusion was drawn that in the microstructural evolution
accompanying the burnout of carbon from the nickel-graphite composites, sintering of NiO,
rather than porosity creation, dominates. By dissolving nickel from the SPS-ed specimens in
acid, porous pellets were obtained that perfectly retained their shape and consisted of graphite
platelets with diameters ranging from 0.3 to 2 μm and a thickness of 0.2 μm. The porous
graphite formed from mechanically milled mixture was of uniform structure. In the networks
formed from the non-milled nickel-amorphous carbon mixtures, pores 4-5 μm in diameter were
present (Fig.3). The platelets of porous graphite obtained from the compacts consolidated in
the solid state were smaller than those of the graphite crystallized in contact with molten
nickel.



 
Fig. 1: Microstructure of the SPS-ed nickel-graphite
composite, SPS-temperature 1000°C.
 

 
Fig. 2: NiO structures evolved during oxidation of the
SPS-ed nickel-graphite compact during annealing in air.
 

 
Fig. 3: Porous graphite obtained by phase separation in the nickel-graphite SPS-ed composite.
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We have derived models for the structure of Zr-Cu-Al bulk metallic glasses (BMGs) from hybrid
Reverse Monte Carlo (HRMC) simulations combining fluctuation electron microscopy (FEM)
data and an empirical interatomic potential [1]. The FEM data constrains the nanoscale,
medium-range order of the models, and the potential constrains the physical and chemical
short-range order. Figure 1 shows the structures formed in a model of Zr50Cu45Al5 by the
inclusion of the FEM data: chains of icosahedral nearest-neighbor clusters and more spherical
clusters with crystallographically-allowed four- and six-fold rotational symmetry. A model
based only on the potential does not have these structures and does not agree with the FEM
data.

Figure 2(a) shows FEM data V(k) for Zr50Cu35Al15, which is a poorer glass former than Zr50Cu45Al5.
It contains peaks at 0.37 Å-1 and 0.41 Å-1, identified as arising from icosahedral-like and
crystal-like medium-range order respectively from HRMC simulations. Compared to Zr50Cu45Al5,
the as-quenched state has stronger crystal-like order and weaker icosahedral-like order. The
icosahedral-like order increases with minimal annealing (10 minutes at 0.83Tg), consistent with
the behavior of Zr50Cu45Al5, but the crystal-like order is comparatively more stable. Figure 2(b)
shows the medium-range correlation length Λ derived from variable resolution (VR) FEM
experiments [2], in which the probe size is systematically varied from 1.3 to 11 nm. The decay
in V(k = 0.37 or 0.41 Å-1) as a function of probe size gives Λ for the icosahedral- and
crystal-like structure types respectively. Minimal annealing significantly increases Λ for the
icosahedral-like order and decreases it for the crystal-like order.

The correlations between structure and glass-forming ability for the two alloys suggest that
icosahedral medium-range order as well as icosahedral short-range order favors glass
formation, and that more stable crystal-like order disfavors it. Detailed HRMC modeling of
Zr50Cu35Al15 will also be discussed.

References
1. Jinwoo Hwang, Z. H. Melgarejo, Y. E. Kalay, I. Kalay, M. J. Kramer, D. S. Stone, and P. M.
Voyles Phys. Rev. Lett. 108, 195505 (2012)
2. J. M. Gibson, M. M. J. Treacy, and P. M. Voyles, Ultramicroscopy 83, 169 (2000).
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Fig. 1: Zr50Cu45Al5 HRMC model: (a) Crystal-like cluster, with the atoms colored blue to red by their local five-fold
symmetry (b) 3D reciprocal space of the crystal-like cluster showing 4- and 6-fold rotational symmetry, (c) edge-on
view of an icosahedral chain showing 2-fold symmetry, (d) an icosahedral chain.
 

 
Fig. 2: Zr50Cu35Al15 FEM data as a function of annealing at 0.83Tg (673 K). (a) V(k, R = 2 nm) showing peaks associated
identified as icosahedral- and crystal-like order. (b) Variable-resolution FEM medium-range order correlation lengths
Λ for the two structure types as a function of annealing.
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Quasicrystals represent aperiodically ordered form of solids with symmetries long thought
forbidden in nature. As stated with special emphasis in the Noble Lecture by Prof. Shechtman,
the quasicrystal discovery is definitely the victory of electron microscopy – the first icosahedral
stereogram was build up with a series of electron diffraction patterns from a tiny grain [1], and
the following high-resolution electron microscope image indeed confirmed a unique aperiodic
order that cannot be consistent with twinning of periodic crystals. Almost 30 years after these
early electron microscopy works, we are now in the era of aberration-corrected electron
microscopy that realizes a remarkable resolution of sub-Ångstrom scale. In the talk, I will
describe the microscopic view of quasicrystals using state-of-the-art scanning transmission
electron microscopy [2,3], providing several striking details that have been veiled in the
quasicrystal structures. I should emphasize that electron microscopy is still an important,
essential tool to answer the longstanding key questions “Where are the atoms? And why do
quasicrystals form?”
References
1) D. Shechtman et al, “Metallic Phase with Long-Range Orientational Order and No
Translational Symmetry” Phys. Rev. Lett. (1984) 53, 1951–1954.
2) E. Abe, “Structure of Quasicrystals” in Scanning Transmission Electron Microscopy, edited
by S. J. Pennycook & P. D. Nellist, pp. 583-614: Springer New York (2011).
3) E. Abe, “Electron microscopy of quasicrystals – where are the atoms?” Chem. Soc. Rev.
(2012) 41, 6787–6798



 
Fig. 1: Ultrahigh-resolution HAADF-STEM images taken by aberration-corrected 300 kV-STEM; decagonal quasicrystals
of Al72Ni20Co8 (top) and Al70Mn17Pd13 (bottom). (Reproduced from Abe (2012) (Ref.2) with permission).
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Quasicrystals and their associated approximant phases have drawn increased scientific
attention during the past decade for the purpose of fundamental research as well as their
possible applications as tribological coatings, thermal barrier thin films, solar absorbers, and
low friction coatings [1,2]. Owing to their infinitely large unit cell, the determination of the local
atomic structure of a quasicrystal is a challenging task to be performed by (scanning)
transmission electron microscopy ((S)TEM). However, an associated approximant phase with
comparable physical properties such as hardness, wear resistance, thermal - and electric
conductivity, and friction shares the local atomic arrangement and thus allows conventional
structure analysis to be performed [3].
We showed in the past that thin films of the Ψ-Al62.5Cu25Fe12.5 quasicrystalline phase can be
prepared by annealing a multilayer stack on an Al2O3 (sapphire) substrate [4]. Furthermore, the
α-approximant with nominal composition close to the icosahedral quasicrystalline phase can
be grown similarly by high-vacuum magnetron sputtering of individual Al, Cu, and Fe layers
onto Si(100) substrates, yielding a total thickness of 400 nm [5]. Figure 1 shows HAADF-STEM
micrographs of the cubic α-approximant phase that was formed by Si diffusion from the
substrate into the thin films activated by subsequent annealing to temperatures close below
450°C, where the quasicrystal phase starts to form. In parallel, the corresponding icosahedral
Ψ-quasicrystalline phase was grown on Al2O3 (0001) as thin films in the same fashion (Figure 2).
In a similar way, Al-Cu-Co quasicrystalline and approximant thin films were grown on sapphire,
and an Al-Cu-Co-Si quasicrystalline phase as a thin film on silicon substrates [6].
We present a detailed analysis on the quality and resulting microstructure of the Al-based
quasicrystalline and approximant thin films employing high-resolution (S)/TEM, EDX, and
electron diffraction methods, and discuss covering clusters and tiling analyses. All experiments
were conducted at Linköping’s double-corrected and monochromated FEI Titan3 60-300
microscope equipped with a Gatan Quantum ERS GIF, high brightness XFEG source, and
Super-X EDX detector, operated at 300 kV.
1. J-M. Dubois, S.S. Kang, A. Perrot, Mater. Sci. Eng. A 179/180 (1994) 122.
2. J-M. Dubois, Useful Quasicrystals, World Scientific Publ., Singapore, 2005.
3. U. Mizutani, T. Takeuchi and H. Sato, J. Phys.: Condens. Mat. 14 (2002) 767.
4. S. Olsson, F. Eriksson, J. Birch, and L. Hultman, Thin Solid Films 526 (2012) 740.
5. S. Olsson, F. Eriksson, J. Jensen, M. Garbrecht, J. Birch, and L. Hultman, Thin Solid Films, 550
(2014) 105.
6. S. Olsson, M. Garbrecht, J. Birch, L. Hultman, and F. Eriksson, J. Mater. Res., subm., 2014.
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Fig. 1: HAADF-STEM micrographs of an α-approximant thin film with nominal composition Al55Si7Cu25.5Fe12.5 grown on
Si(100) in [111] (a) and [110] (b) zone axis.
 

 
Fig. 2: HRTEM micrograph of the icosahedral Ψ-quasicrystalline phase with nominal composition Al62.5Cu25Fe12.5, grown as
a thin film on Al2O3 (0001), viewed along the 5-fold [100000] (a), and 3-fold [222000] incident beam direction (b).
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Understanding the structure of disordered materials remains a challenge. In the
aberration-corrected scanning transmission electron microscope (STEM) intense, coherent,
quasi-parallel and nanometre-sized beams may be achieved allowing diffracted information to
be obtained from small volumes.  Electron nano-diffraction (END) patterns from thin metallic
glass specimens contain angular correlations related to symmetries in nearest-neighbour
polyhedral clusters [1]. Examining the persistence of these angular correlations in a scanned
array of END patterns allows a measure of the medium-range order in the material [1]. We
apply this novel technique to understanding the excellent glass formability of ZrxCu100-x glasses
[1].
Scanned arrays of END patterns from a melt-spun Zr36Cu64 glass were obtained in a Titan3

80-300 FEGTEM (Fig. 1 a) and b)). Subtle angular symmetries in the END patterns were
detected by calculating the angular autocorrelation function (Fig. 1 c) and d)). The
autocorrelation function was decomposed into a Fourier Cosine series at each scattering vector
magnitude and the symmetry intensities in each pattern were measured (Fig. 1 e)) and
mapped as a function of scanned distances to examine the extent of any order (Fig. 2).
We statistically analysed the incidence of two-, six- and ten-fold symmetries in the SEND
patterns and found that these compare favourably to those expected for a random ensemble
of icosahedra, consistent with many modeling studies.
Fig 2. shows the 2-, 6- and 10-fold symmetry maps for both the experimental glass and a
model glass structure. The only correlation length that extends beyond the probe diameter is
the experimental two-fold map, demonstrating that the glass has extended order. The MRO
consistent with this trend is face-sharing or interpenetrating icosahedral clusters in which the
2-fold symmetry axes align, but the 5- and 6-fold do not. The correlation length in the 2-fold
map corresponds to four face-sharing or seven interpenetrating icosahedra.
Using scanning END and a novel analysis of the angular correlations in END patterns we
determine that the S-MRO in Zr36Cu64 is consistent with efficiently packed icosahedral clusters
[1], suggesting a structural basis for glass formability.

[1] A. C. Y. Liu, M. J. Neish, G. Stokol, G. A. Buckley, L. A. Smillie, M. D. de Jonge, R. T. Ott, M. J.
Kramer, and L. Bourgeois, Phys. Rev. Lett., 110, 205505 (2013).
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Fig. 1: a) HAADF reference image of glass with scanned area b) END pattern c) angular cross-correlation function and
d) profile at 4 nm-1 e) magnitude of 0-12-fold symmetry intensities
 

 
Fig. 2: Maps of symmetry intensity from array of END patterns for model glass (a),c),e)) and experimental glass
(b),d),f)) and corresponding radially averaged, two-dimensional autocorrelation functions.
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Phase separation can occur when there is at least one atom pair with positive enthalpy of
mixing or there is a large difference in enthalpy of mixing between the atom pairs in metallic
glass forming systems. By selecting a proper pseudo-binary section of the miscibility gap in the
multi-component system, droplet-type microstructure formed by nucleation and growth
mechanism or interconnected-type microstructure formed by spinodal decomposition can be
obtained in the as-solidified microstructure. Thermodynamic calculation of miscibility gap
allows the formation of full spectrum of the microstructure from interconnected type to droplet
type microstructure. Phase separation phenomena can provide some advantages in utilizing
metallic glasses, for example, introduction of complex shape forming by using the two-step
glass transition phenomena or synthesis of porous glass by leaching out one of the two
separated amorphous phases. In the present study, we have investigated the microstructural
evolution in phase separating Al-based amorphous alloys. The double halo rings in the electron
diffraction pattern and nm scale interconnected STEM image obtained from the as-melt-spun
alloys indicate that two different amorphous phases form during solidification. With heat
treatment below the glass transition temperature, the scale of phase separation increases.
Detailed investigation on the crystallization behavior reveals that a metastable single
crystalline phase forms at early stage of crystallization. However, at later stage, equilibrium
phases replace the metastable phase.
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Fig. 1: STEM image and diffraction pattern showing phase separation in Al-Mn-Ge amorphous alloy
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Amorphous materials are among the most intriguing to analyse with microscopies since single
atom positions cannot yet be resolved. Whereas the pair correlation function gives information
about next neighbor distances from evaluation of diffraction patterns, variance plots in
fluctuation electron microscopy (FEM) were shown to be sensitive to small structural changes
in the amorphous material. In metallic alloys amorphisation is often induced by adding larger
atoms B to a transition metal A. When exceeding a critical concentration xc of atom B in
A1-xBx, the alloy will transform from the crystalline to the amorphous phase. Thus, it is likely
that the structure of the amorphous material depends on the concentration difference x- xc.
With this idea in mind, we have analysed Fe1-xZrx samples as a function of x (x=0.1-0.29),
where the x is chosen to be above xc. The films were grown by sputter deposition where the
amorphous Fe1-xZrx was 14nm thick. The films were analysed by FEM in plan view geometry
in the STEM geometry of FEM. Our data were obtained from the quantitative evaluation
diffraction patterns contained from a full scanning transmission FEM (STFEM) data set. We
have optimized the acquisition such that oxidation of the sample, the influence of cladding
Al0.7Zr0.3 layers did not impact the analysis.
The variance as a function of q-vector was extracted from such diffraction patterns and
subsequently, the size of structurally coherent clusters was determined (Fig. 1). The structural
coherence length depends only weakly on x. In addition, correlographs, computed from the
data such as in ref [3] show a clear increase of structural order with decreasing x.
In order to understand how the FEM data are related to the structure of the amorphous films,
we have simulated the amorphous structure by melting a supercell using classical molecular
dynamics and considering an embedded atom model interatomic potential. We calculated the
FEM diffraction patterns for both, perfectly amorphous structures as well as for structure
models containing crystalline clusters of various sizes and orientations (Fig. 2). We observe
changes in the variance of micro-diffraction patterns and correlate them with experimental
findings.
[1] M. M. J. Treacy and K. B. Borisenko, Science 335, 950, 2012.
[2] A. Liebig, P. T. Korelis, H. Lidbaum, G. Andersson, K. Leifer, B. Hjörvarsson, Phys. Rev. B 75,
214202, 2007.
[3] J. M. Gibson, M. M. J. Treacy, T. Sun, N. J. Zaluzec, Phys. Rev. Lett. 105, 125504, 2010.
 

Acknowledgement: We gratefully acknowledge support from STINT and Swedish Science
Council.



 
Fig. 1: Typical variance diffraction pattern (left) and variance plot (right) of the Fe0.81Zr0.19 sample.
 

 
Fig. 2: FEM diffraction pattern calculated from the model of amorphous FeZr.
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In situ TEM observation of Crystal-to-Amorphous-to-Crystal (C-A-C) transition in Cr2Ti was
reported focusing on the temperature dependence and the crystallization behavior. Figure 1
shows In situ TEM observation of the change in BF images and corresponding SAD patterns of
Cr2Ti stimulated by MeV electron irradiation at 103 K (a) and room temperature of 298 K (b)
[1]. At 103 K, a crystalline-to-amorphous (C-A) transition occurred under the irradiation
(a1→a3), resulting in the formation of an amorphous single phase. Further irradiation, an
amorphous-to-crystalline (A-C) transition occurred as the subsequent structural change
(a3→a5) and bcc solid solution single phase was formed. This type of
amorphization-crystallization phase transition was called a
crystalline-to-amorphous-to-crystalline (C-A-C) transition. At 298 K, black dot contrast
appeared in BF image after 60 s irradiation (b2). After irradiation for 180 s (b3), nano-granular
contrast appeared at the center of the irradiated area, as seen in the BF image, and
discontinuous Debye rings began to appear in the SAD pattern. Upon further irradiation, the
nano-granular contrast changed to conventional polycrystalline contrast in the BF images due
to bcc solid solution formation (b3→b5). Thermal crystallization of a Cr-Ti amorphous phase
obtained by C-A transition and the irradiation induced crystallization during C-A-C transition
was also investigated for clarifying the origin of C-A-C transition.
[1] S. Anada, T. Nagase, H. Yasuda, H. Mori: J. of Alloys and Compounds, 579, 646-653 (2013).
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Fig. 1: Figure 1 In situ TEM observations of the change in BF images and SAD patterns in Cr2Ti intermetallic compounds
stimulated by MeV electron irradiation at 103 K at a dose rate of 3.7 × 1024 m-2s-1 (a) and at 298 K at a dose rate of
6.7 × 1024 m-2s-1 (b).
 



Type of presentation: Poster
 

MS-11-P-1804 In-situ TEM Investigation of Plastic Deformation in Nanoscale Metallic
Glasses
 

Tian L.1, Shan Z. W.1, Ma E.1,2
 
1Xi’an Jiaotong University, Xi’an, P.R. China, 2Johns Hopkins University, Baltimore, USA
 

Email of the presenting author: echo.tianlin@gmail.com
 
  The mechanical properties of sub-micron to nanoscale metallic glasses (MGs) were studied
through quantitative in situ tensile test inside a transmission electron microscope, which
employs high-resolution measurements of the loading forces and accurate strain measurement
with deposited markers on the gauge length. Tensile samples were fabricated using focused
ion beam.
 Cu-Zr MG samples with size of 200-300 nm fracture in a brittle manner, the same as bulk MG.
The quantitative experiment establishes that the elastic limit of these samples approaches the
theoretical limit[1]. When the size of the sample is decreased to ~80 nm, tensile ductility
occurred in this MG[2]. Figure 1 shows the result of tensile test of a sample with diameter of 80
nm. In the series of still images extracted from the movie recording deformation process,
reduction in the cross-section can be observed. Mechanical data further confirm this
observation; the steady drop in stress indicates the necking process. We demonstrate that
these MG samples can be intrinsically ductile, capable of elongation and necking under
uniaxial tension, in lieu of catastrophic fracture caused by severe shear-banding. Plastic
deformation in these nanoscale metallic samples is not an artefact attributable to, but could be
enhanced by, electron beam irradiation. Strain rate effect is also addressed in this work. The
necessary conditions favorable for a metallic glass to exhibit ductile behavior include small
sample size, amorphous structure with atomic configurations prone to shear transformations
and relatively slow strain rate, all of which are in line with the trends expected from prior
predictions/simulations.
References:
1. Tian, L. et al. Approaching the ideal elastic limit of metallic glasses. Nat. Commun. 3:609
(2012).
2. Tian, L et al. Ductile necking behavior of nanoscale metallic glasses under uniaxial tension
at room temperature. Acta Mater. 61, 4823-4830 (2013)
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Fig. 1: Typical necking process observed during the tensile test of a sample with D = 80 nm. (a–g) Still frames
extracted from the recorded movie. (h) Engineering stress strain curve of this sample. (i) Magnified image of the
fractured surface. The inset is the selected area diffraction pattern of the fractured surface. 
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This study is focused on the sensitivity of the final ceramic microstructure to the molecular
structure of the precursor. Bulk ceramics with different polymers were synthesized and
annealed at different temperatures. Subsequent examinations were carried out with
Transmission Electron Microscopy (TEM), including High Resolution Transmission Electron
Microscopy (HRTEM) and the calculation of the Pair Distribution Function (PDF) from electron
diffraction patterns of the predominantly amorphous matrix. Afterwards the experimental PDF
are compared to calculated PDFs obtained from structure models determined via classical
Molecular Dynamics simulation.
The Pair Distribution Function is a powerful technique to investigate the short range order in
disordered materials like the amorphous Polymer-Derived Ceramics up to ~1400°C. The PDF is
already well established for example in X-ray or neutron diffraction but the advantage of the
PDF from electron diffraction is that a very small sample volume can be analyzed in
conjunction with the corresponding image information (HRTEM). Therefore, this technique is
used for a better understanding of the crystallization behavior of these ceramics. By now, it is
known that the onset of crystallization in boron-containing ceramics is shifted towards higher
temperatures; however, the resulting crystal-size differs significantly and the amorphous
matrix shows distinctly different features. The relationship between the molecular architecture
and chemistry on the amorphous nature of the pre-ceramic and, in addition, its influence on
the resulting crystallization behavior will be discussed.
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Pure amorphous silicon (a-Si) is a model tetrahedral amorphous material that can be created
by ion implantation and indentation [1]. These forms exist in small volumes, making
measurements using transmission electron microscopy (TEM) an excellent option.  We
demonstrate high-resolution radial distribution measurements of implanted and indented a-Si
measured using tilted-illumination selected area diffraction in the TEM.
At advanced x-ray and neutron facilities, large scattering angles can be achieved to yield
high-resolution RDFs in bulk homogeneous specimens. Fixed apertures in the TEM and finite
dynamic range of electron detectors can limit the accessible range of diffraction angles, and
the resolution of the RDF. However, by sequentially tilting the incident TEM illumination and
increasing corresponding acquisition times, large angles can be accessed, resulting in RDF
resolutions comparable to those from neutron and x-ray measurements [2] yet from
sub-micron areas.
Several forms of as-prepared and annealed a-Si were prepared as detailed previously [1]. 
Selected area diffraction patterns were obtained in a JEOL JEM 2100F operated at 200 kV.  The
dark-tilt was  incrementally increased to access larger diffraction angles. By increasing the
exposure time for higher angle diffraction patterns the Poisson noise contribution was kept
below 15% across the whole range sampled (2sin(θ)/λ = 3.3-3.7 Å-1). The diffraction patterns
were spliced together [2] (Fig. 1) and analysed using RDFTools, a free software package [3].
Fig. 2 shows the RDFs measured for the as-implanted a-Si and the relaxed implanted a-Si films
[2]. Average coordination numbers for the as-implanted and relaxed specimens were
measured to be 3.7±0.3 and 3.9±0.3, respectively. Bond angles of 109±0.5o and 110±0.6o

were measured for the as-implanted and relaxed a-Si [2].
Tilted illumination selected area diffraction can produce high resolution RDFs of amorphous
materials in small volumes to distinguish subtle pair correlation differences between
specimens with different treatments. However, in striking contrast to other amorphous
networks, the structural re-arrangements of ion-implanted a-Si due to a relaxation anneal are
subtle.

[1] B. Haberl, A. C. Y. Liu, J. E. Bradby, S. Ruffell, J. S. Williams, and P. Munroe, Phys. Rev. B, 79,
155209 (2009).
[2] A. Gorecki, T. C. Petersen and A. C. Y. Liu, Microscopy and Microanalysis, 20, 50, (2014)
[3] D. R. G. Mitchell and T. C. Petersen, Microsc. Res. Tech. 75, 153, (2012).
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Fig. 1: a) Dark-field tilt is used to extend the angular range of a diffraction pattern. b) Diffracted intensities are spliced
together, so that the noise level (c)) is below 15% of signal across the whole range.
 

 
Fig. 2: Reduced radial distribution function of as-implanted and relaxed ion implanted a-Si.
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  Six-types of decagonal quasicrystals (DQCs) and some crystalline approximants have been
found in Al-Co-Ni alloys which have a wide range of compositional ratios of Ni/Co and a nearly
constant Al composition of approximately 70 at %. It is considered that various structures of
the DQCs are stabilized by chemical ordering of Co and Ni. The arrangements of
transition-metal (TM) atoms have been determined by Cs-corrected HAADF-STEM observations
[1-3]. However, the study of the chemical ordering in Al-Co-Ni DQCs is difficult in HAADF or ABF
STEM observations, because atomic number difference between Co and Ni is only one,
resulting in very low contrast between these atomic columns in STEM images. Recent
developments of an X-ray detector with large solid angle and an ultrafine and intense probe
realized with a Cs-corrector enable us to perform atomic-resolution chemical analysis. Our
intention in this paper is to detect the chemical ordering of Co and Ni in Al-Co-Ni crystalline
phases, which are closely related to the structure of the Al-Co-Ni DQCs, by the
atomic-resolution EDS. However, this method has been considered to be difficult for some
materials, which are easily damaged by intense electron irradiation in STEM. To reduce the
electron dose on a specimen, we have tried to obtain an EDS map formed by integration of
several EDS maps from fresh areas. The maps from the areas were obtained by periodic
sample shifts, which are determined by translational vectors of a and c, where a and c are
lattice parameters in the unit cell of the crystalline phase. It should be noted that this method
applicable to the crystalline phases that have periodic arrangements.
 Figure 1 shows atomic-resolution EDS maps of a W-(AlCoNi) crystalline phase, taken with a
newly developed silicon drift detector (SDD), installed on an aberration corrected microscope
(JEM-ARM200F). The chemical ordering of Co and Ni is clearly seen in the map, shown in Fig.
1(d), which is a superimpose map of Co and Ni.
[1] A. Yasuhara, K. Saito and K. Hiraga, in: Aperiodic Crystals (Proc. of Aperiodic 2012 Edited
by. S. Schmid, R. L. Withers and R. Lifshitz, Springer 2013) p. 219-224.
[2] K. Hiraga and A. Yasuhara, Mater. Trans. 54 (2013) 493-497.
[3] K. Hiraga and A. Yasuhara, Mater. Trans. 54 (2013) 720-724.



 
Fig. 1: Figure 1 HAADF-STEM image (a), atomic-resolution EDS maps of Co and Ni (b, c) and a superimposed map (d)
for the W-(AlCoNi) crystalline phase. The locations of atomic clusters are indicated by circles in images. Note that the
chemical ordering of Co and Ni occurs at regions between the Co-rich atomic clusters and Ni-rich regions.
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Since the discovery of quasicrystalline (QC) phases more than one hundred different
quasicrystalline alloys have been observed and large efforts have been made in order to
understand and apply the unique properties presented by these materials. Due to their
structure, QC alloys have high hardness, high elastic modulus, low thermal and electric
conductivity and good corrosion resistance. However, these alloys are brittle at room
temperature and as consequence their application as structural component is limited. On the
other hand, the use of such alloys as reinforcing phase in a metal-matrix composite is a
potential field of application for the QC materials.
In the present work, hot extrusion was used to produce aluminum-based composites reinforced
with Al65Cu20Fe15 (at.%) QC alloy. The QC alloy was fabricated by arc melting, submitted to
mechanical alloying (MA) and then to a subsequent heat treatment to obtain a single phase
QC-powder. MA was also used to produce the mechanical mixture of Al and the QC alloy (10%
of QC-phase in wt.%) where the mixed powders were ball milled during 5 h in a planetary
high-energy mill with rotating speeds of 200 and 600 rpm, respectively. The powders were
then hot extruded at 420 °C. The consolidated samples were analyzed by transmission
electron microscopy (TEM) using a FEI TECNAI G2 F20.
X ray diffraction patterns (not shown here) of the alloy powder that was used as the
reinforcement phase in the composite confirmed that the single QC phases was obtained after
the heat treatment at 700 °C. Figure 1 shows the selected area electron diffraction patterns
(SAED) obtained from the particles in the hot extruded composite, confirming the icosahedral
structure of the QC phase, which was stable during production of the Al-QC composite.
Figure 2 shows bright field and dark field STEM micrographs of the composites fabricated with
mixing velocity of 200 rpm. Such mixing condition did not produce a good dispersion of the QC
phase, which remained mostly in the grain boundaries. Figure 3 shows bright field and dark
field STEM micrographs of the composites fabricated with mixing velocity of 600 rpm. These
micrographs reveal a much better and finer dispersion of the QC-phase in the Al matrix, with
the particles distributed in the interior of the grains. Torsion tests for both composites
indicated equivalent tensile strength of 130 MPa for the composite with the coarser distribution
of the QC phase (Fig. 2) and 200 MPa for the composite with finer distribution of the QC phase
(Fig. 3). Therefore the composite with finer particles presented a substantial increase on the
mechanical strength, and the attractive values of tensile strength were associated with the
uniform dispersions of the QC-phase inside the grains.
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Fig. 1: SAED pattern of the QC-phase in hot extruded composite, with 2, 3 and 5-fold symmetry, confirming the
icosahedral symmetry of the reinforcement phase.
 

 
Fig. 2: STEM bright field and dark field images of the composite fabricated with powder mixing velocity of 200 rpm; the
QC particles are coarse and preferentiality located at the grain boundaries.
 

 
Fig. 3: STEM bright field and dark field images of the composite fabricated with powder mixing velocity of 600 rpm; the
QC particles are finer, with a uniform dispersion preferentiality located inside the grains.
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Fabrication of well-ordered and defect-free two dimensional (2D) structures on the nanoscale is
of technological importance in energy storage and electronic devices [1].  The
biologically-inspired processes, in which the biological entities (e.g. phages) serve as 2D
scaffolds for the directed synthesis of a range of inorganic nanostructures, are essential for
designing the next-generation multicomponent materials [2]. In order to induce in-situ growth
of uniform and homogenous inorganic nanostructures, bio-assisted synthesis methods are
utilized as promising tools to attain smooth organic-inorganic hierarchical layers. To this end,
not only preparation of a densely-packed monolayer of biological entities onto specific surfaces
is inevitable, but also achieving a directionally ordered pattern of the biological entities,
extending in a long length range is crucial to enhance the functional properties of the final
product. It has been reported that the surface chemistry, roughness and the state of
hydrophobicity play important role in the surface protein adsorption and their further assembly
[3]. In this study, filamentous wild-type (WT) M13 bacteriophages were deposited from a viral
solution (< 5 mg/ml) on amorphous carbon (a-C) and silicon oxide (SiOx) surfaces. Using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), we show
that the a-C surface induces the assembly of M13 phages into parallel arrays. Figure 1 shows a
bright-field TEM (BF-TEM) image of disordered phages immobilized on the SiOx surface. The
trend of the system was towards the formation of an isotropic phase. However, viral particles
show a high degree of alignment along a common axis on a-C surface as per nematic liquid
crystalline model (see Figure 2). The M13 phage particles were found to have a high affinity for
incorporation into the closely-ordered pattern onto a-C. Interestingly, the aforementioned
architecture can be obtained by applying phage solution on the surface without employing
nanoparticle assembly methods such as dip coating or convective assembly. Our strategy is to
facilitate the immobilization process in a highly ordered manner, and to attain a fully covered
surface with densely-packed and highly-oriented M13 phage viral particles in a long-range
basis. Such closely-ordered pattern can further function as templates to nucleate highly
uniform and smooth inorganic layers.
References
[1] L. Shen, N. Bao, Z. Zhou, P. E. Prevelige and A. Gupta, Journal of Materials Chemistry, 2011,
21, 18868-18876.
[2] S. W. Lee, C. B. Mao, C. E. Flynn and A. M. Belcher, Science, 2002, 296, 892-895.
[3] T. Berlind, P. Tengvall, L. Hultman and H. Arwin, Acta Biomaterialia, 2011, 7, 1369-1378.
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Fig. 1: BF-TEM image of randomly distributed WT M13 phages immobilized on a SiOx membrane from a droplet of M13
viral solution, depicting a highly disordered and web-like structure. The inset shows the 2D Fourier transform (FT)
image of the corresponding BF-TEM image.
 

 
Fig. 2: BF-TEM image of WT M13 phages closely-packed and oriented on a-C support film from a droplet of M13 viral
solution, showing the 2D alignment along a common direction. The inset shows the 2D FT image of the corresponding
BF-TEM image.
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The low ductility and brittle fracture at room temperature extremely limit the application of
bulk metallic glasses (BMGs) as structural materials. Heterogeneous microstructures
combining glassy matrix and crystalline particles improve their ductility and strength by
delaying the fast propagation of shear bands. Recently was found that cold rolling of Cu60Zr20Ti20

BMG leads to the occurrence of phase separation in the solid state, which may be an effective
way to strengthen the BMG. However, the size of these BMGs is limited to 8 mm. The aim of
this work was to produce phase separated BMG by milling ingots of as cast Cu36Ti34Zr22Ni8 for
16 h, followed by hot compaction inside the supercooled liquid region of the powders and bulks
with a diameter of 14 mm and 20 mm in length were produced. Ni was chosen because it can
improve the glass forming ability by substituting Cu and avoiding the formation of Cu51Zr14.
Melt spun ribbons were produced by melt spinning for comparison. Characteristic
temperatures were determined by differential scanning calorimetry (DSC). The fine structure of
the specimens was examined by transmission electron microscopy (TEM) at a voltage of 200
KV using an FEI-TECNAI G2F20 microscope. Ribbon and bulk samples were thinned by ion
milling under conditions such that damage is avoided in the structure during thinning.
Structural characterization by synchrotron radiation (not shown here) revealed the amorphous
character of ribbons and powders, and some nanocrystallization in the bulks after hot
compaction. Fig. 1a shows DSC of powders and ribbons, where is possible to observe the
changes in thermal behavior. The increase of temperature means worst glass forming ability,
but, from the point of view of powder metallurgy, this means thermal stability that may be
good for final mechanical applications. The amorphous character of ribbons can be observed in
Figs. 1b and 1c in whose inset was already possible to observe a non-homogeneous
distribution of the second phase (1 nm). Figs. 2a-d show images of bulk samples, where is
possible to observe homogeneously distributed second amorphous phase (darker regions),
which are really composed by 2 nm second phase and amorphous matrix (Fig. 2b). Those
darker regions are embedded in an amorphous matrix (Fig. 1c). Some nanocrystallization is
also possible to be observed in Fig. 1d, which is mainly occurring in the second phase. After
annealing of bulks, this was confirmed in Figs. 1e-f. In conclusion, it is possible to produce
phase separation in the solid state by milling, there was a change in the thermal behavior
leading to thermal stability of bulks, but this decreased the processing window leading to small
amount of nanocrystals during hot pressing, which mainly occurred in the second phase.
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Fig. 1: (a) DSC comparing the thermal behavior of powders and ribbons. (b) TEM BF image of ribbon and inset showing
the amorphous state. (c) Higher magnification of Fig. b and HRTEM in the upper right side showing non homogeneous
phase separation.
 

 
Fig. 2: (a) BF image of bulk: homogeneous phase separation (darker regions) and inset showing the amorphous state.
(b) HRTEM of a region in 2a: second phase regions embedded in amorphous matrix. (c) Amorphous matrix in 2a. (d)
nanocrystallized regions (e-f) Bulk after annealing confirming that crystallization is mainly occurring in the second
phase.
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Deformation flow in metallic glasses is restricted to narrow areas called shear bands. They are
associated with structural changes with respect to the surrounding amorphous matrix. Shear
bands are widely believed to contain more "free volume" than the surrounding, undeformed
glass. Higher free volume means lower atomic density, which is consistent with lighter contrast
in high-resolution TEM images [1]. As part of a comprehensive study of the local density and
the structure of shear bands using the signals of HAADF-STEM, EELS, EDX and nanobeam
diffraction [2], we show that shear bands in Al88Y7Fe5 metallic glass switch back and forth
between having lower density than the matrix to having higher density than the matrix as they
propagate. The correlative data allows calculation of the specimen foil thickness from low-loss
EEL spectra and subsequently determination of density changes by the ratio of the
HAADF-STEM intensities, ∆ρ=(I2-I1)/I1 , where Δρ is the difference in density, I1 and I2 are the
HAADF intensities of different areas within comparable thicknesses. EDX and nanobeam
diffraction provide information about chemical composition and medium-range order
respectively.
Melt-spun and subsequently cold-rolled Al88Y7Fe5 ribbons were prepared for TEM by
electro-polishing. HAADF-STEM reveals shear bands with contrast changes from bright to dark
and vice versa along their propagation direction accompanied by slight deflections. Figure 1
shows a representative example of such a shear band. The orientation and size of the shear
band are examined. For example the propagation direction was unambiguously determined by
the presence of the bifurcation. Comparing different segments to the surrounding matrix
shows an alteration in the HAADF intensity and thus in density [3]. Figure 2 displays such
changes for a part of the shear band. Slight changes in composition were also found for the
dark and bright parts of the shear band as well as an increase in medium-range order.
[1] P.E. Donovan, W.M. Stobbs, Acta Metall. 29 (1981) 1419,
[2] H. Rösner et al. accepted in Ultramicroscopy.
[3] V. Schmidt to be published.
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Fig. 1: A HAADF-STEM image of cold-rolled Al88Y7Fe5 showing a shear band with several contrast changes along its
propagation direction (from left to right).
 

 
Fig. 2: Alterations in HAADF-STEM intensity in the shear band (Fig. 1) relative to the surrounding matrix along the
propagation direction. Dark and bright parts of the shear band are indicated by the grey and white background,
respectively.
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~SbVO4 is a key element in the catalysis of propane to acrylonitrile. The system maintains the
rutile structure during the whole existence range accommodating the non-stoichiometry in a
"soft way", i.e., without extended defects, which are so common in other rutile systems. The
great structural flexibility exhibited, very important for its catalytic performance, involves
cation vacancies, changes of the oxidation state of vanadium (V4+, V3+, and Sb5+), long range
ordering, structural modulations, short range ordering, etc. [1,2] In this work we study the
structure of one of the key points of the system, the composition limit Sb1.0V1.0O4.
The samples have been prepared by heating Sb2O3 and V2O5 in an equimolar ratio (1:1) at 800C
under argon atmosphere in two runs of 12 hours with a careful grinding in the interval. The
sample has been characterized by powder X-ray diffraction in a Powder Diffractometre Bruker
D8 Advance with Cu Kα radiation with rapid detector (lynxeye). Electron diffraction
experiments were carried out in a JEOL 2000FXII transmission electron microscope with a
double-tilt holder. The sample has also been characterized by neutron diffraction experiments
(Instruments D1B-ILL, Grenoble and E6, E9 at HZB, Berlin), magnetic susceptibility
measurements, DSC calorimetry and Raman spectroscopy. The sample exhibits a basic rutile
powder X-ray diffraction pattern without extra characteristics. TEM exhibits very crystalline
crystals with a typical shape of tetragonal prisms capped at both ends. However, electron
diffraction shows the presence of intense diffuse lines that, after careful tilting experiments,
are demonstrated to be two-dimensional wavy diffuse sheets. Notice that the diffuse intensity
lines are absent in the [001] zone axis due to the fact that the diffuse intensity sheets are
perpendicular to the [001] direction. While these diffuse sheets seem to be very straight in
zone axes such as [110] and [101], they reveal a wavy nature when tilting away from these
and specially at the [100] zone axis. This diffuse intensity condense in a two fold superlattice
when the sample is prepared under nitrogen atmosphere. Neutron diffraction and magnetic
susceptibility measurements reveal magnetic ordering at TN < 50K from the ordering of
vanadium magnetic moments [3].
[1] A.R. Landa-Cánovas, J. Nilsson, S. Hansen, K. Staahl and A. Andersson. J. Solid State Chem.
116, 369-377 (1995). [2] Angel R. Landa-Cánovas, F. Javier García-García, Staffan Hansen.
Catalysis Today 158 (2010) 156. [3] J. Hernández-Velasco, J. García-García, A.R.
Landa-Cánovas. Microsc. & Microanal. 18, 95-96 (2012).
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Fig. 1: SAED patterns of SbVO4 crystals orientated along different zone axes. The sharp diffraction maxima belongs to
the basic rutile lattice. The diffuse lines between the Bragg maxima are caused by SRO phenomena.
 

 
Fig. 2: a) HRTEM processed image of a crystal of SbVO4 oriented along the [100] zone axis showing the presence of
SRO. b) FFT of the original image
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Automotive brake systems show a wide range of possible variations of brake pad formulations.
Despite of that, the microstructures of the tribofilms which form during the braking and which
are essential for the tribological properties of brakes are analog. All films show essentially a
similar composition, namely: iron oxide (main component) as well as graphite and metal
sulphides as minor components. Furthermore, the nanocrystalline structure is a main
characteristic of such films. To establish a basis for systematic investigations of tribo-film
properties as a function of the composition, a model system was prepared by mixing and ball
milling of the three essential components. For characterization of the ball-milled powders X-ray
diffraction (XRD) and transmission electron microscopy (TEM) were applied.
XRD investigations showed that the diffraction pattern of the powder blend was drastically
changed in the result of that ball milling: The position, intensity and profile of some diffraction
lines changed substantially, other disappeared completely. In particular, the Bragg reflections
of MoS2 and graphite are no longer detectable. Obviously, the ball milling caused a break-down
of the crystal structure of the initial components and led to their chemical reaction. Therefore,
TEM methods are used to clarify: Where are the missing components and what happened
during ball milling?
The samples for the TEM investigations were prepared in two steps. The ball milled powder
was rubbed onto a SiC disc which contained cracks. Subsequently, a cross-sectional target
preparation of a powder-filled crack was performed, using FIB technique by a Quanta 3D
device. Fig. 1 shows a dark-field scanning TEM image (DF-STEM) of such a TEM lamella.
The structural and chemical properties of the powder mixture in the crack were analysed using
a TEM/STEM JEOL JEM 2200FS (FEG, 200 kV, UHR pole piece, in-column energy filter), equipped
with a LN2 free energy dispersive X-ray SD detector from Bruker Company (XFlash® 6T,
Energy resolution 128 eV, detector size 30 mm2) and an ASTAR system (NanoMegas Company)
for scanning nano-beam electron diffraction (SNBED) including the ACOM software for
calculations of phase and orientation maps. A DigiScan system (Gatan Company) for scanning
TEM (STEM), two dark-field detectors as well as a bright field detector and a 1k slow-scan CCD
camera (Gatan) complete the system. For simulations of HREM images the software JEMS
[Stadelmann] was used.
The TEM investigations identified magnetite nanocrystallites, embedded in a matrix of MoS2

and graphite which is partly amorphous, partly crystalline with a loss of translation symmetry
in [00.1] direction, representing the van der Waals linkage of this structure of hexagonal
layers.



 
Fig. 1: Cross-sectional DF-STEM view of the thinned lamella
showing the powder mixture in a ceramic substrate crack
 

 
Fig. 2: HRTEM image of the powder mixture in the crack of
the SiC disc (cf. Fig. 1; FIB lamella).
 

 
Fig. 3: MoS2; a) Structure in [2-1.0] orientation; b) Experimental HRTEM detail (see marked areas in Fig. 2) with
intensity profiles which demonstrate the variations of distances of lattice fringes; c) Simulated HRTEM images of
unstrained MoS2 for different thicknesses (Scherzer focus) using JEMS [Stadelmann]
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Although many of the physical properties of materials are strongly dependent on the
structure's atomic disorder, direct measurement of such disorder can be difficult, especially
where the materials are nanostructured or as thin films. However the small (nm-sized) probe
available in a TEM, together with the sensitivity of electron diffraction intensities to even small
atomic displacements makes it an ideal method to analyse the disorder in modern materials.
One of the major difficulties for accurately simulating electron diffraction patterns from
disordered structures is the need to include dynamical scattering. Using GPU processing, a
version of the multislice code has been developed to allow these dynamical simulations to be
performed in a time-effective manner [1]. This has enabled a number of studies to be
performed on different materials systems that exhibit disorder and lattice vibrations.
The first of these described here is on TIPS-pentacene, a high performance organic
semiconductor [2]. Here a lattice vibration arising from a transverse displacement of the
conductive pentacene molecule was determined from electron diffraction patterns (shown in
Figure 1a) together with a refinement of the ensemble of pentacene fragment displacements
(shown in Figure 1b). This provided direct evidence in support of molecular dynamics
simulations, which allowed interpretation of the reported transport properties. This has led to
the investigation of a family of related pentacene derivatives, such as TMTES-pentacene, with
additional significant lattice vibrational modes. An example of the more complex diffuse
scattering in this material is shown in Figure 1c, with a dynamical simulation shown in Figure
1d).
Another disordered system under study is lithium vanadate [3]. This is a layered oxide into
which lithium ions can intercalate, making it a candidate material for high density lithium ion
battery electrodes (replacing the current graphite electrodes that offer very poor stored charge
density). There are a number of static disorder mechanisms occurring in the material (a typical
electron diffraction pattern is shown in Figure 2a), involving both the vanadium oxide lattice as
well as the lithium distribution through the material. Preliminary simulations to identify these
different diffuse features (for example in Figure 2b) Show how this approach will be used to
describe the complete structure of this material.
[1] A. S. Eggeman, A. London & P. A. Midgley, Ultram. 134 (2013), 44-47
[2] A. S. Eggeman et al. Nature Materials, 12 (2013), 1045-1049
[3] A. R. Armstrong et al. Nature Materials, 10 (2011), 223-229
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Fig. 1: Electron diffraction patterns indicating diffuse scattering from a) TIPS-pentacene with b) dynamical scattering
simulations. c) Experimental diffraction from TMTES-pentacene with d) scattering simulations
 

 
Fig. 2: a) Experimental diffraction pattern recorded from lithium vanadate parallel to [010], b) dynamical simulations of
the diffuse streaks (indicated by dotted lines) found in this pattern.
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Bulk metallic glasses formed by supercooling the liquid state of metallic alloys have potentially
superior mechanical properties than those of crystalline materials, such as high strength and
large elastic strain. The main issue for metallic glass is the formation rapid shear banding,
significantly reducing their structural applications. Recently, it has been demonstrated this
issue can be contoured when the size is reduced [1, 2]. Thermal evaporation is used as a way
to growth thin films, and in specific cases, it can be used to growth of metallic glasses. In this
work, thin films of Ti:Si alloys were produced by thermal evaporation. An extensive study of
this material was performed using transmission electron microscopy (TEM) and atomic force
microscopy (AFM). Thin Ti:Si alloys support films for electron microscopy were prepared by
coating standard EM grids with evaporated films floated off mica. The mechanical stability of
films was followed by eye when the film floated in the water and also checking the cover of the
film in the TEM grid. We have grown Ti:Si alloys where the composition was varied from 5% of
Ti to 95% of Ti. The films composition was double-checked by Energy Dispersive Spectroscopy
(EDS) and Electron Energy Loss Spectroscopy (EELS). Transmission electron image and
electron diffraction were used to check the crystallinity of the films (Figure 1). Ti:Si alloys films
presented a polycrystalline structure or metallic glass structure depending on the composition.
The roughness surface and thickness of Ti:Si films were measured by Atomic Force Microscopy
(AFM). At room temperature, the specific resistance of the films was followed by four-probe
method. Finally, the oxidation of films was measured by EELS (Figure 2).
References:
[1] Dongchan Jang and Julia R. Greer, Transition from a strong-yet-brittle to a
stronger-and-ductile state by size reduction of metallic glasses, Nat. Materials, 9, 215 (2010).
[2] J. H. Luo, F. F. Wu, J.Y. Huang, J. Q. Wang, and S. X. Mao1, Superelongation and Atomic
Chain Formation in Nanosized Metallic Glass, PRL 104, 215503 (2010).
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Fig. 1: Selected Area Electron Diffraction of a) Ti95Si5 thin film and b) Ti70Si30 tin film. Ti95Si5 sample showed polycrystalline
diffraction pattern and Ti70Si30 an amorphous pattern.
 

 
Fig. 2: EELS Spectrum of a) Ti L edge and O K edge of Ti95Si5 tin film and b) Si L edge of Ti70Si30 thin film. Ti95Si5 sample
showed a caracteristic EELS Spectrum of TiO2 while Ti70Si30 showed a Si pure.
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Bulk metallic glasses present high mechanical strength and good resistance to sliding and
abrasive wear and corrosion [1]. This characteristic, in association with the very high values
tensile strength up to 4 GPa for Fe-based bulk glassy alloys indicating that coatings can
represent good application’s opportunities for metallic glasses. In the present work, we chose
the glass formers Fe60Cr8Nb8B24 , Fe72Nb4Si10B14 and Fe43.2Co28.8B19.2Nb4Si4.8 (%at)
alloys to produce coatings over mild steel plate substrates using powder flame spray (PFS) and
spray forming processes [2]. Nitrogen atomized powders of Fe60Cr8Nb8B24 alloy with
spherical morphology in the size range < 45 µm were used for the PFS process.
Fe43.2Co28.8B19.2Nb4Si4.8 glassy matrix composite coatings were produced as well by
pre-placed laser cladding on AISI 1020 steel. The microstructure of the powders and coatings
were characterized by X-ray diffraction (XRD), scanning (SEM) and transmission electron
microscopy (TEM) and differential scanning calorimetry (DSC). Dry sand/rubber wheel
apparatus were used to evaluate wear behaviour of the amorphous coating produced by PFS
process. The PFS coatings presented high fraction of amorphous phase with a layered
structure, high porosity (~10%) and low oxidation level. The pre-placed coating formed
micrometric-sized dendrites of the ductile α-(Fe,Co) phase homogeneously dispersed in a
glassy matrix as a result of convection effects during the processing together with iron borides
formed in the coating resulted in hardness of 1045 HV. Fe72Nb4Si10B14 spray formed 1mm
thick coating showed porosity around 5% with almost fully amorphous structure, according to
Figures 1 and 2 (SEM and TEM analysis). The low volume loss after the wear tests indicated a
good wear resistance. The present results suggest that pre-placed laser cladding, spray
forming and powder flame spray are promising processing routes to fabricate Fe-based glassy
and nanocrystalline coatings for industrial applications.
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Fig. 1: SEM-BSE micrographs showing the microstructure of the PFS coating using atomized powder of Fe60Cr8Nb8B24
alloy showing (a) general view of the microstructure with amorphous and crystalline particles and, in detail (b)
nanocrystalline FeNbB intermetallics embedded in the remaining amorphous phase.
 

 
Fig. 2: TEM micrographs in bright field (BF) mode of coatings for Fe60Cr8Nb8B24 alloy obtained by PFS coating (C1)
showing (a) general microstructure with nanocristals embedded in an amorphous matrix, (b) ring shaped selected area
diffraction (SAD) patterns of typical of nanocrystalline structure.
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The structural properties of oxide materials at the nanoscale have acquired an increasing
interest in the last decade due to the wide range of newly improved applications. Metal oxides
can be redesigned at the atomic scale creating interfaces or heterostructures that may lead to
novel or improved functionalities (magnetic, superconducting, ferroelectric…). In this way,
atomic resolution microscopy plays an important role in order to understand the influence that
changes in structure and chemistry (strain, presence of defects, composition, oxidation state)
may have on the physical properties of these materials.
In the present work, we choose two examples where by making use of aberration corrected
scanning transmission electron microscopy (STEM) in its different working modes, we show
state of the art analyses on different oxide systems. On one hand, we analyze the interaction
of spontaneously segregated oxide nanoparticles (BaZrO3 and Ba2YTaO6) randomly
distributed within YBa2Cu3O7 (YBCO) superconducting nanocomposite films. It is interesting to
study the role of these nanoparticles on the generation of defects and incoherent interfaces
with associated strain, which at the same time influence the flux pinning efficiency of these
HTS superconductors. In this way, we have been able to unambiguously identify the atomic
structure of the individual defects, their intrinsic self-assembling behavior as well as their
interaction (Fig. 1) [1,2].
On the other, we analyze the case of CeO2 nanostructures. CeO2 has been deeply studied for
its widespread range of applications: It is employed in solid oxide fuel cells (SOFTs) as ionic
conductor; the variable oxidation state (OS) of cerium (Ce4+↔ Ce3+) makes ceria a suitable
catalyst; but it also has interesting ionic conductivity and dielectric properties; and it is
commonly used as buffer layer for oxide superconductors. Thus, it is important to determine
the oxidation state at atomic scale, as well as localizing the position of the oxygen atoms (Fig.
2). We have used a combination of low angle annular dark field (LAADF), annular bright field
(ABF) and STEM-EELS to study the presence of ordered oxygen vacancies in partially reduced
CeO2 nanostructures (such as nanowires and nanopyramids).
References:
[1] A. Llordes, et al., Nat. Mater., 11, 329 (2012)
[2] R. Guzman, et al., Appl. Phys. Lett., 102, 081906 (2013)
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Fig. 1: a) Atomic resolution HAADF image of an YBCO-BZO interface along the [001] direction. The enlarged areas
correspond to the YBa2Cu3O7 (Y123) and Y2Ba4Cu8O16 (Y248) structures. b) Atomic models for the Y123 and Y248
structures along [001]. c) FFT filtered image of marked zone in a), showing the Y123-Y248 transition.
 

 
Fig. 2: a) Atomic resolution ABF STEM image obtained at a CeO2/LaAlO3 interface. b) Atomic model of the interface
including the presence of Oxygen vacancies (Ce3+). c) ABF STEM image simulation.
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A variety of physical phenomena can be found in complex oxide interfaces due to the presence
of competing interactions with similar characteristic energies. In particular,
ferromagnetic/superconducting (FM/SC) heterostructures based on combining a colossal
magnetoresistant manganite such as La2/3Ca1/3MnO3 (LCMO) with a high Tc superconducting
cuprate like YBa2Cu3O7-δ (YBCO) have attracted much attention. These heterostructures allow
studying the interaction between superconductivity and magnetism in strongly correlated
systems. Also, the competition between electrostatic effects and orbital physics can give rise
to exotic electronic reconstructions. It has been reported that electronic charge can be
transferred from the manganite to the cuprate [1,2], inducing a net magnetic moment in the
Cu atoms as well as changes in orbital occupation [3-5]. In this talk we present a study of the
structure, chemistry and electronic properties of oxide FM/SC interfaces combining electron
microscopy with theoretical calculations. By means of atomic resolution scanning transmission
electron microscopy and electron energy-loss spectroscopy (EELS), we find that the interfaces
display high structural quality and are chemically sharp (Fig. 1). Through the analysis of the
EELS fine structure, we can produce maps of the transition metal oxidation state profile across
the interface. These maps suggest a non-monotonic modulation of the d-orbital occupancy
across the layers, resulting from a transfer of electrons into the cuprate. Model calculations will
be used to explain these profiles in terms of the competition between standard charge transfer
tendencies (due to band mismatch), strong chemical bonding effects across the interface, and
chemical disorder with different characteristic length scales. Research at ORNL supported by
the U.S. Dept. of Energy, Basic Energy Sciences, Materials Sciences & Engineering Division,
and through the Center for Nanophase Materials Sciences, sponsored by the Scientific User
Facilities Division, DoE-BES. JSal was supported by the ERC Starting Investigator Award
STEMOX and Juan de la Cierva JCI-2011-09428. Research at UCM supported by Spanish
MICINN/MINECO through MAT2011-27470-C02 and Consolider Ingenio 2010 - CSD2009-00013
(Imagine), and by CAM grant S2009/MAT-1756 (PHAMA). Computations supported by the
National Center for Supercomputing Applications (US DoE, contract no. DE-AC02-05CH11231).
[1] M. Varela et al., arXiv:cond-mat/0508564.
[2] S. Yunoki et al., Phys. Rev. B 76, 064532 (2007)
[3] J. Chakhalian et al., Nature Phys. 2, 244 (2006)
[4] J. Chakhalian et al., Science 318, 1114 (2007)
[5] J. Salafranca and S. Okamoto, Phys. Rev. Lett. 105, 256804 (2010)
[6] C. Visani et al., Phys. Rev. B 84, 060405 (2011)



 
Fig. 1: Figure 1: Z-contrast image of a LCMO/YBCO/LCMO trilayer. The inset shows the result of overlaying EELS maps
using normalized integrated intensities for the Mn L2,3 (red), Ba M4,5 (blue), and La M4,5 (green) edges, on a
matching scale. Data from a Nion UltraSTEM100, at 100 kV, equipped with a Gatan Enfina spectrometer. Adapted from
ref. [6].
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BiFeO3 (BFO) has been one of the most widely studied multiferroic materials in the past
decade. Compared to its bulk crystal with a rhombohedral structure, heteroeptaxially
constrained thin film of BFO has demonstrated a significant increase in its intrinsic electric
polarization (~60µC/cm2). The enhancement of the polarization is attributed to its high
sensitivity to small changes in lattice structure. Further development in coherent
heterostructure of BFO/LAO has therefore put its strain-sensitivitiy into application and
successfully produced distortive perovskite structure. pseudo. Pseudo-rhombohedral (R-phase)
and super-tetragonal BFO (T-phase) thin films display a high spontaneous polarization up to
~148 µC/cm2. Adding to its outstanding multiferroic behavior the large difference in c/a ratio
between R- and T-phase BFO has attracted attention for potential use as energy storage in
shape memory device. Although the diversity and multi-functions of BFO phases present an
opportunity to implement thin film devices, its stimulus-response and reversibility under harsh
conditions remain to be investigated.
In this abstract, we focus on in-situ study of stain-driven BFO thin film where its R-T phase
transformation is tuned via strain distribution and temperature control. Focused Ion Beam (FIB)
is used to tailor strain distribution at BFO/LAO interface at two dimensions as in-plane epitaxial
strain provides driving force for distortive perovskite structures. When the strain is retained in
one dimension (LAO//[100]) on purpose and stepped-released along its perpendicular direction
(LAO//[010]), interlaced R-T phases are reserved when lamella thickness is above 300nm.
Nevertheless, when thickness is reduced down to below ~100nm, only R-phase remains as
evidenced by TEM. In addition, it is noticed that the strain-released R-phase presents different
lattice structure near the LAO interface. Since ferroic properties are a sensitive function of the
relative positions of anions and cations in the structure, HRSTEM is performed to investigate
the structure at atomic resolution and with picometer precision. These data can cast light on
the interface engineering to alter the polarization.
The reversibility between R-T phases is demonstrated by in-situ TEM. A pure R-phase BFO film
at room temperature is transformed into pure T-phase at 400°C in a reversible manner. The
c/a ratio difference between T-phase and R-phase gives a maximum full strain of up to ~14%
vertical to the thin film interface. As dislocations are crucial to ferroelectric properties including
domain walls pinning etc., the possibilities of introducing dislocations during thermal-induced
phase transition are studied by in-situ HRSTEM down to an atomic scale.
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Multiferroic materials, displaying simultaneously ferromagnetism and ferroelectricity, have
recently attracted growing interest due to their intriguing physical properties and potential
applications.1,2 In this presentation, we show our transmission electron microscopy results of
RMnO3 multiferroic materials. Using state-of-the-art aberration-corrected annular-bright-field
and high-angle annular-dark-field scanning transmission electron microscopy, we investigated
the structure of multiferroic vortex domains in YMnO3 at atomic scale. Two types of
displacements were identified among six domain walls; six translation-ferroelectric domains
denoted by α+, γ−, β+, α−, γ+ and β−, respectively, were recognized, demonstrating the
interlocking nature of the anti-vortex domain. We found that the anti-vortex core is about four
unit cells wide. We reconstructed the vortex model with three swirling pairs of domain walls
along the [001] direction. Two types of 180 degree domain walls, i.e., the transverse and the
longitudinal domain walls are identified, which is in consistency with the interlock between
ferroelectric and structural translation domain wall predicted previously.3 These wall structures
are different from the polarization inversion in conventional ferroelectrics. These results4-6 are
very critical for the understanding of topological behaviors and unusual properties of the
multiferroic vortex. In addition, we found a new ferroelectric phase induced by oxygen vacancy
ordering. We proposed a proper structure model and examined its correctness.
Rererences
1 A. J. Freedman and H. Schmid, Magnetoelectric Interaction Phenomena in Crystals, Gordon
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Fig. 1: HAADF image of the anti-vortex domains. The domain walls are marked by red dotted lines and the red circle is
are used to mark the region of the vortex core.
 

 
Fig. 2: The reconstructed model of the vortex domains along [001] direction. The red dotted lines and the circle
indicate the locations of domain walls and the core of the vortex, respectively. The yellow circles with a dot and the
blue circles with a cross represent Yup and Ydown atoms. The green circles represent Y atoms at the paraelectric
position.
 

 
Fig. 3: Type-Ⅰand type-Ⅱ domain walls along the [010] direction including all the four kinds of domain walls.
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    Multiferroic hexagonal manganite YMnO3 (YMO) has attracted extensive attention owing to
its vortex-like domain patterns with ferroelectric, magnetic, and structural correlations and the
resulting attractive physical properties. The complicated domain pattern of YMO has long been
discovered. However, little is known about the real structure and origin of this domain pattern.
Recent studies have shown that on the micro-scale, the typical domain pattern in YMO has a
cloverleaf shape, and six interlocked ferroelectric and structural antiphase domain walls merge
into a vortex core. However, the configuration of the domain pattern is still controversial. To
gain insight into this problem, researches on nanoscale, particularly on the atomic-scale are
necessary.
    Using Cs-corrected transmission electron microscopy, we demonstrate the atomic details of
a topological vortex-like domain pattern in multiferroic hexagonal manganite YMnO3. We have
demonstrated an example of the topological vortex-like domain pattern of YMO on the
atomic-scale. The vortex-like pattern with domain configuration of α+, β-, α+, β-, α+, β- is
revealed. We point out that distinguishing of six ferroelectric domains in the vortex-like pattern
is not the sufficient condition to determine whether this pattern is a real vortex or not (Fig.1).
The antiphase relationship must be carefully checked. Besides, the existence of domain walls
(DWs) in two-dimensional projection is also a crucial point to be considered when discussing
the vortex-like domain pattern. Our atomic detailed observations push forward the
understanding of the intriguing vortex-like patterns in hexagonal manganites. Moreover,
configurations of two kinds of interlocked DWs are revealed with the help of atomistic
simulation (Fig.2). The antiphase domain boundary I (APBⅠ) and ferroelectric domain boundary
(FEB) are overlapped while the antiphase domain boundary II (APBⅡ) and the FEB are separate
on the atomic-scale, and surface hexagon of the hexagonal unit cell in the vicinity of the DW
boundary suffers from slightly distortion. As more and more theoretical work are begin to focus
on the interlocked DWs recently, such extensive investigations of the DWs can provide a
reference for future theoretical studies. Finally, we should emphasize that all these fascinating
results can be useful not only for this specific material but also as a guideline to envision
domain behavior of other hexagonal multiferroics. The present study can throw further light on
understanding of structure-property relation in multiferroic hexagonal manganites.
Reference: Y. Yu, et al., Appl. Phys. Lett. 103, 032901 (2013).
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Fig. 1: (a) Hexagonal crystal unit cell of YMO (red: Y, green: Mn, blue: O). (b) Atomic projection of YMO in the [110] zone
axis. (c) HRTEM image of a multi-domain region. Areas with different polarization directions are indicated by arrows
and different types of DWs are indicated by different color dot lines.
 

 
Fig. 2: (a), (b) The atomic displacements of Y ions near the APBⅠ + FEB [region Ⅰ in Fig. 1c] and APBⅡ + FEB [region Ⅱ in
Fig. 1c], respectively. (c), (d) The [110] atomic structural model of APBⅠ + FEB and APBⅡ + FEB, respectively. (e), (f)
Upper panels are the close-ups of the immediate vicinity of the DW boundary in (a) and (b), respectively.
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Magnetite nanoparticles (NPs) are attracting a lot of attention due to their potential
applications that range from data storage to biomedical applications such as hyperthermia.
The main challenge in the field of magnetite NPs is controlling their structure, size and
stoichiometry, parameters that ultimately determine their magnetic properties.
The different behaviour of the magnetic properties of Magnetite Nanoparticles has previously
been associated to differences in sample size distributions and/or the deviation from
stoichiometric bulk Fe3O4.
In this work we study NPs synthetized using three different methods based on high
temperature decomposition followed by organic surfactant coating, [1-3] NPs synthesis
methods.
Magnetic measurements of the three samples show quite different magnetic behaviours
despite being monodispersed samples. All three methods produce NPs and based on selected
area electron diffraction and x-ray diffraction, all produce magnetite with the possibility of a
small maghemite fraction. Despite this, the measured magnetic properties are quite different.
Magnetization curves at 10 K and 5 T field gives magnetization values of 81 ± 12 emu/g for
Sun method particles 12.3 ± 2.9 nm in diameter and drastically lower values for Hyeon and
Calvin method, 39 ± 4 emu/g and 37 ± 1 emu/g, respectively. High resolution scanning
transmission electron microscopy shows that the Colvin method particles have significant
amount of stacking faults such as antiphase domain boundaries and twinning defects. These
defects when present in thin films magnetite [4], can change the relative proportion of
ferromagnetic and antiferromagnetic interactions, which consequently modify their magnetic
properties, mainly due to the increase of antiferromagnetic interactions across the defects.
The presence of similar type of defects in NPs can also potentially modify strongly their
magnetic properties, and it is a possible reason for the huge variation of their magnetic
properties that depend strongly of the preparation method.
[1] S. Sun, et al., J. Am. Chem. Soc. 126, 273 (2004)
[2] J. Park, et al. Nature Mater. 3, 891 (2004)
[3] W. W. Yu, et al, Chem. Comm. 20, 2306 (2004)
[4] D. T. Margulies, et al., Phys. Rev. Lett. 79, 5163 (1997)
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A magnetic skyrmion is a topologically-stable spin vortex structure (Fig. 1a). Recently
skyrmions and their hexagonally crystalized phase, skyrmion crystal (SkX), have been
confirmed to form in chiral-lattice helimagnets by small-angle neutron scattering and Lorentz
microscopy1,2. Skyrmions have recently attracted much attention due to their intriguing
electromagnetic properties, therefore controlling skyrmions and skyrmion lattice itself, such as
the size and helicity, spin swirling direction, becomes the important topic to be studied.
Here, we report on the size and helicity in composition-spread chiral-lattice helimagnets
Mn1−xFexGe with using combined observational and analytical techniques of TEM3. We observed
magnetic structures in each composition sample with Lorentz microscopy, and analyzed
composition, crystal chirality and thickness by energy dispersive X-ray spectrometry (EDX),
convergent-beam electron diffraction (CBED), and electron energy-loss spectroscopy (EELS),
respectively.
We observed spatial distribution of skyrmion size and its dependence on local composition by
Lorentz microscopy and EDX (Fig. 1b-d). Furthermore, we analyzed skyrmion helicity and
crystal chirality with utilizing Lorentz microscopy and CBED in each microcrystal to reveal
composition dependence of their correlations (Fig. 2).
We found through these analyses that the skyrmion size and the helical modulation period
show non-monotonous variation with the composition x, accompanying a divergent behavior
around x = 0.8, where the correlation between magnetic helicity and crystal chirality is
reversed (Fig. 3).
The underlying mechanism is the continuous variation of spin-orbit interaction strength,
accompanying sign change depending on composition in the metallic alloys.
1, S. Mühlbauer et al., Science 323, 915 (2009),
2, X. Z. Yu et al., Nature 465, 901 (2010),
3, K. Shibata et al., Nature Nanotechnology 8, 723-728 (2013).
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Fig. 1: Dependence of skyrmion size on x, obtained in a microcrystal of Mn1-xFexGe with varying composition (x≈0.7). (a)
Schematic of the magnetic-moment configuration in a skyrmion. (b) Lorentz TEM image of skyrmions (area A). (c)
Composition (x) map obtained by STEM-EDX (area A). (d) x dependence of skyrmion size in area A and area B (not
shown here).
 

 
Fig. 2: Over-focused Lorentz TEM images of magnetic helix
and skyrmion, and CBED disk patterns used for
determination of crystal chirality obtained for nominally
x=1.0, 0.9 and 0.7 samples. L and R represent left-handed
and right-handed crystal chirality, respectively, as
determined by comparison between experimental and
calculated patterns.
 

 
Fig. 3: Composition dependence of the magnetic period and
the correlation between crystal chirality and magnetic
helicity. The sign of correlation is described by different
background colors.
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PbMg1/3Nb2/3O3 (PMN) and its solid solution (1-x) PbMg1/3Nb2/3O3 -(x)PbTiO3 (PMN-xPT) are relaxor
ferroelectrics which have attracted attention in the last few decades because of their very
interesting dielectric and piezoelectric properties and have since be two of the most
extensively studied. All the previous studies emphasized the role of the local structural
fluctuations leading to local changes in symmetries [1] due to displacements of ions in the
unit-cell. This behavior is quite universally known in the perovskite family and is driving most
of its properties.
We studied PMN and PMN-xPT by electron diffuse scattering using an in-column energy filter
and Imaging-Plates as detector. This set-up is particularly well suited for this kind of
investigation due to the high sensitivity for very low signal. Compared to the neutron, electron
diffraction has the advantage of two dimensional recording of diffuse scattering and eventually
sensitivity to charge ordering but quantitative analysis is limited due to the complication of
multiple scattering and the lack of sufficient energy resolution for the study of inelastic phonon
scattering. We found evidences for streaks of intensity along the [110]* direction as previously
found in PbZr1/3Nb2/3O3 (PZN) with neutron diffraction [2] (Fig. 1). Moreover, weak diffuse
scattering sheets can be observed along (111)* reciprocal planes showing the existence of
correlations along the [111] directions of the direct lattice. Figure 2 shows a diffraction pattern
taken along [02-1] zone axis presenting both diffuse features. This sheets of diffuse scattering
can be related to the displacement of Pb ions along the diagonals of the cube found by
simulation [3] but greatly complexify the analysis of the shape of the diffuse intensity.
This study shows that, taking into account the limitations previously stated, electron diffuse
scattering can be an invaluable tool for investigating local fluctuations of the structure in such
systems.
[1] K.-H. Kim, D.A. Payne, J.M. Zuo, Phys. Rev. B, 86, 184113 (2012)
[2] T.R. Welberry, D.J. Goossens, M.J. Gutmann, Phys. Rev. B, 74, 224108 (2006)
[3] M. Pasciak, T.R. Welberry, J. Kulda et al. Phys. Rev. B, 85, 224109 (2012)



 
Fig. 1: Left: Section of neutron diffuse scattering in PZN from [2]. Right: [001] zone axis energy filtered electron
diffraction pattern on Imaging Plate (this study).
 

 
Fig. 2: [2-10] zone axis electron diffraction pattern showing the <110>* streaks and the {111}* sheets of diffuse
scattering. The small dots are other <110>* streaks crossing the Ewald sphere.
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New developments in the field of nanotechnology drive the need for advanced quantitative
characterization techniques in three dimensions that can be applied to complex
nanostructures. Such nanostructures are often composed of different compounds, since the
co-existence of different materials on the same nano-object increases its functionalities, or
changes its original properties thanks to a synergy between the constituents. When
magnetically “soft” Fe cubes grow on magnetically “hard” Co nanorods, the overall effective
magnetic anisotropy is drastically reduced compared to the bare Co nanorod.
Here, we investigated the 3 dimensional (3D) structures of Fe-Co hybrid nanodumbbells using
electron tomography. In materials science, electron tomography measurements are typically
performed in High Angle Annular Dark Field Scanning Transmission Electron Microscopy
(HAADF-STEM) mode (Figure 1).1 We can clearly observe that cubes with concave facets are
attached on a nanorod. Although the morphology of the nanodumbbells is clear, the small
difference in atomic number Z between Co and Fe does not allow to distinguish between the
two components in the final 3D reconstruction. New developments concerning the design of
EDX detectors enabled us to combine EDX and electron tomography,2 leading to a 3D
visualization of the chemical structure as presented in Figure 2. In this figure, Fe is presented
using a transparent visualisation and the segregation between Fe and Co is clear. The Co
nanorods penetrate into the Fe nanostructures and a limited amount of Fe has been deposited
on the Co rod close to the Fe cube. It must be noted that this information could not be
obtained from conventional HAADF-STEM reconstructions. Therefore, the use of EDX
tomography will be of great potential in the investigation of a broad range of complex
nanostructures.
1. S. J. Pennycook. Annual Review of materials Science, 1992, 22, 171-195
2. P. Schlossmacher et al. Microscopy Today, 2010, 18, 14
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Fig. 1: a) HAADF-STEM image of the dumbbell, which is part of the tilt series. b, c and d) 3D representation of the
reconstructed volume presented along different viewing directions. The distribution of Fe and Co in the structure
cannot be distinguished.
 

 
Fig. 2: a, b and c) 2D EDX maps from the same particle revealing the distribution of the elements in the structure. d)
3D representation of the reconstructed volume by using EDX-tomography. We clearly see the segregation between Fe
(green) and Co (blue).
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BiFeO3 thin films grown on LaAlO3 substrates exhibit a giant c/a ratio driven by the in-plane
epitaxial stress imposed by the substrate leading to a so called supertetragonal phase.
Previous structural studies [1] have shown that this behavior applies to film thicknesses
ranging from few unit cells to several tens of nanometers. Deeper analysis of the thicker films
reveals the coexistence of a mixture of phases which are most probably promoted by the
stress relaxation as they are not observed in the thinner ones [2]. Despite numerous studies
on this topic, the real atomic structure of BiFeO3 remains under debate.
We revisit the atomic structure and microstructure of these supertetragonal phases of highly
strained epitaxial BiFeO3 thin films. Quantitative atomic resolution scanning transmission
electron microscopy is used to directly image the atomic positions. Electron energy loss
spectroscopy is further employed to reveal subtle electronic structure features.
The monoclinic Cm phase suggested by electron diffraction and predicted by ab initio
calculations is evidenced by annular bright field imaging (fig.1). The relative positions of Bi, Fe
and O atoms in the BiFeO3 unit cell have also been probed to compare them with the
structural models proposed in the literature by ab initio calculations [3] confirming the
reorganization of the unit-cell with the transformation of the oxygen octahedron in a
square-based pyramid; this structure being nano-twinned in thicker films (fig. 2).
Monochromated EELS experiments have subsequently been carried out to investigate the O-K
and Fe-L23 edges. For the thinner films, the O-K fine structures experience changes from the
interface to the surface of the film. Multilinear fit of the data set with specific fingerprints was
employed in order to map the fine structures. The map reveals a modification of the crystal
field resulting in a distortion of FeO5 pyramids described above by the underlying symmetry
imposed by the LAO substrate.
Interpreted in a framework of antiferrodistortive distortions coupling with the substrate, these
results point towards a phase near the interface closer to the P4mm purely tetragonal phase
[4].
Our results emphasize the need for quantitative microscopy to investigate the subtle structure
of these complex functional materials.
[1] H. Béa et al., Phys. Rev. Lett., 102 (2009), 217603.
[2] I.C. Infante et al., Phys. Rev. Lett., 107 (2011), 237601.
[3] O. Diéguez et al., Phys. Rev. B., 83 (2011), 0940105.
[4] F. Pailloux et al. Phys Rev B, to be published
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Fig. 1: (a) magnified area of an ABF micrograph of the T-like phase: SNR has been improved through noise filtering by
multivariate statistical processing. Arrows indicate the oxygen atoms. (b) The super‑tetragonal monoclinically distorted
Cm unit-cell projected along the [001] direction (a=9.475 Å, b=7.580 Å) superimposed on (a).
 

 
Fig. 2: (a) HAADF-STEM image of a BFO//LAO interface. (b) Tilt map of the planes perpendicular to the film/substrate
interface, showing the presence of nano-twins on the left-hand side of the map.
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Various magnetic devices, such as permanent magnets and recording devices, have made
progress in their performances and still been studied intensively. To keep up with the
improvement of these devices, measurement techniques should also be further developed.
Since spin SEM can observe magnetic domain structures, it has been used to study magnetic
devices[1,2]. However, to study upcoming subjects in magnetic device, unprecedented
measurements are being demanded. In this paper, two new challenges are presented to meet
these demands.
The first challenge is to measure magnetization at the grain boundaries of a NdFeB sintered
magnet. Magnetism at the grain-boundary phase has a significant effect on the coercivity of
the magnet; therefore, it has been intensively studied [3-5]. The grain-boundary phase is,
however, very thin, typically 2 nm. It is therefore difficult to measure its magnetization
separately from that inside grains. Accordingly, taking advantage of the short probing depth (<
1 nm) of spin SEM, the magnetization in the grain-boundary phase was measured. Spin-SEM
images were taken on the fractured sample surface, as shown in Figs. 1( (a) before and (b)
after surface milling by Ar ions). The dashed circles show the same grain with intense contrast,
which is supposed to be fractured inside the grain. Other areas have weak contrasts in (a) and
strong contrast in (b), because the grain-boundary phase, which covers the fractured surface
in (a), was removed by the milling, and then the magnetization inside the grain was revealed
in (b). The spin-polarization data from the grain-boundary phase were analyzed, and it is
concluded that the grain-boundary phase has substantial magnetization and is ferromagnetic.
The other is to observe the change in magnetization in the magnetic shield of a HDD recording
head. To achieve higher recording density and to write a small bit, the behavior of the
magnetic shield around the main pole in the recording head should first be understood.
Accordingly, in the present study, a system for applying a current was installed in the sample
stage of spin SEM to activate the head. Magnetic-domain images of the magnetic shield were
obtained by changing the current applied to the head (Fig. 2). These images confirm that the
direction of the magnetization in the shield was moved considerably by switching the polarity
of a current of 20 mA.
References
[1]T. Kohashi et al., J. Electron Microsc.; 59, 43(2010).
[2]T. Kohashi et al., J. Mag. Soc. Jpn. 33, 374(2009).
[3]H. Sepehri-Amin et al., Acta Mater. 60, 819(2012).
[4]T. Nakamura et al., Proc. of 22nd Int. Workshop on Rare-Earth Permanent Magnets and their
Applications, 230(2012).
[5]Y. Murakami et al., The 37th annual conference on MAGNETCS in Japan, 5p-B2(2013).



 
Fig. 1: Spin-SEM images of fractured surface of NdFeB sintered magnet: (a) before and (b) after ion milling.
 

 
Fig. 2: Spin-SEM images of the magnetic shield in a HDD recording head. Applied currents are +20 mA (left) and -20
mA(right). Colors in the images show the magnetization direction by the color wheel shown below.
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Recently, nanometric magnetic textures have been extensively investigated for new data
storage devises [1,2]. The control of magnetic anisotropy plays an important role for the
creation of magnetic bubbles (kinds of magnetic texture). To realize nanometric bubbles, we
target the ferromagnetic compound La1.2Sr1.8Mn2O7, which has easy-axis type magnetic
anisotropy by the substitution of Ru for Mn [3,4]. We have observed nanometric magnetic
bubbles accompanied by stripe domains at zero magnetic field.
Figures 1 (a) and 1 (b) show the schematic crystal structure and magnetization curves at 5 K of
bilayered manganese oxide La1.2Sr1.8(Mn1-yRuy)2O7 (y = 0.1), respectively, indicating that the
compound has tetragonal crystal structure (I4/mmm) and easy-axis type magnetic anisotropy.
To reveal the magnetic configurations, we carried out Lorentz transmission electron
microscopy (TEM) observation by using a transmission electron microscope JEM-2100F
operated at an accelerating voltage of 200 kV. The magnetic field was applied perpendicular to
the thin sample by using the objective lens. Figure 2 shows Lorentz TEM Fresnel images of
La1.2Sr1.8(Mn1-yRuy)2O7 with (a) y = 0.07 and (b) y = 0.1 with an over-focused condition and zero
electric current on objective lens. We have found that nanometric magnetic bubbles are
formed, and the type of bubble depends on the Ru doping level. The thin plate of the y = 0.07
compound shows the so-called Types I and II magnetic bubbles. Type I magnetic bubble is
found in the red rectangular area in Fig. 2 (a). Figure 2 (c) shows the schematics of magnetic
bubble and the expected contrast of Lorentz TEM Fresnel image with the over-focused
condition for Types I and II. On the other hands, only Type II magnetic bubbles were obtained
for the y = 0.1 thin sample. Lorentz TEM images of La1.2Sr1.8(Mn1-yRuy)2O7 with y = 0.05, 0.07,
0.1, 0.15 indicate that the two types of magnetic bubbles coexist in the y = 0.05 and 0.07
sample, while both of the thin plates for the y = 0.1 and 0.15 show only Type II magnetic
bubbles. The y-dependence is attributable to the change in magnetic anisotropy with Ru
doping.
[1] N. Nagaosa and Y. Tokura, Nat. Nanotechnol. 8, 899 (2013).
[2] X. Z. Yu et al., Nat. Commun. 5, 3198 (2014).
[3] Y. Onose et al., Appl. Phys. Lett. 86, 242502 (2005).
[4] X. Z. Yu et al., J. Magn. Magn. Mater. 302, 391 (2006).
 

Acknowledgement: The authors would like to thank Ms. W. Z. Zhang (NIMS) and Materials
Characterization Support Unit (RIKEN CEMS) for experimental supports. This study was
supported by Founding Program for World-Leading Innovative R&D on Science and Technology
(FIRST program), the JSPS Grant-in-Aid for Scientific Research, (No. 24224009), and
Nanotechnology Platform (No. A-13-NM-0156) of the MEXT, Japan.



 
Fig. 1: (a) Schematic of the crystal structure of bilayered manganese oxide La1.2Sr1.8(Mn1-yRuy)2O7 (0 ≤ y ≤ 0.15). (b)
Magnetization curves of a La1.2Sr1.8(Mn1-yRuy)2O7 (y = 0.1) single crystal at 5 K.
 

 
Fig. 2: Lorentz TEM Fresnel images of the magnetic bubbles for (001) La1.2Sr1.8(Mn1-yRuy)2O7 crystals at 6 K: (a) y=0.07,
(b) y=0.1. (c) Schematics of Type I and Type II magnetic bubbles and their over-focused Lorentz TEM Fresnel images.
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Superconductivity in copper oxides arises when a parent insulator compound is doped beyond
some critical concentration [1]. In the case of La2CuO4 (LCO), high-Tc superconductivity is
obtained either by substituting La3+ with Sr2+ or by inserting interstitial O2- [2]. Recently, by
using atomic layer-by-layer oxide molecular beam epitaxy, we have fabricated Sr-δ-doped LCO
multilayered structures, in which some atomic layers of LaO have been fully substituted by SrO
layers, and by varying the spacing between the LCO and SrO layers high-Tc superconductivity
(~ 40 K) has been obtained. In this contribution, the local variation of in-plane and out-of plane
atomic lattice parameters and strontium redistribution in the Sr-δ-doped LCO multilayers on
LaSrAlO4 (LSAO) substrate was investigated using a JEOL ARM 200CF scanning transmission
electron microscope (STEM) equipped with a cold field-emission electron source, a probe
corrector, a large-solid-angle SDD-type EDX detector, and a Gatan GIF Quantum ERS
spectrometer. The microscope was operated at 200 kV, a semi-convergence angle of 30 mrad,
and 90 - 370 mrad and 11-23 mrad collection angles were used to obtain high angle annular
dark-field (HAADF) and annular bright-field (ABF) images.
Figure 1 shows the crystal structure model of LCO (a) and LSAO (b) and their epitaxial
orientation relationship, where the atomic positions are assigned in the HAADF (c) and ABF (d)
images. Figure 2a represents a typical cross-sectional HAADF image from the substrate to the
vacuum, where no structure defects are observed. Atomically resolved HAADF and ABF
images, which were simultaneously acquired of the Sr-δ-doped region, are presented in Figure
2b and 2c. The local lattice and oxygen octahedral distortion were evaluated by the image
analysis.
A detailed study on the Sr redistribution at the interface was performed by atomic resolution
HAADF imaging in combination with EDX and EELS, as shown in Figure 3. Due to the difference
in atomic number (ZSr=38, ZLa=57), the atomic columns dominated either by La or Sr give rise
to different contrast in the HAADF image. In the Sr-δ-doped region the atomic column intensity
is significantly lower than in pure LCO. An averaged image intensity profile along the growth
direction shows that in the Sr-δ-doped region the image intensity has a relatively sharp
intensity drop followed by a slowly increasing intensity pointing to an asymmetric distribution
of Sr along the growth direction. This asymmetric Sr distribution is confirmed by Sr-L EDX and
Sr-L2,3 EELS (insert in Fig.3) line-scan profiles.
[1] P.A.Lee, N.Nagaosa, and X.G.Wen, Rev.Mod.Phys. 78 (2006) 17.
[2] B.O.Wells, et al., Science 277 (1997) 1067.
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Fig. 1: The projected crystal structure of (a) LCO and (b)
LSAO. Atomic-resolution HAADF (c) and ABF (d) images
showing the orientation relationship between LCO and
LSAO.
 

 
Fig. 2: (a) HAADF image of Sr-δ-doped LCO on LSAO.
Enlargement of simultaneously acquired (b) HAADF and (c)
ABF images of the Sr-δ-doped area (Schematically
highlighted by the yellow box).
 

 
Fig. 3: HAADF image of Sr-δ-doped LCO. The inset shows the integrated Sr-L EDX and Sr-L2,3 EELS line profiles.
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Piezoelectric materials have a large number of applications in ferroelectric memories and
microelectronics devices [1]. In particular, piezoelectronic transistors are foreseen as a new
alternative to the metal–oxide–semiconductor devices [2]. They exhibit high speed and low
power consumption thanks to the properties of piezoelectric and piezoresistive materials.
Consequently there is a growing need for the characterization of strain in piezo thin films.
Here we have investigated a 100 nm thick Pb(Zr0.2,Ti0.8)O3 layer (PZT) epitaxially grown on a
SrTiO3 substrate (STO) using transmission electron microscopy (TEM) strain measurement
techniques. Dark-field electron holography (DFEH) [3] was used to provide strain maps with
≈500 nm field-of-view and 6 nm spatial resolution. DFEH was operated in aberration-corrected
Lorentz mode on a multiple biprism Hitachi HF-3300 microscope (I2TEM-Toulouse).
High-resolution TEM (HRTEM) was conducted on an aberration-corrected FEI F20 Tecnai
microscope in order to observe the structure of the ferroelectric domains. Strain maps with 2
nm resolution and 120 nm field-of-view were obtained by geometrical phase analysis (GPA).
Fig. 1(a) is a TEM image of the sample prepared by focused ion beam. Fig. 1(b,c) shows the
growth εzz and the in-plane εxx deformation maps obtained by DFEH. The deformation is defined
relatively to the STO substrate. The εzz deformation in the PZT layer is 5-6% while εxx is ≈1%.
Considering the lattice parameters of tetragonal PZ0.2T given in the literature (c = 0.414 nm
and a = b = 0.394 nm), the measurements are coherent with a fully relaxed state. This can be
related to the high number of dislocations at the interface. Localized variations due to the
dislocations can be observed on the shear and the rotation maps (Fig. 1(d,f)). Inclined domains
can also be seen but higher resolution is needed to interpret the information. Fig. 2(a,b) is a
HRTEM image showing an a-domain separated by 90° domain walls from the surrounding
c-domains. The rotation map (Fig. 2(c)) obtained by GPA shows that the lattice is tilted by
≈2.7° across the domain wall. Similarly, the εxx and εzz strains (Fig. 2(d,e)) vary by ≈5% across
the wall which is coherent with the parameters given above. Strain gradients similar to those
observed in PbTiO3 [4] were also evidenced and this will be discussed during the presentation.
In the next experiments we plan to combine DFEH and GPA with in-situ biasing to investigate
the piezoelectric effect and the switching of the ferroelectric domains.
[1] M Dawber et al, Rev. Mod. Phys. 77 (2005), 1083–1130
[2] DM Newns et al, Adv. Mater. 24 (2012), 3672–3677
[3] MJ Hÿtch et al, Nature 453 (2008), 1086–1089
[4] G Catalan et al, Nat. Mater. 10 (2011), 963–967
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Fig. 1: (a) TEM image of a Pb(Zr0.2,Ti0.8)O3 (PZT) layer grown by epitaxy on a SrTiO3 (STO) substrate. (b) εzz growth, (c) εxx

in-plane and (d) εxz shear strain maps obtained by dark-field electron holography. (e) Strain profiles extracted from the
maps along the [100] growth direction. (f) Lattice rotation map.
 

 
Fig. 2: (a) HRTEM image of the PZT layer showing an inclined a-domain. (b) Enlargement of the image in the region
defined by a dashed rectangle. (c) Rotation map and (d-g) strain field calculated by geometrical phase analysis. An
average filter of 2 nm has been applied to reduce the noise.
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The ferromagnetic Heusler compounds, with a L21 ordered structure, emerge as fascinating
multifunctional materials exhibiting appealing physical properties that are interesting to
versatile research fields such as spintronics [1], magnetic shape memory [2], and topological
insulators [3,4]. Specifically the predicted half-metallicity in many Heusler compounds enable
them as promising electrodes (spin injection sources) for spintronic devices based on giant
magnetoresistance or magnetic tunnel junction. The properties of Heusler compounds may be
enhanced by accessing the nanoscale-size regime [5]. The unique one-dimensional geometry
of nanowires has been reported to give birth to novel structural and physical properties. For
example, in the regime of semiconductor spintronics, nanowire morphologies have been used
to demonstrate fundamental spintronics functionality such as tunneling spin injection and
two-terminal spin-valve in heterojunctions. We report the first synthesis of L21 ordered
Co2FeGa nanowires using SBA-15 silica as the templates. The well-ordered Heusler structure of
Co2FeGa nanowires are verified by X-ray diffraction and extended X-ray absorption fine
structure. We employ electron holographic tomography to study the local magnetic
configurations of free-standing Co2FeGa Heusler nanowires [6-8]. The magnetic dipole stray
fields of Co2FeGa nanowires are observed by electron holography indicating single magnetic
domains. The internal and outward magnetic inductions flux distribution of the nanowires are
visualized by electron holography and the magnetic phase shifts give rise to intrinsic magnetic
induction magnitude lying in the range of 0.4 - 0.7 T as lower limit taking into account the
shielding effect of the stray field, the induction reaches a value of up to 1.1 T. By acquiring
electron holographic tomography, the three-dimensional distributions of the x-component of
electrostatic and magnetic field inside the nanowire are mapped for the first time.
[1] C. Felser, G.H. Fecher, Spintronics: From Materials to Devices (Springer Netherlands 2013)
[2] K. Bhatacharya, S. Conti, G. Zanzotto, J. Zimmer, Nature, 428, 55 (2004)
[3] S. Chadov, X.L. Qi, J. Kübler, G.H. Fecher, C. Felser,S.C. Zhang, Nat. Mater. 9, 541 (2010)
[4] X.L. Qi, R. Li, J. Zang, and S.C. Zhang, Science 323, 1184 (2009)
[5] W. Lu and C.M. Lieber, Nat. Mater. 6, 841 (2007)
[6] G. Lai, T. Hirayama, A. Fukuhara, K. Ishizuka, T. Tanji, A. Tonomura, J. Appl. Phys. 75,4593
(1994)
[7] R.E. Dunin-Borkowski, T. Kasama: Proc. Micr. Microanal. 10, 1010–1011 (2004)
[8] D. Wolf, A. Lubk, F. Röder, H. Lichte, Curr. Op. Sol. State & Mater. Sci. 17, 126 (2013)
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Fig. 1: Figure 1. Imaging of magnetic stray fields of the Co2FeGa dipole: (a) reconstructed phase of hologram. (b) Phase
14 times amplified. (c) Short wire of 300nm length placed horizontally on Y-shaped bars of a lacey grid surrounded by
vacuum. The wire is visualized with complete dipole stray field. (d) Phase 20 times amplified.
 

 
Fig. 2: Electrostatic 3D potential of Heusler nanowire.
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The ordering of oxygen vacancies constitutes a new avenue towards finding novel physical
phenomena and new functionalities in transition metal oxides. Ordered arrays of vacancies
may not only enhance or suppress existing properties, but also lead to collective states absent
in the perfect crystallographic phase, or in samples with randomly distributed defects. Along
these lines, epitaxial strain in thin films can be used to tune ordering phenomena not present
in the bulk, which may result in unusual properties. For example, epitaxial LaCoO3 (LCO) thin
films under tensile strain, e.g., grown on SrTiO3, are ferromagnetic (FM) at low temperatures,
while the bulk material is non-magnetic [1]. The origin of the observed FM ordering has been
debated extensively on the basis of theoretical calculations and complementary experimental
data. Competing interactions of comparable magnitude permit Co atoms to present low-spin
(LS), intermediate spin (IS) or high-spin (HS) [2,3]. Different types of Co spin states and
ordering have been proposed in strained films, but the layers have been assumed
stoichiometric and no O deficiency has been considered [4,5]. Here, we demonstrate, using
atomic resolution electron microscopy and electron energy-loss spectroscopy (EELS), that
epitaxial LCO thin films contain ordered arrays of oxygen vacancies (Figure 1). The epitaxial
strain is relaxed through the local lattice expansion at ordered oxygen-deficient atomic planes.
The vacancies lead to excess electrons in the Co d-states and thus to the charge order of Co
ions, as demonstrated by EELS through the Co L23 ratio. Density-functional calculations show
a spin state ordering not present in bulk that results in a net magnetic moment [6]. 
[1] D. Fuchs et al., Physical Review B 75, 144402 (2007).
[2] J. B. Goodenough, Journal of Physics and Chemistry of Solids 6, 287 (1958).
[3] M. A. Señaris-Rodriguez, J. B. Goodenough, Journal of Solid State Chemistry 116, 224
(1995).
[4] W. S. Choi et al., NanoLetters. 12, 4966 (2012).
[5] J. Fujioka et al., Physical Review Letters 111 027206 (2013).
[6] N. Biškup et al., Physical Review Letters 112, 087202 (2014).
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Fig. 1: Atomic resolution EELS mapping of the LCO film. High resolution Z-contrast image with O K map as the inset.
The profile of O K map (yellow graph) shows the O vacancy ordering. Bottom right: Model showing the magnetic
ordering, according to DFT calculations. Green arrows denote the spin orientation for the high spin Co. Adapted from
reference [6]
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Double perovskites like a ferromagnetic insulating La2CoMnO6 have received considerable
attention because of surprising multiferroic properties [1]. One of the most striking examples is
that the local ordering of the Co/Mn cations plays an important role in the magnetic properties
of this material. A ferromagnetic transition arises from the local interaction of the Co-O-Mn
chains [2]. The absolute valence and spin states for Co and Mn in ordered and disordered
phases are however not fully understood [3,4]. XAS experiments suggest that ordered phases
involve Co2+ and Mn4+ states, whereas the disordered phase – Co3+ and Mn3+ [3]. We performed
a complete atomic scale TEM characterization, including a detailed analysis in reciprocal space
of the Bragg reflection corresponding to the Co/Mn ordering. A procedure was implemented to
estimate the density of ordered and disordered regions in the La2CoMnO6 thin film grown on
SrTiO3(111) substrate by metalorganic aerosol deposition technique. Atomically resolved EDX
maps directly show the ordered and disordered regions in accordance with EELS data from the
same regions. The fine structure of the Co-L2,3 and Mn-L2,3 edges indicates subtle differences
between ordered and disordered phases in good agreement with XAS experiments [3]. In the
disordered phase the valence state is estimated to be a mixture of 2+ and 3+ for Co, and for
Mn a mixture of 3+ and 4+ states, while in the ordered phase Co2+ and mainly Mn4+. These
local observations provide a better understanding of electronic interactions between Co and
Mn and their importance for the ferromagnetic transition in double perovskites, like La2CoMnO6,
and similar materials.
[1] Yi Qi Lin and Xiang Ming Chen, J. Am. Ceram. Soc., 94 [3], 782–787 (2011).
[2] H. Wadati, D.G. Hawthorn, T. Z. Regier, M. P. Singh, K.D. Truong, P. Fournier, G. A.
Sawatzky, Chemical and Material Science, 49, 114-115 (2009).
[3] Santu Baidya and T. Saha-Dasgupt, Phys. Rev. B 84, 035131 (2011).
[4] M. P. Singh, K. D. Truong and P. Fournier. Appl. Phys. Lett. 91, 042504 (2007).
[5] M. P. Singh, S. Charpentier, K. D. Truong, and P. Fournier. Appl. Phys. Lett. 90, 211915
(2007).
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Fig. 1: Fig.1: (a) HAADF overview image and (b,c) atomically resolved EDX maps of two different regions in the
La2CoMnO6 film, showing the Co/Mn distribution of the ordered (1) and disordered (2) phases. The EDX color maps
demonstrate the cation ordering in a direct way. (d,e) ELNES of Mn and Co showing subtle differences related to
valency changes.
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The recent growth technique enabling fabrication of oxide heterostructure with atomically
abrupt interfaces between dissimilar materials allows us to investigate novel physics of
emergent phenomena arising at the interface. One of the striking examples is the recent
discovery of two-dimensional electron gas at oxide interface: electrically conducting layer is
formed at the insulating LaAlO3 (LAO) and SrTiO3 (STO) interface, which has raised interest in
the interface structure of LAO/STO. Recently developed spherical aberration corrected imaging
techniques in (scanning) transmission electron microscopy is powerful tool to study the
interface structure enabling mapping the atomic position and measuring the displacement of
atomic column in cross-section plane within an error below an Å in a real space regardless of
film thickness.
In this work, epitaxial 30 nm STO or CaTiO (CTO) films were grown on TiO2-terminated (001)
SrTiO3 substrates by pulsed laser deposition (PLD) and subsequently, 5-nm- thick LAO layer
was deposited on the STO/STO and CTO/STO structure under the same deposition condition.
We utilized Z-contrast imaging in aberration-corrected scanning transmission electron
microscopy to measure the lattice distance change across the interface at picometer level.
Cross-sectional samples for STEM analysis were prepared by mechanical thinning, precision
polishing, and ion milling (PIPS 691). STEM images and EEL spectra were collected using a
Cs-corrected microscope Titan S 80-300 operated at 300 kV equipped with a Gatan Quantum
966 spectrometers.
The lattice distances along c-direction between A-site cations, that is Sr-Sr, Ca-Ca and La-La
distances, were measured from the displayed image (35×10 unit cells) of HAADF image of a
LAO/STO (Fig. 1(a)) and a LAO/CTO thin films (Fig. 1(b)) grown on STO in [100] pseudocubic
orientation. Remarkably, out-of-plane lattice distance dc increases at the STO/LAO interface
through 3 unit cells and falls down reaching to LAO bulk value in the graph averaging the
distances over 10 rows parallel to the interface. This abrupt expansion of unitcell along
out-of-plane direction at LAO/STO interfaces was expected experimentally and theoretically in
previous reports, and its origin was to be octahedral distortion or electrostrictive effect in the
polar LAO layer as well as intermixing. Similar lattice expansion in c-direction was also
observed in CTO/LAO interfaces. The origin of this unitcell expansion or cation displacement
will be discussed based on the first principles calculations results.
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Fig. 1: STEM HAADF image of (a) a LAO/STO and (b) CTO/STO thin film grown on STO substrate taken along the
crystallographic [100]STO direction. The graphs show strain along c-direction in STO (or CTO) and LAO as function of
distance from a reference plane in the lower STO (or CTO) layer by averaging the data obtained from 10 rows along
the interface.
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The ferroelectric (FE) control of ground states in multiferroic nanostructures based on strongly
correlated oxides is an important task in solid state physics and spintronics. Recently a
ferroelectrically induced modulation of resistivity [1] and carrier densities [2] has been shown
for nanostructures between the multiferroic BiFeO3 (BFO) and the Mott insulator CaMnO3 (CMO).
The strong doping sensitivity of CMO makes it susceptible to electronic state transitions
induced interfacially by the large polarization of BFO. Understanding the specific properties of
this and other similar oxide-based heterostructures, requires an accurate estimation of small
charge modulations, strain, presence of impurities, cationic inter-diffusion, interface structure
and defects, ferroelectricity, appearance of dead layers.
In this study, we address at the atomic level the electronic and structural properties of
Ca1-xCexMnO3 (CCMO)/BFO (x=0, 2, 4 at% Ce) nanostructures by STEM-EELS. A HAADF image
and a Ce concentration profile are given in Fig. 1(a) and (c). Upon doping with tetravalent Ce4+

partial mixed valence appears in the manganite. The changes in the oxidation state are
revealed by a fine chemical shift on the Mn-L3,2 edges, Fig. 2(a). Analyzing the
atomically-resolved Mn-L3 edges, we therefore propose a method to evaluate small changes in
the electron density at the scale of a single unit cell for the different Ce doping levels, Fig. 2(b).
This permits to estimate charge densities at the interfaces between the BFO and the CCMO
layers and between the substrate and the CCMO layers, Fig. 1(b). Using theoretical
calculations, the estimated two-dimensional electron gas at the BFO/CCMO interface is
interpreted in terms of electrostatic doping and polar discontinuities. The as-grown interfacial
termination planes are important for the stabilization of the direction of the FE polarization and
for the accumulation of carriers. In addition, the STEM-EELS data reveal the presence of a dead
layer at the substrate/CCMO interface related to different structural defects [3].
Further such effects as interface structure, polar discontinuity and appearance of defects will
be discussed in the context of other important multiferroic heterostructures such as
LaNiO3/BiFeO3 and (La,Sr)MnO3/BaTiO3/FeRh.
References
[1] H.Yamada, V.Garcia, S.Fusil, S.Boyn, M.Marinova, A.Gloter, S.Xavier, J.Grollier, E.Jacquet,
C.Carrétéro, C.Deranlot, M.Bibes, A.Barthélémy, ACS Nano 7, 5385 (2013).
[2] H.Yamada, M.Marinova, P.Altuntas, A.Crassous, L.Bégon-Lours, S.Fusil, E.Jacquet, V.Garcia,
K.Bouzehouane, A.Gloter, J.E.Villegas, A.Barthélémy, M.Bibes, Sci. Rep. 3, 2834 (2013).
[3] M.Marinova, A.Gloter, C.Carrétéro, H.Yamada, V.Garcia, K.March, O.Stéphan, A.Barthélémy,
M.Bibes and C.Colliex, submitted.
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Fig. 1: (a) A HAADF image of the heterostructure YAlO3/CCMO/BFO (x=0, 2, 4 at% Ce) (b) The excess charge per unit
cell at the interface between the YAlO3 and CMO (on the left side) and between the CCMO and the BFO(on the right
side). (c) Ce concentration profile for the same heterostructure.
 

 
Fig. 2: (a) ELNES spectra of Mn-L3,2 edges of the undoped, 2 at% Ce and 4 at% Ce doped layers at 640 eV, after
background subtraction, where a small chemical shift is evident upon Ce4+ substitution. (b) EEL spectra for undoped, 2
at% Ce and 4 at% Ce doped layers, in the energy range between 600 and 950 eV, where Mn-L3,2 and Ce-M5,4 edges are
seen.
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The unique physical and magnetic properties of Fe-Si-Nb-Cu-B alloys [1], such as their low
coercivity and high saturation magnetization combined with near-zero magnetostriction, make
them attractive for high-frequency applications. Furthermore, their magnetic properties can be
tailored by applying a magnetic field or stress during annealing, resulting in uniaxial
anisotropy. Here, we study the nanostructure and magnetic domain state of stress-annealed
Fe73.5Si15.5B7Nb3Cu1 using atom probe tomography (APT) and transmission electron microscopy
(TEM). A 600 MPa stress was applied to selected samples during rapid annealing for 4 s [2],
resulting in strong uniaxial anisotropy perpendicular to the stress direction, as confirmed using
bulk measurements performed using a superconductive quantum interference device
magnetometer. X-ray diffraction and APT studies revealed that the samples comprised 80
vol.% of a crystalline Fe3Si phase with a DO3 structure and 20 vol.% of an amorphous matrix
that was enriched in B and Nb, as shown in Fig. 1 [3]. The Fe3Si grain size in the present
samples was measured to be (10±3) nm, while Cu clusters were observed to form with sizes of
~6 nm. Specimens were prepared for TEM examination from rapid-annealed Fe73.5Si15.5B7Nb3Cu1

ribbons using an FEI Helios Nanolab 600i dual-beam focused ion beam (FIB) workstation.
Structural studies of the samples using TEM revealed a polycrystalline microstructure without
any detectable crystallographic texture, as shown in Fig. 1 (b). Fresnel defocus images and
off-axis electron holograms were recorded using an FEI Titan TEM operated at 300 kV in
magnetic-field-free conditions (< 0.5 mT) with the conventional microscope objective lens
switched off. Off-axis electron holograms were recorded using an electrostatic biprism located
close to the selected area aperture plane of the microscope. Figure 2 (a) shows a magnetic
domain wall (DW) pattern comprising near-perfect 180° and 90° DWs in stress-annealed
sample. Figure 2 (b) shows a Fresnel defocus image and off-axis electron holography results
obtained from the intersection of a 180° DW with two 90° DWs. The insets show
equally-spaced cosine phase contours around the intersection of the DWs in reconstructed
phase images recorded from the same region of the specimen. The width
(full-width-at-half-minimum) of the divergent contrast arising from a 180° DW in a defocus
series of images, extrapolated to zero defocus, provides a value of (53±10) nm, as shown in
Fig. 2 (c). Direct measurements from the corresponding phase profiles in electron holograms
provided upper limits of (49±3) and (94±3) nm for the widths of the 180° and 90° DWs (not
shown).
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Fig. 1: Figure 1. (a) APT spatial distribution map and (b) BF TEM image of Fe73.5Si15.5B7Nb3Cu1 that had been annealed at
695 °C for 10 s in the presence of a stress of 600 MPa. The electron diffraction pattern in (b) shows that the grains
have random orientations.
 

 
Fig. 2: Figure 2. (a, b) Fresnel defocus image recorded 1 mm overfocus. The double-headed white arrow in (a) indicates
the applied stress direction. The insets are reconstructed phase images. The step in phase between adjacent contours
is 2π radians. (c) Width of the divergent contrast arising from the 180° DW measured as a function of defocus.
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At interfaces in epitaxial films strain, chemistry, and symmetry can change, interact, and
enable new functionalities. A paradigmatic case is the (001)-oriented LaAlO3/SrTiO3 (LAO/STO)
heterostructure, where a confined two-dimensional electron liquid (2DEL) at the interface
between these two oxide band-insulators is found. Yet, with the recently uncovered 2DELs for
other growth orientations, (110)- and (111)- oriented LAO/STO interfaces [1,2], it has been
realized that the response of such interfaces to built-in potentials may be more complex than
previously thought, and that the polar discontinuity scenario might not be enough to account
for the metallic state at the LAO/STO interface. We have used aberration corrected scanning
transmission electron microscopy (STEM) in combination with electron energy loss
spectroscopy (EELS) to probe in real space, with atomic resolution, how these interfaces (see
figure 1) counter the effect of existing potentials along different orientations. The mapping of
the oxygen sub-lattice showed the presence of different distortions in (001)-oriented
interfaces, which depends on LAO thicknesses, and is compatible with the appearance of large
electrostatic potentials because of the polar character of this interface. In contrast, in the
(110)-oriented interface, which in the ideal non-reconstructed limit should not have any polar
discontinuity, there is a clear absence of polar distortions across the (110)LAO/STO interface.
On the other hand, the (111)-interfaces do not show distortions and appear to be much more
diffuse and much less sharp than (001) and (110) orientations, showing an increased number
of misfit dislocations, which in turn degrade their transport properties.
[1] G. Herranz et al., Scientific Reports 2 758 (2012)
[2] A. Annadi et al., Nature communications 4 1838 (2013)
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Fig. 1: From left to right, high resolution Z-contrast images of (001), (110) and (111)-oriented LAO/STO-interfaces. All
images were acquired along the [110] zone axis with a 5th order aberration corrected Nion UltraSTEM 200 operated at
200 kV.
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Properties of new functional materials strongly depend on the composition and atomic
structure down to the level of single atoms, and thus characterization at the atomic scale has
been a key technology in materials science. Recently, we found via aberration-corrected
scanning transmission electron microscopy (STEM) that the giant electro-strain was induced by
the polar core – nonpolar shell model wherein electric field-induced strain can be enhanced by
the electric field induced polarization propagations from the polar core to nonpolar shell
region, as described in Fig. 1, offering a new mechanism to achieve large electromechanical
coupling in non-Pb based ceramics. It has been expected that the propagation of polarization
can be promoted by the mixture of polar and nonpolar phases such as in relaxor ferroelectric
materials; or by using the nanocomposite materials embedding the ferroelectric nanoparticles,
each of which exhibits the flexible single domain. As polarization configuration at the interface
between polar and nonpolar phases in nanocomposite have a completely behave different with
that of interior domains, peculiar types of polarization configuration, such as nanoscale
rotational vortices, can be dominant in the nanometric dimension, where the large strain effect
should be necessarily considered.
Since there is still poor discussion about the details of polarization behavior in those peculiar
materials systems, we utilize aberration-corrected STEM to determine the local polarization
giving rise to atomic displacement (Fig. 2) and also in-situ TEM technique to dynamically
observe the polarization by biasing the electric field or mechanical stress (Fig. 3). We
successfully analyzed the electrical response when a single crystalline BaTiO3 nanoparticle was
mechanically compressed by a conductive indenter. Moreover, ~10 nm-BaTiO3 particles,
consisting of polar core and nonpolar shell, exhibit the flexo-polarization behavior, contrary to
the conventional prediction that BaTiO3 nanoparticles undergo the phase transition from
ferroelectric to paraelectric. In this study, by combining the HAADF-STEM and in-situ TEM skills,
the surfacial charge and strain have a crucial impact on the formation of unusual domain
structures, suggesting plausible flexoelectricity in the piezoelectric oxides.
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Fig. 1: Unipolar S-E curve for our polar-nonplar composite ceramic, which shows unpoled core-shell structures (I),
generation of polarization in the cores by poling (II), and polarization propagation to the nonpolar shell region (III)
under applied fields. The dashed line represents a poling process.
 

 
Fig. 2: (a) DF-STEM image for the core-shell structured
grains in the sample. ABF-STEM images of (b) core region
and (c) shell region in a CaZrO3-modified (KNaLi)NbTiO3.
The brighter spots (red arrow) indicate the B-site column;
the less bright spots (yellow arrow) indicate the A-site
column.
 

 
Fig. 3: Cross-sectional view of the indentation process of a
BaTiO3 nanoparticle.
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Using aberration-corrected scanning transmission electron microscopy (STEM) coupled with
electron energy loss spectroscopy (EELS) we established the validity of a method for
comparing local magnetic moments that can be adopted for many Fe- and
transition-metal-compounds, and used in the future to map the local magnetic moment with
sub-nanometer spatial resolution. We have applied the analysis of the Fe-L2,3 ratio to a large
class of iron-based superconducting (FBS) and parent compounds (some of which are imaged
in Fig. 1) and showed that for these materials, the L2,3 ratio calculated with the Pearson’s
method has a linear relationship with the local magnetic moment (LMM) of Fe. This local
characterization of the LMM, together with information on the total 3d band occupancy and the
ratio between the number of holes in 3d5/2 and 3d1/2, allowed us to clarify the nature of the
puzzling LMM behavior in iron-based superconductors and relate this to different orbital
occupancies. Moreover, although the common understanding has been that both long-range
and local magnetic moments decrease with doping, we find that, near the onset of
superconductivity, the LMM increases and shows a dome-like maximum near optimal doping,
where no ordered magnetic moment is present. The Fe LMM couples to atom displacements in
122 arsenides, which give rise to nanometer-size twin domains, lowering the symmetry of the
crystal, as shown in Fig. 2. These are remarkable direct observation of magnetoelastic
interactions in iron-base superconductors as well as evidence of the importance of magnetic
fluctuations in superconductivity.
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Fig. 1: High angle annular dark field STEM images ofvarious iron-based compounds in different projections. a, PrFeAsO,
[100]. b, Ca0.85Pr0.15Fe2As2,[100]. c, Fe0.99Te0.45Se0.55, [100]. d, TlFe1.6Se2,[100]. e, TlFe1.6Se2, [110] of √5 × √5 supercell. f,
BaFe1.92Co0.08As2,[001]. g, CaFe2As2, [111]. h, TlFe1.6Se2, [110].
 

 
Fig. 2: Evolution of lattice distortions with dopinglevel and local Fe magnetic moment in Ba(Fe1-xCox)2As2; 0 ≤ x ≤ 0.16.
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Ferromagnetic double perovskites (A2BB’O6, A=alkaline earth metals and B/B’=transition
metals) have recently attracted great attention due to their presumed half-metallicity as well
as high curie temperature. To this end, Sr2FeReO6 (SFRO), one of typical double perovskites, is
being actively studied with this purpose. The magnetic structure of A2BB'O6 is known to
originate from the ordered arrangement of parallel Fe3+ (3d5, S=5/2) magnetic moments,
antiferromagnetically coupled with Re5+ (5d2, S=1) spins, and therefore the properties of the
material depend on their ordering in B-sites. In this study, the cationic ordering was controlled
by excessive Re amount and their magnetic properties have been investigated as a function of
cationic ordering. Furthermore, what the cationic disordered defects, so called antisite (AS)
defects, look like was examined by aberration-corrected STEM.
0, 5, 10, and 15 wt%-Re-excess SFRO powders were prepared via a conventional solid state
reaction for 24hr and annealed at 1000℃ for 20min in Ar. The prepared powders were sintered
by Spark Plasma Sintering (SPS) at 1150℃ for 20min in Ar. XRD results confirm that cationic
ordering of Fe and Re, which is one of major parameters to affect the magnetic properties in
SFRO and the secondary phases are not observed in all samples (Fig. 1(a)). As shown in Fig. 1
(b), the height of (011) and (110) peaks appear to be variable by amount of excess-Re and
thus cationic ordering percentages are found to be~ 75% (0%-Re), ~ 80% (5%-Re), ~ 90%
(10%-Re) and ~ 95% (15%-Re) by calculating the ratio of (011) and (110) peak height and XRD
simulation. Since the Ms of SFRO are deteriorated by the cationic disordering, Ms of
15wt%-Re-excess SFRO sample is the largest value amongst the prepared samples. These
results directly demonstrate that excess of Re effectively enhance the cationic ordering in
SFRO and accordingly the magnetic properties as well, as shown in Fig. 1 and 2. Lower Ms and
higher Hc in the 0wt% Re sample reveal that the ferromagnetic alignment of Fe and Re atoms
is interfered by the Fe/Re disordering. Aberration-corrected STEM results of Fig. 3 show that
high degree of Fe/Re ordering maintains in 15wt%-Re-excess SFRO sample whilst
cationic-disordered regions are observed in the 0wt% Re sample. This STEM observation
implies that AS defects inferred by cationic disordering exhibit clustered rather than randomly
scattered.
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Fig. 1: Figure 1 (a) XRD patterns of SFRO-xRe with 0wt%≤x≤15wt% (b) Zoom in from 19° to 21°
 

 
Fig. 2: (a) measured magnetic property via VSM byincreasing amount of Re (b) The change of the magnetic saturation
(Ms) and AS defect
 

 
Fig. 3: High-angle annular dark-fieldscanning transmission electron microscopy (HAADF-STEM) images from
(a)SFRO-0wt% Re sample (b) SFRO-15wt% Re sample.
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Some of the bronze-route Nb3Sn wires produced for the ITER Toroidal field magnets have
values of the Cu Residual Resistivity Ratio (RRR) lower than the specifications (RRR>100) when
reacted with the longest ITER heat treatment cycle (high temperature plateau 200 hours at
650°C). The low RRR value was suspected to be due to the presence of the Cr plating.
Apart from an extensive RRR measurements on 98 samples conducted at CERN a detailed TEM
investigation was carried out. The main motivation for TEM study was the verification of solid
solution Cr diffusion into the Cu stabilizer together with the presence of Cr rich precipitates. In
our study heat treated sample (200 hours at 650°C) together with non-annealed sample (0
hours) were characterized. TEM lamellas were prepared by FIB Zeiss NVision 40 CrossBeam.
Lamella of 30 microns width was prepared for the 200 h sample in order to measure the Cr
content far from the Cr-Cu interface. Three windows of 7.5 microns were thinned down to
electrons transparency leaving 4 thicker supports in-between to avoid undesirable bending of
the sample, see Fig.1. Cr plating was milled away completely to avoid any influence on final
EDS results. TEM measurements were conducted on FEI Tecnai Osiris equipped with Super-X
SDD EDX detectors. Measurements focusing on characterization of precipitates present in the
sample were conducted at INSA Lyon using JEOL 2010F Field Emission TEM.
Large numbers of Cr rich precipitates were found in the Cu stabilizer as well as at the Cu/Cr
interface. Two different types of precipitates were found. Globular precipitates at the Cr/Cu
interface with sizes up to 100 nm were identified as Cr23C6. Needle-like precipitates with the
sizes up to 200 nm are present up to 13 microns from Cr/Cu interface. EDS measurements
suggest CrxSy type with an average at% ratio close to 1:1. From HRTEM imaging pure Cr and
CrxSyOz types were also confirmed.
Point EDS measurements in Cu stabilizer were done systematically along the length of the
lamella to measure Cr content. Since the solid solution limit reported for Cr in Cu varies from
0.008 at% to 0.1 at% [1] the detection limit of EDS TEM is close to the expected values. Table
1 shows that experimental Cr level varies from 0.03 to 0.01 at.% up to 15.6 microns.
Measured values of Cr would explain degradation of RRR. Position of the precipitates also
confirmed that Cr diffused up to 15 microns far from the Cr/Cu interface. Although the EDS
measurements are at the edge of detection limit, another technique is not accessible without
the standard of CuCr with ppm level of Cr.
[1] D. Chakrabarti and D. Laughlin. The Cr-Cu system. Journal of Phase Equilibria, 5:59-68,
1984. 10.1007/BF02868727.



 
Fig. 1: TEM lamella of 30 microns width was prepared at the Cr/Cu interface in order to measure Cr diffusion into the Cu
stabilizer. The marker on TEM lamella support denotes Cr plating side.
 

 
Fig. 2: Bright field TEM image together with the
corresponding FFT diagram (inset) shows globular
precipitate of Cr23C6.
 

 
Fig. 3: Table 1 Results of EDS TEM measurements of Cr
diffusion into Cu stabilizer.
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Strain engineering is one of the different strategies pursued to give additional or improved
functionalities to thin films by means of epitaxial growth, particularly in complex oxides. The
terbium manganite (TbMnO3, TMO) is an example of these materials in which epitaxial strain
sets in a new functional property. TMO is a traditional multiferroic material showing
antiferromagnetic (AFM) ordering below 42 K and a spin spiral state below 27 K. The latter
induces the inversion symmetry breaking that causes ferroelectricity [1]. Subsequent studies
of TMO have demonstrated that epitaxial growth on (100)-SrTiO3 (STO) induces a low
temperature ferromagnetic (FM) state with average magnetic moments up to 1.5 μB/f.u. at 15
K. This rising ferromagnetic order is correlated with a strain-induced microstructure composed
of twin domains: as thickness is reduced, a higher density of twin domain walls (DW) is found
and magnetization increases. In fact, magnetization scales with the DW density [2]. In order to
clarify the origin of strain-induced FM and its correlation with the DWs, we have explored the
structural and chemical properties of 20-nm-thick epitaxial TMO films grown on STO (100) by
pulsed laser deposition by aberration-corrected Scanning Transmission Electron Microscopy
(STEM) combined with Electron-Energy Loss Spectroscopy (EELS) in a probe corrected FEI Titan
at 300 kV. High-angle annular dark field (HAADF) imaging in plane view [Fig. 1(a)] and cross
section [Fig. 1(b)] evidences the abundance of DWs. Particularly in cross section, the DWs are
characterized by the presence of spatially ordered Tb-deficient planar defect accompanied by
strong lattice distortions, as illustrated in Fig. 2(a). Atomic-resolution STEM-EELS chemical
mapping shown Fig. 2(b) in demonstrates that Tb-deficient positions are in fact almost entirely
occupied by Mn atoms. The electronic structure of the defect has been explored by the EELS
fine structure of the O K and Mn L2,3 edges. This study reveals that the consequence of this
chemical defect is a decrease of the local Mn oxidation state with respect to bulk TMO,
suggesting that the Tb-by-Mn substitution induces the drastic change of the environment of Mn
atoms in the defect with respect to the “bulk” Mn atoms, including the formation of oxygen
vacancies. DFT+U as well as embedded cluster calculations have been performed to model the
magnetic interactions in the DW, suggesting that the presence of Mn atoms in Tb positions
introduces local magnetic frustration between the antiferromagnetically coupled Mn ions, at
the origin of the DW FM observed in this material.
[1] Y. Kimura et al., Nature 426, 55 (2003).
[2] C. J. M. Daumont et al., J. of Phys.: Cond. Matter 21, 182001 (2009).
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Fig. 1: a) HAADF-STEM image of TbMnO3 grown on SrTiO3(100) in plane view. b) HAADF STEM image of cross sectional
TbMnO3, where the DWs are marked with arrows.
 

 
Fig. 2: a) HAADF-STEM image of a DW in TbMnO3. An atomic model is superimposed where Tb is green, Mn is blue and
O are in the vertices of the octaedra. b) STEM-EELS chemical mapping of a DW close to the interface with the
substrate, including the integrated signals of Tb M4,5 and Mn L2,3 edges, the HAADF signal and a color mix map.
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Doping BiFeO3 with Ti and Nb can suppress electrical conductivity as well as altering both
ferroelectric and ferromagnetic orderings [1]. Higher doping levels of 10% Ti also result in the
formation of novel, negatively-charged antiphase boundaries (APBs) that polarise the
surrounding perovskite matrix [2]. In this study, we investigate the polarisation and electric
fields further using high-resolution STEM (HRSTEM) imaging, high resolution TEM (HRTEM)
using negative Cs imaging (NCSI), differential phase contrast (DPC) STEM, and scanned
diffraction.
Quantitative determination of the atomic structure using HRSTEM or HRTEM/NCSI is compared
in Figure 1. The structures are qualitatively similar, but with significant quantitative
differences. Specifically, the deviation of oxygen atoms from the positions in an unpolarised
material is reduced in HRTEM as compared to HRSTEM. This results in reduced polarisation
measured for the HRTEM, as also shown in Figure 1. The discrepancy probably arises from
differences in the sample thickness, since for HRSTEM the sample was about 16 nm thick
whereas the HRTEM data was taken from an area about 4 nm thick. For very thin samples, the
polarisation is expected to be reduced by surface effects and by some of the electric field
escaping the specimen as stray fields.
DPC STEM shows a clear signal when scanning across one of these APBS, as shown in Figure 2,
peaking strongly to either side and flipping sign at the APB, consistent with the polarisation of
Figure 1. Scanning diffraction, however, shows no shift of the diffraction discs, as would be
suggested by simplistic interpretations of DPC data in terms of Lorentz deflections from an
E-field. In fact, the data in Figure 2 forces us to adopt an alternative interpretation of the DPC
signal in terms of the redistribution of intensity due to dynamical scattering in a
non-centrosymmetric structure, together with almost perfect screening of the E-field by the
polarisation. This is found to accord perfectly with the expectations of dielectric theory for
ferroelectric and polar-ordered materials.
This investigation shows that explicit consideration of electrostatics in the sample is required
when interpreting atomic or nano-resolved studies of polar-ordered materials.
[1] K. Kalantari et al., Adv. Func. Mater. 21, 3737 (2011).
[2] I. MacLaren et al., APL Materials 1, 021102 (2013).
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Fig. 1: Figure 1: Quantitative comparison of averaged repeat units for the charged antiphase boundary from HRTEM
(negative Cs imaging) and from HRSTEM (HAADF and BF combined); positions marked as Fe are either Fe or Ti.  The
lower graph shows the polarisation calculated from this atomic resolution data for both the HRSTEM and HRTEM data.
 

 
Fig. 2: Figure 2: Differential phase contrast STEM of a charged antiphase boundary in Ti, Nd co-doped BiFeO3 (upper
part, signal direction indicated in the colour wheel).  Scanned diffraction in a line scan across one such boundary (lower
part) showing a clear movement of intensity within the diffraction disc but no disc deflection.
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Charged domain walls (CDWs) in ferroelectrics, as a result of “head-to-head” or “tail-to-tail”
polarization configurations, are of significant scientific and technological importance, as they
have been shown to play a critical role in controlling the atomic structure, electric,
photoelectric and piezoelectric properties of ferroelectric materials. The accumulation of
compensating free charge that screen the bound charge at the CDW can in principle intriguer
an insulator-metal transition. In this work, we use in situ transmission electron microscopy
(TEM) to study the stability and dynamic behaviors of CDWs in BiFeO3 thin films. We found that
the CDW can be manipulated by applying electric field, leading to the switching of electrical
resistance of the ferroelectric film due to the distribution of electric charges associated with
domain walls.
An epitaxial 20 nm thick BiFeO3 (BFO) film with a 20 nm thick La0.7Sr0.3MnO3 (LSMO) bottom
electrode were grown on (110) TbScO3 substrates by reactive molecular-beam epitaxy (MBE).
Fig. 1a shows a typical triangular 109° (vertical) /180° (inclined) domain wall junction above
the BFO/LSMO interface. Applying a positive voltage results in shrinkage of the triangular
domain and thus formation of a CDW with “head-to-head” polarization configuration (Fig.
1b-e). The written CDW is stable after removing the electric field (Fig. 1f). The measured
current during the writing process shown in Fig. 1g suggests that, with the increasing of the
length of the CDW, the local electrical resistance decreases gradually and suddenly switches to
a very low value, suggesting the formation of a metallic conduction channel traversing the full
thickness of the film. A subsequent low reading voltage (Fig. 1h) does not change the domain
configuration (Fig. 1f), and the reading current suggests a conductive state. Applying a
sufficiently large negative voltage results in expansion of the triangular domain and thus
annihilation of the CDW (Fig. 2a-c). After the CDW is erased, the reading I-V curve (Fig. 2d)
suggests that the ferroelectric film return to its insulating state.
In conclusion, our in-situ TEM studies show the existence of stable CDWs in BiFeO3 thin films
and its configuration can be manipulated by applied electric field. It was found that the CDW
can be written and erased by applying electric field, and the resulting states with and without
CDWs were found to have different electrical resistance, suggesting a route to engineer
ferroelectric devices.
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Fig. 1: Electrical writing of a CDW. (a)-(f) Dark-field diffraction contrast TEM images extracted from a video showing the
writing process by applying a positive bias ramp. (g) Current measured during the writing process. (h) Current
measured by applying a low reading voltage after writing.
 

 
Fig. 2: Electrical erasing of a CDW. (a)-(c) Dark-field diffraction contrast TEM images extracted from a video showing
the erasing process by applying a negative bias ramp. (d) Current measured when applying a low reading voltage after
erasing.
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Scanning electron microscopy is not only indespensable for high-resolution imaging of
nanowires, nanotubes or nanoparticles. Recently it has also become popular as a direct-write
nanofabrication technique of achitectured nanomaterials. In a precursor gas environment the
focused beam of electrons can be used for inducing a chemical vapor deposition on the
nanoscale. In particular, this focused electron beam-induced deposition (FEBID) has been
employed for the development of catalytic templates for nanowires, for nanoelectronic devices
and for functional nanostructures such as ultrasharp AFM-tips.
This work presents the application of iron penatcarbonyl as metalorganic precursors for
magnetic nanostructures. The FEBID nanofabrication of functional magnetic materials is
attracting increasing attention for applications in smart magnetic sensing, data storage and
nano magnetologic (NML) devices [1,2]. We have previously employed FEBID for the
direct-write deposition of functional magnetic tips for MFM. In this work we will demonstrate
how FEBID of iron nanostructures can be used for magnetic information processing (Fig. 1).
FEBID fabricated iron nanowires exhibited a high iron content (Fe>80at.%). By magnetic force
microscopy (MFM) a ferromagnetic behavior could be identified. Due to sub-µm size nanowires
displayed a single domain structure. Depending on the initial external magnetisation 2
different states encoding the Boolean "0" and "1" were obtained, Such elongated single
domain magnetic nanostructures are the key-elements in nanomagnetlogic (NML) technology.
Conventional an advanced fully functional NML gates have been realized by FEBID (Fig. 2).
Further advantage of the novel design such as a reduction of the error probability and the
potential to merge several NWs in future NML constituents will be discussed.
Furthermore, using FEBID we have deposited different object geometries including lines,
triangles, rectangles, pentagons and circles (Fig. 3). The magnetic domain structure was
determined by the geometry of structures on the nanoscale level. Nanostructures with
different rotational symmetries showed a controlled transition from the single domain to a flux
closure multi-domain state in dependence on the aspect ratio.
Concluding, FEBID has been proven a successful approach for guiding the “non-structural
disorder” in magnetic nanostructures. Future prospects and developments of FEBID in NML will
be discussed.
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Fig. 1: Focused electron beam induced deposition of magnetic nanowires. (Left:) Schematic of FEBID process showing
electron induced precursor decomposition (Right:) AFM topography of a lateral iron nanowire and the corresponding
MFM phase shift images-  The two magnetic configurations of this single-domain wire encode the Boolean logic “0” and
“1”.
 

 
Fig. 2: Magnetologic majority gate structures fabricated by FEBID (Left:) SEM micrograph of iron nanowires interacting
through magnetic dipolar coupling leading to processing and transport of the digital data. (Right:) MFM topography and
phase shift image of an advanced gate structure with connected helper and inputs reducing the magnetic coupling
errors.
 

 
Fig. 3: Magnetic shape anisotropy of FEBID nanostructures. Samples were pre-magnetized in~ 1.80 kOe. MFM
topographies (top row) of differently geometries and the corresponding MFM phase images showing the the orientation
of the magnetic dipoles. Depending on geometry a transition between magnetic mono- to multidomain state is
achieved.
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The magnetic characteristics of NWs have been studied from various viewpoints such as
magnetization reversal, magnetostatic interactions, microwave properties and calculations of
their intrinsic switching field distributions (SFD).On the other hand manufacturing magnetic
NTs is more difficult compared with NWs: it is the reason why their magnetic properties,
magnetization reversal for instance, have not been extensively explored despite their potential
advantages, such as tunable geometry and reduced magnetic materials, over NWs. In
particular, interwire interactions have been proven to affect the magnetic properties of arrays
of NWs, specifically their magnetization reversal process and SFD.
It has been shown that NTs exhibit core-free magnetic configuration resulting in uniform
switching fields so leading to controllable magnetization reversal process. Recently,
experimental researches on magnetic NTs have become an attractive field to be investigated.
The knack to tune NWs/NTs geometries, interwire distance permit to control the magnetostatic
energies in order to get the desired magnetic properties. However, their integration into novel
devices necessitates to fully understand their properties, in particular magnetostatic
interactions. Major hysteresis loops of M(H) curves provide basic understanding of the
magnetic properties. However, this technique is not sufficient for in depth quantitative
determination of the magnetic interactions of the nanoscopic materials entities. Magnetic
Force Microscopy (MFM) has proven to be suitable for the determination of the magnetization
hysteresis curves at a local scale and to gain insight into the interwire dipolar interactions.
The magnetization reversal process of Ni NWs and NTs arrays in PC template have been
investigated using MFM and AGFM. The comparison of the nanoscopic magnetic force
microscopy (MFM) imaging and the macroscopic hysteresis loops measurements is made,
Figure 1.By comparing the magnetizations curves obtained from both techniques, it has been
demonstrated that they are complimentary if one wants to get an insight of the domain
configuration, dipolar coupling and the magnetization reversal process. The presented results
helped us understanding their magnetization reversal. For instance the mismatch of the
magnetization curves in both the cases reveals that the micromagnetic configurations inside
the NWs and NTs are not coherent. NWs array demonstrated stronger magnetic interactions
than the NTs arrays. These results may serve as a benchmark for comparing the behavior of
NWs and NTs and their use in various applications accordingly.



 
Fig. 1: Comparison of the in-field MFM magnetization curves with the ones obtained by AGFM.Measurements from the
array of NWs (a) and NTs (b), respectively.
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Nanostructure optimization is crucial for enhancing the coercivity of Nd-Fe-B permanent
magnets, which allow a significant degree of miniaturization of electric parts because of the
large energy product. Regarding the materials science/engineering of Nd-Fe-B magnets, an
essential problem is to understand the magnetism of the ultrathin grain boundary (GB) phase
which envelopes the individual crystal grains of Nd2Fe14B [1]. However, revealing the
magnetism in the GB region (~3 nm in width) remains challenging. Here, we used electron
holography to determine the magnetic flux density in the GB phase using a sintered magnet
subjected to optimal annealing.
As schematically shown in Fig. 1(a), which represents the cross section of a thin-foil specimen,
the phase shift of electrons was measured in the line connecting the points R and S. The thin
GB phase was tilted away from the direction of incident electrons: i.e., the trace of GB phase
(WGB) was approximately 110 nm in this experimental setup. The magnetic flux density in the
GB phase (BGB) can be determined from Δφ, which represents the deviation of the observed
phase shift (in the GB area) from the extrapolated curve assuming the absence of the GB
phase [Fig. 1(b)].
Figure 1(c) shows a transmission electron microscope image of the thin-foil specimen, which
contained five Nd2Fe14B grains, A-E. Using the reconstructed phase image such as shown in Fig.
1(d), we accurately measured the phase shift in the R-S line which crossed the GB (shown in
yellow) between Nd2Fe14B grains A and B. The observations are plotted with light-blue dots in
Fig. 2(a). Split-illumination electron holography [2] achieved the sufficient precision for
measuring the phase shift of ±0.08 rad. To obtain the phase information due to the GB phase,
curve fitting was carried out for area A (containing only grain A); refer to the red curve in Fig.
2(a). The deviation Δφ was plotted as a function of position along the R-S line, as shown in Fig.
2(b). The value of Δφ continued to decrease over the GB area, reaching a minimum of −0.34
rad at the border of this area. Following the simulations of Δφ, the value of BGB that explains
well the observation (i.e., −0.34 rad, at the border of GB area) is ~1.0 T [Fig. 2(c)]. The result
explicitly indicates that the GB phase is ferromagnetic, contrary to the traditional
understanding. Our observation implies significant exchange coupling between Nd2Fe14B
grains, which explains the avalanche-propagation of magnetization reversal observed in
sintered magnets.
References:
[1] H. Sepehri-Amin et al., Acta Mater. 60 (2012) 819.
[2] T. Tanigaki et al., Appl. Phys. Lett. 101 (2012) 043101.
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Fig. 1: (a) Cross-sectional view of thin-foil specimen containing Nd2Fe14B grains (A and B), and a thin GB phase. (b)
Phase shift (schematic representation) observed in the R-S line. (c) TEM image of the thin-foil specimen. (d)
Reconstructed phase image of the rectangle area shown in (c). The red allows indicate the direction of magnetic flux.
 

 
Fig. 2: (a) Phase shift observed along the R-S line shown in Fig. 1(c). (b) Difference between the observations and the
fitting curve, Δφ, which determined the phase shift due to the GB phase to be −0.34 rad at the border of area GB. (c)
Comparison between observations and calculations (simulations) of Δφ.
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The reduction of sizes in ferroic materials, and in particular ferroelectrics, is motivated by an
increasing number of their industrial applications, as memory devices with enhanced storage
efficiency, energy harvesters with increased anisotropic piezo-responses or photocatalysts
improved activities. As a matter of fact, decreasing the thickness/size of such materials for
their technological integration requires a deeper knowledge of their behavior as the boundary
conditions are fundamentally changed and thus will drastically affect their physical properties.
In addition, extrinsic effects including internal strains, vacancies, surface terminations, shapes,
dead layers,.... make their investigation much more complex than anticipated.
With the purpose to gain a better understanding of the ferroic functional properties and their
relationship to the nanoscale phenomena, transmission electron microscopy (TEM) and
scanning TEM (STEM) techniques appear as very powerful tools. Here we will illustrate our
findings through two particular cases of ferroic oxides, namely the model multiferroic BiFeO3

and model ferroelectric BaTiO3 synthetized as nanoobjects using different chemical routes.
Firstly, we will present our results on the rhombohedral BiFeO3 (Fig. 1) nanoobjects obtained by
sol-gel and hydrothermal techniques. By tuning the size of this small band gap ferroelectric,
we will discuss our results on multiferroic and photoinduced properties in view of the surface
termination and particle size. Secondly, ferroelectric BaTiO3 nano-objects (Fig. 2-4), as nanotori
or nanocubes, have been obtained through hydrothermal synthesis in a scalable process. To
unveil the topological complex crystal growth that may be involved in the spontaneous
nucleation of BaTiO3 as nanotori (Fig. 2) and nanocubes (Fig. 3-4), local structure and atomic
arrangement have been investigated. The nanocubes, as a second stage during the BaTiO3

growth, have been investigated by STEM tomography (Fig. 3) and EDX mapping (Fig. 4),
showing the high crystalline quality of these objects, with [100]T, [010]T and [001]T terminating
planes and presenting a particular internal arrangement containing nanopores. For the
nanotori, two arrangements were theoretically predicted. The first one exhibits isotropic radial
atomic planes and large strain, while the second is highly anisotropic, with no adaptation of
the crystal structure to the torus shape. Our observations indicate that the as-synthesized
nanotori grow preferentially with parallel atomic planes.
All these original results revealed at the atomic scale will be discussed in view of the
theoretical predictions and the micro and macroscopic ferroic properties measured on these
systems.
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Fig. 1: Main: TEM image at 300kV indicating the detailed
surface arrangement of a BiFeO3 nanoparticle, (111)R

oriented. Top left: BiFeO3 R3c sketch. Top right: Reduced
Fast Fourier Transform of the TEM image.
 

 
Fig. 2: TEM image at 300kV of BaTiO3 nanotori, indicating
the continuity of atomic planes through the hole.
 

 
Fig. 3: HAADF STEM image at 300kV and 70pA of BaTiO3

nanocubes. Nanocubes present rounded corners and
vacuum internal regions, which can be controlled by
hydrothermal synthesis conditions.
 

 
Fig. 4: HAADF STEM image (top left) and corresponding
EDX mapping reconstructed from a BaTiO3 nanocube, using
Ba (top right), Ti (bottom left) and O (bottom right) X-ray
emission lines, at 200kV and 125pA for 10min. Scale bar:
1nm.
 



Type of presentation: Poster
 

MS-12-P-1608 Orientation tuning of heterostructures in oxide thin films
 

Zhan Q.1, Zhu Y. M.1, Chu Y. H.2
 
1School of Materials Science and Engineering, University of Science and Technology, Beijing
100083, China;, 2Department of Materials Science and Engineering, National Chiao Tung
University, Hsinchu, 30010, Taiwan
 

Email of the presenting author: qzhan@mater.ustb.edu.cn
 
Heterostructures of transition metal oxides cover a wide range of intriguing functionalities
induced by the interplays among the lattice, charge, orbital and spin degrees of freedom and
offer tremendous opportunities to develop next generation electronic devices. Complex
correlated oxide heterostructures with various configurations in thin film have drawn a
considerable spotlight due to the strong coupling between the constituent phases and been
used to tune the functionalities benefitting from their plentiful hetero-interfaces. Modification
of these composite nanostructures is a fundamental topic often to be addressed.
In the present study, typical perovskite-spinel self-assembled heteroepitaxial nanostructures
were chosen as the model film systems such as BiFeO3-CoFe2O4 and
(La0.67Ca0.33)MnO3-NiFe2O4. Series of novel nanostructure configurations and
heterointerface structures in the thin films were investigated by transmission electron
microscopy and related techniques. Various configurations of included nanostructures with
different orientations were demonstrated while the matrix kept the same growth direction in
nanocomposite thin films, which were quite different with previous report. The different
heterointerface structures between the component phases and also the substrate at an atomic
scale have been investigated by high resolution transmission electron microscopy. It can
conclude that many fectors especially the effect of surface energy anisotropy, strain state of
matrix and atomic structure continuity on these plentiful combinations should be considered
when analysis the growth mechanism of the nanostructures.
The plentiful combination forms of heterostructures and regulations on the crystallographic
orientation of the constituent phases can provide more ways on tailoring degrees of freedom
of complex oxide heterostructures.
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Nd2Fe14B exhibits a high magnetocristalline anisotropy and is suitable for the usage as a hard
magnetic material. [1,2,3] The aim of our study is to determine the discrepancy between the
theoretical and the experimental coercivity. We have investigated the role of the sintering
temperature on the formation of the grain boundary phases of various sintered magnets with a
standard TEM/STEM instrument (FEI TECNAI G20) and a field-emission analytical TEM/STEM (FEI
TECNAI F20).
Standard methods for TEM preparation (cutting, thinning, ion milling) were used to prepare a
sample parallel (p) and normal (n), respectively, to the preferable direction of the
magnetisation (equal to [001] of the grains).
In Fig. 1 a TEM bright field image of two Nd2Fe14B grains from a magnet with Br =1.27 T and
Hc=1630 kA/m are shown. The specimen normal and the grain boundary (GB) with 10 nm
thickness are perpendicular to [001] of the right grain. This GB-phase is a characteristic
attribute for a type "x" GB. In Fig.2 a TEM bright field image of a specimen with two Nd2Fe14B
grains and a Nd2O3 (Mn2O3 structure) grain boundary junction is shown. The [001] direction is
parallel to the specimen normal. Therefore the grain boundary is parallel to [001] and forming
a type "y" GB. The nature of the observed Nd2O3 (Mn2O3) grain boundary junction phase differs
from the one of the Nd-rich type “x” and “y” grain boundary phases. The corresponding lattice
plains of the hard magnetic Nd2Fe14B grains are indexed in the FFT images of Fig.1 and 2. The
coercive field of the investigated magnets are directly related to the morphology of the grain
boundary and grain boundary junction phases.
Detailed investigations including Energy Dispersive X-Ray Spectroscopy (EDXS), Electron
Energy-Loss Spectrometry (EELS) and High Annular Dark-Field STEM (HAADF-STEM) imaging
will be presented.
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“Local texture in Nd–Fe–B sintered magnets with maximised energy density” J. Alloys and
Compounds 365 (2004) 259–265.
[2] S.C. Wang, Y. Li. “In situ TEM study of Nd-rich phase in NdFeB magnet” J. Magn. Magn.
Mater. 285 (2005) 177–182.
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Fig. 1: Bright field image showing a grain boundary of type "x" between two Nd2Fe14B grains. Specimen normal is
perpendicular to [001].
 

 
Fig. 2: Bright Field image showing two Nd2Fe14B grains and a grain boundary junction. Specimen normal is parallel to
[001]. A grain boundary of type "y" is marked.
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In the last decade there has been increased interest in ferroelectrics and multiferroics, mainly
motivated by the potential development of new electronic devices, where domains play a key
role. This has triggered groundbreaking work on domains, aimed to domain engineering. Much
of this work has been achieved by PFM and TEM, demonstrating the vast diversity and
complexity of domains’ structure. Typically, ferroelectric domains and their switching
mechanisms are mainly investigated by PFM, while ferroelastic domains are more commonly
observed by TEM. It is highly desirable to acquire structural and dynamic information of pure
ferroelectric domains by TEM. Moreover, it is even more interesting to link this to ferroelectric
domain dynamics: switching, nucleation and growth. However in the structural front, so far
only high-resolution Cs-corrected TEM techniques have been successful. The latter produces
high-impact data but restricts the domain observation to the nanoscale regime, making it
difficult to perform dynamic investigations. Therefore, we investigate ferroelectric domains in
the ferroelastic domains-free KTiOPO4. Hence, making it possible to study pure domains
dynamics by electrical switching. This gives us the flexibility of observing them from the micro
to the nano-scale: dark field and two-beam condition. This imaging condition has shown to be
able to break Friedel’s law, revealing the non-centrosymmetric nature of crystals (Fig. 1).
Finally, this data is compared to PFM data for a more macroscopic analysis of the polarization
(Fig. 2).



 
Fig. 1: Dark field imaging, revealing the ferroelectric domains.
 

 
Fig. 2: PFM data set
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LaNiO3 (LNO) is a perovskite of great importance in complex oxide electronics. Its low
resistivity at room temperature and high chemical stability make it an ideal electrode
candidate for many applications in complex oxide-based devices. Strain, oxygen vacancies and
their mutual interplay are key aspects to understand the transport properties of these
oxides1,2, since they might affect the Ni-O hybridization. In this study, we perform a thorough
analysis of these aspects with high spatial resolution TEM.
We have studied LNO thin films of different thicknesses (14 nm and 35 nm) grown on several
substrates that allow studying a wide range of compressive (LAO and YAO) and tensile (LSAT
and STO) strain states. Aberration corrected HRTEM, HAADF-STEM, atomic resolution EELS
mapping and image simulation studies have been carried out. Strain states in the films have
been studied by Geometric Phase Analysis (GPA) of the high resolution images.
The presence of brownmillerite phase has been detected in the LNO strained films (figures 1
and 2). This perovskite-related superstructure occurs when oxygen vacancies order along a
given crystallographic direction. Contrast modulation in HRTEM images and Z contrast in
HAADF images are consistent with this vacancy ordering. Image simulations (both HRTEM and
HAADF) support these findings. We report on the effect of the strain state of the film on the
occurrence and orientation of the brownmillerite superstructure.
Moreover, unexpected box-like defects are found in all the films (figure 3). Defect boundaries
correspond to a displacement of 1/2 of the perovskite unit cell both in the in-plane and
out-of-plane directions. High resolution STEM-EELS spectrum imaging confirms a missing Ni-O
plane at these boundaries. Signals from the overlapping La and Ni edges have been separated
and extracted using the Blind Source Separation (BSS) method in the Hyperspy advaced signal
processing toolbox.
[1] J. Chakhalian, A. J. Millis, and J. Rondinelli, Nature Mater. 11, 92 (2012)
[2] I.V. Nikulin, M.A. Novojilov, A.R. Kaul, S.N. Mudretsova and S.V. Kondrashov, Mater. Res.
Bull. 39, 775-791 (2004)
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Fig. 1: High resolution HAADF-STEM image of LNO on LAO
(-1% lattice mismatch). The brownmillerite phase is visible
in the contrast modulation perpendicular to the
substrate/film interface and in the superstructure spots in
the FFT in the inset.
 

 
Fig. 2: HRTEM image of LNO on LSAT (+1% lattice
mismatch). The brownmillerite phase is visible in the
contrast modulation parallel to the substrate/film interface.
 

 
Fig. 3: HAADF-STEM image and elemental EELS maps of a defect boundary. a) HAADF reference image b) HAADF image
acquired simultaneosuly to the EELS spectra. c) Ni map. d) La map. e) Composite: La in yellow and Ni in red.
Displacement of 1/2 of the perovskite unit cell is visible. EELS mappings show a missing Ni-O plane in the boundary.
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Recently there has been tremendous research on self-assembled vertically aligned
nanocomposite thin films with two immiscible components hetero-epitaxially grown on single
crystal substrates1-4. These structures have the advantages of utilizing both component
functions and tuning material properties with high interface-to-volume ratio, hetero-epitaxial
strain, or modifying the cation valence state.
Here we report about the characterization of self-assembled vertically aligned non-magnetic
zirconium oxide (ZrO2) and ferromagnetic perovskite lanthanum strontium manganese oxide
(La2/3Sr1/3MnO3, LSMO) pillar-matrix nanostructures, which are epitaxially grown on (001)
single-crystalline lanthanum aluminum oxide (LaAlO3, LAO) substrate by pulsed laser
deposition. With the application of electron energy-loss spectroscopy (EELS) in a
probe-aberration-corrected JEOL JEM-ARM200CF, atomic resolution elemental distribution,
including La, Sr, Mn, and Zr, as shown in Figure 1, and the Mn valence state variation at the
interface between LSMO and ZrO2 were observed. In addition, Mn-rich walls were found
connecting adjacent pillars. The crystal lattices on either side of the wall are displaced by an
antiphase shift as can be seen in Figure 2. The Mn valence state in the channel was found to
be decreased compared to the matrix. The wall plane is {110} or {130}. The role of the pillars
and walls regarding elastic strain and local electric fields will be discussed.
The spin, charge, and orbital ordering in LSMO are extremely sensitive to local structural and
elemental variations. Thus, these results provide the basis for understanding the origin of the
anomalous magnetic anisotropy and modifications to the electric transport properties of LSMO
by introducing non-magnetic ZrO2 pillars5-7.
References:
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Fig. 1: Annular dark-field (a) and elemental distribution ((b) Sr L, (c) La M, (d) Mn L, (e) Zr L) images extracted from
EELS spectrum images.
 

 
Fig. 2: (a) HAADF image of ZrO2 pillars and LSMO matrix. (b) Enlargement of a Mn-rich wall with annotations of the wall
plane.
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For novel hard magnetic applications Co-Fe based nanostructures are proposed as potential
candidate. We have studied sputtered thin Co-Fe films. One is undoped, the other one is doped
with 20 at.% of Carbon. The aim of doping is to stabilize the meta-stable tetragonal phase in
order to increase the magneto-crystalline anisotropy [1]. The specimen was prepared as a
cross section sample for transmission electron microscopy (TEM) investigations by the focused
ion beam (FIB) lift-out specimen preparation technique (Quanta 200 3D DualBeam FIB). The
final thinning of the FIB prepared TEM-lamellae was done by using a Technoorg-Linda
GentleMill in order to reach a sample thickness smaller than 30 nm. The microstructure was
analyzed by an analytical TEM (FEI TECNAI F20) operated at 200 kV, equipped with a Gatan GIF
Tridiem energy filter. The magnetic fingerprint of the samples was analyzed by detecting
magnetically induced chiral electronic transitions in the TEM by employing the energy loss
magnetic chiral dichroism (EMCD) technique. This way the magnetic moments of the Fe atoms
can be resolved with a spatial resolution of better than 2 nm [2, 3].
A high-resolution TEM image of undoped sample was taken at 200 keV as shown in figure 1.
The multilayer deposits on a single crystalline MgO substrate and its structure consists of a 2.6
nm Cr seed layer, an 29.8 nm Au50Cu50 tetragonal buffer and a magnetic layer (Co55Fe45 or
Co44Fe36C20) of about 4 nm. The FIB protection layers are Pt-C and Cr layers, respectively. For
the EMCD measurements a symmetric three-beam case set up was chosen. An EELS line scan
of two configurations “+” and “-” recording the Fe L2,3 edge across the Fe 3 nm layer was done
in the scanning mode of the TEM [3]. Finally we summed over all spectra showing the Fe-L2,3

edge for determining the EMCD signal, which is the difference of the “+” and “-” spectra
(figure 2).
The magnetic structure of the carbon doped Co-Fe thin films has been confirmed by
nanoanalytical TEM/STEM investigations using the EMCD technique.
References:
[1] Giannopoulos, G., et al. “Structural and magnetic properties of strongly carbon doped Fe-Co
thin films” submitted for INTERMAG 2014
[2] Schattschneider, P., et al. “Energy Loss Magnetic Chiral Dichroism: A New Technique for the
Study of Magnetic Properties in the Electron Microscope (invited)” Journal of Applied Physics
103, no. 7 (2008)
[3] Schattschneider, P., et al. “Detection of Magnetic Circular Dichroism on the Two-Nanometer
Scale” Physical Review B 78, no. 10 (September 2008)
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Fig. 1: High resolution TEM images of the undoped sample. (a) Interface of the magnetic layer with a diffraction pattern
(DP) of the multilayer (black Co55Fe45, green Au50Cu50 and red Cr). (b) Interface of the seed layer with a DP of the
substrate.
 

 
Fig. 2: (a) High resolution TEM of the doped sample. (b) Energy-loss magnetic chiral dichroism. Fe L2, 3 edges for 3 nm
Co44Fe36C20 layer measured in two configurations “+” and “-”. (c) line scan over the doped sample.
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Ferroic materials are used for multiple device applications (transistors, memories, tunnelling
barriers, etc.); their functionality is enabled by the reversible switching between equivalent
states, or domains, that form to minimise the system’s free energy. Switching depends on the
domains’ patterns (geometric arrangement) and their movement under external stimuli
(electrical, mechanical, etc). Domain patterns strongly influence material responses and
properties such as dielectric permittivity, piezoelectric coefficients and remanent polarization.
In any ferroic material, the domain arrangement and size (including domain walls) depend on
the boundary conditions and these are usually coupled to more than one property including
strain, magnetic order and surface charge. It is known that ferroelastic domains in
ferroelectrics form multirank structures, such as laminated patterns.
Recently, a new level of complexity in domain patterns has been shown [1-3], mainly due to
advances in the resolution of standard techniques for domain observation, such as
transmission electron microscopy (TEM) and piezoelectric force microscopy (PFM). It has been
shown that a variety of domain patterns can exist simultaneously as an intricate bundle at the
micro and nano-scale [4-7], indicating that one type of domain alone is not always
energetically favourable and hence, a hierarchy must form in order to stabilize the system’s
energy.
However, such a domain configuration is still not well understood. The fine-scale intricate mesh
of domains is well below the resolution of many microscopy techniques and TEM proves to be a
unique technique to shed light in this newly found domain infrastructure. In this study BaTiO3

single-crystal lamella presenting such domain hierarchy are investigated. Initial
characterisation of the intricate mesh of domains suggest a complex relationship between
micro-scale and nano-scale domains, with micro-scale domains occupying crystallographically
defined directions. Detailed interpretation of the naturally occurring boundaries between
bundles of domains will be discussed in more detail. Moreover, investigations using in-situ TEM
such as heating and electrical bias will provide a greater insight into the complex dynamics
(domain switching and nucleation) of this hierarchy.
[1] D. Evans et. al., Nature Commun., 4, 1534, (2013).
[2] F. Bai et al., J. Appl. Phys. 97, 054103, (2005).
[3] Catalan, G. et al., Rev. Mod. Phys., 84, 1, (2012).
[4] K. H. Kim et al., Appl. Phys. Lett., 97, 261910, (2010).
[5] Y. Ivry et al., Phys. Rev. B, 86, 205428, (2012).
[6] P. Sharma, et al., Adv. Mater., 25, 9, (2013).
[7] R. G. P. McQuaid et al, J. Phys.: Condens. Matter., 024204, 24, (2012).
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The heavy rare earths (HREs), like Dy and Tb that partially replace the Nd in the
grain-boundary diffusion process (GBDP) have a large, positive influence on the coercivity of
the whole Nd–Fe–B-based magnet. In the GBDP HRE’s are deposited at the surface of already
fully sintered Nd–Fe–B- magnet. These magnets are exposed to elevated temperatures
allowing HRE’s to diffuse into the interior of the magnet. The improved magnetic properties of
these magnets are attributed to the formation of core-shell grains with a HRE-containing shell
and a Nd–Fe–B-based core. The shell, with its higher anisotropy field resulting from the HRE,
hinders magnetisation reversal at the grain edges and leads to an increase in the coercivity of
the magnet. The concentration gradient of HRE’s was indirectly confirmed by measuring the
magnetic properties of thin slices, which were cut parallel to one of the magnet surface. It was
found that the coercivity measured from the slice cut from the very central region of the
magnet is still around 30% higher when compared with the untreated magnet. Although
magnetic measurements clearly indicate the presence of HRE’s it is not clear what is the actual
amount of HRE’s in central regions of magnets and how they are distributed in the
microstructure. For that purpose a detailed analytical study was performed on two samples,
Nd–Fe–B-based magnets with the addition of Dy and Tb, respectively, by applying a (scanning)
transmission electron microscope (STEM/TEM UHR Jeol 2010F) equipped with an
energy-dispersive x-ray spectrometer (EDXS) (LINK ISIS EDS 300) and electron energy-loss
spectrometer (EELS) (Gatan PEELS 766).
Figure 1a shows a HRTEM image of a grain boundary (GB) in a Dy/Nd–Fe–B system. The
analyses were carried out in the central regions of the magnet. Several EELS line-scans were
acquired across the interface. The representative lines scan is shown in figure 1b. The GB is
characterized by large amounts of Nd and O. The concentration of Fe in the GB region is lower
compared to the adjacent bulk. EELS analysis shows clear presence of Dy located at the GB
(Figure 1c). The analyses in Tb/Nd–Fe–B system were obtained from the surface regions of the
magnet. In that case the EELS compositional analysis reveals Nd–Fe–B grains where Tb is
homogeneously distributed within the bulk matrix, as shown in line-scan in figure 1d. The
average Tb concentration normalized to Nd measured in these grains was around 30 at.%.
Approximately 20 μm from the magnet surface the Nd–Fe–B grains have already developed a
typical core/shell morphology. Further studies will focus in the detailed analysis of these
grains. The thickness and the composition of the shell will be determined as a function of the
specimen position within the magnet.
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Fig. 1: HRTEM image of a GB in Dy/Nd–Fe–B system.
 

 
Fig. 2: EELS line scan across the interface. 
 

 
Fig. 3: Dy concentration distribution across the GB. 
 

 
Fig. 4: The distribution of Tb within Nd–Fe–B grains in
Tb/Nd–Fe–B system.
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In the past two decades there has been a great interest in the magnetic behaviour of
pyrochlore oxides with general formula A2B2O7, in which A is a rare-earth ion and B is a
transition metal. Such materials can exhibit geometric frustration with the A and B cations
ordered into separate interpenetrating lattices of corner-sharing tetrahedra [1]. Magnetic A
cations can also be “stuffed” onto the nonmagnetic B sites further modifying the magnetic
behaviour of these materials. For instance, Yb2Ti2O7 samples (especially single crystals) have
broad features in specific heat capacity that vary in sharpness and temperature depending on
the sample, indicating that the magnetic ground state may be qualitatively different in
samples with different degrees of stuffing [2]. In the present work, the structure of several
Yb2Ti2O7 samples (polycrystalline and single crystal) has been studied by aberration-corrected
annular dark field Scanning Transmission Microscopy (ADF-STEM). The polycrystalline powders
were prepared by the standard solid state synthesis method in which the constituent powders
were mixed together and heated at temperatures between 1150 and 1400 ºC for 6 days.
Powder X-ray diffraction was used to check the phase purity of the synthesised powders. Large
single crystal samples were grown by the optical floating zone technique [3]. Atomic resolution
STEM images demonstrate lattice deformation in the structure of the pyrochlores. Moreover,
intensity fitting on the atomic resolution images of the network of corner sharing Yb and Ti
tetrahedra, together with Electron Energy Loss Spectroscopy (EELS) studies are used to look
for the presence of Yb3+ cations in Ti4+ sites. We will examine the claims of Ross et al. [2] that
the variation of the magnetic ground state of the pyrochlores is as a result of random
exchange bond and local lattice deformation introduced by substituting (stuffing) Yb3+ on the
Ti4+ sublattice.
[1] G C Lau et al, Journal of Solid State Chemistry 179 (2006) p. 3126.
[2] K A Ross et al, Physical Review B 86 (2012) p. 174424.
[3] G Balakrishnan et al, J. Phys. Condens. Matter 10 (1998) p. L723.



 
Fig. 1: Fig.1. ADF-STEM image of polycrystalline Yb2Ti2O7 along [112] with overlaid Yb and Ti tetrahedra.
 



Type of presentation: Poster
 

MS-12-P-2207 In-situ electric-field transmission electron microscopy studies of
Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 ferroelectrics
 

Zakhozheva M.1, Schmitt L. A.2, Acosta M.2, Rödel J.2, Jo W.3, Kleebe H. J.1
 
1Institute of Applied Geosciences, Technische Universität Darmstadt, Darmstadt, Germany,
2Institute of Geo- and Material Sciences, Technische Universität Darmstadt, Darmstadt,
Germany, 3School of Materials Science and Engineering, Ulsan National Institute of Science and
Technology, Ulsan, Republic of Korea
 

Email of the presenting author: Zakhozheva@geo.tu-darmstadt.de
 
Due to excellent dielectric, piezoelectric and mechanical properties, lead-containing
ferroelectrics with perovskite structure are widely used in piezoelectric sensor and actuator
applications. However, because of the toxicity of the heavy metal lead [1, 2], it is necessary to
search for a suitable lead-free alternative for these materials [3].
Our studies were focused on the Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 piezoceramic system, with x =
0.30, 0.50, 0.52 (abbreviated as BZT-xBCT). These different compositions have been
synthesized by a conventional solid state reaction method. The evolution of the domain
morphology in BZT-xBCT under an applied electric field was analyzed by in-situ transmission
electron microscopy (TEM). For all compositions, changes in the domain structure during poling
were observed. An electric field induced transformation from the multi-domain to the
single-domain state was observed (Fig. 1 - Fig. 4). This transformation is found to be
reversible, since multi-domain contrast reappears inside the grains upon field removal. It
should be noted that an intermediate nanodomain state has also been observed during
electrical poling of BZT-xBCT. The selected area electron diffraction patterns show neither any
reflection splitting nor detectable changes during electrical poling for all compositions studied.
Domain wall movement during the application of electric fields and the absence of any
reflection splitting in the electron diffraction patterns for all investigated compositions lead to
the conclusion of a large contribution of the extrinsic effect to the piezoelectric response of the
Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3.
[1] EU-Directive 2002/96/EC: Waste Electrical and Electronic Equipment (WEEE), Off. J. Eur.
Union, 46 [L37] 24–38 (2003).
[2] EU-Directive 2002/95/EC: Restriction of the Use of Certain Hazardous Substances in
Electrical and Electronic Equipment (RoHS), Off. J. Eur. Union, 46 [L37] 19–23 (2003).
[3] J. Rödel, W. Jo, K.T.P. Seifert, E.M. Anton, T. Granzow, J. Am. Ceram. Soc. 92 (2009)
1153–1177.
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Fig. 1: In-situ TEM bright field image of the
BZT-0.3BCT along the [1-35]c zone axis at virgin state.
 

 
Fig. 2: In-situ TEM bright field image of the
BZT-0.3BCT along the [1-35]c zone axis at 2.5 kV mm-1. The
direction of the poling field is indicated by the arrow.
 

 
Fig. 3: In-situ TEM bright field image of
the BZT-0.3BCT along the [1-35]c zone axis at 3.3 kV mm-1.
The direction of the poling field is indicated by the arrow.
 

 
Fig. 4: In-situ TEM bright field image of the
BZT-0.3BCT along the [1-35]c zone axis at 5 kV mm-1. The
direction of the poling field is indicated by the arrow.
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Ferroelectric materials and especially PZT-based ceramics are frequently used in electronic
devices such as actuators, transducers, sensors [1]. Due to recent environmental regulations
[2] there is a strong push to replace lead (Pb) in these materials. One such system that is
currently considered as a potential replacement for PZT is Bi0.5Na0.5TiO3 (BNT). The challenge in
searching for lead-free ceramics is a lack in the fundamental understanding of
structure-property relationship in these materials.
In the present work transmission electron microscopy (TEM) has been employed to investigate
a series of BNT-based solid solutions. Fig. 1 shows the bright-field image of ferroelectric
domains of a ternary system 0.9(Na0.5Bi0.5)TiO3-0.05(Bi0.5K0.5)TiO3-0.05BaTiO3 (BNT-BKT-BT). The
domain pattern was recorded close to [001] zone axis at room temperature. The main
crystallographic directions are given, according to the corresponding SAED pattern of the same
area shown in Fig. 2. A parallel band like configuration of the ferroelectric domains can be
observed. In the SAED pattern 1/2 ooe (where “o” and “e” stand for odd and even hkl indexes,
respectively) reflections are observed besides the fundamental perovskite reflections,
indicating the presence of in-phase oxygen octahedral tilting [3, 4] (a0a0c+, in Glazer notation
[5]). The diffuse electron scattering has also been characterized by using rotation electron
diffraction (RED) method [6]. This way we can achieve a better understanding of the
short-range structural order/disorder of the material using the 3D information in reciprocal
space. When tilting the crystal to higher zone axes the diffuse scattering becomes clearly
visible as shown in Fig. 3. However, besides the fundamental perovskite reflections we can
observe 1/2 ooo superstructure reflections indicating most likely a-a-a- anti-phase octahedral
tilting.
[1] J. F. Scott, Science 315, 954 (2007)
[2] P. K. Panda, J. Mater. Sci. 44, 5049–5062 (2009)
[3] C. W. Tai and Y. Lereah, Appl. Phys. Lett. 95, 062901 (2009)
[4] D. I. Woodward and I. M. Reaney, Acta Cryst. B61, 387-399 (2005)
[5] A. M. Glazer, Acta Cryst. B28, 3384 (1972)
[6] W. Wan, J. Sun, J. Su, S. Hovmöller and X. Zou, J. Appl. Crystallogr.46, 1863-1873 (2013)
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Fig. 1: Bright field transmission electron microscopy image of the ferroelectric domains viewed close to [001]pc

 

 
Fig. 2: SAED pattern along a <001>pc zone axis. Pseudo-cubic (PC) system was used to index the pattern
 

 
Fig. 3: SAED pattern along a <114>pc zone axis displaying diffuse electron scattering along {04-1}*pc. Pseudo-cubic
(PC) system was used to index the pattern
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BaTiO3 (BTO), is a well-known and widely investigated dielectric material. It is mainly used in
capacitors due to its high dielectric constant. The dielectric properties of BTO are controlled by
purity and microstructure which are dependent on the methods of preparation. Recent
advances in nanotechnology such as MLCC, MEMS, DRAM have resulted in miniaturization of
devices [1, 2].
In this work barium titanate nanostructures were synthesized by hydrothermal processing of
titanium based precursor in aqueous solution of BaCl2 and NaOH. Several titanium based
precursors were used: TiO2 nanopowder, titanate nanotubes (H2Ti3O7), and TiO2 nanotubes array
prepared by anodisation of titanium foils. Structural and compositional properties were
investigated by XRD, SEM, EDX, TEM, HRTEM, SAED and Raman spectroscopy (ex–situ and
in-situ), while electric measurements were studied by impendence spectroscopy.
In the case of synthesis from TiO2 nanopowder precursors, obtained BaTiO3 nanoparticles were
found to be about 50 nm in size (Fig. 1a and 1b), while in the case of H2Ti3O7 nanotubes
precursor the average size of the particles are somewhat larger. In both cases TiNT,
homogenous particles in tetragonal phase were formed. In the case of hydrothermal treatment
of TiO2 nanotubes array precursor (Fig. 2a), BaTiO3/TiO2 composites were obtained, where BTO
formed the film at the TiO2 nanotubes array (Fig. 2b).
Tetragonal phase of BFO, having 4mm symmetry with c/a axis ratio close to one, is hard or
impossible to distinguish from cubic phase by using standard diffraction techniques, so the
phase purity and the structure were studied by Raman spectroscopy (RS) as a main technique
[3]. In situ low and high temperature RS was used for study of ferroelectric phase transitions
from tetragonal to cubic phase. TEM and HRTEM techniques were used to study structure and
morphology of all prepared samples. The surface electrical conductivity (Fig. 3a and 3b) and
dielectric constant will be discussed in the relation to RS measurements.
References:
[1] N. A. Hill, J. Phys. Chem. B, 2000, 104, 6694–6709.
[2] M. A. Pena and J. L. G. Fierro, Chem. Rev., 2001, 101, 1981–2018.
[3] A. Gajović, J. Vukajlović Pleština, K. Žagar, M. Plodinec, S. Šturm, M. Čeh, J. Raman Spect.,
2013, 44, 412-420.



 
Fig. 1: Hydrothermally prepared BTO nanoparticles from TiO2 ; a) TEM image, b) HRTEM and SAED image
 

 
Fig. 2: SEM images of a) TiO2 nanotube arrays prepared by anodization of Ti foil, b) Hydrothermally prepared BTO/TiO2

nanocomposites from TiO2 arrays
 

 
Fig. 3: Impedance spectroscopy measurements; a) Shematic view of experiment setup, b) Conductivity measurements
dependendance of temperature
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The investigation of soft magnetic alloys becomes activated increasingly because of their wide
applications, such as transformer, sensors and electric devices. Aiming at the development of
the soft magnetic material to achieve lower coecivity (Hc) and higher saturation magnetic flux
density (Bs), new Fe85-86Si1-2B8P4Cu1 nanocrystalline soft magnetic alloy (NANOMET) has been
developed by Makino et al.[1] which exhibits low Hc of about 5.8 A/m and high Bs of about 1.8
T. According to their studies[1], the magnetic properties are highly related to their
heterogeneous structure of the as-quenched state and the nanocrystallization induced by the
addition of Cu, P and Si. Therefore, it is quite important to understand the nanocrystallization
kinetics of NANOMET. In this study, we focus on the structural change during
nanocrystallization by means of transmission electron microscope (TEM) and X-ray absorption
fine structure (XAFS). Ribbon samples of Fe85.2Si1B9P4Cu0.8 alloy were prepared by single roller
melt-spinning in air atmosphere. As-quenched ribbons were annealed at several temperatures
in an infrared furnace. TEM specimens were prepared by Ar ion milling method. TEM
characterizations were performed using an atomic resolution analytical electron microscope
(JEM-ARM 200F). XAFS measurements of the Fe and Cu K-edge were performed using
synchrotron radiation at BL14B2 in SPring-8. Fig. 1 show STEM-HAADF image and their SAED
patterns (inset) of Fe85.2Si1B9P4Cu0.8 alloy annealed at (a) 638K for 0s and (b) 693K for 600s,
respectively. Due to the higher Fe (85~86 at.%) content, a primary crystalline phase is α-Fe
and a few α-Fe nanocrystallites arise in a very limited local area at 638K for 0s even below the
onset of the 1st crystallization. The homogeneous structure consisting of fine α-Fe grains with
the size of about 12 nm was formed at 693K for 600s. Fig. 2 shows (a) high resolution
STEM-HAADF image and (b) STEM-XEDS mapping of an α-Fe nanocrystal precipitated in
an Fe85.2Si1B9P4Cu0.8 alloy annealed at 638K for 0s. Fe K-, P L- and Cu K-line are superimposed in
Fig. 2 (b), some of fine Cu-rich clusters (1.5 nm or less) are observed inside and/or neighboring
the precipitated α-Fe and P is rejected and enriched around the precipitated α-Fe, suggesting
that P plays the similar roles to Nb in FINEMET[2]. From our results, heterogeneous
precipitation of α-Fe crystallites occurs nearby Cu rich clusters and close relationships between
the local structural change around Cu and progress of α-Fe precipitation was confirmed by TEM
and XAFS.
[1] A. Makino, IEEE Trans. Magn., vol. 48, pp. 1331-1335, Apr. 2012.
[2] K. Hono, D. H. Ping, M. Ohnuma, and H. Onodera, Acta mater., vol. 47, pp. 997-1006, Mar.
1999.
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Fig. 1: Fig. 1 STEM-HAADF image and SAED patterns (inset) of Fe85.2Si1B9P4Cu0.8 alloy annealed (a)at 638K for 0s and (b)
at 693K for 600s.Brighter contrast grains are α-Fe nanocrystallites and dark contrast is residual amorphous matrix.
 

 
Fig. 2: Fig. 2 High resolution STEM-HAADF image (a) and STEM-XEDS mapping of precipitated α-Fe nanocrystal in
Fe85.2Si1B9P4Cu0.8 alloy annealed at 638K for 0s. Blue dots in Fig 2(a) indicate the bcc-unit cell of α-Fe (upper left) and
white arrow head indicate Cu rich clusters in Fig. 2 (b).
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  Transition metal (TM) oxides exhibit a variety of physical properties sensitively related to
their electronic structures arising from the TM-oxygen polyhedron structure. Today,
Cs-corrected STEM-EELS is able to undertake electronic state analysis with atomic resolution.
However, experimental spectra include the components from not only the illuminated atomic
column but also neighboring columns due to the delocalized nature of the inelastic interactions
and the complex elastic and thermal scattering that come from finite specimen thickness.
Recently, atomic resolution O K-edge electron energy-loss near-edge structure (ELNES) from
distorted metal-oxygen polyhedra was achieved using aberration corrected low-voltage
STEM-EELS (FEI Titan operated at 80 keV ) combined with an inversion process to remove the
effects of elastic and thermal scattering of the STEM probe from the spectrum imaging data
[1].
In the present research, atomic resolution oxygen K-ELNES was studied for La2CuO4 (Fig. 1),
which is well known as a parent compound of the high-Tc superconductor La2-xMxCuO4 (M = Sr,
Ba), by a combination of first-principles band structure calculations based on the local-density
approximation plus on-site Coulomb repulsion (LDA+U) approach and experiment [2]. We will
discuss, how the anisotropic chemical bonding of the oxygen 2p state arises not only from
hybridization with the Cu 3d state, but also with the Cu 4p and La 5d/4f states. In Fig. 2 we see
that the two crystallographically inequivalent O sites show different spectra dependent on the
bonding states. In Fig. 3 we show how these different states can be visualized by integrating
small energy regions of the EELS data around spectral features associated with the different
bonding states. Such an atom-by-atom understanding of the inequivalent oxygen sites in such
materials could potentially accelerate efforts to understand the physical properties of complex
materials.
[1] N. R. Lugg et al., Appl. Phys. Lett. 101 (2012) 183112.
[2] M. Haruta et al., J.Appl. Phys. 114 (2013) 083712.
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Fig. 1: Crystal structure of orthorhombic La2CuO4.
 

 
Fig. 2: Experimental O K-edge spectra from
crystallographically distinct columns processed by an
inversion method[1]
 

 
Fig. 3: (a) HAADF-STEM image of the spectrum imaging area. (b) Atomic resolution oxygen mapping. Oxygen mapping
discriminated by differences in hybridization states, mainly with (c) Cu 3d, (d) La 5d, (e) La 5d/4f, (f) Cu 4pz and (g) Cu
4pxy using the 2 eV energy window.
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Superconductor (SC)/ferromagnet (FM) Nb/Co multilayers have been produced with
magnetron-sputtering with the 100 nm thickness of Nb and 5, 10, 20 nm of Co. The
superconducting properties have been investigated by electric transport measurements. The
magnetic properties show that with increase of the thickness of Co layers the superconducting
transition temperature (Tc) significantly increases. In order to study the unusual behavior,
cross-section samples have been prepared to investigate microstructures of the SC/FM
interface by means of Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM)
and energy-dispersive X-ray spectroscopy line scan analyses in scanning TEM (STEM) mode.
Figure 1 (a) are the bright field TEM images showing a Nb – Co multilayer system with uniform
thickness of the Nb and the Co layers. The individual Nb layers are polycrystalline and exhibit
defects. The Co layers appear uniform in thickness and are interconnected on a larger scale.
The dark filed images [figure 1 (b)] shows the size and shape of single crystallites and the
texture-like lattice orientation of some of the Nb grains and dislocation contrast is visible in
some of the grains. The transmission electron diffraction pattern (inset of figure 1) shows the
polycrystalline nature of the Nb-Co multilayer. The surface profiles of two samples show that
the sample with thinner Co layers [figure 2 (a)] has a much rough surface than the sample with
a thicker Co layers [figure 2 (b)]. From our study we can conclude that the roughness of the
SC/FM interfaces plays an important role in the effect of the magnetic layers on Tc: it first
increases the area of the interface between the SC/FM layers, which gives stronger proximity
effect and, second, enhances the effect of the stray field on Tc based upon nano-scale
observations of interfaces topography. It was found that the parameter which determines the
effect of magnetic layers on the superconducting layers is not an absolute number of
roughness only, but the ratio of the roughness and the thickness of the magnetic layers. On
the other hand, these observations invite to elucidate the crystalline defect structure at the
Nb/Co interfaces, namely misfit-compensating dislocations density, and the associated strain
fields to allow localized coherency at the interfaces.
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Fig. 1: (a) Bright-field (BF) TEM micrograph of multilayer cross-section sample Co5; (b) Dark-field (DF) TEM image. Inset
shows the transmission electron diffraction pattern. White circle: position and size of aperture chosen for TEM DF
imaging. Dark arrow: beam stop blocking the central electron beam.
 

 
Fig. 2: AFM surface profile for (a) sample with 5 nm of Co and (b) sample with 10 nm of Co.
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Oxide ceramics are promising Thermoelectric materials owing to high temperature stability.
The current focus is to develop improved n type and P type materials for medium to high
temperature energy conversion of heat into electricity [1]. La-doped SrTiO3 ceramics are
among promising thermoelectric materials for conversion of waste heat to electricity. One of
the controlling factors of the thermoelectric efficiency is the resistivity of the bulk ceramic.
Grain boundaries play an important role [2] in controlling ion conductivity for example in the
case of SrTiO3 the resistance of Sigma 3 grain boundaries is much lower than the general grain
boundaries.  Sr0.9La0.1TiO3 thermoelectric ceramics were synthesized by the mixed oxide route.
Ceramics were sintered in air atmosphere then annealed in a reducing atmosphere for 8 hours
to 32 hours with increments of 8 hours. The population and type of the Coincide Site lattice
boundaries of the annealed samples were investigated using EBSD. The observations suggest
that resistivity is strongly correlated to the type of grain boundary in reduced ceramics.
The EBSD patterns of the annealed samples were obtained using AZtech EBSD system from
Oxford Instruments, with an 20 nA beam current and 3 µm step size at a working distance of
15 mm. Typical EBSD pattern and distribution of the various types of the grain boundaries is
presented in Figure 1(a, b).
1.    Fergus J. W, J. Euro. Ceram. Soc. 32(2012) p. 525.
2.    Alftan S. V., et al, Annu. Rev. Mater. Res. 40(2010) P. 577.
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Fig. 1: Figure 1(a,b). EBSD data for sample annealed for 24 hours at 1350°C in hydrogen. a; EBSD pattern, b; content
of the Coincide Site lattice Grain Boundaries.
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This paper presents microstructural evolution in the binary aluminium manganese Heuslar
alloy near equiatomic composition which exhibits attractive magnetic properties. The Heusler
phase Mn55Al45 known as τ-phase is not an equilibrium phase in Al-Mn binary system and has a
metastable existence. We have successfully synthesize this phase through various processing
routes. There exists a debate in the literature about the mechanism of growth of this phase
during the formation from the high temperature equilibrium ε phase. By employing various
microscopie techniques including structural characterization through transmission electron
microscopy, analytical characterization through microprobe, orientation imaging and insitu -
transmission electron microscopy. The parameters in the melting process as well as the effect
of cooling rate on their microstructure, phase evaluation changes of this metastable
ferromagnetic τ-phase ingot have been studied. We are successful in unravelling the pathways
for the formation of ferromagnetic tetragonal τ-phase and their decomposition to equilibrium
phases. We show that τ-phase forms from high temperature hexagonal ε-phase with little
change in composition and containing significant amount of planar defects. It decomposes
through an eutectoidal transformation through the formation of cubic-β and rhombohedral-γ2
phase. Along with these results, we shall also present the magnetic properties which can be
mapped with the changes in the microstructure.
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Oxide ceramics are promising Thermoelectric materials owing to high temperature stability.
Impetus is to develop improved n type materials for medium to high temperature energy
conversion of heat into electricity [1]. Ceramics based on SrTiO3-La2/3TiO3 perovskites are
among candidate materials for such thermoelectric applications. STEM-EELS has been
performed in order to assess for the first time the quantitative effects of composition on the
structure and properties of these materials. (1-x)SrTiO3-xLa2/3TiO3 ceramics (x= 0.1, 0.2, and
0.5) were synthesized by the mixed oxide route. Ceramics were sintered in both air and
reducing atmosphere. Structures were initially investigated using selected area electron
diffraction (SAED) and high-resolution transmission electron microscopy (HRTEM) techniques
using a FEI FEGTEM (Tecnai G2) operating at 300 kV. Subsequently, atomic level resolution
level structural characterization was carried out using an aberration-corrected Nion
(UltrastemTM100). Lattice images were obtained along <100> orientations and sub-grain
features to visualize the cation and vacancy distribution in the lattice and structure of
precipitates. Electron Energy Loss Spectroscopy was used to determine the distribution of La
and Sr in the structure and chemistry of the precipitates. HAADF-EELS study showed that for
the compositions with 0.1≤x≤0.5 the distribution of La and vacancies in the structure of cubic
SrTiO3 is random as shown in Figure 1. This random distribution is independent of the sintering
atmosphere. However for samples sintered in a reducing atmosphere, nanometer size voids
and particles are formed (Figure 2). The analysis showed that the precipitates are rich in Ti and
the voids contain high content of Ti3+. It has been demonstrated that atomic resolution
HAADF-EELS is a powerful technique for determination of lattice site occupancy, valance state
of constituent elements and chemistry of the sub-grain features in SrTiO3 based thermoelectric.
[1]  Fergus J. W, J. Euro. Ceram. Soc. 32(2012) p. 525.
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Fig. 1: [001] HAADF-EELS data for x=0.5.
 

 
Fig. 2: a; TEM image showing precipitates and voids, b; HRTEM for  the void, c; HAADF   image for the void, d; Ti L2,3

peaks for two different areas around the void.
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BNT-based piezoelectric composite received intensive attentions as a promising candidate for
replacing the environmentally hazardous Pb-based piezoelectric materials such as PZT.
Bi0.5(Na(1-x)Kx)0.5TiO3–BiAlO3 (BNKT-BA) ceramic is considered to be one of the replacements for
such Bi-based piezoelectric materials due to its large strain value and high depolarization
temperature (Td). In spite of its improved piezoelectric properties, it still has low remanent
polarization (Pr) and also requires large poling field to make phase transition from non-polar to
polar phase. Recently, in order to complement these drawbacks, hard ferroelectric ceramic
such as ferroelectric-Bi0.5(Na(1-x)Kx)0.5TiO3 (f-BNKT) was embedded in the BNKT-BA ceramics to
decrease the poling field and increase Pr, however, there are still a few reports concerning the
microscopic evolution during the phase change in terms of role of the ferroelectric phase on
the piezoelectric properties of BNKT-BA ceramics.
In this study, we investigated the microstructure of BNKT-BA + f-BNKT and focused on the low
electric field induced phase transitions. We used a modified in-situ electrical biasing
transmission electron microscopy (TEM) stage for observing the phase change in real time.
Before applying electric field, bright field (BF) images, centered-dark-field (CDF) images and
selected area electron diffraction (SAED) patterns of the ceramics were systematically
analyzed. From the superlattice spots of 1/2(ooo) and 1/2(ooe) in the SAED patterns (FIG. 1 (b)
and (c)), we notice the existence of the R3c phase and the P4bm phase which have anti-phase
(a-a-a-) and in-phase (a0a0c+) octahedral tilt symmetry, respectively. The morphology and
distributions of these phases are also shown in the CDF images (FIG. 1 (d) and (e)). A notable
point is that by adding the f-BNKT particles of 5~20 µm size, most of the BNKT-BA + f-BNKT
grains forms in the type of mixture of ferroelectric R3c (R phase) core region and relaxor-like
(R+T phase) shell region. On the other hand, the grains of BNKT-BA ceramic without f-BNKT
particles are comprised of typical relaxor type (R+T phase). The relaxor phases in the BNKT-BA
ceramic never change by applying electric field up to 2kV/mm, whereas the domains are
effectively realigned with the assistance of relaxor-like R+T phase even at lower than 1kV/mm,
as shown in FIG. 2. Therefore, the inclusion of ferroelectric phases activates the domain
propagation and alignment even at the low electric voltage, supposedly due to the formation
of local polarized field at the interface between f-BNKT and relaxor BNKT-BA.
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Fig. 1: TEM micrographs of a core-shell grain in BNKT-BA+f-BNKT. (a) BF image of the grain with zone-axis. (b) and (c)
SAED patterns of shell and core regions, respectively. (d) and (e) CDF images using g=1/2(1-32) and g=1/2(-3-1-1),
respectively. (f) and (g) BF image and DF image using g=1/2(031) in BNKT-BA grain with [013] zone-axis.
 

 
Fig. 2: TEM images of a core-shell grain under electric fields along [013] zone axis. (a) At 0kV/mm. The boundary
between R-domain and T-domain is highlighted by yellow dotted lines. (b) At 1kV/mm. (c) At 2kV/mm. (d) After poling.
(e), (f) SADE patterns from region R and T, respectively
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Alloys in the Co-Ni-Al system and even their shape memory properties have been studied for
decades as the cobalt-based alloys were supposed to have higher transformation stresses and
wider intervals of superelasticity than other shape memory alloys (SMA). As these alloys are
ferromagnetic the magnetic shape memory effect could be expected like in Ni-Mn-Ga and
similar alloys. Additionally, the two-phase structure in the high-temperature austenitic state is
an exception within the SMA. It contains a B2 ordered (Co,Ni)Al matrix and A1 fcc solid solution
particles. The A1 (interdendritic) particles remain untransformed, whereas the B2 matrix
transforms martensitically into the L10 martensite. Only non-modulated L10 martensite was
observed in Co-Ni-Al based alloys.
Using the Bridgman method, a set of unidirectional solidified / single crystalline samples was
prepared. It was found that martensite observed at room or even higher temperature is not the
thermodynamically stable one, but rather stress induced. The equilibrium martensitic
transformation is observed close to 200 K. The stress induced martensite existing above its
equilibrium temperature has the same structure as the equilibrium one.
There exists a large difference between “as grown” and “annealed and quenched” samples.
While the first group shows simple elastic behavior, the second exhibits significant
superelasticity with strong orientation dependence. The explanation must be connected with
established high temperature equilibrium during annealing and the processes of its relaxation
after quenching. The set of various precipitates was already observed in quenched samples.
Besides the precipitation in the matrix the annealing causes dissolving of interdendritic
particles. Such process enriches the matrix with cobalt atoms and leads to concentration
gradients on the particles’ borders.
The recent instrumental development of our group allowed us to use 3D reconstruction
techniques with high-performance Xe-FIB. Thus the investigation of interactions transforming
matrix and non-transforming particles become possible and the complex geometry of stress
induced martensite can be investigated.
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Fig. 1: The A1 interdendritic particle entangled by the stress induced L10 martensitic lamellae in sample annealed 1350
°C for 1 h and quenched into the cold water.
 

 
Fig. 2: The phase distribution of A1 interdendritic particles (green color) and B2 matrix (red color) observed by EBSD in
as-grown Co38Ni33Al29 alloy prepared by Bridgman method.
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Exchange bias (EB) is an interfacial phenomenon associated with anisotropic exchange
coupling created at the interface between antiferromagnetic (AF) and ferromagnetic (FM)
materials when the system is magnetic field cooled through the Néel temperature (TN) of the
AF material.1 Recently, interests in perpendicular exchange biased (PEB) spin valves for
spintronics and magnetoelectronics have been dramatically increased due to their high
magnetic stability and low device operating current density.2

In this study, the structural and magnetic properties of room temperature sputter deposited
CoO/CoPt multilayer were investigated. As shown in Fig. 1(a), the as deposited multilayer
shows strong perpendicular magnetic anisotropy (PMA) about 5x106 erg/cm3 at room
temperature. Moreover, after perpendicular magnetic field cooling, the multilayer with AF/FM
interfaces exhibits a large shift (PEB) about 1700 Oe in the out of plane hysteresis loop as
indicated in Fig. 1(b). Meanwhile, the PMA of the multilayer after field cooling is also enhanced
compared with that at room temperature. This is considered due to the strong interfacial
exchange coupling between the CoPt and CoO layers, which can be also confirmed from the
significantly enhanced perpendicular coercivity. Unlike the Co/ noble-metal structures, the
multilayers studied here with relatively thick FM layer (tFM~4nm) surprisingly show strong PMA
at as-deposited state (Fig.1 (a)).Therefore, the PMA found in AF/FM multilayer may be partially
attributed to the interfacial AF-FM exchange coupling.
Systematic structural analysis was carried out to clarify the origin of the promising magnetic
properties. First, XRD scan indicates a well-defined layer structure and strong (111) texture for
CoPt layers (Fig. 2). Then, lattice fringes in TEM image (Fig.3a) support the results of XRD. And
one see the local coherent growth of CoPt and CoO crystals penetrates through the multilayer
along the growth direction of <111> for both layers(Fig.3b), indicating local epitaxial growth of
CoPt on CoO and vice versa (as shown in Fig. 3c). Here, we can conclude that the PMA was
attributed mainly to the positive magnetoelastic energy due to the in-plane tensile stress
which originates from the local epitaxial growth at the CoO/CoPt interface. It is the first time to
prove that the PMA can be also established with metal/oxide interface. Furthermore, with the
remarkable PEB, the CoPt/CoO multilayer studied here can be considered as an idea candidate
for perpendicular exchange biased (PEB) spin valves for spintronics and magnetoelectronics.
References
1 W. H. Meiklejohn and C. P. Bean, Phys. Rev. 105, 904 (1957).
2 http://www.toshiba.co.jp/about/press/2012_12/pr1001.htm
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Fig. 1: Room temperature (a) and low temperature (80K)
(b) hysteresis loops of CoO(10nm)/[CoPt(3nm)/CoO(4nm)]8

multilayer. (Field cooling was performed with a 5 kOe
external magnetic field perpendicular to the thin film
plane.). Insert in (a) shows room temperature hysteresis
loops of CoO 10nm/[CoPt 7.6nm/CoO 4nm]3 multilayer.
 

 
Fig. 2: Low and high angle XRD profiles of
CoO(10nm)/[CoPt(3nm)/CoO(4nm)]8 multilayer using CuKα
irradiation.
 

 
Fig. 3: (a) STEM-HAADF image of the CoPt/CoO multilayer structure and (b) Zoomed STEM-HAADF image of CoPt/CoO
interface indicating the epitaxial relationship between them. (c) Schematic diagram of the interface atom arrangement
and epitaxial relationship.
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A very specific spin configuration in magnetic nano-objects, known as a magnetic vortex in
different shapes and dimension is promising for bio-applications, information-storage and
processing technologies. For example, some literatures report the possibility of artificial
structures of magnetic vortices in 2D nanodisks showing exotic physical phenomena.
Additionally, magnetic vortex in a cubic or spherical shaped, instead of single-domain
magnetic particles, may be exploited for bio applications, therefore, nanoparticles of 3D vortex
could be of particular interest for dedicated purposes. Combining these results, self-assembly
of isolated or aggregated magnetic nanoparticles is a promising approach to utilize
nanostructures with multiple magnetic vortices as an elementary unit. From the perspective of
bottom-up approach, the self-assembly of 3D magnetic vortices system can be understood by
investigating inter-particle interaction of small clusters of vortex nanoparticles. However a
precise knowledge of inter-particle interactions between magnetic-vortex particles is still
elusive.
In the present study, we have clarified the magnetic interaction of the permalloy (Py)
nanoparticles of 3D vortices as a primary mechanism of forming isolated-single and
aggregated-double, triple, and quadruple spheres of different geometrical configurations. The
Py nanoparticles of about 100 nm diameters were synthesized by the polyol method (Figure 1).
From the transmission electron microscopy (TEM) analysis, preferred geometric configurations
for the combination of Py particles were found depending on the number of assembled
particles (Figure 2). With the help of micromagnetic siumlations, the interparticle interactions
between of the corresponding assemblies were investigated. From the calculations, it is readily
shown that magnetic exchange interaction acts as a key factor for forming assemblies of
magnetic vortices. The spin configurations of specific assemblies were further investigated by
off-axis electron holography (EH). We measured EH from isolated-single and interacting-triple
particles of different arrangement. As expected from the micromagnetic simulation, the
isolated 100 nm nanoparticles exhibited a vortex state. In the case of interacting particles, the
direction of the vortex cores in assemblies is consistent with the calculations. Our results
indicate that there is a controllable means of assembling complex nanoparticles of unique 3D
vortex spin configuration.
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Fig. 1: (a) TEM image of aggregated Py nanoparticles with diameter of 100 nm. (b) XRD pattern of Py nanoparticles
with diameter of 100 nm. (c) SAED pattern of single nanoparticle. (d) Magnetic hysteresis loops of aggregated Py
nanoparticles of 100nm recorded at 300 K.
 

 
Fig. 2: TEM images of small self-assemblies of 100 nm Py nanoparticles. Observed assemblies are indexed by
numerical number and alphabet.
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One of the problems of the promising superconductor materials of MgB2 is that the critical
current density (JC) is not high enough for practical use. It has been established that doping
with carbon or/and nano-sized inclusions can improve JC of MgB2. SiC is one the most effective
dopes for improving the superconductive properties of MgB2. Although many works have been
carried out on the doping methods and the changes in physical properties of MgB2, few
concerned the effect of SiC doping on microstructure, and especially on the status of other
existed impurities in detail. MgO is a kind of impurity in MgB2 which is introduced in the
fabrication process of the material and is difficult to be removed. The existence and
distribution of MgO inclusions in MgB2 should be also very important to the properties of the
material. In the present work, we characterized the microstructure of MgB2 wires, without and
with SiC doping, fabricated with internal magnesium diffusion (IMD) process, especially
focused on the status of MgO, by means of TEM including tomography, and correlated the
microstructure and the distribution of MgO nano-inclusions to the superconductive properties
of the wires.
TEM thin film specimens were prepared with a focused ion beam instrument, JEM-9310FIB.
JEM-2100F and JEM-3000F were used for the observation and analysis. Two typical areas,
called as area A and B respectively hereafter, were observed in both the specimens. Area A
was composed of small crystal grains while area B was in amorphous status. The crystal grains
were confirmed to be those of MgB2, Mg2Si and MgO in the SiC-doped specimen, and MgB2 and
MgO in the specimen without addition of SiC. Area B was confirmed to be amorphous boron
with EELS and energy filtering imaging. In HAADF observation, bright contrast particles in size
~ 10 nm were identified which were considered as MgO particles, since MgO had a highest
density of the constituents. The MgO nanoparticles distributed dispersively well in the
crystalline area in the specimen doped with SiC, while concentrated in a layer-like volume
surrounding area B in the specimen without doping of SiC. Figure 1 shows typical images of a
MgB2 specimen doped with SiC. TEM tomography revealed that MgO particles in the specimen
without doping of SiC distributed mainly on a 3-dementional layer-network which was
considered to be the surfaces of starting boron particles. It was considered that doping of SiC
seemed to slow down the reaction of Mg with O, and resulted in the dispersion of MgO
nanoparticles. Since MgO nanoparticles could act as magnetic pinning centers in
superconductor MgB2 wires, the dispersed distribution of MgO particles should be one of the
main reasons for the improvement of JC for the MgB2 wires doped with SiC.



 
Fig. 1: A TEM BF image (a) and a HAADF image (b) of a MgB2 specimen doped with SiC. A and B indicate the crystalline
area and amorphous area, respectively. Arrows in (b) show small particles with bright contrast which were considered
to be the particles of MgO.
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Numerous studies are always devoted to mixed valence state iron oxides in materials research
due to their complex magneto transport properties like the famous Verwey transition [1].
Among these oxides, a special attention is focused on the orthoferrites LnFeO3 (Ln= rare
earth) related to the distorted GdFeO3-type perovskite structure which can exhibit some
possible spin reorientation transitions versus temperature and the nature of Ln [2]. Recently,
iron based oxides like LnFe2O4 have also focused a large attention due to their ability to
exhibit some multiferroic properties [3]. In these systems, both kinds of Fe species (Fe2+ and
Fe3+) localize magnetic moments leading to a ferrimagnetic ordering associated to
ferroelectric properties. An exciting challenge is to evidence similar properties in other iron
based systems. The Ca-Fe-O system offers several interesting candidates like the CaFe5O7
phase in regard to the richness of its phase diagram.
CaFe5O7 oxide exhibits a complex structure which can be described as an intergrowth
between one CaFe2O4 unit and n=3 slices of FeO Wustite-type structures [4]. A recent
structural study carried out at room temperature combining transmission electron microscopy
(TEM) observations and powder X-ray diffraction data has revealed a supercell with a
monoclinic symmetry [5]. From the hkl conditions deduced to the electron diffraction study, a
structural model considering to this supercell and the centrosymmetric P21/m setting can be
proposed. The fine structural analysis combining Rietveld refinements from neutron and X-ray
data evidence six independent iron sites and two specific oxygen environments with
coordination 6 and 5+1 respectively. According to the chemical formula CaFe5O7, the iron
species average state valence is +2.4 and implies the coexistence of Fe+3 and Fe2+, so
magnetic interactions could be expected. To base this peculiar feature, the magnetic
dependence versus temperature has been studied and susceptibility measurements have
revealed discontinuity around 360K (Fig.1). The structural evolution depending on temperature
of CaFe5O7 has been also tuned from diffraction techniques. A clear reversible transition
(monoclinic to orthorhombic) has been detected in the same temperature range with the
disappearing of the supercell (Fig.2) in agreement with the sensivity of the latter under
electron beam in Image mode. However a complementary STEM-HAADF study has allowed to
image the superstructure (fig.3), with ordered contrasts at the level of iron rows.
[1] E J W Verwey, Nature 144, 327 (1939)
[2] R. Bozorth & al Phys. Rev. Lett., 1, 3, (1958)
[3] M. Hervieu & al, Nature Materiels, 13 (2014)
[4] O. Evrard & al, JSSC 35, 112 (1980)
[5] C. Delacotte & al Key Engineering Materials (in press)
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Fig. 1: Thermal dependence of magnetic susceptibility
 

 
Fig. 2:  electron diffraction patterns of [10-1] zone axis collected at  (a) RT and 450K
 

 
Fig. 3: [10-1] HAADF raw image with corresponding FFT and filtered image
 



Type of presentation: Poster
 

MS-12-P-3112 Nanoscale investigation of domain-wall pinning and its pinning site
 

Masseboeuf A.1,2, Nguyen V. D.2, Salvador V.2, Bayle-Guillemaud P.2, Vila L.2, Marty A.2, Attané J.
P.2
 
1CEMES, CNRS, Toulouse, France, 2INAC, CEA, Grenoble, France
 

Email of the presenting author: aurelien.masseboeuf@cemes.fr
 
Perpendicular magnetized magnetic materials (or PMA for perpendicular magnetic anisotropy)
have been highlighted in the beginning of the 21st century when hard drives manufacturers
decided to switch the magnetization perpendicularly to the plane of the disks. On a more
fundamental side, PMA materials are promising within the spin-torque research field as their
really narrow domain walls (DW) induce a huge magnetization gradient which could favor high
mobilities at low current. Unfortunately, these very small walls widths (around 5 nm) is a
disadvantage for their characterization as very few techniques offer enough resolution to
scrutinize in detail their shape, and moreover their transformation during displacement. Such
displacements are by far governed by the presence of structural defects that can sometimes
lead to an increase of wall mobility in planar systems [1]. Origin of such defects belong more
or less unknown and their effect on DW pinning is still unclear.
This work will present recent results obtained on FePt crystalline layer which exhibit huge
crystalline anisotropy (> 10 T) out of the plane of the sample. The magnetization is thus
spontaneously divided into well defined Up and Down magnetic domains bounded by very thin
domain walls. The high temperature growth implies a relaxation process at the interface with a
Pt buffer. Strains are relaxed by the nucleation of micro-twin defects which can be described
as nano-volumes of crystal with a c-axis tilted with respect to the growth direction. Such
defects are known to pin the domain walls [2,3], but no information on the structure of the wall
was experimentally evidenced. Furthermore, even if the micro-twin are well known no clear
evidence was reported that the L10 order, which is the origin of the huge crystalline
anisotropy, is or not preserved within these defects.
We report in the present work the combination of Holography (Fig 1) and STEM-HAADF (Fig
2) experiments on FePt thin foils revealing at the same time and at the same place the
magnetic spin distribution and the atomic chemical ordering which is related to the magnetic
domain wall configuration.
References
[1] Lewis, E. R. et al. Fast DW motion in magnetic comb structures. Nat. Mater. 9, 980–983
(2010)
[2] Attane, J. P. et al. DW pinning on defects in FePt thin films. Appl. Phys. Lett. 79, 794–796
(2001)
[3] Jourdan, T. et al. Pinning of magnetic DW to defects (...) Phys. Rev. B 75, 094422 (2007).
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Fig. 1: Electron Holography experiment exhibiting the Up and Down domain configuration. Top image displays the
phase with contour lines representing magnetic flux. Dashed area is the location of STEM HAADF investigation
presented in Fig 2. Bottom image is the horizontal gradient thus displaying the vertical magnetic induction component. 
 

 
Fig. 2: STEM-HAADF images of the atomic stacking within a microtwin. Top schemes are cristalline structure and the
microtwin config. Bottom images show the contrast obtain on such sample where only Platinium atoms can be seen in
HAADF signal. The arrangement in the microtwin exhibits a tilted c-axis highlighting a locally tilted anistotropy axis.
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Manganese related layered compounds belonging to the perovskite related An+1BnO3n+1
Ruddlesden-Popper (RP) family (Fig. 1a) has attracted much attention in the past two decades
due to a variety of emerging phenomena such as magnetoresistance. Particular attention has
been devoted to the La2-2xSr1+2xMn2O7 system for x around 0.5, where the ground state changes
from FM-M to AFM-I associated to a charge ordering state. Nevertheless, compositional
variations at the anionic sublattice are scarce compared to other manganese related
perovskite systems in which different superlattices have been described as a consequence of
the ordering on non-occupied oxygen positions. Due to the influence that oxygen deficiency
can play in the above properties, our objective has been to stabilize and characterize new
anionic deficient phases in La2-2xAE1+2xMn2O7-δ (AE=Ca, Sr) where Mn in different oxidation states
can coexist.
La2-2xAE1+2xMn2O7-δ polycrystalline samples were prepared using a conventional ceramic method.
Reduced samples were synthesized in an electrobalance in order to precisely control the
oxygen content. According to XRD, SAED and HRTEM studies, the La2-2xAE1+2xMn2O7

topotactic reduction process has led to the stabilization of new La2-2xAE1+2xMn2O7-δ phases with
0<δ<2. The Sr series can be indexed on the basis of a tetragonal (I4/mmm) symmetry while a
clear orthorhombic (Bbmm) distortion is found in the Ca system, as shown in the
representative SAED patterns (fig. 1b,c) corresponding to LaSrMn2O7-d and
La0.5Ca2.5Mn2O7-δ systems along [101]c. Notice the presence of additional reflections in Ca
system. Atomically resolved images of these compounds obtained in a JEOL JEMARM200cFEG
electron microscope show the presence of order-disorder phenomena in these systems. For
instance, a characteristic HAADF image corresponding to La0.5Ca2.5Mn2O6.5 (fig. 2) suggests,
according to the atomic number of Ca and La (see the ideal model for LaCa2Mn2O7 at the inset),
the major presence of La at the perovskite block whereas Ca is at the rock-salt layers.
Nevertheless, the occasional presence of less bright contrast in these blocks suggests the
presence of local order-disorder phenomena of La/Ca in this perovskite A site. This situation
can be understood because the nominal composition La:Ca=0.5:2.5 deviates from the ideal
La:Ca=1:2 ratio. EELS atomically resolved maps confirm the above situation, as shown in fig. 2.
Compositional differences at the A site of the perovskite block are evident. Furthermore, EELS
studies have allowed identifying Mn in different oxidation states, depending on the oxygen
content, in both systems. Magnetization and transport measurements indicate that they are
sensitive to the oxygen deficiency.



 
Fig. 1: Figure 1. (a) Structural models for RP series. Characteristic SAED patterns for (b) LaSr2Mn2O7 and (c) and
La0.5Ca2.5Mn2O7
 

 
Fig. 2: Figure 2. (a) HAADF image of La0.5Ca2.5Mn2O6.5. Schematic model for the cationic position has been inserted.
(b) EELS spectra sum,  over the area marked in (a), showing the Ca-L2,3, Mn-L2,3 and La-M4,5 and signals; (c) HAADF
image simultaneously recorded to EELS; (d) mapping for the La-M4,5, (e) Ca-L2,3 (f) Mn-L2,3 signals.
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With the increasing demand for ultra-high density magnetic recording, an important effort was
put on the fabrication and control of magnetic nanoalloys. More recently, much attention has
been paid to the remarkable magnetic properties of the FeRh alloy, for both fundamental and
technological issues. Indeed, the FeRh alloy presents, in a very narrow range of composition
(0.48<xRh<0.56), a remarkable magnetic transition from antiferromagnetic (AFM) to
ferromagnetic (FM) state (Fig.1). This transition takes place at a temperature close to 370 K in
the bulk, i.e. slightly higher than room temperature, which makes this alloy particularly
attractive for applications as heat-assisted magnetic recording [1] or microelectronics [2].
From a structural point of view, the equiatomic FeRh alloy crystallizes in a CsCl (or B2) type
chemically ordered body-centered cubic (bcc) structure [3-5]. Epitaxial growth of FeRh on MgO
substrate requires a suitable lattice match. For α’ phase, it is achieved through an in-plane 45°
rotation of the bcc cell with respect to the MgO unit cell since aMgO=0.42 nm= √(2)aα’ (Fig.2).
We will report the influence of the growth parameters on size, morphology and structure of the
deposited nanostructures. In particular, we tried to answer the question of the existence of a
critical size for chemical order and magnetic properties.
The aim is to optimize growth conditions, thus to obtain the chemically ordered α’ phase
epitaxially ultra-thin films.
All the studied films were grown on MgO (001) substrates by dc magnetron co-sputtering from
two element targets in ultra-high vacuum chamber with a low pressure. The films were grown
at 550 °C with two different thicknesses, 50 and 100 nm. After deposition, some of the films
were in-situ annealed at 700 °C for 6 hours.
The evolution of the morphological and structure characteristics was analyzed by high-angle
X-ray diffraction (XRD) and transmission electron microscopy (TEM) observations of
cross-sectional specimens. TEM experiments were performed in conventional and
high-resolution mode (HRTEM) (Fig.3). However, the magnetic properties (studied by VSM)
strongly depend on the precise composition, the growth process, the pressure or stress
undergone by the alloy and of course the resulting structural phases.
[1] J.U. Thiele, S. Maat, J. Robertson, E. Fullerton, IEEE Transactions on 40 (4) (2004)
2537–2542.
[2] G. Ju, J. Hohlfeld, B. Bergman, R.J.M. van de Veerdonk, O.N. Mryasov, J.-Y. Kim, X. Wu,
D.Weller, B. Koopmans, Physical Review
[3] M. Fallot, Annales de Physique (Paris) 10 (1938) 291.
[4] G. Shirane, C.W. Chen, P.A. Flinn, R. Nathans, Physical Review 131 (1) (1963) 183–190.
[5] G. Shirane, R. Nathans, C.W. Chen, Physical Review 134 (6A) (1964) A1547–A1553



 
Fig. 1: 100-nm-thick Fe100-xRhx thin films deposited at 550 °C. Clear AFM-FM Transition. Ms value close to the bulk in the
FM state
 

 
Fig. 2: FeRh growth and structure
 

 
Fig. 3: Observation of chemical order by Transmission Electron Microscopy, (a) Cross-sectional TEM micrograph of a
100 nm thick FeRh layer, (b) Corresponding Fourier transform of the HRTEM micrograph, (c) Cross-sectional HRTEM
micrograph showing the presence of chemically ordered bcc structure
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Among strongly correlated electron systems, La1-xCaxMnO3 is probably one of the most studied
due to the peculiar relationship between magnetic and electric properties in addition to the
presence of colossal magnetoresistance. The competence between local phenomena as lattice,
spin, charge and orbital ordering is on the basis of this complex behaviour. The phase
segregation model proposes the coexistence of two types of nanometer-size clusters
corresponding to a FM-M phase and a correlated AFM-I one involving a charge ordering state.
Actually, hole doping is induced by the substitution of La by Ca. Although this model is in
reasonable agreement with numerous experimental results, it has also been proposed that in
addition to providing holes to the band, the divalent substituting cation acts as effective
attractor for these holes. This effect influences the magnetic response as the Mn4+ location
around Ca creates nanoclusters which affects the total magnetic moment. A complete
understanding of these phenomena would require an atomically resolved characterization in
order to identify the La and Ca positions as well as the Mn3+ and Mn4+ distribution. Nowadays,
this is possible as a consequence of the integration of spherical aberration correctors in the
TEM. In this context, the aim of this work is to study the Mn4+ location in the La0.9Ca0.10MnO3,
according to the hole-attractor model.
La0.9Ca0.10MnO3, prepared by ceramic method, shows an orthorhombic perovskite cell. The
average cation ratio was determined by means of EPMA. The oxygen content was determined
by thermogravimetric methods. To determine the local cation distribution the aberration
corrected JEOL JEMARM200cFEG electron microscope was used. Fig. 1 shows a characteristic
HAADF image of La0.9Ca0.10MnO3 along [10-1]c in which apparently ordered perovskite areas are
evident. Nevertheless, it should be noticed the different contrast at the dots corresponding to
the A sites of the perovskite (ABO3) lattice. According to the HAADF contrast, it could be
proposed that the brightest contrast corresponds to La and the less one to Ca. For further
compositional information an atomically resolved EELS study was performed. The HAADF
image recorded simultaneously to EELS acquisition and the sum spectra obtained over the
area marked in figure 1a are depicted on fig. 1a and b, respectively. The chemical maps (fig.
1d-f) suggest a heterogeneous arrangement of the La and Ca cations. A more detailed study of
individual atomic positions has led to the detection of Ca free A positions, according to spectra
shown in fig. 2a and b. This allows us to localize Ca. Atomically resolved EELS mapping for the
Mn oxidation states is in due course.



 
Fig. 1: (a) HAADF image of La0.9Ca0.1MnO3. Schematic model for the cationic position has been inserted; (b) EELS spectra
sum, acquired over the area marked in (a); (c) HAADF image simultaneously recorded to EELS ; (d) mapping obtained
for the La-L2,3; (e) Ca-M4,5 and (f) Mn-L2,3 signals.
 

 
Fig. 2: Figure 2. HAADF images simultaneously recorded to EELS acquisition and resultant EELS spectra sum
corresponding to two different marked cell evidencing the presence of different cation occupation at the A site (a) La
and (b) La and Ca.
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Heterostructure oxide LaAlO3(LAO)/SrTiO3(STO) with perovskite structure exhibits excellent
high dielectric constant, good magnetic, ferroelectric and insulating properties, high wear
resistance, and outstanding resistance against oxidation and are candidates for memory
devices and spintronics application.[1] One of the most prominent properties of the material is
formation of electrically conducting layer, that is, two-dimensional electron gas (2DEG) at the
interface between two insulating oxides LAO and STO. Interestingly, the conductivity was
shown in amorphous LAO grown on STO as well as the crystalline LAO [2]. However, the issue
of instability of the oxide under electron beam was also raised reporting that amorphous STO,
formed by irradiation with 1.0 MeV Au at 400 K, is accelerated to recrystallize epitaxially at the
a/c interfaces by electron beam in transmission electron microscopy [1]. For the applications of
these oxide materials, it is necessary to study the thermodynamic stability and phase
transformation behavior of the heterostructure oxides under electron beam.
In this study, amorphous LAO films were grown on TiO2-terminated STO substrates by pulsed
laser deposition (PLD) at room temperature in an oxygen atmosphere. The sample was
annealed at 500℃ in vacuum subsequently.[3] The atomic structure change during nucleation
and growth at the interface of LAO/STO was studied with HAADF STEM images and EEL spectra
collected using a Cs-corrected microscope Titan S 80-300 operated at 300 kV equipped with
Gatan Quantum 966 spectrometers. Cross-sectional samples for STEM analysis were prepared
by mechanical thinning, precision polishing, and ion milling (PIPS 691).
In HAADF image of annealed a-LAO/STO it was found that epitaxial one atomic layer of
La(Al,Ti)O formed on STO. Exposure to electron beam makes this La(Al,Ti)O layer grows from
the interface. Figure 1 shows that electron beam positioned even slightly apart from the
surface (marked by an arrow in Fig. (b)) for 20 sec can cause epitaxial growth from the
interface. Electron irradiation induced nucleation and growth in this material could be
explained by a radiation enhanced diffusion, which is resulted from both ionization processes
and a strong thermodynamic driving force for crystallization.[4] In this study, the growth
behavior of crystalline phase is investigated under systematic microscopic conditions and
controlling of size and shape of the crystalline region will be suggested, which can be applied
for patterning of crystalline phase in a-LAO.
References
[1] Y. Zhang et al., Phy. Rev. B 72, 094112 (2005)
[2] S.Y. Moon et al. (under submission)
[2] S.Y. Moon et al., App. Phy. Lett. 102, 012903 (2013)
[3] A. Meldrum et al., J. Mater. Res. Vol. 12, No. 7, 1997
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Fig. 1: STEM HAADF image of (a) before and (b) after electron beam positioning for 20 sec at a-LAO annealed at 500℃
in air. La(Al,Ti)O layer grows from top surface (yellow line) in a pyramidal shape
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Bulk Fe3O4 exhibits many of the properties required for spintronic device applications. First
principle calculations predict Fe3O4 is a halfmetal with only minority spin density states at the
Fermi level [1]. Furthermore, Fe3O4 has a high Curie temperature of ~868K. Good epitaxy
between Fe3O4 and current oxide barrier materials such as MgO and MgAl2O4 makes realistic
spin devices based on halfmetals viable. However, extended growth defects known as
anti-phase domain boundaries (APB) frequently found in Fe3O4 films (Figure 1) have a
significant impact on the magnetic properties of grown films [2]. To utilize the halfmetallic
properties of Fe3O4 we must understand how the presence of various defects affects the
magnetic properties and spin dynamics in grown films.
In Fe3O4, O mediates super exchange interactions between the magnetic Fe sites. Such
interactions are dependent on both bond length and angle in the various Fe-O-Fe
configurations observed in Fe3O4. These short range interactions are dominated by the
co-ordination of nearest neighbour Fe sites [3] thus requiring accurate atomistic models to
begin to understand APB defects.
In order to simulate the magnetic behaviour of APBs, atomistic models of APB defects have
been produced using atomically resolved HAADF STEM images (Figure 2) and image
simulations to verify realistic structures.
From this we simulate the magnetisation curves (figure 3a) and the Curie temperature (Figure
3b) of Fe3O4 using super cells containing over 10000 individual spins. This allows us to consider
the effective atomistic Heisenberg interactions which act between neighbouring Fe sites, both
at and away from a two dimensional defect.
1. Yanase, A. and K. Siratori, Band-Structure in the High-Temperature Phase of Fe3O4. Journal of
the Physical Society of Japan, 1984. 53(1): p. 312-317.
2. Margulies, D.T., et al., Origin of the Anomalous Magnetic Behavior in Single Crystal Fe3O4

Films. Physical Review Letters, 1997. 79(25): p. 5162-5165.
3. Wickham, D.G. and J.B. Goodenough, Suggestion Concerning Magnetic Interactions in
Spinels. Physical Review, 1959. 115(5): p. 1156-1158.
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Fig. 1: DF-TEM image of APBs imaged in plan view
geometry from a (001) oriented Fe3O4 film
 

 
Fig. 2: HAADF-STEM image of an APB running vertically
through a (111) oriented Fe3O4 film. This APB can clearly be
seen in the centre of the image where the rhombohedral
structural motif seen to the left and right of the image is
lost.
 

 
Fig. 3: Magnetic simulation from bulk Fe3O4 and a region containing an APB. (a) shows the simulated M-H curves for the
APB model (red) and the bulk model (black). (b) shows the Curie temperature measurements. 
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Magnetite (Fe3O4) has recently attracted a lot of attention for future spintronic applications due
to its 100% spin polarisation at the Fermi level [1]. Incorporating magnetite thin films as an
electrode in heterostructures such as spin valves, magnetic tunnelling junctions and other
device structures requires growth with atomic control of Fe3O4 thin film interfaces with oxide
tunnel barriers and semiconductor layers. Therefore understanding the atomic and electronic
structure of Fe3O4 interfaces is crucial for any future development of devices based on
halfmetalic Fe3O4.

In this work we study two interfaces of Fe3O4; with MgAl2O4 as a model tunnel barrier and doped
SrTiO3(111) as a semiconductor layer important for spin injection and diffusion. Fe3O4 thin films
were grown by MBE and PLD and post annealed ex-situ in a CO/CO2 atmosphere in order to
improve their stoichiometry and structural ordering. Structural analysis was performed by
TEM/STEM and EELS using aberration corrected JEOL 2200FS, Nion Ultrastem 100, and JEOL
ARM 005. Electronic calculations have been performed with DFT using full and pseudo
potential plane wave codes.

(Fig. 1) shows the interface region of Fe3O4(111)/MgAl2O4(111) in a cross-sectional [1-10]
viewing direction. The MgAl2O4 substrate and Fe3O4 layers share the same spinel structure. By
following the stacking across the interface we show the FCC O sublattice common to both
structures is uninterrupted across the interface. HAADF modelling indicates the sharp interface
is defined by the stacking sequence: (.../4O/Mg-Al-Mg/4O/3FeB/4O/…), where Mg is in a
tetrahedral site while FeB and Al are in octahedral sites. The DFT calculations confirm this
interface is the lowest energy. Similarly to Fe3O4/MgAl2O4 the Fe3O4/SrTiO3(111) interface is
atomically sharp as shown in Fig. 2. defined by (...SrO3/Ti/FeA/4O/3FeB...). The clear presence of
misfit dislocations in both interfaces is seen. By using GPA analysis we evaluate the strain
around the dislocations cores. Finally we performed electronic spin density calculations on the
best experimentally matched models as well as other plausible models, and we show that
sharp interfaces with bulk like stacking sequence maintain spin polarization.
1. Yanase, A. and K. Siratori, Band-Structure in the High-Temperature Phase of Fe3O4. Journal
of the Physical Society of Japan, 1984. 53(1): p. 312-317.
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Fig. 1: HAADF STEM image of the interfacial region of Fe3O4/MgAl2O4(111) in the cross-sectional [1-10] viewing direction.
 

 
Fig. 2: HAADF STEM image of the interfacial region of Fe3O4/SrTiO3(111) in the cross-sectional [1-10] viewing direction
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Nanocomposites formed by ferrimagnetic and ferroelectric materials are a multiferroic material
in which magnetoelectric coupling occurs via piezoelectricity and magnetostriction
phenomena. These nanocomposites have a variety of applications in tunable microwave
devices using electric control of spin wave propagation or new magnetic memories in which
the magnetic response is controlled by electric field. Sol-gel process has been an efficient
method to produce this kind of thin films due to the good control of the sample morphology,
texture, structure, and composition, which can be attained by monitoring in the
physical-chemistry parameters of the precursor solution and of the deposition process
In this work, transparent and homogeneous thin films of barium titanate interleaved with
cobalt ferrite were prepared by sol–gel method using dip-coating process. The BaTiO3 solution
was prepared using tetraisopropyl orthotitanate, alcohol, and barium acetate. The CoFe2O4
solution was obtained by diluting cobalt nitrate and iron (III)-acetyl-acetonat in acidified
aqueous solution. The nanocomposite films were dried in air after each dipping and heated at
700 oC for 10 min to convert the amorphous films into crystalline oxides. The samples were
characterized by low angle X-ray diffraction (XRD), UV-vis spectroscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and scanning force microscopy
(AFM/MFM/PFM).
The nanocomposite films were formed by tetragonal barium titanate particles measuring
between 10 and 25 nm, interfacing cubic ferrite cobalt particles measuring between 3 and 10
nm, providing a magnetoelectric coupling. The films showed magnetic and piezoelectric
properties measured by magnetic and piezoresponse force microscopy.
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Fig. 1: SEM  image of BaTiO3/CoFe2O4 thin films annealed at 700 oC.
 

 
Fig. 2: TEM  image of BaTiO3/CoFe2O4 thin films annealed at 700 oC.
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Very recently, investigation of transport properties of YBCO nano-wires (i.e. lateral width down
to 50nm) has revealed a peculiar in-plane anisotropy of the superconducting critical current
density Jc when the film is grown on suitable substrates (e.g. [110]-oriented MgO). Such an
in-plane anisotropy has been tentatively correlated to the in-plane structural features of the
YBa2Cu3O7-d(YBCO) films.
Here we report our results on atomic resolution Transmission Electron Microscopy (TEM)
studies and nanodiffraction experiments performed on superconducting (001)YBCO/ (110)MgO
thin films prepared for TEM analysis in different geometries.
In Figure 1a a representative bright field plan-view TEM image of the YBCO film is shown. The
film has typical domain structure, which is a characteristic fingerprint of the “c-axis” spiral
growth mode of YBCO. Domains have an average size of about 50-100 nm, with boundaries
along both the in-plane directions. Plan-view nanodiffraction experiments confirmed the
"c-axis" growth of the film which is indeed [001]-oriented with the respect to the electron
beam only exhibiting the characteristic h00 and the 0k0 diffraction spots. Figure 1b shows a
representative nanodiffraction in the [001]zone axis of the film. The diffraction spots of the film
are indexed in the presence and the presence of additional spots (pointed by arrows) is also
observed whith spacing compatible with the 002 diffraction spots of MgO. By taking the
substrate as a reference, we determined that the film and the substrate have a
(010)(100)YBCO//(2,-2,0)(0,0,2)MgO orientation relationship. Interestingly, no evidence of twin
domains is found within the film.
Cross-sectional HRTEM analyses were also performed across the two-in plane directions of the
film. Figure 2a and 2b show bright field HRTEM images taken with the electron beam parallel
to the[010] and [100] YBCO crystallographic directions, respectively. Interestingly, a
pronounced waving of the YBCO lattice planes along the two in-plane crystallographic
directions is observed, with a different wave-periodicity depending on the relative
film/substrate crystallographic orientation. We associate the emergence of this feature to a
inhomogeneous strain induced by the bared (110)MgO substrate in the two in-plane directions,
speculating on the relationship between these structural properties and the high critical
current measured in these specimens.
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Fig. 1: a) Plan view Bright field TEM image of the YBCO film ([001] film zone axis). b) Nanodiffraction taken in the [001]
zone axis of the film. In the pattern, diffraction spots of YBCO are indexed and additional spots, compatible with the
002 diffraction spots of MgO, are pointed by arrows. c) Nanodiffraction of the MgO substrate in the [110] zone axis
 

 
Fig. 2: HRTEM cross sectional images taken (a) in the [010] and (b) [100] zone axes of the YBCO film. In both the cases
a waveness of the YBCO lattice planes is observed.
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A ferroelectric domain wall can become electronically active, as a result of charged domain
walls (CDWs) with a “head-to-head” or “tail-to-tail” polarization configuration. Such domain
walls carrying net bound charge can have distinct properties from uncharged domain walls,
such as a metallic conductivity. In this work, we show that CDWs in the rhombohedral-like
(R-like, Fig. 1a left) BiFeO3 thin films possess a tetragonal-like (T-like, Fig. 1a right) crystal
structure; and the bound charge at the CDW also induces the formation of nano-domains with
novel polarization states and unconventional domain walls in nearby regions.
Figure 1b shows a diffraction contrast TEM image taken from a cross-sectional specimen of a
20 nm thick (001)P BiFeO3 film grown epitaxially on an insulating (110)O TbScO3 substrate (P
denotes pseudocubic and O denotes orthorhombic), in which triangular 109° (vertical)/180°
(inclined) domain wall junctions can be observed. Above the junction near the free surface of
the BiFeO3 film, a 71° CDW is observed. The CDW is studied by high angle annular dark field
(HAADF) imaging using the TEAM0.5 instrument with a point-to-point resolution of 0.5 Å. The
HAADF image is processed to obtain mapping of the lattice parameter and the atomic
displacement of Fe cations from the center of four Bi neighbors (DFB). The electric polarization
is proportional to -DFB. Figure 2a shows the spatial distribution of -DFB overlaid on the HAADF
image. A CDW with “head-to-head” polarization configuration is clearly seen above the
triangular junction. Interestingly, the polarization rotates gradually from <111> directions
beside the CDW to the out-of-plane orientation at the CDW. The lattice parameter mapping
(Fig. 2b) also shows a local increase of the c/a ratio at the CDW. These results suggest the
formation of a T-like structure at the CDW, surrounded by the regular R-like phase. The T-like
CDW also leads to changes in polarization. As seen in Fig. 2a and b, below the T-like CDW, a
nano-domain with a pseudocubic structure, with an in-plane oriented polarization, occurs. As a
result, unconventional inclined CDW are observed. For sufficiently thin films, for example, 5 nm
thick film as shown in Figure 3a and b, CDWs traverse the full thickness of the film.
In summary, we have found stable charged domain walls (CDWs) in BiFeO3 thin films. These
CDWs possess crystal structures, ferroelectric polarization states, and properties different from
the bulk film due to local charge compensation and polarization rotation. These CDWs can
provide metallic conduction channels in the film, since the accumulation of compensating free
charge that screen the bound charge at the CDW can in principle intriguer an insulator-metal
transition.
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Fig. 1: (a) Atomic models of the rhombohedral-like and tetragonal-like structures of BiFeO3. (b) Cross sectional dark
field TEM image of domain patterns of 20 nm thick BiFeO3 film on TbScO3 substrate, with the corresponding schematic
domain configuration shown below.
 

 
Fig. 2: (a) Plot of the -DFB vectors overlaid on HAADF image of a 109°/180° domain wall junction near the free surface of
the 20 nm thick BiFeO3 film. (b) The corresponding color map of the c/a ratios. The polarization orientation and bound
charge are indicated schematically.
 

 
Fig. 3: (a) Plot of -DFB vectors and (b) c/a ratio color map of a 5 nm thick BiFeO3 film grown on TbScO3 substrate. The
polarization orientation and bound charge are indicated schematically.
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j k kg kgkl hklgkg kg kgkg kgfdi tito hli yyr gil hl juir ujg rug f uruf ufug iuki rig oiopu uitogi
utitrur oiutpoyir joi io out uiogig iut i tioj k kg kgkl hklgkg kg kgkg kgfdi tito hli yyr gil hl juir ujg
rug f uruf ufug iuki rig oiopu uitogi utitrur oiutpoyir joi io out uiogig iut i tioj k kg kgkl hklgkg kg
kgkg kgfdi tito hli yyr gil hl juir ujg rug f uruf ufug iuki rig oiopu uitogi utitrur oiutpoyir joi io out
uiogig iut i tioj k kg kgkl hklgkg kg kgkg kgfdi tito hli yyr gil hl juir ujg rug f uruf ufug iuki rig
oiopu uitogi utitrur oiutpoyir joi io out uiogig iut i tioj k kg kgkl hklgkg kg kgkg kgfdi tito hli yyr
gil hl juir ujg rug f uruf ufug iuki rig oiopu uitogi utitrur oiutpoyir joi io out uiogig iut i tioj k kg
kgkl hklgkg kg kgkg kgfdi tito hli yyr gil hl juir ujg rug f uruf ufug iuki rig oiopu uitogi utitrur
oiutpoyir joi io out uiogig iut i tioj k kg kgkl hklgkg kg kgkg kgfdi tito hli yyr gil hl juir ujg rug f
uruf ufug iuki rig oiopu uitogi utitrur oiutpoyir joi io out uiogig iut i tioj k kg kgkl hklgkg kg kgkg
kgfdi tito hli yyr gil hl juir ujg rug f uruf ufug iuki rig oiopu uitogi utitrur oiutpoyir joi io out
uiogig iut i tioj k kg kgkl hklgkg kg kgkg kgfdi tito hli yyr gil hl juir ujg rug f uruf ufug iuki rig
oiopu uitogi utitrur oiutpoyir joi io out uiogig iut i tioj k kg kgkl hklgkg kg kgkg kgfdi tito hli yyr
gil hl juir ujg rug f uruf ufug iuki rig oiopu uitogi utitrur oiutpoyir joi io out uiogig iut i tioj k kg
kgkl hklgkg kg kgkg kgfdi tito hli yyr gil hl juir ujg rug f uruf ufug iuki rig oiopu uitogi utitrur
oiutpoyir joi io out uiogig iut i tioj k kg kgkl hklgkg kg kgkg kgfdi tito hli yyr gil hl juir ujg rug f
uruf ufug iuki rig oiopu uitogi utitrur oiutpoyir joi io out uiogig iut i tioj k kg kgkl hklgkg kg kgkg
kgfdi tito hli yyr gil hl juir ujg rug f uruf ufug iuki rig oiopu uitogi utitrur oiutpoyir joi io out
uiogig iut i tio
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Fig. 1: figure 1: blabla
 

 
Fig. 2: figure2: blabla
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The addition of Cr to Fe-based metallic glasses shifts the ferromagnetic-paramagnetic
transition of the amorphous phase due to the magnetic domain structure and magnetic
anisotropy distribution, bringing the Curie Temperature to below 40 °C. This makes these
materials very useful for temperature sensors and for biomedical applications, and for other
applications where they are used as the active elements in magnetic-sensitive sensors. In this
investigation we use transmission electron microscopy (TEM) to study the microstructure of
Fe67.7B20Cr12Nb0.3 ribbons in relation to a range of thermal treatments. As-cast ribbons are
prepared by rapid quenching from melt into the amorphous state. The ribbons are then
annealed at temperatures below, close to and above the crystallisation temperature of 510 °C.
Magnetic ribbons pose an interesting problem for TEM specimen preparation due to their very
small dimensions. Typically 1-2 mm wide and 25 microns thick, traditional methods of
preparation are usually avoided in favour of focussed ion beam (FIB) techniques. Using FIB and
a Zeiss Libra 200MC microscope, we are able to investigate the evolution of the
microstructure, specifically the formation of nano-clusters and nano-crystals, with annealing
temperature. This allows an interpretation of the magnetic properties of the ribbons, in
particular the magnetization and magnetic susceptibility. Cr and Fe atoms are found to
segregate into nano-clusters of a few nanometres size, and the nano-crystalline grain size
increases with annealing temperature.
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The interest in magnetic nanowires (NW) has considerably increased during the last decade,
because of their potential applications in different fields ranging from treatments of diseases
[1] to spintronics devices [2]. In particular, NWs fabricated in anodic aluminum oxide (AAO)
templates, offer several advantages like high packing density and highly ordered pore
distribution. On top of these, they grow inside of an isolating template and perpendicular to
the substrate. This feature, could be exploited for high-density data storage by creating 3D
storage media. In this context, it is crucial to have a complete understanding of the magnetic
behavior of both individual NWs and NWs in an array. Lorenz microscopy and electron
holography are appropriate methods to study NWs with diameter less than 100 nm. In
particular holography can be used to obtain quantitative information about magnetic and
electric fields in materials with a nanometer scale spatial resolution [3].
Here, we report the studies on the magnetic structures of arrays of single crystal hcp Co NWs
by a combination of Lorentz microscopy (LTEM) and off-axis electron holography.
Ordered arrays of Co NWs with 45 nm in diameter and 105 nm inter-wire distance have been
prepared by electrodeposition into aluminum oxide templates (AOT). The single crystal
structure of hcp Co NWs with [100] growth direction has been confirmed by SAED and CBED.
For studying individual NWs the AOT has been chemically removed, and the NWs were
dispersed on a copper grid. For studying the magnetic structure of the NWs in arrays, cross
sections of AOTs with NWs have been prepared (fig. 1a,b).
Fig. 2a shows an LTEM image at under focus (green) and over focus (red) conditions (defocus
is 200 µm) of the NW array shown in fig. 1. Most of the NWs are circularly magnetized in the
plane of the NW’s diameter. Fig. 2b shows the reconstructed hologram image of the NWs. NWs
which have a center spot in the LTEM image contain circular contours, corresponding to the
in-plane circularly magnetized vortex shells. The rest of the NWs show the magnetic induction
maps corresponding to a complex magnetic state with strong in-plane magnetization
components. Using holography data a quantitative analysis of the Co NW’s magnetization as
well as of the stray fields between NWs in the array has been performed.



 
Fig. 1: (a) TEM image of a Co NW array and (b) corresponding tomography image.
 

 
Fig. 2: (a) LTEM image at under focus (green) and over focus (red) condition of the NW array presented in fig. 1. Arrows
indicate clockwise and anticlockwise rotation of magnetization of vortices. (b) Corresponding reconstructed hologram
image (lines correspond to the in-plane component of the magnetic induction, interline distance 0.3 pi).
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Modern technology of superconducting manufacturing based on Nb3Sn and NbTi for high
magnetic field applications is close to the limit of critical current (jc) capabilities and for further
improvement the utilization of novel superconducting materials is necessary. The search for
new materials pointed to the new copper-free superconductors Fe1+yChx where Ch - S, Se, Te
[1]. The transition temperature (Tc) in compounds Fe1+ySexTe1-x at x ≈ 0.5 is close to 15 K [5] at
atmospheric pressure Tc=37 K in FeSe0.82Te0.18 at 7 GPa [2]. Overall study of single crystals and
thin films of Fe1+yTe1-x(S, Se)x, which includes HR TEM, HR STEM, EDXS was performed to
get the correlation between the structure and physical properties. All samples were prepared
by FIB (Helios 600, FEI, US) and studied in probe Cs corrected Titan 80-300 TEM/STEM (FEI,
USA)
HAADF HR STEM investigations of Fe1.1Te (Fig. 1) demonstrated that Fe1 atoms occupied
staggered position and Fe2 (10% occupation) mostly regroup together (Fig.2). HRTEM of
FeTe0.9S0.1 crystals indicated to the partial substitution of Te by S with the uprising of the
additional reflections in hk0 position (where h and k are odd) on FFT patterns (see insert in
Fig.3). The areas where the space doubling were observed were 4-5 nm in size.
To reveal the possible influence of the stress at the interfaces of Fe1.1Te films on MgO and
LaAlO3 substrates on Tc the cross sections of these heterostructures were studied (Fig.4). The
misfit dislocations, located at the interfaces or the intermediate layers were found and these
could release the stress in the Fe1.1Te layers, thus leave the Tc unaffected.
1. Mizuguchi Y., Takano. J. Phys. Soc. Jpn. 2010. V. 79. P. 102001.
2. Margadonna S., et al. Phys. Rev. B 2009. V. 80. P. 064506.
3. Yeh K.W., et al. EPL. 2008. V. 84. P. 37002



 
Fig. 1: HAADF STEM image of Fe1.1Te single crystal in
B=[100] zone axis.
 

 
Fig. 2: HADDF STEM image of Fe1.1Te single crystal in
B=[100] zone axis after image processing. The groups of
Fe2 atoms are shown by arrows.
 

 
Fig. 3: HRTEM image of FeTe0.9S0.1 single crystal in B=[100]
zone axis. The space doubling are shown by arrows. The
FFT is in the insert (note additional reflections in positions
100 and 010).
 

 
Fig. 4: HAADF STEN image of Fe1.1Te/MgO interface. Misfit
dislocations are shown by arrows.
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Magnetite (Fe3O4) is the dominant carrier of paleomagnetic and paleoclimatic information in
rocks and sediments on the Earth and on other planets. It is important to understand the
formation and recording mechanisms, as well as fidelity, of the magnetic minerals within
natural systems. Below ~125 K, magnetite undergoes a first-order phase transition, known as
the Verwey transition, from a cubic structure to a closely-related monoclinic structure. The
transition has a profound impact on its magnetic properties. Kasama et al. [1] carried out the
first TEM measurements of the magnetic microstructure of magnetite below the Verwey
transition, showing strong interactions between magnetic domain walls and twin domain walls.
In addition, the ability of magnetite to preserve the remanence of the Earth's and other
planets’ magnetic fields is greatly influenced by progressive oxidation or reduction to different
magnetic minerals. Here, we use various TEM techniques including off-axis electron
holography and environmental TEM (ETEM) to investigate fundamental magnetic properties of
magnetite (1) below the Verwey transition and (2) under oxidizing/reducing environments.
(1) The low temperature monoclinic phase has closely-spaced magnetic domains separated by
90˚ or 180˚ magnetic domain walls, which are defined strictly by underlying monoclinic twin
domains with a monoclinic [001] easy axis resulting from a large magnetocrystalline
anisotropy (Fig. 1). Direct imaging after the application of an external magnetic field during
cooling showed that the magnetic field affects the choice of monoclinic c-axis and monoclinic
twin formation with some complication due to specimen geometry. Furthermore, magnetic
domains in magnetite above or below the Verwey transition can inherit a part of magnetization
from the prior phase during zero field cooling or zero field warming through the Verwey
transition.
(2) Magnetite nanoparticles were reduced in-situ under 2 mbar H2 atmosphere at 460˚C in a
microscope column of the ETEM (Fig. 2). After 5 hours, the particles become rounded and
smaller as a result of reduction of magnetite to metallic Fe. The reduced Fe particles have
single domain states with dipolar interactions with their neighbors, while the initial magnetite
particles have more collective behavior with vortex states. Similar experiments were
performed using ~200-nm-sized magnetite particles under oxidizing conditions, showing that
the hematitization of the magnetite particles changes their magnetic microstructures
dramatically. These results suggest that the magnetic remanence is altered by redox reactions
and should be used with an understanding of geological history in a site of interest.
[1] T. Kasama et al., Earth Planet. Sci. Lett. 165 (2011), 229.
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Fig. 1: (a) Experimental magnetic induction map (1x phase amplification) of monoclinic magnetite obtained using
off-axis electron holography. (b) Simulated induction map overlaid onto a Lorentz image. The symbols ‘C0˚’ and ‘C45˚’
refer to c-axes, oriented in-plane and at 45˚ to the plane of the specimen. GB: grain boundary, TWB: twin boundary.
 

 
Fig. 2: (a) TEM image of initial cube-shaped magnetite nanoparticles. (b) Electron hologram of the nanoparticles that
were reduced under 2 mbar H2 atmosphere at 460˚C in an ETEM column. (c) Magnetic contour map of the reduced
nanoparticles shown in (b). The contour spacing is 0.042 radians.
 



Type of presentation: Invited
 

MS-13-IN-2076 Imaging and reading micro-to nano-structures of hydrated rocks and
mollusc shells: geomineralization versus biomineralization
 

Baronnet A.1
 
1Centre Interdisciplinaire de Nanoscience de Marseille (CINaM); UMR 7325-Aix-Marseille
Université, Campus Luminy, case 913, 13288-Marseilles, France
 

Email of the presenting author: baronnet@cinam.univ-mrs.fr
 
We plan to characterize and interpret the microstructures to nanostructures of abiotic and
biogenic minerals with the different imaging, microanalytical and diffraction techniques offered
by present-day available nanoscopes. Among them, transmission electron microscopy (TEM)
will play a central role.
Serpentine minerals are the product of hydration of the upper mantle rocks by percolating sea
water. Their wealth of flat and curved microstructures contrasts with a poor chemical
variability. When combined to experimental data these mainly metastable microstructures and
their texture may serve to trace back semi-quantitatively temperature paths followed during
hydration. In an ophiolite serpentinized at medium-to-low-T, the replacement of anhydrous
silicates (olivine and pyroxenes) by lizardite is fully pseudomorphic as the result of an
interstitial dissolution/crystallization process in which chemical exchanges in the interfacial
fluid are allowed via nanoporosity in the daughter minerals. Interfacial crystallisation from gel
as close-packed chrysotile nanotubes also occurs in coeval “crack-seal” veins. Early mineral
alteration occurs in independent nanosystems in which local reactions may be written from
co-existing solid, relictual and neoformed, nanophases present.
Most shells of molluscs are multiscale composites combining calcite or aragonite crystals and
organic matter, from mm scale down to the nm scale as shown here by TEM. Among bivalves
and gastropods it will be shown how the carbonate polymorph, the species-specific shell shape
and microstructures are mostly, but not fully, controlled by organics. Submicronic granules are
ubiquitous bio-units of mineralisation. Organic nodules, fibers and envelopes as extracellular
matrix secretions from mantle cells, insure nucleation, crystal propagation and shaping,
respectively.
Though belonging to the distinct geo- and bio-worlds, the above two cases share in fact
common features: interstitial growth from a gel and tailored shape of the resulting crystals or
texture. However biomimetic materials with outstanding functional properties will be within
reach only when biogenic crystallisation process(es) will be better understood.
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Magnetic minerals in rocks record the direction and intensity of the ambient magnetic field
during formation, providing, for example, varied information of the geomagnetic field and past
tectonic plate motions. In order to reliably interpret paleomagnetic measurements, the
mechanism of chemical remanent magnetisation (CRM) which can induce and subsequently
alter magnetic remanence must be fully understood. Currently, models of CRM processes only
exist for the smallest, uniformly magnetised grains, termed single domain (SD). However, the
magnetic signal from rocks is often dominated by slightly larger grains containing non-uniform
magnetisation states and these are termed pseudo-SD (PSD) grains.
Magnetite (Fe3O4) is the most magnetic naturally occurring mineral on Earth, carrying the
dominant magnetic signature in rocks and providing a critical tool in paleomagnetism. The
oxidation of Fe3O4 to other iron oxides, such as maghemite (γ-Fe2O3) and hematite (α-Fe2O3), is
of particular interest as it influences the preservation of remanence of the Earth's magnetic
field by Fe3O4. During oxidation, the inverse spinel ferrite Fe3O4 reacts with oxygen to form the
Fe2+ cation deficient phase γ-Fe2O3, which can then further oxidise to form
hexagonally-close-packed α-Fe2O3.
Environmental transmission electron microscopy (ETEM) enables the detailed investigation of
localised chemical reactions under gas atmospheres. Off-axis electron holography permits
nanometre-scale imaging of magnetic induction within and around materials as a function of
applied field and temperature. The complementary use of these advanced TEM techniques can
be used to reveal local changes in magnetisation in minerals as they alter during in situ
heating in a controlled atmosphere.
In the present study, synthetic Fe3O4 particles in the PSD size range (< 200 nm) were heated in
situ in an ETEM to a temperature of 700 °C in 8 mbar of O2. Oxidation of the Fe3O4 particles was
investigated using bright/dark-field imaging and electron energy-loss spectroscopy (EELS).
Figs. 1a & 2a show native smooth-surfaced Fe3O4 grains and complementary EELS analysis of
the Fe 2p L3 edge (Figs. 1c & 2c) is in good agreement with that of pure Fe3O4. Close
examination of Fe3O4 particles after in situ heating revealed surface degradation in the form of
nanoparticles (Figs. 1d & 2d) and EEL spectra showed pre-peaks close to the Fe 2p L3 edge
(Figs. 1f & 2f) that are indicative of oxidation. The associated effect of CRM was investigated
using off-axis electron holography, in the form of reconstructed magnetic induction maps,
where the oxidised grains exhibited a loss of overall remanence (Figs. 1b & 1e) and
degradation of magnetic vortices (Figs. 2b & 2e).
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Fig. 1: (a) Bright-field TEM image of two Fe3O4 particles, with SAED pattern (inset); and (b) their magnetic induction
map. (c) Fe 2p L3 edge of the EEL spectrum acquired from the particles in (a). (d) Dark-field image of the Fe3O4 particles
after in situ heating. (e) Magnetic induction map of the particles in (d); and (f) associated EEL spectrum.
 

 
Fig. 2: (a) Bright-field TEM image of attached Fe3O4 particles, with SAED pattern (inset); and (b) magnetic induction
map. (c) Fe 2p L3 edge of the EEL spectrum acquired from the particles in (a). (d) Dark-field image of the Fe3O4 particles
after in situ heating. (e) Magnetic induction map of the particles in (d); and (f) associated EEL spectrum.
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Allanite is a sorosilicate with general formula CaREEAlAlFe2+[SiO4|Si2O7]O(OH) where REE = Ce,
La, Nd, Y, but Th and U (in small amounts ~1 wt. %) can substitute for REE [1]. Rather complex
crystal structure [2] and chemical composition along with the radioactive decay of, most
notably, Th cause the allanite crystal structure to become metamict i.e. amorphous. In order to
recrystallize allanite crystal structure, two methods are employed: annealing in air [3] and
under hydrothermal conditions [4]. Two mechanisms of recrystallization are possible: epitaxial
and nucleation growth. HRTEM investigation is employed in order to compare the
recrystallization mechanisms with method of recrystallization.
Two samples (ALF and 1569) of naturally metamict allanite were annealed in air and under
hydrothermal conditions at 800°C for 24 h in order to recrystallize the crystal structure. SAED
and HRTEM of natural and annealed samples were performed on JEOL JEM 3010 operated at
300kV (LaB6, resolution of 1.8 Å).
Natural ALF sample shows pronounced metamictization (fig. 1a1), although crystalline
fragments of original crystal structure are preserved (fig.1a), while natural 1569 sample shows
almost complete metamictization (fig. 1b1) with minor preserved crystalline fragments (fig.1b),
insufficient to yield observable diffraction pattern (fig. 1b1). After annealing in air at 800°C for
24 h, crystal structure of sample ALF is completely restored (fig. 2a, 2a1) yielding formation of
large crystallites (fig. 2a2). For sample 1569, annealing at the same conditions induces
recrystallization of small crystallites (fig. 2b1), but with amorphous domains still present (fig.
2b). On the contrary, annealing under hydrothermal conditions at 800°C for 24 h yields
complete recovery of crystal structure in both samples (fig. 3), resulting in formation of large
crystallites (fig. 3a2, 3b2).
HRTEM investigation of thermally treated metamict allanite showed that in case of incomplete
metamictization (fig. 1a), dominant mechanism of recrystallization is epitaxial growth (fig. 2a,
3a), while for completely metamict samples (fig. 1b), both nucleation (fig. 2b) and epitaxial
(3b) growth are possible. Which mechanism will occur depends on experimental treatment; if
completely metamict samples are annealed in air, dominant mechanism will be nucleation
growth (fig. 2b), whilst if annealed under hydrothermal conditions, dominant mechanism is
epitaxial growth (fig. 3b). These results prove water as the most important factor in
recrystallization of metamict minerals containing crystal water i.e. OH- groups.
[1] Armbruster, T. et al.(2006) Eur J of Miner 18, 551; [2] Dollase, W. A. (1971) Am Miner 56,
447; [3] Berman, J. (1955) Am Miner 40, 805; [4] Čobić, A. et al. (2010) Can Miner 48, 513
(2010)



 
Fig. 1: Fig. 1. HRTEM, SAED and BF images of natural samples: a) ALF; b) 1569
 

 
Fig. 2: Fig. 2. HRTEM, SAED and BF images of samples annealed in air at 800°C: a) ALF; b) 1569
 

 
Fig. 3: Fig. 3. HRTEM, SAED and BF images of samples annealed under hydrothermal conditions at 800°C: a) ALF; b)
1569
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Continuous development of high-performance computing systems allows researchers to
perform more complex and resource consuming calculations. In the past ten years, the number
of works devoted to the direct modeling of physical properties (e.g., thermal, hydrodynamic,
electrical) of rock samples has significantly increased. The source data for these simulations
are 3D digital models of rock structure. In the simplest case, a digital model is represented by
a stack of black and white images (black pores and white mineral skeleton) corresponding to
the sample’s real pore-space geometry.
One of the most efficient ways for "digitizing" rock specimens is 3D scanning using X-ray
absorption micro-computed tomography (micro-CT), which provides volumetric distribution of
X-ray attenuation inside the studied object at the beam energy. Most laboratory micro-CT
instruments deal with a polychromatic beam using as many photons as possible to obtain
statistically reliable images in minimal time. The energy of the beam should be high enough
(>60 keV) to penetrate through dense rock samples. These two facts seriously complicate the
problem of resolving the spatial distribution of the minerals constituting the sample. Evidently,
such information allows constructing more sophisticated digital rock models compared with
black and white models, potentially increasing the accuracy of numerical simulations.
There are a number of alternative methods that also provide 3D distributions of chemical
elements, such as synchrotron micro-CT with monochromatic beam of the selected energy as
well as X-ray fluorescence micro-CT. However, the cost of these solutions is usually quite high.
Another approach for constructing 3D mineral maps combines conventional X-ray absorption
micro-CT with X-ray microanalysis via scanning electron microscopy (SEM). The idea is to
register the mineral distribution image from SEM with virtual slice of 3D reconstructed image
from micro-CT. Having a number of color, textural, and morphological attributes from 3D
micro-CT image, we can segment it on a set of clusters. The 2D mineral map (spatially
registered with this image) may be used to find correspondence between clusters and minerals
and so define characteristic attributes for each mineral. Finally, the clusterized 3D micro-CT
image is classified by mineral identification.
We present a short summary of an approach to constructing 3D mineral maps of rock samples
using X-ray micro-CT and SEM as well as present first results of the approach’s application.
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Fig. 1: Registration of 3D digital model (from X-ray micro-CT) with 2D mineral map (from X-ray microanalysis via SEM)
and further carbonate particle construction in 3D. This specimen is a sandstone sample of 8-mm diameter
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Atom probe tomography (APT) makes it possible to study the compositional structure of
geological materials at the nanoscale [1]. We have applied APT to three terrestrial zircons of
different ages which yields a picture that suggests that the early earth was cool and could
have supported life processes as early as 4.3 Ga.
Zrc-1: 4.007 Ga; 01-13b-8-4, Jack Hills, W. Australia [2]: Zrc-2: 2.542 Ga core, 29 Ma rim;
ARG-05-28-2, Grouse Creek Mts., Utah [3]: Zrc-3: 4.374 Ga core, 3.4 Ga rim; 01JH36-69, Jack
Hills [1]
The 3-D distribution of Pb and Y differ at the atomic-scale in the 3 zircons. Zrc-1 is
homogeneous in Pb and Y (Fig. 1). In contrast, incompatible elements, including Pb and Y, are
concentrated in sub-equant 5-10nm domains (up to 1 at.% Pb), spaced ~50 nm apart in Zrc-2
(Fig. 2) and Zrc-3 (Fig. 3). U is homogeneously distributed in all three zircons. The average
207Pb/206Pb ratios for these 100-nm-scale specimens, as measured by APT, are 0.17 for the
2.5 Ga Zrc-2, 0.43 for the 4.0 Ga Zrc-1, and 0.52 for the 4.4 Ga Zrc-3. The APT ratios are less
precise (±5-10% 2) due to small sample size, but are in excellent agreement with values
measured by SIMS, 0.168, 0.427, and 0.548 respectively. The average 207Pb/206Pb ratios
within the 5-10 nm Pb-enriched domains are 0.17 in Zrc-2 (Fig. 4a) and 1.2 in Zrc-3. Thus Pb in
the Pb-rich domains is radiogenic and unsupported. No Pb is detected outside the Pb-rich
domains in Zrc-2 (Fig. 4b), while 207Pb/206Pb = 0.30 outside these domains in Zrc-3. These
findings are best explained by diffusion of Pb and other incompatible elements (Y, REEs) into
5-10 nm domains that were damaged by α-recoil and may have been metamict as the result of
single U- or Th-decay chains. Diffusion distances of ~20 nm for these elements in crystalline
zircon require temperatures above ~700oC for ~106 yr. [4]. This is consistent with the known
history of Zrc-2 and -3, which both have younger magmatic overgrowths attesting to reheating
at 29 Ma in Zrc-2 and 3.4 Ga in Zrc-3. In contrast, the absence of enriched domains in Zrc-1
suggests that this zircon did not experience similar high-grade metamorphism before or after
its deposition within the 3 Ga Jack Hills metaconglomerate. For all 3 zircons, SIMS
measurements at 10-20-m scale reintegrate nm-scale features and accurately determine the
age of crystallization. Thus APT can provide unique constraints on otherwise cryptic thermal
events; on Pb mobility and radiation damage; and for Archean zircons too small to be dated by
SIMS, APT can determine 207Pb/206Pb ages.
[1] JW Valley et al. (2014) Nature Geo. 7, 219–223.
[2] AJ Cavosie et al. (2005) Earth Planet. Sci. Lett. 235, 663-681.
[3] A Strickland et al. (2011) Am. J. Sci. 311, 261-314.
[4] DJ Cherniak (2010) Rev. Min. Geochem. 72, 827-869.



 
Fig. 1: Figure 1. Atom map of Pb isotopes in 4.0 Ga Zrc-1.
 

 
Fig. 2: Figure 2. a) Atom map of Y and Pb in 2.5 Ga Zrc-2. b)
Isoconcentration surface for Y in Figure 2a.
 

 
Fig. 3: Figure 3. a) atom map of Pb and Y in 4.4 Ga Zrc- 3.
b) close up atom map of Y clusters. c) atom map of single
cluster showing Pb isotopes with Y.
 

 
Fig. 4: Figure 4. Partial mass spectra from a) inside the
clusters of Figure 2 and b) outside the clusters.
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Representative sample of the ‘‘v”-shaped twinned quartz crystals from geological location
Madan ore, Bulgaria was investigated using a field-emission gun scanning electron microscope
(FEGSEM) JEOL JSM-7600F and an electron backscatter diffraction (EBSD) analytical system
Oxford Instruments HKL Channel 5 with Nordlys detector. For optimum surface quality quartz
sample was finally polished with 0.05-μm colloidal silica on diamond lapping films and coated
with a 1.5-nm amorphous carbon layer using precise ion-beam sputtering technique in a Gatan
PECS 682 apparatus. This very thin carbon layer was sufficient to prevent charging in the SEM
and was adequate also for the acquisition of unblurred, good-quality EBSD (Kikuchi) patterns.
SEM operating conditions for the EBSD analyses were set to a voltage of 20 kV, a 10 nA beam
current, a working distance of 20 mm and with a specimen tilted to 70o. Quartz crystals are
very sensitive to radiation damage which causes rapid amorphization under the intense
point-focused electron beam dose. Therefore short pattern acquisition time of 40 ms was
applied to avoid structure degradation of quartz consequently allowing us to collect sharp
patterns and perform reliable pattern indexing.
The location of the twin boundary was clearly revealed on the SEM micrograph that was
recorded using forward scattered electrons (FSE) and on the superimposed EBSD crystal
orientation map (COM) where identical crystallographic orientations are displayed in particular
colours: green, blue, pink and orange, as shown in Fig. 1. The misorientation angles along the
line-profile across the twin boundary were determined relative to starting point in the left part
of the crystal (green, A), as shown in Fig. 2. Obtained experimental value for misorientation
angle between the inclined c-axes of the unit cells in two twin individuals (A and C) was ≈ 84o

and fully agree with theoretical value 84.33o that is exactly attributed to the Japan-law twinned
crystal. In the blue region (B) the unit cell is rotated about the c-axis for 60o as compared to the
orientation in region A, so confirming the presence of Dauphiné twins which emanate in the
vicinity of the Japanese twin boundary. Dauphiné twins in COM are displayed in blue and
orange and were also recognized by the distinct change of the FSE contrast in the SEM
micrograph.
Using an appropriate experimental FEGSEM-EBSD analytical set-up and optimized sample
preparation we have successfully identified the types of twins in the “v”-shaped natural quartz
crystal. The evaluation of the EBSD patterns and corresponding crystal orientations directly
confirmed Japanese twins type with some Dauphiné twins located near the twin boundary.
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Fig. 1: The FSE micrograph with superimposed EBSD crystal orientation map of twinned quartz crystal showing the twin
boundary location and the Kikuchi patterns acquired from the left (green) and the right (pink) region of the crystal.
EBSD analysis confirmed Japanese twin type with some Dauphiné twins (blue, orange) near the twin boundary.
 

 
Fig. 2: Misorientation profile along the line shown in Fig. 1 with illustrated unit cell orientations in regions A, B and C.
Relative to A region B has no change in c-axis but displays 60o rotation about c-axis which is specific for Dauphiné
twinning. Region C clearly showed the rotation of the c-axis by ≈ 84o which corresponds to Japanese twins.
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Earth’s geological record holds great potential for decoding the origin and evolution of life on
our planet. However, the interpretation of this record is complex and often controversial
because Earth’s first life would have been very small, morphologically simple and likely only
subtly different from co-occurring non-biological organic material.
Distinguishing between bona fide signs of life and abiotic artefacts requires analytical
techniques with excellent spatial resolution in 2 and 3 dimensions, in order to accurately
analyse key features of putative cells such as cell-wall ultrastructure, cell contents, and
interaction of cells with the minerals that have fossilised them. We here show how TEM of FIB
prepared samples and 3D-FIB-SEM reveal new details of fossilised cells at the nanometer to
micrometer scale, providing new biosignatures for future studies on Earth or other planets.
Data are presented from three geological formations that play an important role in our
understanding of the origin and evolution of life on Earth: 1, The 3,430 million-year-old Strelley
Pool Formation of Western Australia, containing Earth’s oldest well preserved cells [1]; 2, The
1900 million-year-old Gunflint Formation of Canada, containing an iconic suite of diverse
microfossils used as a benchmark for high quality preservation of early life [2]; 3, The 3,460
million-year-old Apex chert of Western Australia that houses controversial microfossil-like
artefacts [3]. Our data include EFTEM maps of the chemistry of the ‘microfossils’ and their
surrounding minerals, electron diffraction patterns to identify minerals and crystal orientation,
plus serial SEM sections and 3D reconstructions (Figs. 1-2).
We find that the Strelley Pool and the Gunflint materials show many similarities in their style of
fossilization and nano-scale morphology, and exhibit multiple features expected of bona fide
fossilized organisms. In contrast, the Apex chert microstructures are shown to comprise
complex clay mineral aggregates onto which carbon later adsorbed; these show no biological
morphology at the nano-scale.
[1] D. Wacey et al., (2011) Nature Geosci. 4, 698–702
[2] D. Wacey et al., (2013) Proc. Nat. Acad. Sci. 110, 8020–8024
[3] M.D. Brasier et al., (2002) Nature 416, 76–81
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Fig. 1: 3D reconstruction (A) and orthogonal x-y-z slice view (B) of a cellular microfossil from the 3,430 million-year-old
Strelley Pool Formation. Each FIB-SEM slice was approximately 10 μm x 10 μm and the step size between slices was
200 nm. This clearly demonstrates the spherical to elliptical nature of the microfossil.
 

 
Fig. 2: 3D reconstruction of carbonaceous (A-B) and pyritic (C) filamentous microfossils from the 1,900 Ma Gunflint
Formation. Note that preservation appears better for the pyritic examples with extra details such as putative
heterotrophic bacteria (orange spheres) and exopolymers (pale yellow) visible.
 



Type of presentation: Poster
 

MS-13-P-1926 TEM Studies of Clay Mineral Nanotubes: Imogolite and
Pseudo-Boehmite
 

Iijima S.1,2, Zheng L.2
 
1Meijo University, 2National Institutes of Advanced Industrial Science and Technology /
Nanotube Research Center
 

Email of the presenting author: iijimas@meijo-u.ac.jp
 
A few tubular structures of nano-meter-scale are found in natural products although carbon
nanotubes are known as entirely artificial synthetic products [1]. Some of layer structures of
almino-silicate Al2O3-SiO2-H2O clay minerals are known to have a cylindrical form such as
chrysotile asbestos. The reason for forming a cylindrical structure is well explained by a
mismatch in dimension between the octahedral sheets and tetrahedral sheets. Imogolite is
another example of a tubular form of almino-silicate clay minerals [2] but its diameter (2.1nm)
is about one tenth of those of chrysotile, and therefore the origin of the curvature might be
different. Being in a constant diameter should be explained in terms of crystallography.
Another question with imogolite morphology is concerned with its highly anisotropic growth
along its tube axis. Here we will propose a growth model for the tubular imogolite. Our model
is based on a hypothesis of a chiral structure of imogolite in which the substances could be
continuously deposited at the tip end of the tube. Figure 1 shows HRTEM images of imogolite
supporting our hypothesis, where linear arrays of periodic dots with about 0.4nm interval are
seen at only one side of the tube wall (arrowed). If the imogolite has an orthorhombic
symmetry, the dots image should appear equally on both sides of the tube walls. A similar
observation has been utilized in determining the chiral structure of a single-walled carbon
nanotube [3].
The second example of the tubular structure is concerned with our newly proposed structure
model for the aluminum monohydroxide febrile psuedoboehmite AlO(OH) [4]. This mineral is
considered as the case where there is no silica in an Al2O3-SiO2-H2O almino-silicate system.
Boehmite AlO(OH) is found in a stable crystalline form in nature but pseudoboehmite (PB) is
synthesized as sol, a metastable form in a very slow reaction process. In XRD characterization
the dried PB sol shows diffused ring patterns corresponding roughly to boehmite. The basic
crystal structure of boehmite is a layer of two staggered edge-shared Al-O octahedra held
together by hydrogen bonds. Figure 2 shows a low magnification image of the fibrous PB
(Fig.2a) and an electron diffraction pattern taken from a bundle of the fibers (Fig.2b) which
accords with that of XRD. A HRTEM image of the portion of the PB isolated fibers is shown in
Fig.2c, which suggested a tubular structure with a diameter of 2nm. A possible crystal
structure of PB will be discussed.
[1] S. Iijima, Nature, 345, 56 (1991).
[2] K. Wada & N. Yoshinaga, Clay Minerals, 8, 487 (1970).
[3] Zheng Liu, et al., Phys. Rev. Lett., 95, 187406 (2005).
[4] V. Coelho, et al., Revista Materia, 13, 325 (2008).



 
Fig. 1: The HRTEM images of imogolite showing a regular appearance of the dot feature at the one side walls of the
tubes. Such features suggest a chiral structure of the Al-O octahedra around the tube axis.
 

 
Fig. 2: (a) The fibrous feature of dried sol of pseudoboehmite (AlO(OH)). (b) An electron diffraction pattern from a
bundle of the pseudoboehmite. (c) An enlarged image of a portion of the fiber suggesting a tubular structure with a
diameter of 2nm.
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Using the methods of X-ray and M?ssbauer spectroscopy, scanning electron microscopy, there
were studied the samples of Norilsk ore types in order to identify compounds containing Cu, Ni,
Co, Fe, S. Depending on elemental composition there were singled out two sample series.
Maximum concentration in percentage of selected elements for this series is presented below.
1: Ni (0,7); Cu (15,3); Co (2,1); S (17,2); O (20,2); H (0.02); Fe (24,1); Ca (0,1); Mg (0,67);
K (0,54); Al (2,05).
2: Ni (1,94); Cu (23,4); Co (0); S (25,5); O (9,91); H (0,39); Fe (25,9); Ca (0); Mg (0); K (0);
Na (1,12); C (2,51); Si (7,92); Al (1,31).
The research conducted by using the method of scanning electron microscopy and the X-ray
microanalysis showed that iron and sulfur are spread uniformly over the scanned area. Sulfur
is absent in the inclusions containing Fe and Ni. There are areas, strongly enriched by Fe (Fig.
1). The inclusions of rectangular and rhomboid shapes contain Ni as the content of Fe
increases (Fig. 2).
There were identified the inclusions having a high content of Cu, with a maximum
concentration of Ni (Fig. 3). The distribution of Co is shown in Fig. 4.
The phases, containing Cu, Ni, Co, have a complex composition.
1: pentlandite (Fe1,63 Ni1,82 Co5,6 S8) - 5,14%; chalcopyrite (CuFeS2) – 44,4%; magnetite
(Fe3O4) – 5,77%.
2: pentlandite (FeNiS2) - 3,44; chalcopyrite (CuFeS2) – 66,2%; magnetite (Fe3O4) – 4,68%;
bornite (Cu5FeS4) – 0,84%; nickelhexahydrite (NiSO4?[6H2O]) – 3,64%.
The ingrowths of CuFeS2 are characterized by the degree of the structure defectiveness, by
various impurities, which are reflected in the studied parameters.
As regards the other sample series the spectra are the superposition of the unsolved doublet,
which shows the presence of paramagnetic areas.
The isomer shifts of the samples range from 0,429 до 0,509 mm/s (series 1) and from 0,509 to
1,394 mm/s (series 2). Quadrupole splitting ranges from 0,509 to 2,800 mm/s (series 1) and
from 0,509 to 2,688 mm/s (series 2). This indicates that the local electronic structure depends
on the genesis of compounds.
Thus, most of the bulk of Cu, Ni is not dissipated in the crystal lattices of the ore, but it is part
of the ore sulphides. The presence of the characteristic structures of the solid solutions
decomposition shows a wide temperature range of sulphide crystallization.



 
Fig. 1: The distribution of Fe in the scanned area, x500
 

 
Fig. 2: The distribution of Ni in the scanned area, x750
 

 
Fig. 3: The distribution of the Cu in the scanned area, x
750 
 

 
Fig. 4: The distribution of Co in the scanned area, x750
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Acicular TiO2 inclusions with preferred shape orientation in natural garnet from a metapelite
rock were investigated by EBSD, TEM and light microscopy (U-stage) in order to correlate the
shape and crystallographic orientation of inclusions with the garnet host lattice and to
characterize the interfaces between inclusions and host. Focused ion beam preparation was
applied to selected rutile grains, which had been investigated by EBSD before, in order to
obtain exact longitudinal and cross sections of rutile needles of 1-2 micrometer thickness. The
data therefore allow the direct comparison and combination of results from EBSD and TEM
investigations.
The majority of the rutile grains are acicular, having the needle long axes oriented parallel to
Grt <111> or Grt <100> directions. For the majority of Rt-grains the needle long axis does not
correspond to the Rt c-axis. TEM data confirmed the notion inferred from EBSD data, that the
phase boundary of acicular rutile grains mainly follows Grt {110} and subordinately Grt {100}
planes. Isometric rutile grains also have phase boundary segments parallel to Grt {112}
planes.
Single point EBSD analyses of 213 rutile grains and the hosting garnet yielded a complex, but
strict crystallographic orientation relation between inclusions and the garnet lattice (Proyer et
al, 2013). Although there is no unique crystallographic orientation of rutile with respect to
garnet, and there are no coincidences of low-indexed garnet and rutile planes, the
comprehensive dataset allows inferring systematic orientation relations of rutile and garnet.
The majority of Rt-grains are oriented with their c-axes at 12 positions along a cone around Grt
<111> directions. In this orientation the Rt lattice is fixed relative to the corresponding Grt
<111> direction. Rutile <110> directions corresponding to three different c-axes cones
around symmetrically equivalent Grt <111> directions cluster subparallel to the fourth Grt
<111> direction. Furthermore, rutile a-axes and Rt <110> directions of this Rt-population
seem to avoid Grt <110> directions. Contrastingly, a second subordinate population of Rt
needles has c-axes parallel to Grt <111> and one of the a-axes parallel to one of the Grt
<110> directions.
TEM data support the interpretations inferred from EBSD analyses, cannot determine the
complex orientation relations, which require a larger dataset for detection. Although no
coherency of the rutile and garnet lattices was found, the shape and lattice orientation of rutile
as well as its boundary geometry are strictly controlled by the garnet lattice.
Proyer et al (2013) Contrib. Min. Pet. 166, 211-234
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Bakchar ore area was located in the southeastern part of the West Siberian iron-ore basin, 200
km from Tomsk to the northwest. The total area of the cluster is 1200km2, estimated
resources of oolitic iron ore constitute28 billion tons, what make this object unique.
Results of research of microinclusions in oolites were received by scanning electronic
microscopy. Sampling material was divided in granulometric classes (more than 1 mm; 1-0,5
mm; 0,5-0,2 mm; 0,2-0,1 mm; less than 0,1 mm) by the method of "wet" bout. Samples were
pressed and polished then were investigated by SEM Hitachi S-3400N with energy dispersive
attachment.
Ore samples can be presented as chlorite hydrogoethite, hydrogoethite types. In all ore oolites
inclusions of phosphates of rare-earth elements was observed that show the high content of
phosphorus in the Bakchar ores. The size of phosphatic grains is 2-10 microns which were
rather evenly distributed in structure of oolites. In rare cases, concentric zones made from
entirely rare earth phosphate (monazite group) up to 5 mm (Fig. 1) was observed. Also
phosphates were found in "dendrite" form of units (fig. 2) in chlorite- hydrogoethite peas.
Besides rare-earth phosphates in oolites were noted calcic (apatite) and ferruterous (vivianite)
phosphates. Among other mineral inclusions in ore oolites: quartz, feldspar, glauconite,
leptochlorite, galenite, sphalerite, chalcopyrite, ilmenite, zircon, magnetite was also found. It
illustrates the high contents of the phosphorus, titan, lead, copper, sulfur and rare-earth
elements in the bakcharsky ores
The received results will be used for creation of the technological scheme of oolitic ores of
Bakchar ore area.
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Fig. 1: Concentric zones made from entirely rare earth phosphate (monazite group) up to 5 mm
 

 
Fig. 2: Mineral incorporating of rare earth phosphate (monazite) as "dentrite" aggregates
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This investigation is devoted to the mineralogical data of the Au-skarn zone at Topolninskoe
area, Gorny Altai, Russia. Skarn-type metasomatic alteration and mineralization occurs during
interactions between Low Silurian carbonates and an Upper Devonian granitoid stock.
Polished thin sections of skarn and metasomatites were studied using scanning electron
microscopy (SEM - LEO-1430VP) and wavelength-dispersive X-ray microanalysis (WDX – Oxford
instruments, INCA) at V.S. Sobolev Institute of Geology and Mineralogy (IGM), Novosibirsk,
Russia.
More than 30 minerals were detected in skarn samples. Main rock forming minerals are
clinopyroxene, garnet, calcic amphiboles (ferroactinolite, actinolite and magnesiohornblende),
wollastonite, plagioclase, potash feldspar, epidote (clinozoisite, epidote), scapolite, chlorite and
calcite. Garnets are grossular–andradite with 0.03 to 4.72 mol. % piralspite, whereas
pyroxenes are hedenbergitic to diopsidic in composition.
Fine sulfide mineralization is concentrated in hydrothermally altered rocks. The research
showed that ores are formed in three mineral stages: arsenopyrite-molybdenite-pyrite,
polymetallic and telluride-sulfotelluride-sulfide. For the first time, such minerals as rucklidgeite
(Bi1,97Pb1)3Te4,02, tsumoite Bi1,02Te1, hessite Ag1,81Te1, gersdorffite
(Fe0,17Ni0,5Co0,36)As1S0,93, ullmannite Ni1Sb1,35S1,38, cobaltite Co1As1,08S1,19, poubaite
Pb1Bi1,71(Se0,56Te0,14S3,85)4, nevskite Bi0,99(Se0,44S0,27) and native bismuth have been
detected in this area.
Native gold and electrum prevail in molybdenite, bornite are associated with telluride minerals
as fine-grained inclusions; grain size varies from 5 to 20 μm.
As a result of this study the chemical composition and crystallochemical formulas were
determined for all silicates and opaque minerals.
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Fig. 1: Fig.1. Bse images of sulfides: a) gold (Au) and native bismuth (Bi) in chalcopyrite (Cpy); b) native bismuth,
nevskite (Nev) and galena (Gn) in arsenopyrite (Ars) grain; c) altaite (Alt) microinclusions in chalcopyrite and bornite
(Bn); d) tsumoite (Tsc), hessite (Hes), gersdorffite (Grf) and galena form thin veinlets in chalcopyrite.
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Previous work on the chemical composition of inclusions in Phalaborwa baddeleyite (ZrO2)
xenocrysts showed that inclusions were a result of the physical alteration of the baddeleyite
crystal and the subsequent filling of the cracks by the magma at the end of an emplacement
process1. Wavelength dispersive X-ray spectroscopy (WDS) analysis of these secondary
inclusions and the baddeleyite matrix did not provide any evidence for the presence of U.
Previous work for determining the U-Pb-Th isotope ratios in Phalaborwa baddeleyite for
geochronology applications 2,3,4 using SIMS (SHRIMP technique) and LA-ICP-MS analysis
(spatial resolution of 25-50 μm), reported on extremely variable concentrations of uranium
(51-2124 ppm). However, no evidence for the presence of U inclusions in natural baddeleyite
has previously been reported. In this paper we will describe the characterization of small (~1
μm) uranium oxide (UO2) primary inclusions in baddeleyite.
Sections of approximately 2 mm thickness were cut from a Phalaborwa baddeleyite xenocryst
using a diamond wire saw and polished to a 0.25 μm finish. FIB lamella were prepared from U
containing inclusions which were identified using back-scattered electron (BSE) imaging in an
FEI Helios NANOLAB. The FIB lamellae were imaged and analysed using a JEOL ARM 200F TEM
with an attached SDD energy dispersive X-ray spectrometer (EDS).
BSE imaging of the baddeleyite matrix revealed small uranium inclusions (~1 μm) intersecting
the surface. No U-inclusions were associated with any physical alteration such as crack
formation in the zirconia matrix. The HAADF STEM image of a uranium oxide inclusion (bright)
in the baddeleyite (dark) is shown in Figure 1 (left) together with the corresponding BF image
in Figure 1 (right). Figure 2 shows an SAD acquired over the interface of the inclusion and the
surrounding matrix indicating an epitaxial relationship between two crystals. EDS line scans
across the boundaries of the inclusion did not provide any evidence for inter-diffusion between
U and Zr. These results possibly explain the large variation for U concentrations obtained by
previous workers. It is also suggests that UO2 form primary inclusions which were incorporated
in the baddeleyite matrix via the initial crystallization process in the earth’s mantle where an
immiscible UO2 droplet crystalizes upon cooling of a ZrO2-UO2 melt, followed by the epitaxial
growth of ZrO2 on the UO2 nucleation kernels upon further cooling.
References
1. Lee, M.E. et al. (2012) Proc. Microsc. Soc. South. Afr. 42, 57.
2. Heaman, L (2009) Chemical Geology 261, 43.
3. Amelin, Y. and Zaitsev, N. (2002) Geochim. Cosmochim. Acta 66, 2399.
4. Rodionov, N.V. (2012) Gondwana Research 21, 728.



 
Fig. 1: HAADF STEM (left) micrograph of a UO inclusion (bright) in ZrO2 with the corresponding BF micrograph on the
right.
 

 
Fig. 2: Partially indexed SAD taken over the UO2-ZrO2 interface.
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Baddeleyite is an important mineral which undergoes a martensitic phase transformation from
cubic through tetragonal to monoclinic at room temperature for low pressure (<4Gpa)1. A
number of high pressure crystalline phases (5-50GPa), including an orthorhombic phase, have
been reported for shock recovery experiments of small baddeleyite crystallites (1-30 micron)2.
It was also suggested that Phalaborwa baddeleyite xenocrysts are possibly metaminct due to
the absence of cathodoluminescence (CL) response3. The presence of twin domains in natural
baddeleyite has been reported for twinning in monoclinic baddeleyite (zirconia) occurring
along {001} planes and more predominant than along {011} planes and very rarely along
{012}4. The volume change (5%) and strain energy (8-14%) during the transformation results
in crystal twinning and/or cracking due to catastrophic changes in temperature and pressure
as a result of the emplacement process. Twin boundaries in baddeleyite could provide valuable
information on the thermal history of the material1 as well as distinguish growth twins from
transformation and deformation induced twins. The characterization by transmission electron
microscopy (TEM) of twins in baddeleyite from the Mbuji Mayi kimberlite has been previously
reported5. However, twin boundaries analysed by electron back scatter diffraction (EBSD) have
not been reported for baddeleyite. In this paper we will present results for the analysis of twin
domains observed in baddeleyite from the Phalaborwa carbonatite complex by EBSD and TEM.
Polished sections of Phalaborwa baddeleyite were analysed in a JEOL 7001F scanning electron
microscope (SEM) and crystal orientation analysis was performed by using am Oxford EBSD
system. FIB lamellae using a FEI Helios Nanolab 650 FIBSEM were cut perpendicular to the twin
boundaries observed in the polished sections. The FIB lamellae were imaged using the bright
field (BF) TEM mode in a JEOL ARM 200F TEM.
The twin bands for baddeleyite are revealed by channelling contrast in the BSE image
(Figure.1). Two sets of polysynthetic twins can be identified in the EBSD image shown in Figure
2. Analysis of the EBSD data reveals both 90o and 180o twin boundaries. TEM images showing
three distinct twin domains and the corresponding diffraction patterns are shown in Figure 3.
The specimen was tilted away from the zone axis shown in the SADs to improve contrast in the
BF image.
1, Lumpkin, G.R. and Ewing, R.C. (1992) Am. Mineral. 77, 179.
2. Niihara T. et al. (2009) LPS XL, Abstract #1562.
3. Herd, C.K.D. et al. (2007) LPSC XXXVIII, Abstract #1664
4. Wingate, M.T.D. and Compston, W., 2000. Chemical Geology 168, 75.
5. Kerschhofer, L., Scharer, U., Deutsch, A., (2000) Earth. Planet. Sci. Lett. 179, 219.



 
Fig. 1: SEM-BSE image showing channeling contrast for the
twin domains
 

 
Fig. 2: All euler map overlaid on a band contrast image of
baddeleyite showing the various twin bands
 

 
Fig. 3: BF TEM micrograph of a twin in baddeleyite with superimposed SAD patterns of the three regions.
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The laser-heated diamond anvil cell is a unique tool for subjecting materials to pressures over
few hundreds of GPa and temperatures of thousands of Kelvins which enables us to
experimentally simulate the inaccessible interiors of planets. Meaningful measurements of
equilibrium chemical interactions in these experiments depend on stable heating with minimal
temperature gradients. However, small sample size, laser profile, thermally conductive
diamonds, and uneven absorption and insulation in diamond anvil cell samples cause
temperature gradients of 1000s K over a few microns (e.g. Sinmyo et al. 2010). Precious
studies have modeled the temperature distribution during laser heating but these models have
only included conductive, solid-state transfer (e.g. Dewaele et al. 1998, Kiefer and Duffy 2005,
Rainey et al. 2013). During high-pressure melting experiments, convection and diffusion
effects are also important to differences in temperature and chemistry (Du et al. 2013).
We have examined samples of San Carlos olivine powder melted in the diamond anvil cell by
infrared laser heating from single- and double-side to ~3000 K for 3 minutes at 37 GPa.
Recovered samples were analyzed by a combination of focused ion beam (FIB) and scanning
electron microscope (SEM) equipped with energy dispersive x-ray detector (EDX). About 300
slices were recorded with 70 μm depth, comprising about 2/3 of the heated zone. Detailed
chemical and structural analysis by transmission electron microscopy (TEM) of lamellas
prepared from the remaining 1/3 of each sample will also be discussed.
In both single- and double-side heated samples the heated zone included (Mg,Fe)SiO3

perovskite (PV) and two (Mg,Fe)O oxide phases, one Mg-rich, ferropericlase (FP), and one
Fe-rich, magnesiowüstite (MW). In the double-side heated sample there is also an Fe-rich melt
core. A FP crust was observed around the heated zone in both cases. However, this crust is
broken in the upper part of the single-side-heated sample which could be attributed to the
lower temperature in this region. MW regions in the single-side-heated sample distributed
heterogeneously in the heated zone. These results show the importance of double-sided
heating for generating homogeneous temperatures and raise important questions for melting
experiments and simulations.
Sinmyo, R., Hirose, K., 2010. . Physics of the Earth and Planetary Interiors 180, 172–178.
Dewaele, A., Fiquet, G., Gillet, P., 1998. . Review of Scientific Instruments 69, 2421–2426.
Kiefer, B., Duffy, T.S., 2005. . Journal of Applied Physics 97, 114902.
Rainey, E.S.G., Hernlund, J.W., Kavner, A., 2013. . Journal of Applied Physics 114, 204905.
Du, Z., Amulele, G., Benedetti, L.R., Lee, K.K.M., 2013. . Review of Scientific Instruments 84,
075111.



 
Fig. 1: RGB image from one of the central slices from double-side-heated sample. Red, green and blue channels
correspond to Fe, Si and Mg respectively. Red arrows in schematic view of diamond anvil cell represent infrared laser
direction.
 

 
Fig. 2: RGB image from one of the central slices from single-side-heated sample. Red, green and blue channels
correspond to Fe, Si and Mg respectively. Red arrow in schematic view of diamond anvil cell represents infrared laser
direction.
 

 
Fig. 3: Volume rendering from single-side-heated sample. Red, green and gray scales represents Fe, Si and Mg
respectively.
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Lomonosovite, Na10Ti4(Si2O7)2(PO4)2O4, and β-lomonosovite,
Na64Ti4(Si2O7)2[PO3(OH)][PO2(OH)2]O2(OF), are typical accessory minerals of nepheline sienites
and pegmatites of Lovozero alkaline massif (Kola peninsula, Russia). According to Sokolova [1],
they belong to Group-IV of titanium disilicates with the TS block where Ti (+ Mg + Mn) = 4
apfu. Their complex crystal structure (space group P-1) is a combination of TS
(Titanium-Silicate) block and I (intermediate) block, interleaved along the c crystal axis and
parallel to (001) plane. TS block consists of the central O (octahedral) sheet and two H
(heteropolyhedral) sheets containing Si2O7 groups. The TS block is characterized by a planar
cell based on t1 and t2 translational vectors forming an angle close to 90°, with t1≈5.5 Å in both
phases, t2≈7 Å in lomonosovite (Figure 1a) and ≈14 Å in β-lomonosovite (Figure 2a, after
Sokolova et al.[2]). I block is made of a framework of distorted Na polyhedra and P tetrahedra.
These titanium silicates exhibit the same structural topology of the TS block characteristic for
Group IV. β-lomonosovite is an OH-bearing phase with extensive cation disorder and
Na-depletion occurring mainly in the I block and less in the TS block. This charge vacancy is
compensated by substitution of OH groups for O atoms, whereas cation disorder results in
doubling of the t2 translation.
HRTEM and electron diffraction study of both titanium disilicates exhibited triclinic structures
with β angles ≈96°. Lomonosovite [100] sections revealed generally free-defect structure,
showing planar cell with translational vectors t2 and t3 forming α angle ≈100° with t2 ≈7 Å and
t3 ≈14.2 Å (Figure 1b). On the contrary, β-lomonosovite [010] sections showed ubiquitous
lamellar texture with (100) lamellae 20-40 nm thick alternating along [100], generally
defective and exhibiting variegated electron contrast (Figure 2b). The (100) lamellae exhibited
Na-depletion due to OH substitution to balance charge vacancy and causing greater
beam-damage effect with fast crystallinity loss.
[1]. Sokolova, E. The Canadian Mineralogist, 44, (2006), 1273.
[2]. Sokolova et al. The Canadian Mineralogist, 52, (2014), (in press).
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Fig. 1: Lomonosovite. a) Atom schema with 2D unit cell (magenta) showing tetrahedra (Si-orange, P-purple), octahedra
(Ti-yellow, Na-blue), [4,5]-coordinated Na polyhedra (turquoise). b) [100] projection of free-defect structure; zoon
region and its power spectrum consistent with b*c* electron diffraction pattern (insets)
 

 
Fig. 2: β-Lomonosovite. a) Atom schema with 2x 2D unit cell (color code as above); blue, pink and yellow spheres are
Na, Ca and P sites with occupancy < 50%; red spheres are OH groups. b) [010] projection of Na-depleted and defective
lamella; free-defect region and its power spectrum consistent with a*c* electron diffraction pattern (insets).
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We studied (130) twins of natural chrysoberyl (BeAl2O4) crystals from Pratinhas, Brazil. To
determine the local structure of twin boundaries, powder X-ray diffraction analysis (XRD),
transmission electron microscopy (TEM) methods and density functional theory (DFT)
calculations were used. Chrysoberyl has a slightly distorted hexagonal close-packed (hcp)
O-sublattice with Al3+ and Be2+ ions partially occupying octahedral and tetrahedral interstices.
The crystal structure was refined by Rietveld analysis (Topas-Academic V4) using our
experimental XRD data collected on finely ground bulk material, starting with the atomic
coordinates determined by Hazen (1987). The structure of chrysoberyl was refined in the
orthorhombic s.g. 62 (Pmnb) with unit cell parameters: a = 5.4825(1), b = 9.4163(2), c =
4.4308(1) and Rwp = 7.8%. The refined structure was then used for interpretation of electron
diffraction patterns and lattice images obtained by TEM (JEM2100, Jeol). The specimens were
investigated in [001]-projection, where the (130) twin boundaries are viewed edge-on (Fig. 1).
EDS measurements show ~1% Fe in bulk chrysoberyl, suggesting an average composition of
BeAl1.99Fe0.01O4. The increase of Ti at the twin boundary suggest a transient Ti-exsolution that
took place after the twin formation. The twin boundary appears to be coherent, making
occasional steps to parallel (130) planes. Following the interface, we observe that the
periodicity is attained after every ~1.9 nm, roughly corresponding to 4·[110] interplanar
distances. HRTEM images recorded at the defocus value of -60 nm are very sensitive to the
positions of Be-atoms, which alternate form one to another side of the O-chains (Fig. 2). Image
simulations, based on simple mirror-twin model, match the general contrast features, whereas
the interface is not well reproduced and needs some reconstruction. A close look at the
interface shows two distinct features, which are a result of different occupation of coordination
polyhedra accompanied by some relaxation. Calculations within the framework of the density
functional theory (DFT), using pseudo-potential method, suggested that the atomic Cluster-I
undergoes a significant relaxation of interfacial Be2+ and O2- positions, whereas in Cluster-II the
interfacial Be2+ sites are shifted to neighboring tetrahedral interstices, further away form the
boundary. The local charge balance involved with this operations remains unchanged. whereas
the contrast of the simulated image based on the DFT relaxed atomic model, shows correct
tendency in the interface contrast compared to experimental HRTEM images. Further analysis
of (130) twin boundaries will be necessary to verify the possibility of chemically-induced
twinning in chrysoberyl (Takeuchi 1997).
 

Acknowledgement: References:
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Fig. 1: HRTEM image of (130) boundary in natural chrysoberyl crystals (inset) with the corresponding SAED pattern
showing the twin operation. EDS analysis indicates the presence of Ti on the twin boundary.
 

 
Fig. 2: Refinement of the atomic model, based on HRTEM image simulations and DFT calculations. Major differences
occur in atomic clusters I and II, outlined in the HRTEM image.
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Replacement reactions are widespread in nature where minerals are often exposed to
significant changes in physical (p, T) and geochemical conditions [1] . During progressive
recrystallization, the precursor mineral is transformed into a more stable phase or mineral
assemblage. Topotaxial reactions result in the formation of coherent structural intergrowths.
During thermally induced oxidation of ilmenite (FeTiO3), for example, the transformation
products are structurally coherent rutile (TiO2) and hematite (Fe2O3). Many samples of coherent
rutile/hematite intergrowths are found in nature [2] and the transformation is also of high
technological importance, for example in the production of titania from ilmenite [3]. In our
work we studied atomic-scale mechanisms of ilmenite to rutile/hematite transformation on
thermally treated natural single crystal of ilmenite from Zagi Mountain (Pakistan). The crystal
was cut into oriented cuboids, which were heated at 600 to 1000°C in air for different periods
of time (1, 12, 100 hours). The products were characterized by scanning and transmission
electron microscopy (SEM and TEM) in two perpendicular zone axes ([0001]ILM and [10-10]ILM).
After thermal treatment at 800°C and higher we observed progressive exsolution of rutile
lamellae in three directions intersecting at 60° within the parent ilmenite. The formation of
lamellae starts at the surface and proceeds into the interior of the single crystal. It is
accompanied by the formation of cracks as a result of volume change and the formation of a
hematite layer on the surface, indicating oxidation and diffusion of Fe ions to the crystal
surface (Fig. 1a). The number of rutile lamellae and the thickness of the hematite layer
increase with heating time and temperature (Fig. 1b). TEM analyses revealed that rutile and
ilmenite are in a coherent orientation relationship: <010>(100)RUT || <0001>{11-20}ILM (Fig.
2a,b). This confirms that the transformation is structurally controlled by ion diffusion though
the common hcp oxygen sublattice. The suggested mechanism of transformation includes
initial oxidation of Fe2+ in ilmenite to Fe3+ and its diffusion to the surface of the single crystal.
The excess Ti ions exsolute within the parent ilmenite structure in the form of rutile lamellae.
TEM analyses revealed the presence of an intermediate Ti-O phase prior to the formation of
rutile and it is characterised by additional superstructure reflections, indicating that it is a
crystallographic shear (CS) phase, possibly containing locally reduced Ti3+ ions (Fig. 2c).

1. Putnis, A., Mineralogical Magazine, 2002. 66(5)
2. Armbruster, T., Neues Jahrbuch für Mineralogy, 1981. 7
3. Zhang, J., et al., Metallurgical and Materials Transactions B, 2013. 44(4)
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Fig. 1: (a) Progressive recrystallization of ilmenite after 12 hours at 800°C in air results in the formation of rutile
lamellae intersecting at 60° and a hematite layer on the crystal surface. (b) At higher temperature, the thickness of
rutile lamellae and the width of the surface hematite layer are increased.
 

 
Fig. 2: (a) TEM image of ilmenite with rutile lamellae (800°C/12h). (b) Diffraction pattern taken across a typical
rutile/ilmenite contact reveals the <010>(100)RUT || <0001>{11-20}ILM orientation relationship. (c) Some rutile lamellae
exhibit additional reflections, characteristic for a CS intermediate phase.
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Biomineralization (the formation or accumulation of minerals by living organisms) can be
"biologically induced" (BIM) and "biologically controlled" (BCM) (Lowenstam, 1981; Mann,
1983). To determine the role of biomineralization in the litho- and ore genesis comprehensive
studies of Cimmerian oolitic iron ore (N22, Kerch iron pool) and modern silty-clayey marine
sediments (QIV, White Sea) were carried out. To study of biomineral formation at the micro-
and ultra-micro level comprehensive laboratory tests were performed: a) light microscopy of
samples in thin sections; b) Scanning electron microscopy (SEM); b) electron-probe
microanalysis (EPMA). BCM in Cimmerian oolitic iron ores may be detected already at the
macro level. It is represented by carbonate biominerals made of large (5-7 cm) shells of
mollusks and detritus (Fig.1a). Light microscopy showed that calcite-siderite detritus has
microfibre structure (Fig.1c). SEM-images show that the shell detritus consists of alternating
layers of calcite with different ultramicrostructures (Fig.1c-d). In marine sediments (Fig.2a)
BCM is presented by opal. It was discovered as a result of light microscopy of thin sections
(Fig.2b,e). It was confirmed by SEM and EPMA. Opal composes fragments of flint shells of
diatoms (Fig.2f-g), silicoflagellate skeletons (Fig.2h) and the spicules of siliceous sponges
(Fig.2c-d). BIM in oolitic- and pisolitic iron ores resulted in the formation of various oxides and
hydroxides of iron. Microscopic analysis of the ores reported presence of such iron biominerals
as hematite and goethite, which compose the basic structural elements of ore – oolites,
oolite-like formations and cement (Fig.1). Iron biomorphic formations (Fig.1h,j,k) and silicate
(Fig.1g,l) biomorphic formations of different shapes found by SEM in the oolitic and pisolitic
iron ores, may be an indirect proof of iron and silicate bacteria involvement in iron ore process.
In marine sediments BIM is found in the form of framboidal pyrite aggregates. Pyrite framboids
are recorded in samples of sediment already in the light microscopy of thin sections (Fig.2b,i).
SEM help to visualize framboidstructure and different shape of individual crystallites - globular
shape, pentagonal dodecahedron, octahedral and pseudocubic shape (Fig.2j-l). Pyrite
framboids often formed on the diatom shells surface residues or inside them (Fig.2i-k). The
results of these studies are necessary not only for understanding of biogenic substances role in
the formation of sedimentary rocks and ores, but also for the reconstruction of
paleoenvironment of sedimentary deposits.
References
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Fig. 1: Biomineralization in Cimmerian oolitic iron ores (Iron Cape Horn, the Black Sea)
 

 
Fig. 2: Biomineralization in the bottom sediments (QIV, White Sea)
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Quantitative modal analysis of rocks provides an analysis in terms of the distribution and
volume percent of the minerals actually present in a rock sample. This type of analysis in many
instances cannot be derived from a normal elemental analysis (particulary when polymorphic
minerals are present). The combination of field-emission SEM and AztecEnergy AutoPhaseMap
software (Oxford Instruments) provides the rapid acquisition of phase distribution and
compositional data over the tested large area samples (1 200 mm2) at high-resolution. This
technique can be applied to sedimentary, metamorphic and igneous rocks as well as other
materials where examination at the micrometre to nanometre scale is required. Also, this
method can be successfully applied if only small amount of material is available (rare samples
as meteorites, lunar rocks, drill-cores, as well as ceramics, metallographic samples). This large
area mapping is fast, non-destructive and accurate for all samples where the analyzed area of
the studied material is statistically representative (special care must be taken when analyzing
very coarse-grained or heterogeneous rocks). It provides us with the information about
identification, distribution and quantitative analysis of phases (for all size ranges including
nanoparticles), finds intra-phase variations and can calculate representative composition for
each phase and the full-area composition that is comparable to whole-rock geochemical
analysis of the specimen (excluding volatile and light elements). This technique is likely to be
of use when using the modal analyses of selected domains with defined mineral associations
for geochemical modeling (p-T conditions determination, crystallization modelling, etc.).
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The Allchar deposit, in the Republic of Macedonia, is unique in the world because of the
economic concentrations of thallium and the consequent assemblage of thallium minerals. A
number of thallium minerals have been found for a first time in Allchar. It is the type locality
for ten thallium minerals, many of them found nowhere else: lorandite TlAsS2 (Krenner, 1895),
vrbaite S2Tl4Hg3Sb2As8S20 (Ježek, 1912b), raguinite TlFeS2 (Laurent et al., 1969), picotpaulite
TlFe2S3 (Johan et al., 1970), parapierrotite Tl(Sb,As)5S8 (Johan et al., 1975), rebulite Tl5Sb5As8S22

(Balić-Žunić et al., 1982), simonite TlHgAs3S6 (Engel at al., 1982), bernardite TlAs5S8 (Pasava et
al., 1989), dorallcharite Tl0.8K0.2Fe3(SO4)2(OH)6 (Balić-Žunić et al., 1994), jankovićite
Tl5Sb9(As,Sb)4S22 (Libowitzky, pers.com.) and weissbergite TISbS2 (Rieck, 1993). The descriptions
of paragenesis were based on only several outcrops and mineral descriptions were made on
very small amount of material and are incomplete. They were mostly found in a locality called
Crven Dol, at the northern end of the ore body. The Allchar paragenesis is now being better
investigated and described, particularly because of great number of SEM and EDS analyses.
References:
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It has been established that both, pore-throat size distribution and morphological
characterization along with diagenetic fabrics of rocks can be relevant indicators of reservoir
flow capacity, storage capacity and potential for horizontal drilling(1,2); Carbonated crystalline
rocks may lead to pores network systems ranging from abundant to poor pore systems. These
may exhibit polyhedral, tetrahedral, sheet, piping-like or a combination of them. Past
investigations have led to the development of techniques to characterize pores properties with
techniques such as capillary pressure, pore cast and, lately, SEM dual-beam techniques to
digitally reconstruct a 3d pore system object from serial sectioning using ion milling
techniques. In this paper we present recent results, developed at IMP, of a novel technique to
measure both, pore throats and porosity of carbonated rock specimens, based on systematic
studies of pore casting and electron microscopy. Tridimensional determination of shapes,
networking pattern and size distribution of pores systems in these rocks are also discussed.
Refererences
1. Chidsey, T. C (2002) “Heterogeneous Shallow-Shelf Carbonate Buildups in the Paradox
Basin, Utah and Colorado: Targets for Increased Oil Production and Reserves Using Horizontal
Drilling Techniques.” Semi-annual Technical Progress Report. April, 2002-October 5, 2002.
Utah Geological Survey.
2. Wardlaw, N. C. (1979) “Geology of Carbonate Porosity”. Short Course: Pore Systems in
Carbonate Rocks and Their Influence on Hydrocarbon Recovery Efficiency. April 1st. Huston,
Texas.
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Fig. 1: Fig. 1 Examples of carbonated pore systems a) tetrahedral, b) polyhedral-sheet like and c) polyhedral.
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Smectite, the major clay minerals in bentonite, is one of the most interesting and ubiquitous
clay minerals in the mineral kingdom. It holds a special place in scientific research because of
its great impact on human daily life, e.g., process industries, civil engineering and
construction, geology and petroleum, agriculture and food, medicine and pharmaceutical
industries, materials science and engineering. The precise characterization of smectitic clays,
especially particle size and shape, is crucial in clay research, but is challenging due to particle
aggregation (i.e., large surface area to volume ratios and high chemical activity on the clay
surface). This paper introduces novel methods of studying smectitic clay particles and their
assembly using electron microscopy.
Smectite clay usually occurs only in very small particles. Bentonite clays collected from
different localities were purified and dispersed in de-ionized water without any dispersion
agent (to avoid possible artifacts). Particle size of < 0.2 μm fraction was collected by the
settling (pipet) method. These clay suspensions were very carefully transferred into a special
wet environmental cell and then inserted into the TEM column for in situ (WETEM) study [1, 2].
The traditional air-dried, cryo-TEM and SEM methods were also carried out for comparison
purpose. Conventional embedding and ultra-microtoming techniques and FIB method were
used for clay assembly research.
Conventional electron micrographs of smectite showed broad undulating mosaic sheets,
irregular masses of extremely small particles, and irregular flake-shaped aggregates (Fig. 1),
though elongated lath-shaped units with flake-, needle-, and rod-like particles were also found.
Usually, individual particles can barely be discerned due to particle aggregation in vacuum
environment, but the use of WETEM has led to the discovery of different shapes (granular or
spherical-like, elongated fiber-like, needle, triangular, polygon and others) of nano-size
smectitic clays in addition to those previously reported (Fig. 2). Particle size analysis of ~20
smectite samples showed that almost all smectite particles ranged from 5 to 700 nm in
equivalent diameter with a mode between 30 to 125 nm and a mean between 90 to 300 nm
regardless of the clay fraction obtained by settling method. Clay aggregates observed in both
conventional TEM, WETEM, and SEM revealed many interesting features. With advanced hard
and soft wares, surface 3-D images and 3-D tomography can be constructed by images
obtained from SEM, TEM and FIB (Fig. 3). The application of 3-D analysis of clays and its
assembly promises to increase our understanding and improve the application of clays in
many aspects.
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Fig. 1: Typical conventional TEM micrographs (1a and 1b) show different degrees of aggregation of smectite clay
particles. SEM image (1c) depicts undulated flaky mosaic aggregates. Particle size/shape analysis of clay particles in
those aggregates is impossible.
 

 
Fig. 2: WETEM images reveal dispersed smectite clay particles. A variation of very fine particle size in nm range and
shapes such as round, platy, disc- and granular-like (2a), elongated lath-shaped needle- and rod-like particles (2b) are
evident.
 

 
Fig. 3: SEM micrograph shows clay aggregates (3a). A reconstructed 3D image (3b) using two slightly tilted SEM
images of clay aggregate shown in 3a. A 3D TEM tomography image (3c) reconstructed from a series of 140 2D TEM
images. Empty areas are pore spaces in the sediment.
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The polideformed Banded Iron Formations of Quadrilátero Ferrífero (QF) have been extensively
studied over the past years, mainly because its ability to preserve the deformation gradient
present throughout the region. The EBSD (Electron Backscatter Diffraction) techniques have
become a great tool over the past few decades for geologists to study the complex
microstructural (and its relation with the regional structures) process that operates at the
Quadrilátero Ferrífero.
In this work, we examine samples of hematite aggregates from different metamorphic and
deformation domains of Quadrilátero Ferrífero in order to establish a proper correlation
between the texture of the aggregates and the deformational process that prevails in different
domains.
The QF Banded Iron Formations vary locally from a magnetite rich granular morphology with
low preferred orientation at the west, the less deformed region of the QF, to a predominantly
homogeneous hematite aggregate with stronger grain shape and crystallographic preferred
orientations (CPO), towards the eastern portion. Between these two extremes, samples tend to
present both types of microstructures and CPO found in the east and the west. The grain shape
preferred orientations as well as the CPO were quantified using EBSD analysis, along with
numerical modeling techniques.
First results indicate an increasing in the grain aspect ratio, accompanied by an increase in the
grain size as deformation and temperature increase.
ODFs (Orientation Distribution Function) were calculated, employing the M-TEX toolbox for
MATLAB™.
Entropy, J and M-index were, then, examined presenting an increase in CPO as we approximate
to the eastern portion of QF.
The results confirm previous works indicating a strong relationship between the deformation
and temperature conditions with the microstructure generated. The texture quantification of
the banded iron formations provides basis work intended to contribute in unveiling the process
that acted during deformation events at the Quadrilátero Ferrífero.
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We investigate the role of phase transformation on the strength of iron formation rocks during
the deformation. The rocks come from iron formations in the Iron Quadrangle region, Brazil.
Their rocks are deformed in tectonic context of variable intensity. Samples were prepared for
optical microscopy and electron backscatter diffraction (EBSD). Three sets of samples were
chosen. They correspond to zones of low, intermediate and highly localized deformation. The
first correspond to aggregates of granular magnetite grains with variable degree of oxidation
to hematite. The aggregates have a random distribution of grain shape and crystallographic
planes. The deformation was accomplished mainly by microfracturing leading to a grain size
reduction by cracking and a progressive transformation to hematite. In zones more intensively
deformed, magnetite grains occurs as isolated clasts surrounded by a matrix of tabular
hematite crystals. They are preferred oriented with their longest axis parallel to the foliation
and the basal planes of hematite are orientated with their c-axes parallel to the foliation
normal. In the highest deformed zones, only tabular hematite grains are present. They have a
strong shape and crystallographic preferred orientations. The deformation in this highly
deformed domain is accommodated by dislocation creep followed by recrystallization with
some grain growth. A grain boundary sliding cannot be ruled out since the crystallographic
texture consists of a single maximum around the Z-direction and a spreading of the <a> axis
in the foliation plane. Another important aspect of the deformation is the stabilization of grain
boundaries, characterized by a crystallography between pairs of neighboring grains in a
twinning relationship. All these changes occurring progressively in these shear zones led to a
complete modification of the rock fabric, from an initial aggregate of hard load-supporting
magnetite phase, in the low deformed shear zones, to weaker and interconnected hematite
grains in highly deformed rock.
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The geological context of North East Constantine is very complex. This region is characterized
by a superposition of several thrust sheets and a wide variety of sedimentary rocks, such as
limestones, sandstones, clays and marls. The establishment and evolution of these rocks took
place in a complex geological context marked by paleogeographics, paleoclimatics and
paleotectonics changements. These changes have influenced the quality and performance of
these materials.
The use of these rocks in development projects, in particular limestone for roads and highways
construction, requires a better knowledge and a thorough study of the morphological and
chemical characterization of these rocks in the rough.
Calcite is the most important and abundant calcium carbonate containing mineral and it is the
major constituent of limestone, as well as others; dolomite, quartz, kaolinite. For that it is
necessary to study this element.
In this work, we study two types of limestone from different structures of Kellal Mountain
(Constantine, Algeria): white (WKML) and gray (GKML). The characterization of these rocks is
made by using an Environmental Scanning Electron (ESEM/EDS) and Optical Microscopy to
study the morphological aspect of the existing phases. X- Ray Diffraction (XRD) and Fourier
Transform Infrared Spectroscopy (FT-IR) analysis of limestone are required to investigate the
structural properties of them. The SEM morphology coupled with EDS results are in good
agreement with the previous techniques.
The electron microscopy observations show that the extracted samples (Fig. 1) are made up of
calcite as predominant phase with different types.
WKML samples (Fig. 2) is formed by organism's debris (foraminera and equinoderms), have
worn bivalve shell (marine fossils), the bivalves fragment are to be in micritic matrix
(carbonated mud).
The XRD and FT-IR spectra reveal the present of different phases that composed the rocks. The
combination of these advanced techniques, which were not designed with the purpose of
answering geological or environmental questions, can generate complementary of geological
materials and opening up new approaches in the study of porous geomaterials.
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Fig. 1: Environmental Scanning Electron Microscopy (ESEM)
images and EDS spectrum of WKML; details showing:
micro-calcite, equant-calcite grain and dolomite.
 

 
Fig. 2: Thin-section micrograph of WKML (Equinoderms and
fragment's micritic calcite) under natural light.
 

 
Fig. 3: The X-ray diffraction spectrum of WKML samples with high rate of dolomite.
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The convergent-beam electron diffraction (CBED) has been used in the lattice parameter
determination with good accuracy by using HOLZ reflection lines [1]–[4], and recently a new
method to refine the lattice parameters by using the HOLZ reflections observed in the
nano-beam electron diffraction pattern (NBDp) has been developed [5]. The HOLZ reflections
observed in the NBDp were not used so far because of the displacement in HOLZ spot positions
due to the distortion of the projection lens system of the TEM, but such displacements are
nevertheless proportional to the distortion coefficients (Crad, Cspi, Cell), and can be taking into
account in order to correct the spot positions observed in the NBDp [5]. These microscope
parameters are obtained by fitting the spot positions between the experimental and simulated
NBD patterns in order to obtain the minimum value of the residual sum of the chi-square [5].
This new method was applied here using a Si standard sample in order to determine the
distortion coefficients, and the other required microscope parameters, and then applied in the
refinement of the lattice parameters of a sample of hematite containing Al, using the distortion
coefficients determined previously. The simulate NBDp were done by using the JEMS software
[6] and a standard hematite crystal structure (R-3c, a=0.5035nm and c=1.3732nm) was used
in the simulation of the diffraction pattern. The NBDp of both samples (Figures 1 and 2) were
performed in the Center of Microscopy of the Universidade Federal de Minas Gerais, using a
Tecnai G2-20 (FEI) TEM, with LaB6, operating at 200kV, with camera length of 300mm. The
camera length was calibrated by comparison between the experimental and simulated NBDp
and the experimental spot positions were measured using ImageJ software by fitting a circle
mask in each spot and taking into account its center of mass in pixel units. The distortion
coefficients Crad, Cspi, and Cell were estimated in 1E-17, 1E-18, and 1E-2 respectively. The a
lattice parameter of hematite sample was measured taking into account the corrected ZOLZ
spot positions and it was found a=0.5041nm. The c lattice parameter was kept constant.
References:
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[2] S. J. Rozeveld and J. M. Howe, Ultramicroscopy, vol. 50, no. 1, pp. 41–56, May 1993.
[3] J. M. Zuo, M. Kim, and R. Holmestad, J. Electron Microsc. (Tokyo)., vol. 47, no. 2, pp.
121–127, Jan. 1998.
[4] P. Paczkowski, M. Gigla, a Kostka, and H. Morawiec, Mater. Chem. Phys., vol. 81, no. 2–3,
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Acknowledgement: Acknowledgements to the Center of Microscopy of UFMG, INCT-Acqua,
CAPES. and to FAPEMIG.



 
Fig. 1: (a) NBD pattern of a Si sample along the <111> zone axis, with some reflections overlaid with the simulated
spot positions without distortion correction (a), and with distortion correction (c).
 

 
Fig. 2: (a) NBD pattern of a hematite, sample containing Al, along the [001] zone axis, with some reflections overlaid
with the simulated spot positions without distortion correction (b), and with distortion correction (c).
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Electron backscatter diffraction (EBSD) together with energy dispersive X-ray spectroscopy
(EDS) in the scanning electron microscope (SEM) has been used to characterise deformation
and interphase relationships in the geological sciences for almost 20 years. However, the
analysis of sub-micron scale features in bulk rock samples using EBSD-EDS is very challenging
due to limitations in the spatial resolution of the two techniques.
The recent emergence of transmission Kikuchi diffraction (TKD) in the SEM enables
characterisation of nanostructured materials and materials with high intragranular dislocation
densities [1, 2]. To date, most published TKD analyses have been on metallic samples and
have not included simultaneous EDS measurements. Here we demonstrate for the first time
the application of combined TKD and EDS to characterise sub-micron scale features in two
contrasting rock samples.
The first sample is a focused ion beam (FIB) lift-out section from the Allende meteorite. The
section was taken from a region containing Pt group element (PGE)-enriched metal grains. The
combined TKD-EDS analysis identified 6 phases including 3 Fe-Ni sulphides, olivine, chromite
and the PGE-enriched Fe-Ni. The phase distribution, as indexed using TKD, is shown in fig. 1;
note how the high spatial resolution of TKD allows identification of grains as small as 100 nm in
diameter. Simultaneous EDS spectra were collected, allowing the generation of individual
element maps for the whole section. The EDS spatial resolution is in the range of 25-50nm and
is far superior to that of EDS on bulk samples. A combined element map of the full section is
shown in fig. 2.
A second sample is a FIB section from a polycrystalline diamond aggregate taken from the
Orapa Kimberlite in Botswana. This particular section contains 2 inclusions of low-Ni pyrrhotite
within a single diamond grain. Combined TKD-EDS analyses were carried out at varying
magnifications in order to understand the temporal relationship between the diamond and the
inclusions. Fig. 3 shows a combined element map of the whole section, showing an iron oxide
rim around the pyrrhotite, as well as small Cu-rich domains within the largest inclusion. A
higher magnification TKD analysis of part of the main inclusion was carried out, and this
identifies the Fe-oxide as magnetite, and confirms the presence of chalcopyrite within the
pyrrhotite.
We will discuss the emergence of the integrated TKD-EDS approach and the implication this
has on the characterisation and interpretation of sub-micron scale structures in these and
other complex geological and meteoritic samples.
References:
[1] R. Keller and R. Geiss, J. Microsc., 245 (2012), 245-251.
[2] P. Trimby et. al., Acta Mat., 62 (2014), 69-80.



 
Fig. 1: TKD phase map of a FIB section from the Allende meteorite.
 

 
Fig. 2: Combined element EDS map from the same area shown in fig. 1
 

 
Fig. 3: TKD-EDS results from a sulphide inclusion in diamond from a kimberlite sample FIB section. The left hand image
shows a combined element map of the whole FIB section, with the white box marking an area highlighted in the higher
resolution TKD phase map on the right.
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Nakhla is a meteorite of Martian origin that is principally composed of olivine (nominally
(Fe,Mg)2SiO4), but is criss-crossed by “iddingsite” veins which contain significant amounts of
water resulting from the cracking and weathering of the mineral in-situ. The correct
interpretation of the weathering sequence provides a valuable snapshot of part of the climate
history of Mars. It is already known that on the outer edges of the veins, the olivine has been
altered to a carbonate (siderite – FeCO3). It is further known that the inner parts of the veins
contain a nanocrystalline or amorphous material with a composition consistent with a smectite
clay. A wide range of detailed interpretations of this “clay” have been published.
We have used a JEOL ARM200F cold-FEG Scanning TEM (STEM) operated at 80 or 200 kV
equipped with a Gatan GIF Quantum ER and a Bruker XFlash 60 mm2 EDX spectrometer to map
the chemistry of a vein in the Nakhla meteorite at resolutions down to 1 nm.
Figure 1 shows a summary of the spectroscopic mapping of this meteorite. At the top left, a
high angle annular dark field (HAADF) image is shown of one edge of the vein, with a green
box marking the area used for combined EDX and Dual range EELS (DualEELS) mapping. The
top right shows a phase map created by using a colour overlay of 4 multiple linear least
squares (MLLS) fits to the EELS spectrum in the 5-70 eV range. This shows unaltered olivine as
purple, siderite as yellow, a siderite / goethite mix as red, and the “clay” as cyan. Detailed
studies using EDX, EELS and electron diffraction investigations (not shown here) confirm the
red phase as a siderite / goethite mix. Studies of the oxidation state of iron from the EELS show
that the olivine and siderite are both dominated by Fe2+ but the siderite / goethite mix is
tending towards Fe3+, as would be expected. This demonstrates that early weathering occurred
in a CO2-rich environment and did not oxidise the iron, whereas later weather occurred in a
more acidic environment that liberated the CO2 and oxidised the iron.
The “clay” was found to have an inhomogeneous nanostructure, which is shown by the high
resolution EELS mapping at the bottom of Figure 1; this does not display a uniform clay
composition but is composed of SiO2 globules surrounded by a Fe-, Mg- and O-rich matrix. The
Fe in these vein centres is also found to be in a Fe3+ oxidation state. Electron diffraction (not
shown here) shows some crystallinity consistent with 2-ring ferrihydrite. The nanostructure of
these veins is completely unexpected and requires a totally new explanation for its formation
as the final stage in the weathering.
 

Acknowledgement: We are indebted to SUPA and the University of Glasgow for the funding of
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Fig. 1: Analytical STEM studies of olivine weathering on Mars. Top left, survey area for EELS/EDX. Top right: MLLS
fitting map olivine - purple, siderite - yellow, siderite/goethite - red, “clay” - cyan. Centre, EDX spectra (same colours).
Lower left, chemical maps in the “clay” region. Lower right, overlay map of Fe (red), Mg (green) and Si (light blue).
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All-solid-state lithium-ion batteries (LIBs) with solid electrolytes have high potential to
overcome some present problems of LIB with liquid electrolytes: safety, reliability, lifetime,
cost, and energy density. However, the large interfacial resistance of Li-ion transfer at the
electrode/solid-electrolyte interfaces prevents their practical use. One effective solution is an
in situ formation of electrode materials from the solid electrolytes. Because the electrodes
grow from the solid electrolytes with Li insertion reaction, both materials become connected to
each other at an atomic scale. Such electrodes were discovered in Li2O-Al2O3-TiO2-P2O5-based
solid electrolytes (LATP) [1]. However, the structural growth mechanism and the electronic
structure changes due to the Li insertion are still unclear. Here, we used spatially resolved
EELS in TEM mode (SR-TEM-EELS) to directly visualize the nano-scale Li profiles and the
influence on other elements (Ti and O).
Figure 1(a) illustrates the LIB sample. A Si- and Ge-doped LATP sheet (LASGTP, 90-µm thick)
was used as the solid electrolyte. The 800-nm thick film of the LiCoO2 positive electrode was
deposited on one side of the sheet by PLD. The Pt current-collector was directly deposited on
the other side. Cyclic voltammetry (CV) was carried out for 50 cycles in a vacuum with a sweep
rate of 40 mV min-1 (Fig. 1(b)), and the negative electrode was formed in situ near the
LASGTP/Pt interface by decomposition with the Li insertion. After the CV, the TEM sample of
the negative side region was prepared by FIB.
Figure 2(a) shows the TEM image around the negative side. A slightly uniform contrast layer
(about 400 nm) was observed near the Pt. Electron diffraction showed this region was
amorphous structure. The SR-TEM-EELS images around the Li-K-edge, Ti-L-edge, and O-K-edge
were recorded by the CCD camera (Figs. 2(b) - 2(d)). The Li signals obviously increase in the
400-nm-width region. This is evidence that the negative electrode was formed in this region. In
the spectrum image of Ti-L-edge (Fig. 2(c)), we can observe clear chemical shifts of the L2 and
L3 edge lines, which shows that the Ti electronic state changed from Ti4+ to Ti3+ due to the Li
insertion. The spectrum image of O-K-edge in Fig. 2(d) also shows the spectrum shifts. This
indicates that the O also contributed to the electron charge compensation due to the Li
insertion.
In conclusions, we succeeded in simultaneous observation of the crystal and electronic
changes of the in-situ-formed negative electrode. This technique can potentially be applied not
only to LIBs but also to fuel cell batteries, electric double-layer capacitors, and other
electrochemical devices.
[1] Y. Iriyama et al., Electrochem. Comm. 8 (2006) 1287-1291.
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Fig. 1: All-solid-state LIB sample and its cyclic voltammogram. (a) Illustration of the prepared LIB sample. (b) Cyclic
voltammogram measured in a vacuum with a sweep rate of 40 mV min-1.
 

 
Fig. 2: FIG. 2 TEM image and the SR-TEM-EELS images. (a) TEM image around the negative side. SR-TEM-EELS images,
(b) Li-K-edge, (c) Ti-L-edge, and (d) O-K-edge in the region of (a).
 



Type of presentation: Invited
 

MS-14-IN-1715 Chemical analysis of energy conversion and storage materials with
atomic resolution using aberration-corrected STEM imaging and spectroscopy
 

Klie R. F.1, Gulec A.1, Paulauskas T.1, Phillips P. J.1, Wang C.1, Nicholls A. W.1
 
1University of Illinois at Chicago, Chicago, IL, USA
 

Email of the presenting author: rfklie@uic.edu
 
While recent advances in energy conversion and storage have revolutionized the consumer
electronics market, we still lack a fundamental understanding of the effects that currently limit
the devices’ efficiencies and lifetimes. Aberration-corrected scanning transmission electron
microscopy (STEM) is becoming one of the most promising characterization tools to study the
effects of repeated charging/discharging cycles on electrode aging in Li-ion battery materials
or defects in solar-cell devices, due to the wide-range of techniques available on advanced
STEM instruments, including the direct imaging of both heavy and light elements,
energy-dispersive X-ray and electron energy loss (EEL) spectroscopies and a variety of in-situ
methods.
In this presentation, we will present the latest results from the new probe aberration-corrected
cold-field emission JEOL JEM-ARM200CF at the University of Illinois at Chicago (UIC), which
allows in-situ characterization with 78 pm spatial resolution and an energy resolution of 350
meV in the temperature range between 10 K and 1,300 K using a variety of in-situ heating,
cooling, tomography and electrical feedback holders. In particular, we will focus on
Li2MnO3-based cathode materials for Li-ion battery applications and CdTe grain boundaries for
poly-crystalline solar-cell devices.
Figure 1a is an HAADF image of a [100]-oriented Li2MnO3 particle (corresponding ABF and
LAADF images in subfigures (b) and (c)). The Li atoms are directly imaged in the averaged ABF
image as confirmed by our multislice simulated ABF (upper) and LAADF (lower) STEM images.
EELS results are presented in Figure 2, with the red spectrum highlighting the characteristics
of a cycled material, which include a greatly reduced O pre-peak and dramatic decrease in the
Mn valence, identified by the Mn L-edge shift to lower energy and increased L3/2 ratio. This part
will focus on pertinent structural and electronic differences between pristine and cycled
material, with features like atomic ordering of Mn/Li atoms, O vacancy evolution, and Mn
valence changes being of particular interest.
Figure 3 shows an atomic resolution STEM-XEDS map of CdCl2 annealed-CdTe [110] using the
newly installed Oxford Instruments X-Max 100TLE, a 100 mm2 silicon drift detector on our JEOL
ARM200CF. As can be seen in the spectrum image, both the Cd and Te atomic columns are
resolved in addition to the Cl signal at the center of a dislocation core. Spectrum images like
this will be used to determine the effects of Cl segregation in CdTe solar-cell devices and
characterize the structural changes as the result of the CdCl2 post-growth annealing step.
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Fig. 1: (a) HAADF image (scale bar 20 nm) of a Li2MnO3

particle, with high-resolution ABF (b) andLAADF (c) images
acquired along the [100] direction (scale bar 0.5 nm). The
atomic model of Li2MnO3 is shown towgether with ABF (top)
and LAADF (bottom) experimental and multislice simulated
STEM images.
 

 
Fig. 2: EELS results of the O K- and Mn L L-edges for a
cycled material (red) versus a reference (blue).Clear
differences include the diminished O pre-peak and the
shifted Mn L peak; see text for details.
 

 
Fig. 3: Atomic-resolution XEDS map of complex dislocation core in CdTe [110].
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Thin-film solar cells consist of a stack of polycrystalline layers with thicknesses of few 10 nm to
several micrometers, which can be deposited on rigid glass as well as on flexible metal or
polymer substrates. A typical p-n setup comprises the use of a p-type absorber layer, an
n-type semiconductor layer to form the p-n junction, as well as two electrical contacts, of
which one is formed by a transparent conductive oxide. Nowadays, highest power-conversion
efficiencies of almost 21 % have been achieved using polycrystalline Cu(In,Ga)Se2 thin films as
absorber material [1,2]. The question remains of how such excellent photovoltaic performance
is possible, in view of the large densities of extended structural defects present in the absorber
layer.
In the recent years, we have addressed this question in various studies, combining different
electron microscopy techniques on identical regions of interest on the specimen [3-10]. The
present contribution intends to give an overview of this work, showing results from electron
backscatter diffraction, electron-beam-induced current, and cathodoluminescence
measurements in scanning electron microscopy on scales of up to few hundreds of
micrometers, as well as by high-resolution imaging, electron energy-loss spectrometry, and
inline electron holography in transmission electron microscopy in the subnanometer range.
Challenges in specimen preparation and analysis will be covered, and an outlook on future
activities will be presented.
[1] P. Jackson, et al., to be published in phys. stat. sol. (RRL), doi: 10.1002/pssr.201409040.
[2] A. Chirila, et al., to be published in Nature Mater., doi: 10.1038/nmat3789.
[3] D. Abou-Ras, et al., JOM 65 (2013) 1222-1228.
[4] D. Abou-Ras, et al., Phys. Rev. Lett. 108 (2012) 075502-1-5.
[5] D. Abou-Ras, et al., Adv. En. Mater. 2 (2012) 992-998.
[6] S.S. Schmidt, D. Abou-Ras, et al., Phys. Rev. Lett. 109 (2012) 095506-1-5.
[7] J. Kavalakkatt, D. Abou-Ras, et al., J. Appl. Phys. 115 (2014) 014504-1-10.
[8] M. Müller, D. Abou-Ras, et al., J. Appl. Phys. 115 (2014) 023514-1-6.
[9] J. Dietrich, D. Abou-Ras, et al., to be published in J. Appl. Phys. (2014).
[10] D. Abou-Ras, et al., J. Appl. Phys. 107 (2010) 014311-1-8.
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Fig. 1: Scanning electron micrograph of a glass/Mo/CuInS2/CdS/ZnO solar-cell stack acquired in cross-section.
 

 
Fig. 2: a) EBSD pattern-quality map of a glass/Mo/CuInS2/CdS/ZnO solar-cell stack with Σ3 grain boundaries highlighted
by red lines. b) Monochromatic CL image at 820 nm from the same identical position as in a). The contrast in the CL
image was increased substantially in order to make the details close to the Mo back contact visible. Adapted from Ref.
[10]
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Lithium ion batteries have been proved to be one of the ideal candidates in terms of energy
density and power density for applications in portable electronics, electric vehicles and smart
grid etc. However, limited understanding for the structural evolution of electrode materials at
atomic scale amid electrochemical process substantially hinders their further performance
optimization. The recent success of annular-bright-field imaging method erected on
aberration-corrected transmission electron microscopy has been demonstrated to be a
powerful technique to directly visualize individual light atoms, in particular the lithium ions,
probing the nearly-equilibrated local structure of lithiated/delithiated electrodes under
electrochemical cycling at atomic resolution. This talk presents our recent progress [1-10] to
unraveling the atomic-scale structure evolution of electrode materials, extending the current
understanding of electrochemical reaction and electrode degradation mechanism.
With the ABF method, we have studied possible electrochemical reaction mechanisms and
detailed structure evolution for (partially) lithiated / delithiated 1D-LiFePO4, 2D- LiCoO2,
Li2MnO3 and 3D- Li4Ti5O12 and other lithium-based active materials [1-10]. An intriguing
staging phenomenon, in which the lithium ions preferably occupy every secondary layer along
the c axis in partially delithiated LiFePO4, casts critical insights into two-phase separation
mechanism in LiFePO4. Atomically-sharp coherent two phase interface between Li4Ti5O12 and
Li7Ti5O12 in partially lithiated Li4Ti5O12 provided solid picture for the two-phase reaction
mechanism of zero-strained spinels; whereas a new three-phase sodium-storage mechanism
was uncovered despite of the 13% lattice volume change. An unexpected reversible migration
of Mn ions Li2MnO3 was observed after shallow delithiation and relithiation, while irreversible
cation rearrangement at the surface of electrochemically cycled LiCoO2, leading to the
formation of rock-salt phase, was revealed. In addition, we demonstrate the ABF method can
be further extended for atomic-scale investigation of oxygen vacancies and other structure
evolution of light atoms.
References:
[1] Y. Sun, et al., Nature Commun. 4 (2013) 1870.
[2] R. Wang, et al. Adv. Energy Mater. 3 (2013) 1358.
[3] X. Lu, et al., Adv. Mater. 24 (2012) 3233. (Editor’s Choice in Science 336 (2012) 1621.)
[4] X. Lu, et al., Nano Lett. 12 (2012) 6192.
[5] S. Xin, et al., J. Am Chem. Soc. 134 (2012) 18510.
[6] Y. Q. Wang, et al., J. Am Chem. Soc. 134 (2012) 7874.
[7] X. Lu, et al., Energy Environ. Sci. 4 (2011) 2638.
[8] L. Gu, et al., J. Am Chem. Soc. 134 (2011) 4661.
[9] X. Q. Yu, et al., Adv. Energy Mater., in press.
[10] C. B. Zhu, et al., Adv. Func. Mater., in press.



 
Fig. 1: Schematic illustration of annular-bright-field imaging
geometry. An electron probe with convergent semiangle α
is focused to sub-angstrom dimension and scans across the
specimen. An ABF detector at the post column subtends a
detecting angle ranging from β1 to β2.
 

 
Fig. 2: ABF-STEM images of 70nm LiFePO4 viewed at the
[010] zone axis. The staging area is marked by the dashed
yellow lines.
 

 
Fig. 3: Interfacial structure in electrochemically lithiated
Li4Ti5O12 sample with about 0.15 mol Li insertion per
formula unit along the [110] direction . ABF image near the
interface between Li4Ti5O12 phase (region 1) and
Li7Ti5O12 phase (region 2). The yellow line indicates the
boundary of the interface.
 

 
Fig. 4: STEM imaging of a three-phase coexistence region.
ABF image in the half electrochemically sodiated Li4Ti5O12
nano-particle showing Li4Ti5O12, Li7Ti5O12 and
Na6LiTi5O12 phase boundaries.
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LiFePO4 is used as a practical active material for positive electrodes of lithium-ion secondary
batteries. It shows several advantages such as low cost, excellent cycle life and safety
compared to other candidate materials. Its lithium insertion/extraction proceeds via a two
phase mechanism: LiFePO4 ⇔ FePO4 + Li+ + e-. Several models for the charge-discharge
mechanism of this material have been proposed, though the Domino-cascade model [1] is now
recognized as the most plausible to explain the observed experimental results. However, the
path-dependence, the characteristic polarization behavior depending on the preceding
charge/discharge history [2] cannot be explained by this model. In this study we re-examine the
microstructure of electrochemically half charged Li0.5FePO4 electrodes using scanning
transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS) to
clarify the standing problem above.
The lithium content of Li1-xFePO4 electrode was controlled electrochemically using a
two-electrode cell. Thin specimens for STEM were prepared by focused ion beam. STEM-EELS
spectrum imaging (SI) applied using a Jeol JEM ARM200F equipped with a GIF Quantum EELS,
operated at 200 kV. O-K and Fe-L2, 3 spectra were simultaneously measured to distinguish
between LiFePO4 (LFP) and FePO4 (FP) phase. The spectral data were collected with a scan step
of 3 nm for many particles, from the datacubes of which were well separated into the spectral
profiles characteristic of the LFP and FP phases (Fig. 1) and their respective spatial
distributions using a multivariate spectral decomposition technique [3].
Particles prepared by lithium extraction from the fully discharged state generally exhibited the
structure of LFP shell/FP core, whereas particles by lithium insertion from the fully charged
state the FP shell/LFP core structure, contrary to the well accepted Domino-cascade model, as
shown in Fig. 2(a) and (b) respectively.
The size dependence of the core/total volume ratios were plotted in Fig. 3 for the many
particles. We assumed that the lithium insertion/extraction reactions occurred on the surface
of the particles and LFP/FP interface proceeded inward. If the rate of phase transition was
proportional to the surface area of each particle, the volume ratios predicted by the model in
plotted with the broken line in Figure 3. Assuming the shell layer to act as resistance for ion
diffusion, the path-dependence can be roughly explained by the present model.
References:
[1] C. Delmas, et al., Nature Materials 7, 665 (2008).
[2] V. Srinivasan, Electrochem. Solid-State Lett., 9, A110 (2006).
[3] S. Muto, et al., Mater. Trans. 50, 964 (2009).
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Fig. 1: Component spectra extracted with MCR, each corresponding to LFP and FP respectively
 

 
Fig. 2: ADF images and spatial phase distributions of (a) Li0.5FePO4 particles prepared by Li extraction and (b) Li0.5FePO4

particles prepared by Li insertion
 

 
Fig. 3: Experimental results (symbols) and theoretical prediction (broken line) of size dependence of relative core/total
volume ratio, based on a model where lithium insertion/extraction reactions occurred on the surface of the particles
with LFP/FP interface proceeding inward, which rate is proportional to the surface area of each particle
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Dwindling resources of fossil fuels and drastically tightened regulations on their purity have
put an intense pressure on the oil refining industry to provide more efficient fuel purification,
through improved catalysts in particular. The hydrodesulphurisation process makes wide use
of planar, single-layer MoS2 nanoparticles as catalysts in removing sulphur from dirty fuels [1].
The chemical reactivity of the MoS2 slabs, whose layered anisotropic structure is related to that
of graphene, is associated with their edges [2] and detailed information about the edge
structures is thus of the utmost importance to understand and optimise the nature of the
catalytic sites.
Scanning tunnelling microscopy and density functional theory (DFT) calculations have in the
past provided unprecedented insight on model MoS2 nanoparticles prepared under ultra
high-vacuum on planar substrates [3], while recent advances in high-resolution (scanning)
transmission electron microscopy have made it possible to resolve directly the individual basal
planes viewed in (001) of industrial-style MoS2 particles supported on thin graphite flakes [4].
Atom-by-atom analysis of chemically-sensitive annular-dark-field (ADF) images identified a
specific reconstruction at the Mo-terminated edge of the particles [5], with the presence of an
additional row of single sulphur atoms offset from the regular S sub-lattice, in good agreement
with theoretical predictions: fig. 1.
This pioneering work relied nevertheless on the ability to count each and every atom of the
particle and of its substrate. We show here that atomically-resolved electron energy loss
spectroscopy (EELS) can instead be used in conjunction with ADF imaging to map the Mo and S
sub-lattices directly in monolayer particles: fig. 2. When carefully tailoring the experimental
parameters, and the electron dose in particular, the chemistry and detailed structure of the
catalytically active particle edges are also unambiguously determined, confirming the
presence of single sulphur atoms at the Mo-edge of the particles. Comparisons with ab initio
DFT-based simulations of the EELS signal are also used to rationalise site-specific bonding
arrangements and the electronic structure of these key edge sites [6].
[1] H. Topsøe et al., Hydrotreating Catalysis, vol. 11, Springer, Berlin (1996).
[2] T. Tenne, Nat. Nanotechnol. 1, 103 (2006).
[3] F. Besenbacher et al., Catal. Today 130, 86 (2008).
[4] C. Kisielowski et al., Angew. Chem. Int. Ed. 49, 2708 (2010).
[5] L. Hansen et al., Angew. Chem. Int. Ed. 50, 10153 (2011).
[6] Q.M. Ramasse et al., In preparation (2014).
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Fig. 1: a) ADF image (deconvolved with a maximum entropy algorithm) of a monolayer MoS2 particle, obtained at 60kV.
b) Close-up of the Mo edge revealing a single S termination (as determined from the ADF contrast analysis [5]), offset
from the regular S sub-lattice. c) Ball-and-stick model of the edge termination.
 

 
Fig. 2: a) Raw ADF image of a monolayer MoS2 particle on graphite, obtained at 60kV. b) Simultaneous ADF and EELS
map of the region outlined in red in a), showing the position of the Mo atoms (purple) and the S columns (yellow). c)
Simulated S L2,3 EEL spectra for the outer three layers.
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For Li-ion batteries, transition metal fluoride/carbon nanocomposites have been under
extensive investigation as cathode materials due to their high theoretical capacity between
500 to 800 mAh/g [1,2]. In this study, the structural changes of FeOF/C positive electrode
during lithiation/delithiation have been studied as a function of number of cycles (up to 20)
under constant cycling current of 50 mA/g and at 60°C. ADF-STEM imaging technique
combined with electron energy loss spectroscopy (EELS) were used to track the chemistry of
surface layer (SEI) forming on FeOF/C cathode and to determine the bonding characteristics of
phases present after cycling. This analysis was done at 200 kV with the JEOL 2010F equipped
with Gatan 200 GIF spectrometer having an energy resolution of 0.9 eV.
Upon lithiation-delithiation cycling, the STEM-EELS analysis revealed the formation of a SEI
layer as shown in the ADF-STEM image depicted in Fig. 1a. The thickness of this SEI layer is in
the range of 20 to 40 nm. The corresponding O-K, F-K and Li-K EELS spectra for the delithiated
sample after 20 cycles taken from regions marked 1 and 2 are shown in Fig.1b and 1c
respectively. The F-K, O-K, and Li-K vary considerably between these two different regions (1
and 2) suggesting different chemistry in these two different parts of the sample. The edge of
the active electrode (region 1) contains only lithium, carbon, fluorine, and oxygen associated
with a solid electrolyte interphase (SEI) layer at the cathode. In addition different chemical
state is observed for the O-K edge with a pre-peak present in FeOF/C electrode which is
missing in the SEI layer (region 1). Quantitative analysis of SEI layer chemistry gives a
composition corresponding to Li0.45C0.2O0.05F0.3. Figure 2a and 2b show the Li-K and F-K edge
spectra respectively taken from region 1 (edge) and comparison with possible electrolyte
(LiPF6) decomposition compounds (LiF, Li2CO3) and with polymer binder (PDVF). The Li-K and
F-K EELS spectra from region 1 can be identified as characteristic of LiF [3] from the presence
of a post peak in the F-K edge and the separation the separation between the F-K and Li-K
peaks of 24.6 eV and 7.2 eV respectively. An additional a small peak marked by an arrow in
Fig.2b is also observed in the SEI F-K edge spectrum. This peak with energy of 708.3 eV has
been attributed to Fe-L3 line. Furthermore, the energy value of this peak is indicative of ionic Fe
with Fe+2 valence state. We have observed that this SEI layer thickness increases with cycle
number.
[1] Amatucci, G. G. and N. Pereira (2007), Journal of Fluorine Chemistry 128: 243-262
[2] Sina, M., D. Su, et al. (2013), Journal of Materials Chemistry 1: 11629-11640
[3] Cosandey, F., D. Su, et al. (2012), Micron 43(1): 22-29.
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Fig. 1: (a) ADF-STEM image of the fully recharged FeOF/C cathode after 20 cycles, with the corresponding EELS spectra
from region 1 and 2, (b) O-K, F-K and Fe-L3,2 edges, and (c) Fe-M and Li-K edges.
 

 
Fig. 2: EELS spectra taken from SEI layer (region 1 from Fig. 2a) with (a) Li-K edge, (b) F-K edge and comparison with
possible standard phases (LiF, Li2CO3 and PVDF). There is an extra peak on the SEI F-K edge at 708.3 eV which has been
attributed to the presence of Fe-L3 peak with Fe2+state.
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Among the numerous different oxide systems, the cobaltites present fascinating and complex
physical properties directly correlated with their electronic structure. A strong interplay exists
in these Co-based systems between (i) valence and spin states and (ii) low dimensionality and
structural anisotropy, all of these yielding the emergence of unexpected magnetic and
thermoelectric (TE) functionalities as illustrated in NaxCoO2 [1].
The misfit-layered cobalt oxides built from similar cobalt layers have triggered intensive works
regarding their remarkable TE properties at high temperatures. A real driving force of this
misfit family is the CoO2 2D hexagonal layers turning out to be at the origin of its metallicity
combined with a large thermopower, and more largely of interesting magnetic and electronic
phenomena [2].
Another cobalt oxide, Bi4Sr12Co8O28-δ, derived from the 2201-type cuprates reveal an original
tubular structure. This complex structure with a 2D structure (24*24*5.4Å3) can be viewed as a
stacking of n=2 [Bi2Sr2CoO6] slices separated by single Co-deficient pervoskite [Sr8Co6O16-δ]
layers. Hence, squared pillars based on CoOx polyhedra create tubular cavities at the crossing
of two [Sr8Co6O16-δ] layers. Besides the complexity of this anisotropic structure, the nature of
the CoOx pillars can be fine-tuned by adjusting the oxygen stoichiometry, therefore playing a
key role on the local electronic configurations of these systems. As in misfit cobaltites, the
Co-tubular family reveals peculiar transport properties and magnetic transitions while their
local electronic configurations remain unresolved to date. In these bidimensional cobaltites,
one of the pivotal questions is the key role played by each type of Co sites.
Here we attempt to shed light on the [Bi2Sr2CoO6]2[Sr8Co6O16-δ] n=2 member by resolving its
atomic structure (Fig. a)) using an aberration-corrected STEM – the NION UltraSTEM200 –
coupled to EELS. Relying on high-energy resolution, we probe locally the Co-L2,3 and O-K fine
structures, which are highly sensitive to the mixed valence-states and the hybridization
geometries. In particular, distinct spectroscopic signatures related to inequivalent oxygen sites
are probed in the real-space as illustrated in Fig. b). Hence two different oxygen fine structures
(O(3) and O(4)) are identified on the Co sites illustrating the original local bonding environment in
these Co-tubular oxides.
[1] I. Terasaki, Y. and K. Uchinokura, Phys. Rev. B 56, R12685 (1997)
[2] S. Hébert, W. Kobayashi, H. Muguerra, Y. Bréard, N. Raghavendra, F. Gascoin, E. Guilmeau,
A. Maignan. Phys. Stat. Sol. A 210, 69-81 (2013)
[3] D. Pelloquin, A. C. Masset, A. Maignan, M. Hervieu, C. Michel, B. Raveau, J. Solid State
Chem.148, 108-118 (1999)
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Fig. 1: a) STEM-HAADF image along the [100] direction and the corresponding structural model of the
[Bi2Sr2CoO6]2[Sr8Co6O16-δ] phase (inset). b) O-K edge fine structures extracted at four distinct oxygen sites. Each
spectrum is integrated over 4 x 4 pixel with a 10ms/pixel acquisition time.
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A new family of Ce-rich catalysts composed of earth abundant elements was recently
discovered in JCAP [1]. These most active catalysts for oxygen evolution are composed of
quaternary alloys such as Ni0.3Fe0.07Co0.20Ce0.43Ox. Successive annealing steps trigger
phase segregation into CeO2 nanoparticles and a miscible MeOx alloy (Me = Fe, Co, Ni) with
size distributions that can be tuned on a scale below 3 nm. It is now understood that atomic
resolution imaging of such small particles is challenging because the energy deposited by the
electron beam can largely exceed their size dependent total binding energy [2]. Therefore,
little is known about the pristine structure of these catalysts.
Our research addresses their atomic structure by either directly investigating the quaternary
alloy system, or by studying related single-phase nanoparticles. The specific case of 3-4 nm
large Fe2O3 nanoparticles is considered in Figure 1. Electron in-line holography with variable
dose-rates and voltages is employed since it allows stimulating and controlling system
dynamics at atomic resolution with single atom sensitivity [3]. The method enables imaging
with only a few atto Amperes/Å2, which approaches dose-rates that are otherwise used to
investigate biological samples at a lower resolution.
We determined a critical dose-rate below 100 e/Å2s from experiments at 80 kV and 300 kV
that vary dose-rates. Single images recorded below threshold values are dominated by noise
(Figure 1a). Nonetheless, the materials structure is revealed and can be preserved if the phase
of the electron exit wave function is reconstructed from focal series of low dose-rate images
(Figure 1b-1d). Figure 1b) compares a [111] projection of the crystal structure for images
recorded at 80 kV and 300 kV that reveals a somewhat increased image blur. This blur in the
80 kV recording is expected since lens aberrations must be suitably controlled at significantly
larger scattering angles to obtain a comparable point-to-point resolution [2]. Fig. 1e) compares
an atomic resolution image in [110] projection with two of the expectable crystal structures of
FeOx . An agreement of the model with the experiment proves that the catalyst crystallizes as
maghemite (Fe2O3) in its tetragonal space group (#96). In the image, the structure can be
locally distinguished from its cubic form (#227) because of the different locations of oxygen
columns. Thus, low dose-rate in-line holography allows for an identification of pristine
crystallographic structures of 3-4 nm large catalysts even if only the location of columns
occupied with a few oxygen atoms makes the essential difference.
[1] J.A. Haber et al., Energy Environ. Sci. 7 (2014) 682 - 688
[2] C. Kisielowski et al., Phys. Rev. B 88 (2013) 024305
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Fig. 1: FIG. 1. Fe2O3 catalysts at 0.9 Å resolution, 80kV and 300 kV. a) A single micrograph acquired in low dose-rate
conditions. b-d) Phase images reconstructed from 80 low dose-rate image. b) [111] protections of two particles at 80
and at 300 kV. e) A [110] projection is compared with the Fe2O3 structures in space groups #96 (match) and #227.
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The EU FCH-JU RESelyser project seeks to develop high pressure, high efficiency and low cost
alkaline water electrolysers that can operate variably and intermittently to meet the demands
for integration into energy networks relying on fluctuating renewable energy. The project
utilizes NiAlMo alloy electrodes produced at the German Aerospace Center (DLR) by vacuum
plasma spraying (VPS). VPS results in a heterogeneous microstructure consisting of a
multitude of intermetallic phase subdomains and pores. We present the results of a broad
palette of characterization techniques including SEM, TEM and 3D reconstruction by FIB serial
sectioning to analyze this complex structure in the initial state and post mortem.
Electrode surfaces and cross sections are analyzed by high resolution SEM and EDS. The
analyses of the cross sections reveal a multitude of complex material structures in the
activated electrode (See Figure 1) stemming from the vacuum plasma spraying and electrode
activation by leaching of Al and some Al containing intermetallic phases. Desert rose like nano
flake structures are observed (See Figure 1) on the electrode surface and in the pores on
several electrodes. The desert rose structure is confirmed by TEM to consist primarily of NiO
and Al2NiO4 like phases (similar lattice parameters). We discuss implications and possible
causes of the desert rose structure.
3D reconstructions of the electrodes are made by FIB serial sectioning. The pore space is
analyzed in regards to the length, connectivity and tortuosity of the pore transport pathways
that allow the KOH electrolyte to infiltrate the porous electrode. Figure 2 shows a
reconstructed data cube from an electrode in the initial leached state and the corresponding
extracted pore space. The pore space structure is revealed to consist primarily of coarse scale
planar like pores parallel to the electrode surface. These thin but coarse pores range in
thickness between 2 µm down to some 10s of nanometers at their extremities. In addition,
there is a significant pore volume fraction of sub 100 nm wide pores associate with the
dissolution of Al from the dentritic morphology of the Raney type NiAl alloy original particles.
The combination of the planar pore pathways running parallel to the surface and the fine scale
dendritic type pore space significantly complicates the analysis of the 3D pore surface due to
the need to reconstruct large volumes at high resolution to both be able to resolve the pores
and image the full pathway that connects the pores to the surface of the sample.
The long-term goal is the development of a generic electrode micro/nano structure analysis
philosophy for relating electrochemical processes during hydrogen production to highly
heterogeneous porous VPS electrodes.
 

Acknowledgement: The research leading to these results has received funding from the
European Union’s Seventh Framework Programme (FP7/2007-2013) for the Fuel Cells and
Hydrogen Joint Technology Initiative under grant agreement n° [278732] 10.



 
Fig. 1: A FIB cross section of a leached electrode. The surface of the electrode is to the left in the image. The inset
shows an SEM surface image of the desert rose like nano flake structures observed on the electrode surface and in the
pores on some electrodes.
 

 
Fig. 2: A visualization of the 3D reconstruction of an electrode by FIB serial sectioning. (left) A visualization of the
reconstructed image data. The bright artefact on the left side is the electrode surface. (right) A surface rendering of the
pores in the electrode.
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High indium content InGaN epilayers are particularly interesting for high-efficiency
photovoltaic applications. However, defect reduction is crucial in order to increase the internal
quantum efficiency of device structures. Such alloys generally exhibit complex microstructural
behavior and strain relaxation that are very sensitive to the growth conditions, due to their
intrinsic metastable character that leads to the phenomena of indium phase separation and
composition pulling.
We have applied a combination of transmission electron microscopy (TEM) characterization
techniques, including electron diffraction, HRTEM, geometrical phase analysis (GPA), z-contrast
STEM, and EDX, together with high resolution x-ray diffraction (HRXRD), in order to elucidate
the influence of strain relaxation on the defect content and indium compositional variations of
high alloy concentration InGaN epilayers. Thin films of up to ~500 nm and 10-60% indium
content were grown on (0001) GaN templates using plasma-assisted molecular beam epitaxy
(PAMBE).
Strain relaxation was found to promote the introduction of a-type threading dislocations, as
shown in Fig. 1. The emanation level of TDs was found to differ depending on the growth
conditions. At higher growth temperatures or low indium fluxes, phase separation was
observed leading to the formation of a strained InGaN interfacial interlayer of lower indium
concentration as measured by EDX and GPA, which is shown in Fig. 2(a). Strain relaxation,
manifested by the emanation of TDs, took place at and above this strained interlayer, as
illustrated in Fig. 2(b). In addition to the discontinuous composition pulling, another
characteristic feature of such phase separated epilayers was the appearance of multiple basal
stacking faults (SFs) above the internal InGaN interface. Such SFs also acted as TD sources
leading to increase of the defect content.
On the other hand, at lower growth temperatures or high indium incident fluxes, TD emanation
commenced from the InGaN/GaN interface, showing that strain relaxation took place there
(Fig. 3). This was further verified by the observation of regular arrays of misfit dislocations. The
epilayer surface morphologies were correlated to the growth modes. Good quality epilayers
with a ~40% indium content, showing no mesoscale phase separation, with smooth surfaces,
were achieved.
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Fig. 1: Cross sectional TEM (XTEM) images of a 300 nm thick InGaN epilayer with 43% indium content grown under low
indium flux, showing emanation of a-type TDs from a strained InGaN interfacial interlayer. (a) Dark field (DF) image
with g 1-100. (b) Bright field (BF) image with g 0002.
 

 
Fig. 2: (a) Annular DF image of a 200 nm thick InGaN epilayer containing 18% In, grown at high temperature under
stoichiometric flux. A self-formed interfacial InGaN layer (s-InGaN) is indicated. (b) HRTEM image showing emanation of
TD half loops from the s-InGaN interface (arrows). The GaN/s-InGaN and s-InGaN/GaN interfaces are also indicated.
 

 
Fig. 3: XTEM image showing a 450 nm thick InGaN epilayer with 42% indium content showing no phase separation due
to the lower growth temperature. (a) BF image with g 1-100. (b) BF image with g 0002.
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Copper-based chalcogenide semiconductor nanocrystals are used in a variety of
energy-related applications as a result of their suitable optical, electronic and thermoelectric
properties.1-4 In particular, ternary and quaternary copper-based chalcogenides offer a broad
range of possibilities for morphological, chemical and structural control through chemical
routes, thereby providing an opportunity for further functionality enhancement. For example,
controlled combination of branching, polytypism, polarity and cation order can be used to
nanoengineer the properties of the materials.
Here, a novel way of realizing property nanoengineering in Cu2CdxSnSey (CCTSe) polypods is
presented. The pivotal role of polarity in determining the morphology, growth, and polytypic
branching mechanism of the structure is demonstrated. Polarity is considered to be
responsible for the formation of an initial seed, which takes the form of a tetrahedron with four
cation-polar facets. Size and shape confinement of the intermediate pentatetrahedral seeds is
also attributed to polarity, as their external facets are anion-polar. The final polypod
extensions also branch out as a result of a cation-polarity-driven mechanism.
Aberration-corrected HAADF-STEM is used to identify stannite cation ordering in this material;
and linear STEM image simulations.5

Figure 1a shows a STEM micrograph of a CCTSe monopod. The first tetrahedral seed has a
stannite structure with tetragonal symmetry (zinc-blende-like, ZB’). Secondary tetrahedra grow
on the four facets of the initial one. The nanoparticles then branch out with wurtzite (WZ)
structures and form the polypods (polytypic branching). Cation-polarity is maintained along the
in the whole structure. However, the surface polarity switches in the secondary tetrahedra in
order to retain the cation-polarity along the growth direction.
Aberration-corrected STEM was also used to establish that cation ordering exists in the ZB’
stannite region, while the cations (Cu, Cd, and Sn) are distributed randomly in the WZ
branches, as shown in Fig. 2.
References
1 M. Ibáñez et al, Chem. Mater. 24, 562 (2012), 2 M. Ibáñez et al, Cryst. Growth & Des. 12, 1085
(2012), 3 M. Ibáñez et al, J. Am. Chem. Soc. 134, 4060 (2012), 4 M. Ibáñez et al, Chem. Mater.
24, 4615 (2012), 5 R.R. Zamani et al, ACS Nano 8, in press (2014), DOI: 10.1021/nn405747h
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Fig. 1: Polarity measurement in a CCTSe monopod: (a) HAADF-STEM image along [201]ZB'=[11-20]WZ zone axis; (b)
magnified region indicated on image (a) by colored rectangles after deconvolution of the STEM probe shape; (c) linear
simulations of the STEM images shown in (b); (d) intensity profiles measured from single dumbbell units (indicated on
images (b)).
 

 
Fig. 2: (a) Atomic-resolution HAADF-STEM image acquired along the [111]ZB’ zone axis of tetragonal (ZB') CCTSe (b)
deconvolved, and (c) filtered part of the image (a); (d) corresponding linear simulation. (e) 3D atomic model illustrating
the ordering effect; (f) intensity profile taken from image (c).
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   Measurement of local disorder and lattice vibrations is of great importance for understanding
the mechanisms whereby thermoelectric materials efficiently convert heat to electricity.
Calcium cobalt oxides (Ca2CoO3)0.62CoO2 is a model system in this regard with a figure of
merit ZT above one. The compound has a complex misfit layered structure with significant
lattice displacement (both static and dynamic) that is attributed to the reduced thermal
conductivity. Its averaged structure consists of two interpenetrating subsystems of a CdI2-type
CoO2 layer and a distorted tri-layered rock-salt-type Ca2CoO3 block (Fig.1,2), being
incommensurately modulated along the b-axis. It is well known that both static displacement
and thermal atomic vibration can effectively scatter phonons to reduce thermal conductivity,
however, the exact scattering mechanisms are still unknown, largely because there is no
reliable method available for such a measurement that can link the displacement to the
phonon scattering.
   Here, we demonstrate that the quantitative acquisition of multiple annular-dark-field images
via STEM at different scattering-angles simultaneously (Fig.1) allows us not only to separate
but also accurately determine static and thermal atomic displacement in crystals. This is
because the intensity characteristics of a STEM image acquired with high angle annular dark
field (HAADF) and medium angle annular dark field (MAADF) differ considerably, depending on
the nature of the displacement (Fig.2a-b). Unlike diffraction analysis that derives the overall
displacement from the intensities of Bragg reflections, we directly measure the atomic
displacement in real space, thereby enabling us to refine independently the atomic
displacement in the same lattice planes, i.e., in the rigid CoO2 and soft Ca2CoO3 layers (Fig.3),
that is crucial to revealing their different nature in phonon scattering.
   Applying our unique method to the layered thermoelectric material (Ca2CoO3)0.62CoO2
disclosed the presence of large incommensurate displacive modulation and enhanced local
vibration of atoms, largely confined within its Ca2CoO3 sublayers. Relating the refined disorder
to ab-initio calculations of scattering rates is a tremendeous challenge. Based on our
approximate calculation of scattering rates, we suggest that this well-defined deterministic
disorder engenders static displacement-induced scattering and vibrational induced resonance
scattering of phonons as the origin of the phonon glass (Fig.4). Concurrently, the crystalline
CoO2 sublayers provide pathways for highly conducting electrons and large thermal voltages
[1].
References: [1] Wu, L., Meng, Q., Jooss, Ch., Zheng, J.-C., Inada, H., Su, D., Li, Q., and Zhu, Y.,
Adv. Funct. Mater. 23, 5728-5736 (2013).
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Fig. 1: (a) Simultaneous acquisition of HAADF (114-608
mrad, b, d) and MAADF (46-104 mrad, c, e) images to
determine the static displacivemodulation and atomic
vibration in the [001] projection (b, c) and the [010]
projection (d,e)of (Ca2CoO3)0.62CoO2. The embeddedare
simulated images.
 

 
Fig. 2: Bottom:Image intensity vs displacement. Calculated
intensities (dashed) inthe CoO2 and CoO layers and
intensity ratios ICoO/ICoO2(solid) for HAADF (collection
angle: 114 - 608 mrad) and MAADF (46-104mrad) as
function of (a) thermalmean-square displacement in the
CoO layer, and (b) static displacement calculated as two
cosine components,A1x & A2x.
 

 
Fig. 3: Determining static- & thermal-displacement (a tod)
simultaneous STEM images in[010]. Left: HAADF and Right:
MAADF. (a)Experimental image; Calculated images with
unrelaxed (b), and relaxed model (c)and our refined
structure (d). (e) Intensity profiles.Open circles, green-,
blue-, and red-lines are from(a), (b), (c), and (d),
respectively.
 

 
Fig. 4: (a) Thermal conductivity vs temperature:circles are
experimental data for (Ca2CoO3)0.62CoO2and MgO. Solid
lines are fitting from specific heat, DOS, group velocity, and
MFP. Blue and red lines contain the Umklapp and
Rayleighterms, while the black line including the
displacement and resonance terms. (b) MFP. (c-d) Phonon
scattering mechanisms.
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Modern organic solar cells typically have an active layer consisting of a semiconducting
polymer and fullerene blended together in a thin (<100nm) film. In production this blend phase
separates on a nanometre scale, producing donor and acceptor phases in the film. The nature
of the resulting blend morphology has a huge effect on the efficiency of a solar cell device[1].
As such high-resolution tools for the characterisation of such morphologies are required. We
are developing energy-filtered SEM (EFSEM) as a fast, easy-to-implement method to perform
this task, building on previous work using the technique to characterise inorganic
semiconductor devices[2].
During an SEM exposure, the secondary electrons (SE) emitted by a given material under
irradiation by the primary beam have a well-defined energy spectrum[3]. We compare the
energy spectra of the SE emitted from different phases in a P3HT:PCBM photovoltaic blend
(see fig 1). At energies below 8eV, one phase is brighter than the other; however this contrast
is reversed at energies above 8eV. Therefore if all SE are used to image the blend morphology,
the contrast in SE emission between the different phases will be relatively small. It is thus very
difficult to map such blend morphologies withstandard SEM techniques.
To negate this problem it is possible to place a low-pass energy filter on the SE detected by the
through-lens detector in an SEM column. This is done by changing the strength of the
electrodes that deflect electrons towards the scintillation detector in the through-lens detector
(TLD) assembly of an FEI Sirion SEM[2]. We place our energy filter at 8eV and only image using
SE with energies below this threshold. This results in a significantly larger contrast difference
between the two blend components than when all electrons are detected, as it excludes the
regime in which the contrast between the phases is reversed. Using EFSEM we find we can
map the chemical distribution in organic solar cells with sub-nanometre resolution; a feat that
is unprecedented with SEM equipment (see fig 2). In our data we see periodicity in our data on
two length-scales, at approximately 8nm and 17nm, as displayed in figure 3. We believe that
these values correlate to periodicity in the separation between different P3HT and PCBM
domains. The ability to image the morphology of a photovoltaic blend with this level of detail
could constitute a powerful tool for informing the development of future organic photovoltaic
technology.
[1] A.J. Heeger, Adv. Mater. 26 (2014), p. 10
[2] C. Rodenburg et al, J. Phys. Conf. Ser. 241 (2010), p.012074
[3] D. Joy, M.S. Prasad and H.M. Meyer, J. Microsc. 215 (2004), p.77
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Fig. 1: Secondary electron spectra of 2 distinct phases seen whilst imaging a P3HT:PCBM blend. Placing a low-pass
energy filter at 8eV results in images being taken only from the domain where phase 2 is significantly brighter than
phase 1 – this improves the chemical contrast in our images
 

 
Fig. 2: EFSEM image of P3HT:PCBM photovoltaic blend, subject to a 5-minute plasma clean to remove surface layers.
From previous work we believe the brighter regions to be P3HT-rich and the darker regions to be PCBM-rich. The plot
shows a line profile from the image (see yellow arrow), showing the level of detail available.
 

 
Fig. 3: Autocorrelation functions applied to our EFSEM images show a two-fold correlation in our data; we postulate that
these correspond to periodicity in P3HT-rich and PCBM-rich domains. The equal strength of these peaks leads us to
believe that they are two separate correlations, rather than two projections of the same correlation
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Graphite moderators within advanced gas cooled or high temperature nuclear reactors are
subject to high levels of neutron radiation which results in chemical and physical property
changes. As a result, the large blocks can swell and crack which affects neighbouring
components and ultimately the lifetime of the reactor, an accurate estimation of which is
essential for economic success and plant safety.
 
To better understand the nature of radiation damage in graphite, this paper focuses on the
atomic scale using transmission electron microscopy (TEM) and electron energy loss
spectroscopy (EELS). The former allows us to visualise the atomic structure before and after
irradiation and the latter provides information about chemical bonding and specimen density.
 
A methodology has been developed to quantitatively analyse controlled electron radiation
damage (due to the TEM’s electron beam) to relate to the damage processes occurring in
neutron irradiated graphites. For specimen observation, a non-destructive TEM operating
voltage of 80 kV was used, however to induce electron beam damage, a 200 kV operating
voltage was required. Experiments were performed at room temperature and reactor
environment temperatures (~400 °C) to investigate the effects of thermal annealing (figure 1).
All EELS experiments were performed at the magic angle to avoid orientation dependence [1].
 
Collaboration with the University of Bordeaux ‘PyroMan’ research group has led to the use of a
computer programme to quantitatively analyse the electron micrographs [2]. Based on 002
fringe analysis, the software provides information on fringe length, spacing, tortuosity and
orientation. The EEL spectra were analysed to extract data on sp2 content using the three
window method, plasmon electron density and second scattering shell radius (figures 2 and 3).
 
[1] Daniels H, Brown A, Scott A, Nichells T, et al. 2003 Experimental and Theoretical Evidence
for the Magic Angle in Transmission Electron Energy Loss Spectroscopy Ultramicroscopy 96
523
[2] Raynal P I, Monthioux M, Da Costa J P, et al. 2010 Multi-Scale Quantitative Analysis of
Carbon Structure and Texture: iii. Lattice fringe imaging analysis. Proc. Int. Carbon conf. (USA)
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Fig. 1: TEM images before (a and c) and after (b and d) 200 kV electron beam exposure to a dose of 1 dpa
(displacements per atom) at room temperature (a and b) and 400 °C (c and d).
 

 
Fig. 2: Evolution of the EELS C K-Edge with electron beam dose at room temperature. The shape of the σ* peak
changes significantly with dose and can be integrated along with the π* to extract values for sp2 content. The position
of the Multiple Scattering Resonance (MSR) peak is proportional to valence electron density.
 

 
Fig. 3: Change in sp2 content with electron irradiation at room temperature for four sets of data. Data is normalised to
the sp2 value of the first EEL spectrum in the series.
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In understanding the performance of Li-battery materials, a holy grail is the ability to study the
effect of particle size, particle boundaries, electrode-electrolyte interfaces, phase transitions,
crystal defects, all independently during battery operation [1-2]. In practice however scientists
have to rely on macroscopic polycrystalline electrodes with several additives and binders,
where the overall performance is determined by a combination of many parameters. Because
thorough determination of the effects of all parameters requires very expensive
many-parameters studies, in practice researchers restrict to a trial and error approach leaving
too much room for interpretation.
In-situ TEM studies on the other hand allow the usage of submicron dimension single particles
as electrodes without supplementary additives or binder; enabling easy interpretation of
results during the battery operation, even on the atomic scale. These TEM studies can lead to
valuable insights on understanding the (de)lithiation mechanism of different electrode
materials. However most of the in-situ TEM battery setups are based on STM tip [3-4], where
only one edge of the investigated electrode material (generally nanowires) is connected to the
electrolyte (either ionic liquid or oxidised lithium). This design forces Li+ ion exchange to take
place from that edge alone and blocks the possibility of exchange from all directions. This
restriction may lead to partial knowledge about the (de)lithiation mechanism of the electrode
material.
We have designed an in-situ nano battery setup based on MEMS based chips, which ensures
full coverage of the electrode with the electrolyte, allowing free exchange of Li+ from every
part of the electrode. Our in-situ nano battery setup to study the (de)lithiation mechanism of
the much debated LiFePO4 [5] is shown in Fig. 1. Here, during charging Li+ ions de-intercalate
from LiFePO4 lamella and plate on the opposite gold line. While discharging, these Li+ ions move
through LiPON and intercalate back to the lamella.
EELS analysis was carried out during the (dis)charging of the battery. One of our important
finding, shown in Fig. 2, is: (de)lithiation always starts from the interface of electrolyte, current
collector and electrode irrespective of LiFePO4 crystallite direction, signifying the importance of
the interface for faster charging of the battery.
References:
[1] Tarascon et al..; Nature; Vol. 414, Issue 6861, 359-367 (2001).
[2] Goodenough, J.B. et al..; Chemistry of Materials; Vol. 22, Issue 3, 587-603 (2010).
[3] Liu, X.H. et al.; Energy and Environmental Science; Vol. 4, Issue 10, 3844-3860 (2011).
[4] Wang, J.W. et al.; ACS Nano; Vol. 6, Issue 10, 9158-9167 (2012).
[5]C. Delmas et al.; Nature Materials 7, 665 - 671 (2008).
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Fig. 1: Nano battery setup: (a) TEM chip (top view) prepared using electron beam lithography; (b) FIB-lamella is
prepared from a LiFePO4 crystal; (c) ion beam induced platinum deposition ensures good electrical contact between
lamella and current collector (gold pad); (d) chip is placed into electrical TEM holder after sputtering thin LiPON layer.
 

 
Fig. 2: a) STEM image of LiFePO4 lamella (highlighted with yellow line)on gold pad. EEL-scan was performed along the
red line after charging of battery; b) presence of the edge around 4-7 eV for the position (i), due to presence of Fe3+,
indicates the formation of FePO4, while the absence of this edge for position (ii) indicates absence of FePO4.
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The demands of modern energy consumption present new challenges regarding the storage of
electrical and chemical energy. Traditional materials for creating batteries and capacitors can
be examined in new ways with a view to increasing their efficiency and lifetime, whilst
minimising device size. Research has discovered that the use of 2-dimensional versions of
traditional energy storage materials can deliver significant advances in energy-storage
technology [1]. However the use of and interactions of these materials with one another is still
not well understood. One challenge to date has been how to image liquid-dispersed materials
and their chemical interactions in situ. With the advent of a new generation of liquid-cell TEM
holders, it is possible to conduct electron microscopy studies on 2D materials dispersed in
liquid, thus presenting a new range of experimental conditions for better understanding
material interactions and processes.
We conducted electron microscopy including CTEM (conventional transmission electron
microscopy) and STEM (scanning transmission electron microscopy) in an FEI Titan 300kV
S/TEM using a Liquid Cell TEM holder from Hummingbird Scientific Inc. Imaging can be carried
out in both static and dynamic liquid environments and electrical bias can be applied to the
materials for electrochemical interaction studies. Examples of the materials we examined
include WS2, graphene, MoS2 and MnO2. This data can then be compared with previous, ex
situ studies of materials conducted previously in our group [2].
For the first time these 2D layered-nanomaterials have been directly imaged and characterised
in a TEM whilst suspended in liquid dispersion. We have demonstrated the ability to measure
lattice resolution of these types of materials including graphene. We are also able to
investigate and characterise the interactions of these materials in a dynamic environment
whilst under electrical bias. It is hoped that using these techniques will provide us with vital
information regarding the fundamental science behind the material interactions. This
information can then be applied to a range of 2D layered-nanomaterials with the possibility of
optimising existing battery and super-capacitor materials and discovering new and
inexpensive materials for use in energy-storage technology.
[1] Arico, A.S., et al., Nanostructured materials for advanced energy conversion and storage
devices. Nat Mater, 2005. 4(5): p. 366-377.
[2] Mendoza-Sanchez, B., et al., Scaleable ultra-thin and high power density graphene
electrochemical capacitor electrodes manufactured by aqueous exfoliation and spray
deposition. Carbon, 2013. 52 p. 337-346.
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Fig. 1: Schematic of a Liquid Cell Holder design and use in a Transmission Electron Microscope
 

 
Fig. 2: CTEM image and diffraction pattern of a graphene flake in a water/surfactant dispersion. Note the resolution of
the lattice spacing of the graphene flake.
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Transition metal oxides (TMOs) have attracted attention for solid oxide fuel cell, gas sensor
and catalytic applications. [1] In many of these cases, a material functionality is dependent on
the distribution and transport behavior of oxygen ions. It has recently been demonstrated that,
for a static case, oxygen vacancy distribution and vacancy ordering can be characterized at an
atomic scale using quantitative aberration-corrected STEM. [2] In this work, we take this
approach to the next level by observing the dynamics of vacancy ordering and vacancy
injection under the electron beam in LaCoO3/SrTiO3 (LCO/STO) superlattices and LaCoO3-x
thin films using high angle annular dark field (HAADF) and annular bright field (ABF) STEM.
We find that while before electron beam exposure films and superlattices do not show any
signs of vacancy ordering, they nevertheless contain a substantial amount of vacancies; the
ordering is quickly induced by electron beam exposure (Fig.1). We can monitor vacancy
ordering by tracking local interatomic spacings, and vacancy injection by tracking global
average of the spacings as per Vegard’s law. In (110) projection, multiple lattice distortions
can be tracked simultaneously as a function of beam exposure, such as out-of-plane lattice
expansion, in-plane Co shift (Fig.2), and octahedral tilt patterns in the surrounding atomic
layers.
In the case of 15 u.c. LCO film, beam exposure leads to a sequence of different phases,
starting from disordered perovskite LaCoO3-x to a brownmillerite polytype La3Co3O8-x (2
perovskite layers connected 1 tetrahedra layer), to eventually brownmillerite La2Co2O5-x
(alternating octahedra and tetrahedra layers in the Fig.3), which is similar to the phase
evolution observed in the bulk [3]. Forming oxygen depleted layers couple in complex ways to
the existing octahedral tilt system and to each other, giving rise at times to metastable
intermediate states that can give us insights into oxygen transport mechanisms in this system.
Kinetics of the ordering and vacancy injection, as well as implications for beam-driven material
modification at an atomic scale, will be discussed.
[1] J. Maier, Nat. Mater. 4, 805 (2005)
[2] Young-Min et al., Nat Mater. 11, 888 (2012)
[3] Ole H. Hansten et al., J. Mater. Chem. 8 2081 (1998)
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Fig. 1: HAADF images of LCO/STO superlattice along [100]pc direction (A) as-grown and (B) after electron beam
exposure. (C) Atomic spacing map generated from (B) shows that lattice expansion as an indicative of vacancy
accumulation develops in the each LCO blocks.
 

 
Fig. 2: HAADF images of an LCO block in LCO/STO superlattice along [110]pc direction (A) initial state and (B) after
beam exposure. (C) out-of-plane La spacing map generated from (B). (D) in-plane Co-Co spacing map generated from
(B).(E) schematic of structural changes in LCO block before/after Vo ordering.
 

 
Fig. 3: Sequential HAADF images and models showing the evolution of the structure (A) initial LaCoO3-x along [110].
(B) intermediate 2x1 ordering structure (C) brownmillerite 1x1 ordering structure.
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Water splitting using a powdered photocatalyst is a promising clean energy system for
converting solar energy into the chemical energy of H2 molecules. Ultraviolet (UV) or visible
light is required to generate electron-hole pairs in the catalyst which further reduce/oxidize the
water into H2/O2. However, the photocatalyst may undergo a structural transformation under
reaction conditions and the structure-activity relationship has not yet been fully understood. In
this study, we use Ta2O5 based catalysts as the model material to investigate the structural
changes under reaction environments.
The Ta2O5 nanopowders were synthesized using a solvothermal method described elsewhere
[1]. The resulting powders were then calcined at 600oC and 800oC for 5h to give a better
crystallinity and morphology in the initial photocatalyst. A 450 Watt xenon arc lamp with a
mirror selecting the wavelengths from 260 to 320 nm was used to excite the electrons over
the bandgap of Ta2O5 which is approximately 3.9 to 4.3 eV wide. The initial Ta2O5 nanopowders
were then exposed to UV light for 9h in water vapor. An FEI Tecnai F20 environmental
transmission electron microscope (ETEM) was employed to obtain high resolution images of
both initial and treated material. The high resolution image (Fig.1) of the initial material shows
reasonably well-defined morphology of the nanoparticles where clean and smooth surfaces
were observed. Electron and x-ray diffraction patterns revealed an orthorhombic structure of
Ta2O5. However after the treatment, the initially clean surfaces were found to be more
disordered and amorphous surface layers were present (Fig.2). Also, new lattice spacings from
3.43 Å to 3.58 Å were found in some treated particles that were not previously observed in the
initial catalyst.
The functionalization of the catalyst by loading NiO on Ta2O5 was also investigated. The NiO (5
wt%)/Ta2O5 catalysts were synthesized using an impregnation method and were pretreated by
H2 reduction at 673K for 1h and subsequent O2 oxidation at 473K for 0.5h. The structure of this
reduction-oxidation treated catalyst is shown in Fig. 3a. Photocatalytic reactions of both
NiO/Ta2O5 and pure Ta2O5 catalysts were carried out in a glass reactor with a quartz window in a
gas-closed system. The evolved H2 gas was detected by a gas chromatography (GC) and Fig.3b
shows the H2 peak intensities from the two catalysts. The H2 production was calculated for each
catalyst and it was significantly improved from 26 to ~220 μmol/h/g by the NiO loading.
Additional in situ experiments will be carried out to understand the fundamental structural
evolution of these photocatalysts correlated with their photocatalytic performances.

References:
[1] J. Buha et al, Phys. Chem. Chem. Phys., 12 (2010), 15537.
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Fig. 1: (a) Initial Ta2O5 photocatalyst showing clean surfaces. (b) Diffraction pattern of the same area revealing an
orthorhombic structure of Ta2O5.
 

 
Fig. 2: Treated photocatalysts that were exposed to UV
light for 9hr in water vapor. A new lattice spacing (3.58Å)
and an amorphous surface layer are present.
 

 
Fig. 3: (a) The structure of the 5 wt% NiO/Ta2O5 catalyst
after reduction-oxidation pretreatment. (b) The H2 peak
intensities of both NiO/Ta2O5 and pure Ta2O5 catalysts from
the GC. 
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The study of lead chalcogenide nanoparticles has gained a lot of attention in recent years,
particularly in possible applications in solar cells [1]. Several studies have been made
exploring the chemical synthesis of these chalcogenide systems. One of the most popular
synthesis methods, the “one-pot method” [2], has been reported to be able to produce a wide
variety of different nanostructures. Nevertheless, the nucleation and growth mechanism of the
nanoparticles synthesized with this method has not been thoroughly studied. Most of the
accepted theories for the nucleation and growth mechanisms have been based on the
information obtained in studies of the cadmium chalcogenide systems; fewer studies have
been made specifically on the lead chalcogenide systems. In the present work, experimental
evidence is presented that supports the viability of a nucleation and growth mechanism that
includes the fact that the Pb2+ ions, from the lead precursor (lead oleate), are being reduced to
their metallic state, Pb0; as it is evidenced by the presence of Pb nanoparticles in the early
reaction stages (Figure 1); and how these lead atoms participate actively in the growth of the
lead chalcogenide nanoparticles since the very beginning of the reaction [3]; facts that are not
contemplated by currently accepted nucleation and growth mechanisms theories of lead
chalcogenide nanoparticles. The experimental evidence presented is based on TEM results,
and their related techniques, such as STEM, Aberration Corrected STEM (AC-STEM), EDXS,
EELS, SAED and Diffraction-STEM (D-STEM) studies. FTIR and UV-Vis-NIR absorbance studies
have been performed to complement the TEM observations, and they were fundamental in
understanding the nanoparticles’ capping layer nature (Figure 2), and to correlate the lead
oleate nature of the capping layer with the nucleation and growth mechanism proposed. SAED
and D-STEM studies allowed us to identify the presence of nanoparticles with two different
crystal structures for the case of the ternary system PbSexS1-x (Figure 3), the commonly FCC
structure, along with a  body centered tetragonal (BCT) structure, however the observance of
this crystalline structure is low. Finally, photovoltaic devices were built based on thin films of
PbSe and PbSexS1-x nanoparticles, thin films fabricated by the dip coating technique. These
photovoltaic devices showed low efficiencies (η) and short circuit currents density  (Jsc),
nevertheless the open circuit voltages (Voc) displayed were among the highest found in the
literature (Figure 3).
[1] Choi, J.J. et al. Nano Lett. 9 (11), p. 3749 (2009).
[2] Murphy, J.E. et al. J. Am. Chem. Soc. 128(10) p. 3241-3245 (2006).
[3] D.I. Garcia-Gutierrez et al. J. Nanopart. Res. 15(5), p. 1620, (2013).
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Fig. 1: a) HAADF image of Pb nanoparticles with an average size of 2 nm. Inset: SAED pattern corresponding to an
hexagonal crystal structure. b) EDXS spectrum showing a clear Pb signal, but no chalcogen signal. Inset: EELS
spectrum showing no signal of the chalcogen of interest. 
 

 
Fig. 2: a) AC-STEM HAADF image showing one PbTe nanoparticle analyzed. The red line indicates the region where the
linescan study was performed. b) EELS-EDXS line profiles for the Pb Ma EDXS signal and the Te M4,5, O K and C K EELS
signals. c) FTIR spectrum showing the bands associted to the presence of a lead oleate in the sample.
 

 
Fig. 3: a) TEM image showing the synthesized PbSexS1-x nanoparticles. Inset: SAED pattern showing diffraction spots
associated to a BCT crystal structure. b) I-V curve of photovoltaic device fabricated with a thin film based on PbSe
nanoparticles. c) I-V curve of photovoltaic device fabricated with a thin film based on PbSexS1-x nanoparticles.
 



Type of presentation: Oral
 

MS-14-O-3449 Direct Observation of Li2O2 Nucleation/Growth and Electrolyte
Degradation by In-Situ Liquid ec-(S)TEM
 

Mehdi B. L.1, Nasybulin E. N.1, Xu W.1, Thomsen E.1, Engelhard M. H.1, Massé R. C.2, Gu M.1,
Bennett W.1, Parent L. R.1, Nie Z.1, Wang C.1, Zhang J. G.1, Evans J. E.1, Abellan P.1, Browning N.
D.1
 
1Pacific Northwest National Laboratory,Richland,WA,USA , 2University of Wisconsin,Madison,
WI,USA
 

Email of the presenting author: layla.mehdi@pnnl.gov
 
The growing need for high energy density rechargeable batteries used in large-scale energy
applications has spawned a wide range of in-situ/operando experimental techniques to provide
insights into their operation [1, 2]. The recent development of the in-situ liquid electrochemical
stages for (S)TEM (in-situ liquid ec-(S)TEM) has enabled the fabrication of a “nanobattery” to
study the details of the electrochemical process by providing real-time information on the
dynamic structural changes that occur at the electrode/electrolyte interface during
charge/discharge cycles. Here, we demonstrate the application of this cell to study
fundamental operational mechanisms such as the formation and decomposition of lithium
peroxide (Li2O2) in rechargeable Li-O2 batteries, Li-ion battery electrolyte degradation processes
and dendrite formation mechanisms and kinetics at Li and Mg anodes.
Li-O2 batteries are being developed for electric vehicles [3,4] due to their high theoretical
energy densities - which are comparable to gasoline. The operation of a Li-O2 battery involves
the reversible formation/oxidation of lithium peroxide (Li2O2) at the cathode, the efficiency of
which determines the overall battery performance. However, Li-O2 batteries exhibit significant
challenges - such as low rate capability, limited charge-discharge cycles resulting from
decomposition of both the electrolyte and the electrode material during oxygen reduction and
evolution. This leads to accumulation of insulating side products, which causes a high
overpotential and fast capacity fading during cycling. Here, we use the in-situ ec-(S)TEM cell to
investigate the differences in the growth mechanism of Li2O2 nanoparticles and the
decomposition of the side products.
Another example of the in-situ ec-(S)TEM cell is to study electrolyte degradation mechanisms
and new electrochemical windows for state-of-the-art Li and Mg batteries. The electrolyte
breakdown can be initiated by the localized interaction of the electron beam and provide
significant understanding of the reduction/degradation products formed during battery
operation, which significantly decreases the time of postmodem analysis. The resulting
formation of decomposition products and an example the results obtained for 5 electrolytes
commonly used in Li-ion and Li-O2 battery systems is demonstrated in Figure 1 [6].
References:
[1] B. R. Long et al, J Phys Chem C, 115, (2011), 18916
[2] C. A. Bridges et al J Phys Chem C, 116, (2012), 7701
[3] M. Park et al, Adv.Energy Mat., 2, (2012), 780
[4] P. G. Bruce et al, Nat. Mat. 11, (2012), 19 [5] P. Abellan et al, Nano Lett. 14, (2014), 2014
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Fig. 1: STEM images of e-beam induced degradation mechanisms in LiAsF6 in (a) DOL, (b) DMC, (c) EC/DMC, (d) LiPF6
in EC/DMC, (e) highly stable LiTf in DMSO and (f) EC/DMC for the same electron dose and exposure times. (g) post
mortem anlysis LiAsF6 in DMC and the formation of LiF nanocrystals.
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          This project studied the appropriated conditions for a synthesis of N-type CdS0.9Se0.1

semiconductor to be used as thermoelectric materials. Cd(CH3COO)2.2H2O, Thiourea and SeO2

as precursors and ethylene glycol as a solvent. Two methods were applied to prepare
CdS0.9Se0.1. The first method was a solution method which was applied to prepare selenium
powder. NaBH4 was used as a reducing agent and reaction time with 8 hours. The other method
was a reflux method, which was used to prepare CdS powder, with 8 hours reaction time and
250 degree Celsius reaction temperature. The product powders were mixed together by with
the atomic ratio of Cd: S: Se to 1: 0.9: 0.1. Then it was annealed with different temperatures at
500, 700, and 900 degree Celsius under nitrogen atmosphere and varies annealing time for 5
and 10 hours. Finally, all of the powder products were characterized by X-ray diffraction
technique (XRD) while CaRine3.1 for XRD pattern simulation and 3D lattice simulation,
Scanning electron microscopy (SEM) with the analysis of Energy dispersive spectroscopy (EDS)
for surface composition and Transmission electron microscopy (TEM).
         From the XRD result of the product powders, powder annealed at 700 degree
Celsius under nitrogen atmosphere for 10 hours along with the TEM result of indexing single
crystal diffraction pattern can confirm that the powder product is CdS0.9Se0.1 and The SAED of
CSS_700_5 and CSS_700_10 in Fig 2 shows the transformation of polycrystalline (CSS_700_5)
to single crystalline (CSS_700_10) pattern when increasing annealing time. The SEM images of
the CdS0.9Se0.1 are shown in Fig 1. The products were different morphology and random sized,
small to large particles with the uncertain-shaped that relate with increasing annealing time
and temperature. The image in higher magnification shows accumulated behavior of the
particles.
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Fig. 1: The SEM images of the CdS0.9Se0.1 product after it was annealed with different temperatures and reaction times.
(a) 5000x (b) 10,000x
 

 
Fig. 2: The TEM image and the selected area electron diffraction pattern of CdS0.9Se0.1.
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        Tin/graphene (Sn/graphene) composites are prepared in nano-dimensions for use as
anode materials in lithium-ion batteries. The objectives of this research are enhancing both the
energy density and mechanical stability of anodic electrodes from high theoretical capacity of
Sn and graphene supported material, respectively. The chemical reduction method, which is
the simple and low cost method, is used to prepare of Sn on graphene. Sn particles are
prepared by using tin(II) chloridedihydrate (SnCl2•2H2O), sodium borohydride (NaBH4) and
ethylene glycol as Sn precursor, reducing agent and solvent, respectively. The effect of
decreasing SnCl2•2H2O precursor concentration in ethylene glycol solvent and the solvent
viscosity on tin particle sizes is studied in this research. The solvent viscosity is varied by
adding methanol to ethylene glycol solvent. The result from X-ray diffraction (XRD) technique
shows that Sn phase contains in the prepared products. The phase of products will be
confirmed by transmission electron microscopy (TEM) technique. The results from scanning
electron microscopy (SEM) technique will give the information about size and morphology of
Sn particles. The condition that smallest size of Sn is obtained will be used to prepare 10 and
20 percent weight Sn on graphene composites. The charge-discharge voltage and the cycling
performance of the products will be investigated. The results of the characterization will be
discussed in the 18th International Microscopy Congress.
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P-type semiconductor Sb2-xBixTe3 has the potential to be used as thermoelectric materials for
thermoelectric cooling and power generation because of its high in ZT value at low
temperature. In this report, Sb2-xBixTe3 powders with x equals to 0.0, 0.2, 0.4, 0.6, 0.8, and
1.0 were prepared by sol-gel method. Bismuth acetate, antimony acetate, and tellurium
dioxide were the starting materials which were initially dissolved in 1-propanol, methanol, and
ethylene glycol, respectively. Diethanolamine was applied as a stabilizer. The ratio between
moles of metals, solvents, and stabilizer was first varied to obtain gel and it was found that
1:60:4 is the most suitable ratio. The gels of Sb2-xBixTe3 were annealed to make powders at 773
K for 2 hours under nitrogen gas atmosphere. X-ray diffraction (XRD) patterns of all samples
match with Sb2Te3 phase, but with the trend of peaks shifted to the lower angle when
increasing x values suggesting Sb positions were replaced by Bi atoms accordingly. Rod
structure composing of a pile up of thin sheets was observed by scanning electron microscopy
(SEM) micrographs for all compositions. Transmission electron microscopy (TEM) analysis
reviewed the separated sheet of the hexagonal thin films connected to each other in the Z
direction. This unique structure resembles the fish bones. STEM images of SbBiTe3 with the
corresponding electron diffraction pattern match well with the simulated structure in the 001
zone axis. The growth mechanism this structure will be presented.
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Fig. 1: TEM images of Sb2-xBixTe3 with x = 0.2 (top) and x=0.8 (bottom) and its corresponding SAD patterns
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Metallurgical coke is a key material for blast furnace operation, acting as [Andriopoulos et al.,
2003]: an energy source (fuel), a carburisation agent, a reductant, and a structural support. It
made of several blends of coal by heating their mix in coke batteries up to 1200oC.
Carbonization of coals during the coking process leads to the development of various
microscopic textures, which have an influence on chemical and physical properties of the
resulting metallurgical coke. The textures of a coke are usually characterized on the basis of
their optical behaviour in polarized light. There are three dominating textures [Hideo et al.,
1983]: highly oriented banded, mosaic and isotropic.
The effect of addition of high density polyethylene (HDPE) to the textural features of
experimental metallurgical coke has been studied using polarized light optical microscopy and
wavelet-based image analysis. The samples were made in a laboratory-scale furnace without
(100 % coal) and with 2.5, 5.0, 7.5, 10.0 and 12.5 % of HDPE and polished in rounded sections.
Optical investigations were done with Olympus BX51 optical microscope equipped with digital
camera. Special software [Mattila & Salmi, 2008] developed in MATLAB with its Wavelet
Toolbox was used to perform image analysis. According to Makkonen et al. [2009], any given
sample of coke can be representatively characterized with wavelet-based image analysis by
studying 7-11 points. At every point, 4 images under different positions (20°, -20°, 0°, 90°) of
polarizing lenses should be taken. The program divides (Fig. 1B) the images (2048x1536 pix)
into 12 sub-areas (512x512 pix) and calculates each sub-area separately. As a result, it gives
the amount (%) of isotropic, mosaic and banded textures, as well as pores. In this study, each
sample was photographed and analysed in 10 areas (Fig. 1A), which gave 120 sub-areas for
the image analysis and 120 datasets per sample for subsequent statistical calculations.
Optical observations of the samples have shown that there are some differences in textural
features of cokes prepared with and without HDPE. In the samples containing HDPE, relatively
large pores with rounded shapes and smooth outlines (Fig. 2C), which sometimes cover entire
area of the image, can be observed more often than in the coke prepared without HDPE. In
some cases, the pores in HDPE-containing coke have an almost ideal spherical shape. The
calculations have found that the addition of HDPE results in a decrease of mosaic texture and
some increase of isotropic texture. Ethylene, formed from the decomposition of HDPE, was
considered as a probable gas affecting the texture adjustments. The approach used in this
study can be applied to indirect evaluation of reactivity and strength of metallurgical coke.
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Fig. 1: Polished section with locations of the points (A) and a map of sub-areas for the image analysis (B).
 

 
Fig. 2: Wavelet-based image analysis of experimental metallurgical coke. A,B - 100% coal, C,D - 87.5% coal and 12.5%
HDPE. Scale bar - 50 µm. Textures: isotropic - green, mosaic - red, banded - yellow, pores - blue.
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Metallurgical coke is a major energy source for blast furnace (BF) ironmaking. It also acts as a
carburisation agent, a reductant, and a structural support [Andriopoulos et al., 2003]. It made
of several blends of coal by heating their mix in coke batteries up to 1200oC. The coke reacts
with the droplets of molten iron in the bottom of a BF during ironmaking process.
The samples of metallurgical coke were drilled out of working BF. They were cut to slices of 5-7
mm in thickness and 25 mm in diameter, and after that they were polished according to a
special procedure [Kekkonen & Gornostayev, 2011]. Investigations with the FESEM Zeiss
ULTRA plus have found that the sizes of Fe-Si droplets are within a range of 0.1-3 mm (Fig. 1)
in their longest dimention. The droplets vary in shape, contact angle and penetration degree
into the BF coke matrix (Fig. 2). There are rounded (Fig. 1A – marked by arrow), elongated (Fig.
1A – larger droplet) and irregular droplets (Fig. 1D).
The shape and penetration degree of Fe-Si droplets may be interrelated, as the penetration
depth can be the result of reaction between a certain Fe-Si droplet and the coke matrix. Since
the amount of carbon dissolved in molten iron depends on the concentration of Si [Lacaze &
Sundman, 1991; Kawanishi, Yoshikawa & Tanaka, 2009], droplets which are under-saturated
with silicon may react better and penetrate deeper, forming irregular aggregates (Figs. 1D, 2E
and 2F). These under-saturated droplets (Type 3) have small (<90o) contact angle with the
surface of coke. Whereas droplets saturated with Si (Type 1) may not react intensively with the
matrix and retain more or less the round shape, as shown in Figs. 1A and 2A. These droplets
have relatively large contact angle (>90o) with the surface of coke. There is also intermediate
type (Type 2) of the droplets, which has contact angle close to 90o. They are partly submersed
into the matrix and have semi-spherical shape (Figs. 1B, 1C and 2C). The contact area of Fe-Si
droplets with the matrix is also different for all the types listed to above in respect of presence
of mineral matter and graphite crystals. Type 1 has limited amount of both (Figs. 2A and 2B),
whereas Type 3 has relatively large (above 100 µm) graphite crystals and noticeable amounts
of mineral phases (Figs. 2E and 2F). Type 2 (Figs. 2C and 2D) has only single crystals of
graphite (which are smaller than in Type 3) and it is somewhere in the middle in respect of
these features.
The shape and relationships of Fe-Si droplets with the coke matrix reflect thermal and
chemical history of coke-metal interaction under the BF conditions.
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Fig. 1: Appearance of Fe-Si droplets on a surface of BF coke.
 

 
Fig. 2: Polished sections of samples of BF coke containing Fe-Si droplets.
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The development of oil sands as one of the world’s leading oil resources has not come without
some challenges. In surface mined oil sands there are significant environmental issues around
tailings ponds and management of various waste streams, and overall there are challenges
with the carbon dioxide footprint associated with converting the heavy bitumen into
transportation fuels. In an industry where two tonnes of ore are needed to produce one barrel
of bitumen, on any given day a typical operation will process 500,000 tonnes of oil sands ore
using 500,000 tonnes of water. Microscopy is not necessarily the first tool that comes to mind
when discussing operational problems on this scale. In fact there are many examples of the
applications of microscopy in solving important industry challenges related to tailings handling,
separation of water and mineral from the final bitumen products, and generally improving the
environmental sustainability of one of Canada’s largest industries.
The micrograph in Figure 1 shows just one of the many examples of the application of
microscopy to the production end of the oil sands to crude oil process. The surface mined oil
sands bitumen extraction process is quite efficient, with typically more than 95% of the
bitumen recovered from the sand and clay minerals. One of the first steps in the bitumen
recovery process is the flotation and concentration of the bitumen in a froth. In this froth
flotation process, the process temperature is such that bitumen will engulf an air bubble.
Figure 1 shows a cryo-SEM image of the interior of such an air bubble where hydrocarbon
droplets have collected. With time, the number of hydrocarbon droplets crossing the
air-bitumen boundary will increase, suggesting that this behavior might be the first step in the
development of a nano-refinery that might help in the upgrading of bitumen to transportation
fuels.
Figure 2 shows a micrograph of the mineral particles in a typical oil sands process tailings.
Understanding and manipulating the small clay minerals that make up the tailings suspensions
is the first step in reclaiming the large tailings ponds associated with surface mined oil sands
development. It is an understanding of the processes on the microscopic scale that help define
the environmental and production solutions and that have directly led to multi-million dollar
changes in important oil sands processes. Some interesting examples will be given where
multimillion dollar process changes were made based only on evidence provided by
microscopy.
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Fig. 1: Cryo-SEM image of the interior of a bitumen froth air bubble at initial attachment (left) and after some minutes
(right). The inset x-ray spectra show a high sulphur content associated with the bitumen in the droplets (left), but not in
the bulk (right).
 

 
Fig. 2: SEM micrograph of the mineral particles making up oil sands tailings. The distinctive plate like nature of the
kaolinite clays is evident, as is the presence of many mineral components only a few hundred times larger than the
water molecules in which they are suspended.
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All-solid-state Li-ion batteries (LIBs) have been expected as next generation energy storage
devices. Research of the battery materials using TEM is increasingly important to analyze the
electrochemical reactions in LIBs in nanometer scale [1]. Degradation of electrodes caused by
the Li insertion/extraction is one of the serious problems preventing the practical use of
all-solid-state LIBs. In this report, we have performed TEM and spatially-resolved
(SR)-TEM-EELS to clarify the mechanism of the degradation of LiCoO2 positive electrode in the
all-solid-state LIB.
Figure 1 (a) schematically illustrates the LIB model sample. A Li+ conductive glass ceramic
sheet of the composition Li1+x+3yAlx(Ti,Ge)2-xSi3yP3-yO12 (LATP) was used as the solid electrolyte. A
positive electrode of crystalline LiCoO2 was deposited on one side of the LATP by pulsed laser
deposition. The “in-situ formed negative electrode” irreversibly formed by the Li insertion to
the negative side LATP was used as the negative electrode [2]. After the bulk LIB sample was
charged/discharged 20 times in a vacuum, the region around the LiCoO2/solid-electrolyte
interface was lifted out by a micro-sampling method in a FIB system, and the TEM sample was
prepared. The TEM image in the positive electrode region (Fig. 1 (b)) shows a different contrast
at about 300nm from the interface. Electron diffraction and HRTEM analysis revealed that
nanocrystalline compounds of LiCoO2 mixed with CoO existed in the region. Figure 1 (c) shows
the spectrum image of Co L2,3-edges detected by SR-TEM-EELS, where the horizontal and
vertical axes correspond to the sample position of the Fig. 1 (b) in the horizontal direction and
the electron energy loss, respectively. The Co L3-edge spectrum image was clearly shifted to
the direction of lower energy loss at the 300nm from the interface, showing Co was reduced to
Co2+. The O spectrum change also indicated the existence of CoO in the region. We conclude
from the TEM and SR-TEM-EELS analysis that the degradation of the LiCoO2 electrode in this
battery is caused by the formation of CoO.

[1] K. Yamamoto et al., Angew. Chem. Int. Ed. 49 (2010) 4414-4417.
[2] Y. Iriyama et al., Electrochem. Commun. 8 (2006) 1287-1291.
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Fig. 1: (a) Schematic illustration of the all-solid-state Li-ion battery sample. (b) TEM image around the LiCoO2/LATP
interface. (c) SR-TEM-EELS image of Co L2,3-edges. The dotted line shows the interface.
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Over recent years, our group has developed new mixed ionic and electronic conducting (MIEC)
oxide ceramics with the aim to use them as oxygen-transporting membranes in gas separation
and purification at elevated temperature [1,2]. We transferred our experience to
thermoelectric oxides, which are of interest for energy harvesting from waste heat in
high-temperature processes. Here it is of need to find proper balance between Seebeck
coefficient, electrical conductivity, and heat conductivity. To diminish the later,
nanostructuring is a favored way. As p-type thermoelectric material, we partly decomposed
Ca3Co4O9 in sintering process at 1423 K to derive a multi-phase composite ceramic with small
grain size [3]. In the transmission electron microscope (TEM), the p-type Ca3Co4O9-derived
ceramic showed well-developed crystallinity. Figure 1a shows grains in the size of up to 2 mm.
The energy-dispersive x-ray spectroscopical (EDXS) elemental distribution of calcium and
cobalt in Figure 1b vary locally. Electron energy-loss (EEL) spectroscopic investigations in
Figure 3b show exemplarily ionization edges of a complex calcium-cobalt oxide and cobalt
oxide, which are present local phases. A detailed area in the higher magnification micrograph
of Figure 1e was investigated further. The SAED pattern shows a large lattice plane distance of
1.028 nm which is in the typical range of misfit-layered cobaltites as Ca3Co4O9 or Ca3Co2O6.
However, the zone axis pattern could not be indexed according to the known phases in
powder-diffraction files (PDF) or inorganic crystal structure database (ICSD) entries. In the
decomposition during sintering at 1423 K probably phases are formed which were not reported
before. Anyway, the high-resolution micrographs from close-by regions in Figure 1e vary from
a widely regular structure with some nanoprecipitates in Figure g to a structure with high
density of stacking faults in Figure 1h. A poor x-ray cristallinity is probably the consequence of
phase separation resulting in a multi-phase material with misfitted systems consisting of
different local amounts of Ca and Co in the oxide matrix. Based on the TEM investigations, the
p-type ceramic can be considered as a multi-component composite material, which has
conserved somemisfit-layered cobaltite. Further materilas are under investigation. Correlation
of material’s microstructure with thermoelectric merit of the materials is investigated by
electrical measurments on thermolectric modules.
References
[1] K. Efimov, T. Halfer, A. Kuhn, P. Heitjans, J. Caro, and A. Feldhoff, Chem. Mater. 22, 1540
(2010).
[2] T. Klande, K. Efimov, S. Cusenza, K.-D. Becker, and A. Feldhoff, J. Solid State Chem. 184,
3310 (2011).
[3] A. Feldhoff, B. Geppert, Energy Harvest. Syst. (submitted).



 
Fig. 1: Ca3Co4O9-derived ceramic: a) STEM annular dark-field micrograph, b) EDXS elemental map of calcium, c) EDXS
elemental map of cobalt, d) EEL spectra of calcium-cobalt oxide and of cobalt oxide as local phases, e) higher
magnification STEM-ADF micrograph; f) electron diffraction pattern; g, h) high-resolution TEM micrographs of areas
indicated in e.
 



Type of presentation: Poster
 

MS-14-P-1724 Characterization of by-products from the combustion of solid fuels
with SEM/EDS and micro-Raman spectroscopy.
 

Šašek P.1, Viani A.1, Mácová P.1, Peréz Estébanez M.1, Černá M.2
 
1Centrum Excelence Telč, ÚTAM AV ČR, Batelovská 485-6, 58856 Telč, Czech Republic, 2VŠB-
TU Ostrava, HGF, 17. listopadu 15, 708 33 Ostrava, Czech Republic
 

Email of the presenting author: viani@itam.cas.cz
 
Coal is still one of the main sources of energy for producing electricity. The environmental
impact of the solid products resulting from coal combustion (fly ashes) is mitigated by
employing them as secondary raw materials. Their chemical and physical properties are
strongly dependent upon the type of coal and the burning plant technology, making their
characterization an essential prerequisite for recycling. In recent years, there has been also a
concomitant increase in the amount of ashes produced from biomass combustion. Structurally
and chemically different, they pose different problems in terms of ecological impact: one of the
most relevant is the concentration of heavy metals. In this work, two samples from the
combustion of coal and lignite, and two samples from the combustion of biomass, namely
straw and hay, have been investigated by means of scanning electron microscopy (SEM) with
energy dispersive spectrometry (EDS) and micro-Raman spectroscopy (with laser wavelength
532 nm). Raman spectroscopy, with the aid of the optical microscope, allowed for addressing
the laser beam on specific crystals for phase identification at the micrometric scale [1]. X-ray
diffraction (XRD) was employed for bulk qualitative analysis of the crystalline fraction. Due to
the operating temperatures above 1400 °C, fly ashes from coal combustion showed the
presence of partly glassy spherical bodies (around 10 μm in diameter) with alumino-silicate
composition. Crystallization of mullite (ideal Al6Si2O13) from the mass was documented.
Euhedral to pseudoeuhedral iron oxide crystals were found as a 'coating' on some these
particles, suggesting 'condensation' at the grain surface. Their presence in the mass is also an
indication of their crystallization from the glass during cooling. These findings are in
agreement with XRD results, showing mainly mullite, hematite (Fe2O3) and quartz. Ashes from
the combustion of biomass consist mainly of unburned fuel residues, that represent up to 25%
in weight. Silica is about 40% in weight and is mainly concentrated in spherical glassy-like
particles from nanometric to micrometric in size. Both types of ashes from biomass are high in
potassium and phosphates. Typical phases detected by XRD are Arcanite (K2SO4) and Monetite
Ca(HPO4). Implications for the use of these by-product as secondary raw materials will be
discussed.
[1] Guedes A, Valentim B, Prieto A C, Sanz A, Flores D, Noronha F. Characterization of fly ash
from a power plant and surroundings by micro-Raman spectroscopy. Int. J. Coal Geol. (2008)
73, 359-370.
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Fig. 1: SEM micrograph from the sample of lignite fly ash
depicting a spherule with iron oxide crystals emerging from
the matrix.
 

 
Fig. 2: SEM micrograph from the sample of biomass fly ash
depicting an unburnt hay fragment. In the surrounding
material, glassy nanometric sized spherules can be
recognised.
 

 
Fig. 3: Micro-Raman spectrum of a spherical body in fly ash from the combustion of lignite (shown in the inset picture).
Hematite (Fe2O3) Raman bands are indicated.
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 Mg is one of the promising candidates among hydrogen storage materials because of its
abundance, inexpensiveness, light weight, and hydrogen absorption capacity of 7.6 mass% to
form MgH2. However, the standard formation enthalpy of MgH2 is -76 kJ(mol H2)-1 and too low to
achieve hydrogen desorption under moderate conditions. Another problem is the sluggish
reaction of Mg with H2 gas. Thus, various Mg-based alloys and compounds have been
investigated to improve the rate and to lower the temperature of hydrogen
absorption/desorption.
Super-laminate composites (SLCs) have been attracting attention since Ueda et al. reported
that Mg/Cu SLCs showed reversible hydrogen absorption/desorption at 473K [1]. The
improvement of hydrogen absorption/desorption kinetics, its relations with
micro/nano-structures, and the effect of initial structures of Mg/Cu SLCs on hydrogen
absorption/desorption properties have been reported in previous papers for Mg2Cu-H2 system
[2, 3]. However, the structure-property relationship of Mg/Cu SLCs is not fully understood yet.
In this paper, we examined the formation mechanism of micro/nano-structures through
competitive reactions during initial hydrogenation in Mg/Cu SLCs.
As shown in fig. 1, three types of MgCu2 forms, (a) an open 3D-network, (b) a sheathing
3D-network and (c) a layer, were observed after hydrogenation of Mg/Cu SLCs at 573K and
3.3MPa of H2 for 86.4ks. It is known that Mg2Cu shows a disproportionation reaction to MgH2 and
MgCu2 during hydrogenation like fig. 1(a). We propose that Mg/Cu SLCs could be hydrogenated
by other two types of processes [3]. The one is simultaneous hydrogenation of Mg and alloying
Mg with Cu to Mg2Cu followed by hydrogenation of Mg2Cu, leading to the formation of
sheathing MgCu2 3D-network. The other is hydrogenation of Mg followed by a reaction of MgH2

with Cu, leading to the formation of MgCu2 layer.
 In order to elucidate the formation mechanism, Mg/Cu SLCs, pellets of MgH2 and Mg2Cu, and
those of MgH2 and Cu powder as references were prepared, and micro/nano-structures of them
were examined with SEM. Mg/Cu SLCs were hydrogenated at 573 K and 3.3 MPa of H2 for 86.4
ks, whereas two kinds of pellets were heated at various temperatures and hydrogen pressures
for 86.4 ks.
The formation of sheathing MgCu2 3D-network and layered MgCu2 is confirmed by SEM
observations of a pellet of MgH2 and Mg2Cu powder and those of MgH2 and Cu powder,
respectively.
References
[1] T. T. Ueda, M. Tsukahara, Y. Kamiya and S. Kikuchi, Japan Inst. of Metals 2004 Spring
Meeting Abstracts, (2004) 170.
[2] K. Tanaka, T. Kiyobayashi, N. Takeichi, H. Miyamura, and S. Kikuchi., J. Mater. Sci. 43 (2008)
3812.
[3] K. Tanaka, H. T. Takeshita, K. Kurumatani, H. Miyamura, and S. Kikuchi, J. Alloy Compd.,
580 (2014) S222
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Fig. 1: Fig. 1 Back Scattered Electron Images of Mg/Cu SLCs after hydrogenation under the conditions of 573 K, 86.4 ks
and 3.3 MPa of H2. (a) Hydrogenation of Mg is late after alloying Mg with Cu. (b) Hydrogenation of Mg and alloying Mg
with Cu starts at the almost same time. (c) Hydrogenation of Mg is early before alloying Mg with Cu.
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Among the advanced energy sources, the polymer electrolyte fuel cell, PEFC, is one of the
most attractive options for automobile application. Two major issues to facilitate widespread
dissemination of fuel cell vehicles are the cost and durability of the electrocatalyst. Many
efforts are made to develop the electrocatalyst to meet such demands. However, it is
necessary to clarify the details of degradation mechanism. In our previous study, in situ TEM
observation was carried out to investigate the degradation mechanism of the Pt/C
electrocatalyst, focusing on the effect of humidity in the air. We found that the oxidation of
carbon support was accelerated at the interface of Pt particle and carbon support in the high
humidity condition. In this study, the effect of reactant gases such as hydrogen, nitrogen,
oxygen, on the structural change of the Pt/C was investigated. The catalyst sample was Pt
supported on high surface area carbon, Pt/C, purchased from TKK. The in situ observation of
the catalyst was carried out with a Hitachi H-9500 environmental TEM equipped with an AMT
TV camera system. A specimen-heating holder with a gas-injection nozzle was employed for
both heating of the specimen and introduction of the reaction gas. The reaction temperature,
time, and the total pressure near the specimen was controlled to 220°C, 30 min, and
approximately 0.6 Pa, respectively. Although the typical operation temperature of the PEFC
ranges from 80°C to 100°C, the reaction temperature of 220°C was chosen to accelerate the in
situ reaction with the gases. In the in situ observation, density of electron beam on the
specimen was controlled to minimize the radiation damage of the specimen. Figure 1 shows a
TEM image (a) and the corresponding selected area diffraction (SAD) pattern (b) of the Pt/C
electrocatalyst before reaction. Figure 2 shows a TEM image (a) and the corresponding SAD
pattern (b) obtained from the Pt/C electrocatalyst after in situ reaction under oxygen
atmosphere. During the in situ reaction, the morphology of the carbon support was gradually
changed due to the oxidation (Fig. 2(a)). An analysis of the SAD pattern revealed that the Pt
nano particles were agglomerated and crystallized (Fig. 2(b)). We also carried out in situ
observation under hydrogen and nitrogen atmosphere. Various interesting phenomena such as
a slight shrink of the carbon support and a little increase in the crystallinity of Pt nano particles
were observed and characterized.
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Fig. 1: Pt/C electrocatalyst before reaction. (a) TEM image and (b) selected area diffraction pattern.
 

 
Fig. 2: Pt/C electrocatalyst after reaction with O2 (0.6 Pa) at 220°C for 30 min. (a) TEM image and (b) selected area
diffraction pattern.
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In recent years, cerium oxide based materials such as Pt-cerium oxide have received much
attention because of their excellent catalytic properties for a variety of reactions. Among
others, fuel cells offer an interesting application field of these materials. It was shown that
sputtered thin cerium oxide films containing Pt, which had been deposited on the anode side of
a fuel cell, exhibited a higher specific power compared to a conventional Pt−Ru catalyst [1-2].
Besides the large scale fuel cells, there is also an increasing interest in miniature fuel cells
fabricated on silicon, which could be used as an on-chip power supply for portable electronic
devices.
In this study, nanometric Pt-ceria thin films were characterized by TEM after elaboration by
physical vapor deposition on various substrates (silicon, carbon foils, carbon nanotubes …).
The deposited layers exhibited different morphologies linked to the different substrates [3-4].
More particularly, deposition carried out directly on silicon substrate is linked to flat surface
layer whereas elaboration on carbon substrates (nanotubes, carbon foils, intermediate carbon
layer grown on silicon substrate) is linked to the presence of porous surfaces. In addition to the
substrate type, many effects as the formation of carbides or silicates at the interface, an
interaction of ceria with platinum and the presence of the porosity influenced also the
structure and the chemistry of the deposited layers.
In all samples, crystallites corresponding mainly to CeO2 and to a less extent to CeC2

crystallographic structures were observed (Fig. 1). STEM-EELS measurements have been
carried out on layers grown on silicon with and without intermediate carbon layer. Data
analysis of the M4,5 white lines of cerium have pointed out a variation of cerium oxidation state
from Ce4+ to a mixture of Ce3+ and Ce4+ depending of the localization of the measurement (Fig.
2).
[1] C. Xu, R. Zeng et al, Electrochimica Acta 51 (2005) p.206
[2] N.V. Skorodumova, S.I. Simak et al, Physical review letters 89 (2002) p.166601
[3] S. Bruyere, A. Cacucci et al, Surface and coating technology. 227, (2013) p.15
[4] M. Dubau, J. Lavkova et al, ACS Applied materials interfaces 6 (2014) p.1213
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Fig. 1: a-b) HRTEM images of crystallites with corresponding zone axes
 

 
Fig. 2: STEM-EELS maps and corresponding schemes showing the oxidation state of cerium on thin layers grown on
silicon substrate a-b) with and c-d) without amorphous carbon intermediate layer
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Pt-Pd nanoalloys were prepared in solution from organic precursors and self-assembled in a 2D
array on SiO2 substrates, the particles are homogeneous in size and self- organized on the
substrate. The size histogram gives an homogeneous average size of 3.2±0.8 nm.
Compared to pure Pt particles, Pt-Pd show a better homogeneity in size and less coalescence.
The in situ growth of Pt-Pd particles does not follow the same mechanism as pure Pt particles.
The crystal growth in solution was in situ studied by TEM in a liquid cell.
In situ study by TEM of a solution with Pt and Pd organic compounds in OAm, initiates the
nucleation by reduction of the precursors in the electron beam. As soon as the clusters are
visible in the liquid, they start to grow without coalescence. The cluster size increases as a
function of the time, as t ½, , during the first minute, then the growth rate decreases, which is
consistent with a growth mechanism by monomer addition. At the end of the growth, the size
of the nanoalloys is between 2 and 2.5 nm.
In the series (fig. 1a-c), the same cluster is imaged in liquid during 540 sec.
The shape starts to be isotropic and facetted after 60 sec, mostly limited by (001) and (111)
faces. The particle orientation changes in the liquid, but it is clearly seen along the [110]
direction in fig. 1 c.
The same experiment with pure Pt precursors in OAm leads to a fast coalescence of the
clusters and to the formation of larger nanoparticles with sizes dispersed between 1 and 5 nm.
The nucleation and growth of pure Pt is consistent with a growth mechanism by monomer
addition and coalescence events.
The different growth mechanism is probably due to the concentration of Pd atoms on the
surface which prevents from the coalescence during the growth.
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Fig. 1: Nanoalloys imaged in liquid during 540 sec
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Cu(In,Ga)Se2 (CIGSe) thin-film solar cells have generated interest with their high
power-conversion efficiencies of more than 20% [1,2]. However, in many cases, efficiencies
obtained with polycrystalline CIGSe solar cells fall behind this value. This is particular true for
solar cells with CIGSe layers produced in multi-stage coevaporation processes without a
Cu-rich stage at low temperatures [3]. The reason behind these energy losses and the
limitations for the further efficiency increase are not fully understood. In order to gain a better
understanding of the compositional properties of the structural defects, which can be relevant
for solar cell performance, we analysed the CIGSe absorber layers by high-resolution scanning
transmission electron microscopy (HR-STEM) in combination with electron energy-loss
spectroscopy (EELS). We obtained Z-contrast images with sub-nanometer resolution and
chemical data from the corresponding regions.
Thin foils are prepared by using a focused ion beam (FIB) machine, which produces
homogenously thick TEM lamellae along the CIGSe layer. HR-STEM and EELS analyses show
striking chemical characteristics for a number of defects present in Cu-poor CIGSe thin films.
The elemental distributions at {112} twin planes, which are very frequent in these samples,
are the same ones as in the grain interiors, with a homogeneous distribution of all matrix
elements (Figure 1). By contrast, within the complex defects, which are closely related to
stacking faults, Cu enrichment in combination with In and Se depletion are observed. Cu
enrichment and In depletion are also detected at random grain boundaries. However, Se is
homogenously distributed in this case. Finally, Cu-Se-rich channels seem to form immediately
outside (not within) dislocation cores (Figure 2). The present contribution provides a discussion
on the impact of the growth process on the chemical properties of extended structural defects
in CIGSe thin films.
References:
[1] P. Jackson, D. Hariskos, E. Lotter et al., Prog. Photovoltaics 19, 894-897 (2011)
[2] Press release, 19.1.2013, EMPA, Switzerland
[3] R. Caballero, C. A. Kaufmann, V. Efimova et al., Prog. Protovolt: Res. Appl. 21, 30-46 (2013)
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Fig. 1: Z-contrast image (a) of the twin boundary along the {112} plane and corresponding elemental map (b) from the
EEL spectrum image. Green, blue and red colours show the Cu, In, Se elements respectively.
 

 
Fig. 2: Z-contrast image (a) of a dislocation core, corresponding elemental map (b) from the EEL spectrum image.
Green, blue and red colours indicate the Cu, In, Se elements respectively.
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CeO2 and Y2O3-stabilized zirconia (YSZ) are two typical candidates for electrolyte materials in
solid oxide fuel cells attributed to their high ion conductivities. Theoretical calculations indicate
that the oxygen vacancy formation energy is considerably reduced at interfaces and oxygen
vacancies expected to segregate to the interfaces might provide highways for rapid ion
conduction [1]. The aim of our work is to obtain insights into the structure and chemistry of
interfaces between CeO2 and YSZ by scanning transmission electron microscopy (STEM)
combined with electron energy-loss spectroscopy (EELS).
Epitaxial CeO2 films were grown on YSZ (111) substrates using pulsed laser deposition. Figure 1
shows an HRTEM micrograph of the CeO2/YSZ (111) interface viewed from the [1-10]YSZ

direction. The CeO2 film is approximately 30 nm thick and continuous where the CeO2 film and
YSZ substrate have a cubic on cubic orientation relationship ((111) <1-10>CeO2 // (111)
<1-10>YSZ). No reaction layers or other phases can be observed at the interface. Periodical
misfit dislocations were observed at the interface with extra atomic planes appearing in YSZ.
Figure 2a shows an EELS line scan across the CeO2/YSZ interface, where the extracted EELS
spectra (Figure 2b) illustrate the change of Ce-M4,5 edges from the bulk to the interface. It is
well known that Ce-M4,5 edges are valence sensitive. Since the presence of Ce3+ is seen as
evidence of oxygen vacancy formation, oxidation states of cerium ions near the interface were
investigated by EELS for which the intensity ratios of the Ce-M4,5 white lines (Figure 3) were
analyzed. Measured spectra were compared with known reference spectra acquired from
compounds containing Ce3+ or Ce4+. In addition, quantitative analysis has been performed on
the Ce-M4,5 edges to study the ratio of Ce3+ to Ce4+ as a function of the distance from the
interface. Thus most of the Ce ions were reduced from Ce4+ to Ce3+ at the interface region with
a decay of several nanometers. Possibilities of charge compensations are discussed.
Irrespective of the details, such local non-stoichiometries are crucial not only for understanding
charge transport in such hetero-structures but also for understanding ceria catalytic properties
[2].
References:
[1] M. Fronzi et al., Physical Review B 86 (2012) 085407.
[2] K. Song et al., APL Materials (2014), accepted.
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Fig. 1: Microstructure of the film shown by the HRTEM micrograph of the CeO2/YSZ (111) interface viewed from the
[1‑10]YSZ direction. The interface indicated by the arrow shows periodic misfit dislocations.
 

 
Fig. 2: EELS spectrum image from a line scan (top) with
Ce-M4,5 spectra (bottom) extracted from the spectrum
image, which illustrates the change of Ce-M4,5 edges from
the bulk (spectrum 11) to the interface (spectrum 1).
 

 
Fig. 3: Ce-M5/M4 white-line intensity ratio vs distance from
the CeO2/YSZ interface.
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Lab-scale CuIn1-xGaxSe2 (CIGSe)-based solar cells demonstrate not only the best thin film
conversion efficiency (20.8 %) but also overtake the multicrystalline silicon technology (20.4
%). Despite this new record, CIGSe cells efficiency is still far from the theoretical
Shockley–Queisser limit. The improvement of the CIGSe technology will not be performed
without a better characterization of the material at the nanometer scale. Transmission electron
microscopy (TEM) associated with other related techniques like spectroscopy are key tools to
reach this objective. However new applications based on “classical” TEM techniques have to
be considered to further gain knowledge.
The [Ga]/([Ga]+[In]) ratio (GGI) throughout the CIGSe thin films has been demonstrated for a
long time to be of major importance to reach high efficiencies. The present contribution aims
at demonstrating the ability of measuring this GGI gradient not by energy dispersive X-ray
spectroscopy (EDS) as usually performed but by using electron energy loss spectroscopy
(EELS). EELS spectra intensities in the low loss region are high enough to allow very fast
acquisitions with low current densities, minimizing irradiation damage and drift during
analysis. A systematic study on synthesized powders with different GGI values (figure 1) was
performed to establish the dependency of the plasmon energy Ep on GGI ratio. Ep was defined
by fitting the volume plasmon peak with the Drude model. This allowed obtaining a calibration
curve GGI=f(Ep) which was then applied on CIGSe deposited by a classical 3-stage process
(figure 2). GGI gradient obtained by EELS (figure 3) was compared to EDX and secondary ion
mass spectroscopy (SIMS) results to demonstrate the reliability of the method. Two CIGSe thin
films deposited in the same conditions but on substrates containing different sodium quantities
were analyzed. The results are discussed related to photovoltaic performances.
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Fig. 1: Low loss region EELS spectra acquired on synthesized powders with different GGI values. The calibration curve
GGI=f(Ep) was extracted from those data.
 

 
Fig. 2: Cross section TEM micrograph of a CuIn1-xGaxSe2 thin
film. The film is made of large grains but the GGI ratio
varies inside each of them. The CIGSe film is 2 µm thick.
 

 
Fig. 3: GGI gradient obtained by EELS on the film shown on
figure 2. GGI values were obtained with the calibration
curve GGI=f(Ep).
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A few very recent studies have identified the ability of Zr in acting as a diffusion barrier to
reduce the deleterious fuel–clad chemical interaction (FCCI), which restricts nuclear fuel
designers around the world to successfully utilize the potential of the gamma-phase stabilized
U–Mo alloys as reduced enrichment fuels in research and test reactor. Further investigations
pertaining to metallurgical interaction between U-Mo and Zr are essential not only to establish
Zr as a diffusion barrier in U-Mo fuel but also to envisage Zr-base alloys as cladding as against
the currently used Al-alloys.
In this work, metallurgical interaction between U–9 wt.% Mo metallic fuel alloy and Zr–1 wt.%
Nb clad material has been assessed through scanning electron microscopy (SEM), electron
probe microanalysis (EPMA) and transmission electron microscopy (TEM). Interdiffusion of
constituent elements across the fuel–clad interface, together with the phase reactions
occurring at high temperature and during subsequent cooling, resulted in development of a
layered interaction zone where coexistence of a bcc solid solution phase with varying
compositions, along with alpha-U, alpha-Zr and Mo2Zr phases could be noticed (Fig. 1). The
instability in the gamma-U(Mo,Zr) matrix leading to phase separation into alpha-U and
alpha-Zr phases and the orientation relationships amongst them were established through
microdiffraction and composite selected area electron diffraction (SAED) patterns,
respectively. The present study is an endeavor to rationalize these observations, which remain
unexplained in literature.



 
Fig. 1: BSE image of the interaction layer (IL) between U–9Mo and Zr–1Nb. Inset shows typical microdiffraction patterns
of alpha-Zr and Mo2Zr phases.
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In search for high capacity and high energy cathode materials for the next generation Li-ion
batteries (LIB), Li-rich cathode materials are promising candidates. This material class is
derived from the classical layered cathode ceramics, such as LiCoO2, commonly used in
commercial LIBs. In order to improve stability and capacity, these structures have been
blended with Li2MnO3, which can be considered as Li-rich layered material (Li[Li1/3Mn2/3]O2) that
is well mixable with classical layered cathode materials [1-3]. The structures of the
rhombohedral Li(TM)O2 (TM = Ni, Co, Mn) and the monoclinic Li2MnO3 are depicted in Fig. 1.
It is well known that the synthesis conditions influence the nanostructure and hence the
electrochemical performance of Li-rich cathode ceramics [4-6]. In the present study, a molten
salt and a coprecipitation synthesis route were chosen in order to prepare two different kinds
of samples with the same nominal stoichiometry of 0.5Li2MnO3:0.5Li(Ni1/3Co1/3Mn1/3)O2,
hereinafter called MS55 and CP55, respectively. Results of the electrochemical
characterization are depicted in Fig. 2. The charge-discharge curves show better
characteristics concerning energy density for the MS55 sample in the first cycle and after the
70th cycle. The CP55 shows a lower first discharge capacity and a higher voltage drop after
the 70th cycle. High resolution transmission electron microscopy (HRTEM) and electron
diffraction has been used to investigate the nanostructure of the pristine material blends. The
HRTEM micrograph depicted in Fig. 3 shows the nanostructure of the MS55 sample. The
HRTEM pattern can be interpreted as intergrowth of Li(TM)O2 and Li2MnO3 on an atomic scale
with only short range monoclinic ordering. Fig. 4 shows the HRTEM pattern obtained from a
CP55 crystallite. In contrast to the MS55 sample, the nanostructure consists of blocks which
can be described exclusively by monoclinic symmetry and parts which show contrast
comparable to the MS55 sample.
This experiment shows the impact of the nanostructure of Li-rich cathode ceramics with the
same nominal stoichiometry on the electrochemical performance. It is necessary not only to
consider the composition but also to analyze the nanostructure in order to compare the
electrochemical performances of nominal the same material, which makes TEM an obligatory
tool in the field of research for new Li-rich cathode materials.

[1] Thackeray, M. et al., J. Mater. 17, (2007)
[2] Thackeray, M. et al., Electrochem. Commun. 8, 1531–1538 (2006)
[3] Jarvis, K. et al., J. Mater. Chem. 22, 11550 (2012)
[4] Bréger, J. et al., J. Solid State Chem. 178, 2575–2585 (2005)
[5] Boulineau, A. et al., Solid State Ionics 180, 1652–1659 (2010)
[6] Liu, J.L., et al., J. Electrochem. Soc., 161 (1) A160-A167 (2014)
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Fig. 1: a) rhombohedral Li(TM)O2 with R-3m symmetry b)
monoclinic Li2MnO3 with C2/m symmetry
 

 
Fig. 2: Charge-discharge characteristic a) for the first and
b) after the 70th cycle
 

 
Fig. 3: HRTEM micrograph of the MS55 sample. The pattern
can be interpreted as intermixing of Li(TM)O2 and Li2MnO3 on
an atomic scale
 

 
Fig. 4: HRTEM micrograph of the CP55 sample. The particle
contains parts which are monoclinic only and parts that are
intermixed on the atomic scale
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Supercapacitors currently bridge the gap between batteries and electrostatic capacitors.1 They
store energy electrochemically, using reversible adsorption of charges of an electrolyte onto
two porous electrodes and the formation of the so-called electric double layer at an
electrode/electrolyte interface.2 The aim of this research is to create thin, flexible, high energy
density, high power density energy storage devices.
An ultra-thin supercapacitor was produced by exfoliating thin nanoflakes of MnO2 and exhibited
good capacitive behaviours. These nanoflakes were produced by dispersion and liquid-phase
exfoliation of MnO2 powder in organic solvents such as Benzyl Alcohol.3 The initial stage of this
project work showed the flakes can be successfully dispersed in solvents whose surface energy
matches that of the MnO2 itself (≈ 37mJ/m2). The presence of MnO2 flakes in the dispersion was
confirmed by Transmission Electron Microscopy imaging. Flakes with lateral sizes of 5-20 nm
and an estimated thickness of 3-4 layers were observed. The flakes were deposited by
ultrasonic spraying onto glass ITO (Indium Tin Oxide) substrates. The capacitive behaviour of
the MnO2 electrodes were characterised electrochemically by cyclic voltammetry in O.5M
K2SO4 electrolyte. Maximum capacitances of 105 Fg-1/76µFcm-2 were obtained at a scan rate of
5mV/s. It was found that the capacitive behaviour decreased with increased scan rate. It was
concluded that exfoliated thin flakes of MnO2 still maintain the same excellent storage
capabilities of bulk MnO2, showing promise to be used as a component for hybrid
supercapacitors.1,4

References
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of Power Sources, vol. 91, pp. 37–50, 2000.
3.Y. Hernandez et al “High-yield production of graphene by liquid-phase exfoliation of
graphite,” Nature Nanotechnology, vol. 3, pp. 563–568, 2008.
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Fig. 1: TEM image of MnO2 flakes obtained using Benzyl Alcohol under optimum sonication conditions with initial
concentration of 10 mg/ml
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Silicon based electrodes are much more attractive anode materials for lithium-ion batteries
than graphite due to a very high gravimetric energy density (3572 mAh/g vs. 372 mAh/g for
carbon) [1]. An important aspect influencing their performance is the initial state of the Si
nanoparticle surface [2]. The purpose of this study is to determine at the sub-nanometer scale
the exact state of this surface.
In order to complement previous EELS analyses performed on a HF2000, high resolution
spectra (both spatially and energy resolution) were performed at the EMAT laboratory in
Antwerp (BE) with an FEI Titan “cubed” 50 – 80. By examining multiple particle surfaces, clear
changes are observed as a function of the treatment applied to the pristine powder. Thickness
and chemical states as observed at the Si L2,3 edge can be determined and interpreted in
conjunction with other techniques like FTIR and solid state NMR.
The low loss region can also be characteristic of the chemical state of the surface. Peaks in the
6-10 eV region are often observed but their interpretation is a complex mixture of interface
plasmons and interband transitions. Simulations [3] provide a necessary complement and
further assessment of the pertinent parameters modified when various silicon surfaces are
analyzed.
This study demonstrates the capabilities of sub-nanometer EELS analyses for the monitoring of
the interaction of nanoparticles with their environment.
References
[1] D. Mazouzi et al., J.Electrochem. Solid State Lett. 12 (2009) A215.
[2] Y. Oumella et al., J. Mater. Chem. 21 (2011) 6201.
[3] C. A. Walsh, Computer Programs for the Calculation of Electron Energy-Loss Spectra from
Interfaces Between Dielectric Media, Cavendish Laboratory, Cambridge, UK, 1992.



 
Fig. 1: Example of high resolution spectra obtained on a silicon nanoparticle surface after chemical treatment. The 3
successive spectra are spaced by less than 1 nm and the most extreme spectrum displays a signal indicative of Si2+.
The HAADF signal is presented in the insert.
 

 
Fig. 2: Simulations of low loss EELS spectra considering a 1 or 2.2 nm SiO2 layer on top of silicon for a spherical
geometry. The spectra correspond to the aloof beam situation, just like in the experimental spectrum (in red).
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       Iron disulfide (FeS2) is an earth-abundant and environmental-friendly semiconductor
material, which has great potential in photovoltaic and photoelectrochemical applications [1,
2]. It has recently been shown that nanostructured FeS2 can also be used as the cathode in
rechargeable batteries with high capacity [3]. On the other hand, synthesised FeS2

nanoparticles may have a sulfur-deficient surface structure, which degrades the efficiency in
solar cell applications [1]. In order to find out suitable reaction routes in FeS2 for rechargeable
batteries or to improve the surface structure of FeS2 nanoparticels, reliable microanalysis
methods to understand the structural characteristics of this material are essential.
      In this work, we first use Cs-corrected scanning transmission electron microscopy
(Cs-STEM) to study the structure of natural iron disulfide (pyrite). Pyrite has the space group
Pa-3 with the lattice parameter of 5.41Å [4]. Figures 1(a) and (e) show the high-angle annular
dark-field (HAADF) images along the [001] and [-211] axes of pyrite, respectively. The intensity
in the HAADF images is proportional to z1.7 (where z is the atomic number) [5], so that the
columns of iron atoms (z=26), labeled by the green circle in Figs. 1(a) and (e), present higher
contrast, whereas those of sulfur atoms (z=16), label by the orange circles, are difficult to
display. In order to resolve the sulfur atomic columns, the annular bright-field (ABF) imaging
method is used with collection angles between 7 to 18 mrad [5]. In Figs. 1(c) and (g), the iron
columns appear to be dark, while the sulfur columns appear to be grey. The stronger contrast
difference between iron and sulfur in the ABF images makes the locations of the iron and sulfur
atomic columns more distinguishable. These HAADF and ABF images are consistent with those
simulated by xHREMTM software [6] (see Figs. 1(b), (d), (f), and (h)). It is therefore useful to
combine HAADF and ABF images in Cs-STEM for studying the crystal structure in pyrite.
      The representative electron energy-loss near-edge structure (ELNES) of sulfur L2,3 and iron
L2,3 edges of pyrite are shown in Figs. 2 (a) and (b), respectively. The variation of the spectral
features in the ELNES of S-L2,3 and Fe-L2,3 edges during the lithiation/delithiation processes of
rechargeable batteries will be discussed.
References
[1] D.-Y. Wang, et al., Adv. Mater. 24, 3415 (2012).
[2] D. Richard and G. W. Luther, Chem. Rev. 107, 514 (2007).
[3] L. Li, et al., Nanoscale 6, 2112 (2014).
[4] R. W. G. Wyckoff, Crystal Structures v. 1, (1963).
[5] S. J. Pennycook and P. D. Nellist, eds. Scanning Transmission Electron Microscopy: Imaging
and Analysis. Springer (2011).
[6] http://www.hremresearch.com.
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Fig. 1: (a-d) HAADF, simulated HAADF, ABF and, simulated ABF images of pyrite along the [001] axis, respectively. (e-h)
HAADF, simulated HAADF, ABF, and simulated ABF images of pyrite along the [-211] axis, respectively. The green and
orange circles label respectively the locations of iron and sulfur atomic columns.
 

 
Fig. 2: EELS spectra of (a) sulfur L2,3 and (b) iron L2,3 edges of pyrite.
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Zirconium alloys are constitutive materials of several components of nuclear fission reactors.
Thus, the study of their microstructure and mechanical properties, which are affected by
radiation throughout useful life, is essential either for security reasons or eventually for the life
extension of the utility.
In the core of a power reactor radiation damage as well as the hydrogen entry occur
simultaneously, affecting the mechanical properties. Neutron irradiation that is generated
within the reactor forms defects which eventually agglomerate acting as barriers to the
movement of dislocations, increasing the mechanical strength, and a loss the ductility.
The aim of this work is to analyze microscopically the interaction between hydrides and crystal
defects, in order to interpret how that affects the mechanical properties such as hardness and
ductility [1]. The structures of Zr-2.5%Nb and In Zr-1%Nb hydrided were analyzed by
transmission electron microscopy.
Zr-2.5%Nb specimens were irradiated at room temperature in the CNEA-RA1 nuclear reactor.
They were placed in a capsule located in one of the reactor irradiation channels where the
neutron where neutron flux is well known. In this case, neutron fluence was 1.8x1022nm-2 after
an irradiation of 500h δ and ε type hydrides parallel to [3 2 1 1] planes. This is consistent with
results shown in the literature [2]. In the bright field micrograph “black dots” were observed as
in the non irradiated materials. So we can identify them as hydrides and not as a result of the
radiation damage. The irradiation dose was not sufficient to see the agglomerate of defects
[3].
In Zr-1%Nb, TEM micrographs show hydrides present in the α-Zr matrix located transverse to
the traction direction. These hydrides have been characterized as needle-shaped type ع (zeta),
with hcp structure, lattice parameters a= 0.33 nm and c=1.029 nm, corresponding to a
trigonal crystal with space group P3m1. They are parallel to [0001] planes of α-Zr matrix [4].
At the present, more experiments are on going to clarify the presence and types of hydrides in
both alloys.
REFERENCES
[1] A.M. Fortis y C.A. Vazquez, Procedia Materials Science 1 (2012) 520-527.
[2] W. Qin, N.A. P. Kiran Kumar, J.A. Szpunar, J. Kozinski, Acta Materialia 59 (2011), p
7010-7021.
[3] B.V. Cockerram, R.W. Smith, K.J. Leonard, T.S. Byun, L.L. Snead, Journal of Nuclear Material
418 (2011), p 46-61.
[4] Z.Zhao, M. Blat-Yrieix, J-P. Morniroli, A. Legris, L. Thuinet, Y. Kihn, A. Ambarrd, L. Legras,
Journal of ASTM International, Vol 5(2008) p 29-50.



 
Fig. 1: a) Bright field TEM images of ε hydrides in a α-Zr matrix of irradiated Zr-2.5%Nb, b) electron diffraction pattern
(zone axis [0 1 0]) of an identified ε hydride, c) dark field image of the hydride shown in b).
 

 
Fig. 2: a) TEM bright field images of ع hydrides in α-Zr matrix of Zr-1%Nb, b) enlarged images, c) electron diffraction
pattern of the hydrides (zone axis [0001]).
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The nanoscale details of the corrosion of Zircaloy-4 under simulated nuclear reactor conditions
in contact with pressurised water or steam have been studied using scanning transmission
electron microscopy (STEM). Specifically, we have used dual-range electron energy loss
spectroscopy (DualEELS) on a GIF Quantum mounted on our JEOL ARM200F scanning
transmission electron microscope to simultaneously study changes in chemical composition
and dielectric function of the material at the oxide scale – metal interface with nanometre
resolution. This has allowed the correlation of the appearance of different distinct phases with
the zirconium-oxygen ratio.
Under all conditions studied, oxygen diffused into the surface of the α-zirconium to levels up to
or exceeding 30 atomic %, resulting in measureable plasmon shifts, but a low-loss that still
looks similar to that of α-zirconium. This is strong evidence that this layer is therefore metallic
α-zirconium containing some interstitial oxygen. Under some conditions, this oxygen-diffused
Zirconium is in direct contact with the expected ZrO2 scale. Under other conditions where
oxygen supply through the scale to the metal was limited by diffusion kinetics, an intermediate
phase is found between the oxygen-diffused zirconium and the ZrO2 scale. This phase was
found consistently to contain about 30-50 atomic % oxygen and is clearly a suboxide. Two
examples of this are shown in Figures 1 and 2 for samples corroded in pressurised steam and
water, respectively; in both cases a well defined layer (green in the false colour scale
employed here) exists at the interface of order 100 nm wide. Such suboxide areas are also
characterised by a well-defined low-loss spectrum which is not a linear combination of those
for ZrO2 and oxygen diffused zirconium, suggesting that this is a distinct crystal phase; this is
shown as the green phase in the multicolour phase maps in Figures 1 and 2.
One important difference was observed between corrosion in pressurised water (the normal
intended working environment) and corrosion in steam (which should not happen in normal
service but can occur in extreme situations). In corrosion in steam the morphology of the
metal:oxide interface was observed towards a rougher, saw-tooth form, although the
intermediate phases formed were spectroscopically identical to those formed in corrosion in
pressurised water. This work shows that nanoresolved electron energy loss spectroscopy can
reveal unique nanoscale insights into the precise growth mechanism of oxide scales on
zircaloy under different simulated nuclear reactor conditions. This is essential to the
understanding of the corrosion mechanisms and thus to the correct prediction of safe
operating conditions and lifespan for fuel cladding elements.
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Fig. 1: EELS analysis of the metal:oxide interface post corrosion in steam. Top left: map of oxygen percentage with
position showing an interlayer with around 30% oxygen, as also seen in a line plot across the interface. Lower right:
composite of four MLLS fit maps for low loss spectra of distinct phases: red–ZrO2, green–Zr suboxide, blue–Zr,
yellow-ZrHx.
 

 
Fig. 2: EELS analysis of the metal:oxide interface post corrosion in water. Top left: map of oxygen percentage with
position showing an interlayer with around 30% oxygen, as also seen in a line plot across the interface. Lower right:
composite of four MLLS fit maps for low loss spectra of distinct phases: red–ZrO2, green–Zr suboxide, blue–Zr,
yellow-ZrHx.
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Developing advanced cathode materials with superior energy density, power density, and
cycle stability has long been an engineering pursuit, since the energy and power density in
lithium-ion batteries (LIBs) is largely determined by the cathode materials, which store Li by
incorporation into their crystal structure.1 Li-rich and O-deficient Li1+αMn2−αO4-δ is considered as
one of the most promising cathode material for secondary lithium batteries with less cost and
environmental friendliness. However, it is speculated that oxygen vacancies that induce phase
transitions during cycling are harmful for its cycling performance. Thus, a thorough knowledge
of the structural characteristics in these materials is of wide technological relevance, which
unfortunately remains unclear.
Herein, the serial Li1.07Mn1.93O4-δ samples with different oxygen vacancy δ have been
investigated. With the combination of transmission electron microscopy (TEM), X-ray powder
diffraction (XRD), and DIFFaX simulation techniques, it is shown that besides the predominant
occurrence of cubic spinel LiMn2O4 (SG: Fd-3m), there exist two other phases: (1) the
monoclinic Li2MnO3 (SG: C2/m) which exists as nano-scale lamellar variants with 120o rotational
twinning stacked randomly along pseudo-three-fold axis [111]c//[103]m, has been identified
using selected-area electron diffraction (SAED) and dark field (DF) imaging (Fig. 1).2 XRD
simulation (Fig. 2) with DIFFaX considering the stacking disordering shows that the
characteristic reflections with 2θ between 20o and 35o in the XRD pattern (CuKα) will become
more and more broadened and weakened with the increasing interlayer disordering, indicating
the difficulty in the XRD detecting the monoclinic Li2MnO3 phase with stacking
disordering.3 Moreover, the extremely disordered stacking sequence may lead to the selective
peak asymmetry (Fig. 2c). (2) Secondary tetragonal phases (SG: I41/amd) with different lattice
parameters, whereas twinning and defects are commonly observed. The existence of both
monoclinic and tetragonal phases will have negative effects on the electrochemical
performance of the annealed materials (Fig. 3).4 Our results provide the detailed structural
information about the Li1.07Mn1.93O4-δ samples and advance the understanding of corresponding
electrochemical properties of this material as well as other layer structured cathode materials
for LIBs.
1. Z. Xu, et al. Power Sources 248, 180 (2014).
2. Z. Xu, et al. ACS Appl. Mater. Interfaces 6, 1219 (2013).
3. H. Zheng, et al. in revision, J. Appl. Cryst. (2014).
4. Z. Xu, et al. J. Power Sources 248, 1201 (2014).
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Fig. 1: (a) Experimental SAED patterns of monoclinic Li2MnO3, (b) zoomed-in SAED pattern along the [-1-12]c with
pseudo-cubic indexes and (c) the corresponding DF images, which clearly illustrate the presence of three twinning
variants.
 

 
Fig. 2: (a-c) Simulated XRD patterns with the increasing
degree of stacking disordering using DIFFaX program.
 

 
Fig. 3: Charge/discharge voltage profiles for the initial (0.1
C) cycles and cycling performance at 1 C rate of discharge
(insets) in Li1.07Mn1.93O4-δ with δ values of 0 (a) and 0.299 (b)
at room temperature.
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Since the discovery of graphene in 2004, two-dimensional layered materials have been the
basis for many areas of research[1]. One particular area of interest was their potential use for
energy storage and supercapacitors, due in part to their exceptionally large surface-area
(indeed, monolayer graphene is nothing but surface and edge).
A wide range of these 2D materials can be produced through liquid exfoliation techniques, one
of which involves sonicating in an appropriate solvent (one in which the solvent surface energy
closely matches that of the material being exfoliated)[2]. The resulting dispersion can then be
centrifuged to aid in the selection of flakes of a particular size, and then used to produce large
areas of electrodes via reel-to-reel spraying. Determination of suitable materials for this
process involves looking at the viscosity of suitable solvents (for the spraying), characterising
the flakes both in-dispersion and as-deposited and measuring the electrochemical properties of
the flakes when used as electrodes.
Within our FEI Titan 300kV S/TEM we can carry out STEM (Scanning Transmission Electron
Microscopy) or CTEM (Conventional Transmission Electron Microscopy) with a range of imaging
modes, in addition to EELS (Electron Energy Loss Spectroscopy) and EDX (Energy-Dispersive
X-ray Spectroscopy) to gather information about flake morphology and thickness, and
chemical and elemental composition. We can also use a Hummingbird Scientific fluid holder to
examine the flakes in both a dispersed state and in standard electrolytes. With the use of a
biasing tip for this holder, it is also possible to perform electrochemical measurements whilst
simultaneously imaging the electrodes and observe the possible formation of a solid
electrolyte interface.
MnO2 is a layered material that has shown particular promise recently as a supercapacitor
material, which can be dispersed in a range of solvents including benzyl alcohol (BA). BA is a
nice solvent to use, as it is fairly volatile, so easy to remove after spraying and is also
non-damaging to the fluid holder components. Figure 1 shows an example of a flake in the
fluid cell with BA around it, and can be compared with Figure 2 to see the loss in clarity
resulting from the fluid and retaining Si3N4 windows. However, given a thin enough liquid layer
(via growth of a bubble), it is possible to achieve lattice (Figure 3) or even potentially atomic
resolution[3]. Other promising materials include MoS2, WS2 and Ga2(SO4)3.
References:
[1] K Novoselov et al , Science 306 (2004), pp. 666–9
[2] V Nicolosi et al, Science 340 (2014), pp. 1226419–1226419
[3] G Zhu et al, Chem. Commun. 49 (2013), pp. 10944–6
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Fig. 1: Figure 1: TEM Micrograph of MnO2 dispersed in benzyl alcohol
 

 
Fig. 2: Figure 2: TEM Micrograph of MnO2 drop-cast onto a holey carbon grid
 

 
Fig. 3: Figure 3: TEM micrograph showing lattice resolution in graphene through a thin layer of water within the fluid
cell
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Electrospinning, i.e., ejecting a jet of a polymer solution from the tip of a needle using an
electric field, is a versatile method for obtaining nanowires (NWs) of various materials [1].
Nevertheless, few attempts to date have successfully fabricated single-crystalline NWs.
Recently, advanced single-crystalline NWs of an olivine-structured LiMn0.4Fe0.6PO4 covered with
amorphous carbon shells were fabricated using electrospinning [2]. Carbon-coated
LiMn0.4Fe0.6PO4 NWs are attractive electrode materials for a high-rate lithium ion battery.
However, the single-crystalline NW formation mechanism related to electrospinning remains
unclear. For this study, we performed transmission electron microscopy (TEM) to investigate
the formation mechanism of single-crystalline NWs from electrospun NWs by heating.
TEM observations were performed using an electron microscope (HF-3000S; Hitachi Ltd.)
operated at 300 kV. Results showed that the dried NWs were amorphous (Fig. 1(a)). After
heating at 600 °C for 30 min in ambient Ar, crystallized NWs were observed (Fig. 1(b)). NWs
were covered with amorphous carbon shells. The selected-area electron diffraction (SAED)
pattern (Fig. 1(b)) revealed single-crystalline characteristics of the olivine structure for the NW
core, although the outlines of grains are discernible. We also observed polycrystalline NWs
composed of crystallographically-orientated and coalesced grains, which indicates the oriented
attachment is a key mechanism for single-crystallization [3]. After heating at 800 °C for 10 h in
ambient Ar, amorphous gaps left between grains in the NW core (presented in Fig. 1(b))
disappeared, forming a complete crystal core. SAED revealed that single crystallization
occurred almost completely beyond the range of approximately 7 μm. We think self-forming
amorphous carbon shells play a key role in confining grains and maintaining NW geometry to
achieve single-crystalline NW. Details of the single-crystallization mechanism is discussed.
References
[1] E. Hosono, Y. Wang, N. Kida, M. Enomoto, N. Kojima, M. Okubo, H. Matsuda, Y. Saito, T.
Kudo, I. Honma, H. Zhou, ACS Appl. Mater. Interfaces, 2, 212 (2010).
[2] K. Kagesawa, E. Hosono, M. Okubo, J. Kikkawa, D. Nishio-Hamane, T. Kudo, and H. Zhou,
CrystEngComm, 15, 6638 (2013).
[3] J. Kikkawa, E. Hosono, M. Okubo, K. Kagesawa, H. Zhou, T. Nagai, and K. Kimoto, J. Phys.
Chem. C  (in press).
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Fig. 1: TEM images and the inset SAED patterns for dried NW after electrospinning, (a) and NW after heating at 600 °C
for 30 min, (b).
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The Solid Oxide Fuel Cell (SOFC) and the Solid Oxide Electrolysis Cell (SOEC) are promising
parts of future energy systems due to their high energy conversion efficiency and low
environmental pollution. SOFC/SOECs are typically composed of ceramic materials, with a high
nano-scale complexity. SEM and TEM is routinely applied ex situ for studying these nano-scale
structures, but only few SOFC/SOEC studies have applied environmental TEM to observe the
ceramic nanostructures in a reactive gas environment at elevated temperatures.
The present contribution focuses on the autocatalytic reduction of NiO, which is a necessary
process to form the catalytically active Ni surface before operating the electrochemical cells.
The reduction process was followed in situ in the TEM while exposing NiO/YSZ (YSZ =
Y2O3-stabilized ZrO2) to 2 mbar H2 at T = 250-800⁰C. Pure NiO was used in reference
experiments. Previous studies have shown that the reduction of pure NiO is a relatively rapid
process. On the contrary, the reduction of NiO/YSZ is significantly slower, which indicates that
the presence of YSZ inhibits the reduction of NiO. This study gives fundamental insight into the
NiO and NiO/YSZ reduction mechanism by using image sequences (movies) with nano- and
atomic-scale spatial resolution as well as sequences of time-lapsed diffraction patterns. The
temperature-dependence of the NiO reduction is consistently described both from the image
and diffraction analysis.
A Titan E-Cell 80-300ST TEM was used for the in situ work in combination with the chip-based
heating holder from Protochips which facilitated rapid temperature ramping for example from
room temperature to 800⁰C in only 1 s. The environmental TEM results are compared to an ex
situ STEM-EDS analysis, and also to results from complementary averaging techniques such as
thermo-gravimetric analysis (TGA) and X-ray diffraction analysis (XRD).
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Fig. 1: The figure presents a TEM image series of NiO during exposure to 2 mbar H2 and constant temperature
ramping rate of 1°C/min. The NiO observed in the first image at 300°C is dense. From the lower left corner a front of
porous Ni is progressing until full reduction at 340°C.
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PbTe-based thermoelectric (TE) materials lie among the most promising ones for conversion of
‘waste’ heat into electric energy. Their TE efficiency strongly depends on their structure and
can be significantly improved by incorporation of nanoscale inclusions, due to enhanced
phonon scattering at phase boundaries, interfacial dislocations and/or by band structure
engineering. Therefore, bulk nanocrystalline PbTe can combine both improved properties and
low cost, making the technology feasible in application level. In the current study, the effect of
a novel low temperature synthesis (LTS) and Na doping on the microstructure of PbTe samples
is explored using electron microscopy (TEM, HRTEM) and image analysis methods.
The morphology and crystalline quality of the undoped and the 2 at% Na-doped PbTe are
depicted in Figs. 1 and 2, respectively. A significant reduction in the particle size is observed,
with sizes ranging from 300-500 nm for the undoped PbTe down to 5-80 nm for the 2 at% Na
sample. This inevitably leads to a nanocrystalline character for the Na-doped PbTe, as
manifested in the Selected Area Diffraction (SAD) pattern inset in Fig 2, too. Na incorporation is
envisaged by the formation of elliptical-shape nanoprecipitates –arrowed in Fig.2– with sizes up
to 7 nm. They preferentially lie along <110> of PbTe and are located both in the particles’
interior and at grain boundaries. Their Na/Pb ratio, as measured by Energy Dispersive X-ray
Spectroscopy (EDS) is up to 8.2 at%, confirming the high Na content.
Fig. 3(a) shows an HRTEM image from a grain boundary at the 2 at% Na-doped sample. PbTe
particles usually exhibit (200)-type lattice fringes. A small reduction, up to 2.5%, of their fringe
separation distance is measured. This is attributed to slight variations in the Pb/Te ratio, also
confirmed by EDS and incorporation of Na atoms inside the host matrix. The extent of residual
strain present at the nanograins was measured by the Geometric Phase Analysis (GPA) method
and the results are outlined in Fig. 3(b). A uniform strain distribution inside the nanograins is
found; however, sharp strain peaks, up to 16%, are commonly observed at grain boundaries.
TE measurements revealed a significant increase in the figure of merit ZT for the Na-doped
PbTe (1.38 at 675K, compared to 0.2 for the undoped). This is attributed to a simultaneous
increase in carrier concentration and a significant decrease in thermal conductivity due to the
in situ nanostructuring which is achieved by LTS and Na incorporation and the enhanced
scattering caused by the Na-rich precipitates and grain boundary residual strain present.
Consequently, LTS and Na-doping is a highly promising alternative and low cost route for the
preparation of PbTe with improved TE performance.



 
Fig. 1: TEM image and single crystal SAD pattern inset of
the undoped sample. The facetted PbTe particle is oriented
along [111].
 

 
Fig. 2: TEM image and corresponding SAD pattern inset
from the 2 at% Na-doped PbTe, revealing the reduction in
size and crystallinity of the material. Na nanoprecipitates
are depicted by black arrows.
 

 
Fig. 3: (a) HRTEM image and corresponding GPA strain map (b) of a grain boundary in 2 at% Na-doped PbTe. A sharp
increase of the residual strain, up to 16%, is observed at the boundary, as shown by the strain profile inset in (b).
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Hot isostatic pressing (HIP) can be an effective near-net-shape process for the manufacture of
nuclear power plant valves from hardfacing alloys. There is strong motivation to replace
Co-containing materials such as Stellite alloys that have been used in such applications due to
the strong emission of gamma radiation by Co60 which is produced in-service. The
microstructure of alloy RR2450, a mixed ferrite-austenite Fe-21Cr-9Ni-8.5Nb-5.8Si-1.8C alloy
developed by Rolls-Royce, has been investigated in the present work. The quality of a HIPped
component is markedly affected by the microstructure of the powders, particularly for the
distribution of coarse hard carbides. Non-homogeneous carbide distributions can be
detrimental to the corrosion and/or wear properties of a hardfacing material, hence should be
avoided. In this study, field emission gun (FEG) scanning electron microscopy (SEM) coupled
with energy dispersive x-ray spectroscopy (EDXS) and electron backscatter diffraction (EBSD)
techniques were used to characterise the as-HIPped microstructure. Discrete NbC carbides
100-600 nm in size (arrowed in Figure 1) appeared to be preferentially located at the
interfaces of the spherical powder particles that were consolidated during HIPping. In addition,
coarse (10-20 μm) NbC carbides were clustered randomly throughout the microstructure. The
Cr carbides on the other hand, transformed from a continuous network structure in the powder
particles to overall discrete coarse carbides after HIPping exhibiting minor segregation in the
matrix. In terms of the imposed strains, there is evidence of considerable straining in the fully
consolidated material. Detailed microstructural examination revealed the presence of
numerous slip lines and twins in the interior of the austenite grains in the ferritic-austenitic
microstructure of the alloy. Also, it is recognized that trace elements can also have a
significant impact on the material properties. EDXS analyses both in the FEG-SEM and
FEG-scanning transmission electron microscope (STEM) revealed the presence of trace
elements (not deliberately added to the alloy). In particular, Al was detected along the
boundaries of prior powder particles. Further studies are being directed at identification of
experimental parameters that promote such segregation.
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Fig. 1: BSE micrographs and EDXS spectrum images of various features in the RR2450 HIPped steel.
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Various catalysts, such as noble metals, intermetallic alloys, carbon-based supports, metal
chalcogenides and carbides, are used to reduce the oxygen reducing reaction temperature and
achieve maximum reaction efficiency in proton exchange membrane fuel-cells. The main
problem is slow adsorption and reaction kinetics, so searching for more efficient catalysts is
one of the main challenges in the field of fuel cells. Among the most promising materials are
C-supported Pt-based catalysts. In order to reduce the price of the material, Pt has been
alloyed with various transition metal elements. In many cases not only the expected mass
activity of the catalyst is improved, but also its specific activity is enhanced due to crystal
lattice strains and the ligand effects through the d-band center shift induced by the transition
elements. In the case of C-supported CoPt3 particles it has been recently shown that the
electrocatalytic activity can be radically increased through core-shell structural ordering of
intermetallic nanoparticles. Using a novel, modified sol-gel method the ordered (Pm3-m) Pt-Cu
nanoparticles for catalytic oxygen reduction reaction applications were prepared. Tailoring
specific parameters like chemical composition, degree of ordering, presence of Pt rich layer at
the surface of the nanoparticles and appropriate embedding in carbon matrix the material
obtained exhibits a 5-fold improvement of mass activity and a 9-fold improvement of specific
activity compared to the Pt/C benchmark. These values exceed markedly the US Department
of Energy target for 2017. Detailed analysis of Cu-Pt particles prepared at different conditions
showed a core-shell type of alloy. The core consisted of disordered Fm3-m cubic phase where
Pt and Cu atoms are statistically distributed inside the spheres. Around this disordered core, an
ordered Pm3-m shell could be formed during the annealing procedures. Furthermore,
consistently with previous reports on similar alloy systems the existence of a Pt-rich outer
layer, 1- 2 nm thick, called skin, can be demonstrated on the surface of particles. It is possible
that additional effects besides Pt skin and ordered phase could be present. We observe some
twinning and other crystallographic defects like dislocations that could contribute to the strain
of the surface platinum and hence to the very high specific activity. The presence of ordered
Cu3Pt Pm3-m phase and Pt-rich skin was proved with an atomic-resolution Cs corrected STEM.
In Figure 2 cross-sections of Cu-Pt particle are shown. The influence of the synthesis conditions
on the formation of ordered Pm3-m structure and Pt-rich skin will be explained in detail and
the impact of those parameters on the final properties will be discussed.
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Fig. 1: STEM images (a. BF-STEM, b. ADF-STEM) of Cu3Pt nanoparticles.
 

 
Fig. 2: HAADF-STEM images of a. - Cu3Pt nanoparticle with ordered Pm3-m structure. At the surface of the particle 2nm
thick Pt rich skin is present. b.- atomic resolution image of the Pt rich skin layer at the surface.
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Proton exchange membrane fuel cells (PEMFCs) are promising energy conversion devices due
to their high efficiency, high energy density and low operation conditions. Pt nanoparticles are
widely used as the catalysts in cathode and anode for the half cell reactions. However, the
durability of Pt nanoparticles still remains the most significant obstacle for large scale
application of PEMFCs, especially in the cathode. In general, a significant decrease in
electrochemical surface area (ECA) is observed.
In this work, five membrane electrode assemblies (MEAs) with platinum (Pt) nanoparticles of
different average sizes (2.2, 3.5, 5.0, 6.7, and 11.3 nm) in the cathode were analyzed before
and after potential cycling (0.6 to 1.0 V, 50 mV/s). MEAs with 2.2nm and 3.5nm show
significant growth in mean particle sizes after 10,000 potential cycles, while the other samples
do not (Fig.1a).
To understand the aforementioned particle growth, we need to consider the following possible
mechanisms: (i) modified electrochemical Ostwald ripening (MEOR), (ii) platinum dissolution
and re-precipitation inside the membrane and (iii) particle migration and coalescence [1]. As
MEOR is an isotropic process, a comparison of the particle size distributions (PSDs) of spherical
particles and PSDs of all the particles indicates that this mechanism plays a significant role in
the degradation of 2.2nm and 3.5nm samples, but not in the other samples (Fig.1b).
Re-precipitated particles in the membrane are found among almost all the samples (Figure
2a-e), but their amount is minor comparing to the particles in the cathode (Figure 2f), which
reveals that re-precipitation plays an insignificant role in the degradation of PEMFCs. In terms
of coalescence there are three plausible mechanisms: (i) particles migrate and coalescence,
(ii) particles in proximity grow in size due to MEOR and make contact and (iii) soluble Pt
species re-precipitate to bridge two particles followed by MEOR (Figure 3a). In any case,
coalesced particles occur among all samples, although the 2.2nm sample shows the highest
extent of coalescence (Fig.3b). However, as the carbon support exhibits a convoluted 3D
structure, as shown by in-situ tomography (Fig. 3c,d,e), it is difficult for particles to coalesce
through a migration mechanism.
In summary, Pt dissolution seems to be the controlling mechanism for degradation, as it assists
the MEOR process and two plausible mechanisms of coalescence. Thus, reducing Pt dissolution
is essential to prevent ECA loss and catalyst performance degradation.
References:
[1] Z. Yang, S. Ball, D. Condit, M.Gummalla, Journal of The Electrochemical Society, 158, 2011,
B1439-B144
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Fig. 1: Figure 1. (a) Average particle size after 10,000 cycles for various initial particle sizes. (b) Average spherical
particle size after 10,000 cycles for different initial particle sizes.
 

 
Fig. 2: Figure 2. Cathode-membrane interface of MEAs of initial sizes of (a) 2.2nm, (b)3.5nm, (c)5.0nm (d) 6.7nm,
(e)11.3nm and (f) low magnification image of cathode-membrane interface of MEAs of initial sizes of 2.2nm.
 

 
Fig. 3: Figure 3. (a) Coalescence of particle by three plausible mechanisms. (b) Coalesced particles in 2.2nm cycled
MEA. (c), (d) and (e) In situ tomography images of the carbon support after -60°, 0°and +60° tilts, respectively.
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For improvement of the properties of Li ion battery materials, a lot of modification processes
such as surface modification have been examined [1]. To study the mechanism of these
modification effects on the materials, it is very important to understand atomic structures and
chemical states of modified materials. Analytical TEM measurement such as STEM-EELS
method is a powerful tool for investigating local information about the sample [2].
In the present study, we prepared a cathode material (LiCoO2) with small particle size by
Pechini method in order to avoid damage from sample preparation such as ion beam milling
and focused ion beam [3]. Surface modification was performed using the sol-gel method. Al
oxide, Mg oxide, and Si oxide coating sample were prepared. And the samples dispersed on Cu
mesh with carbon micro-grid were directly observed without thinning process. A TITAN3 G2
60-300 electron microscope (FEI), equipped with EDS(Super-X : Bruker) and EELS(Quantum :
Gatan) was used for analytical TEM measurement. For EELS measurements, a monochromator
was used to achieve higher energy resolution. ZLP was less than 0.3 eV with 0.05 eV/ch.
The EELS measurement around the Li K-edge is carried out for surface modified cathode
materials. Although the Co M-edge completely overlaps Li K-edge, it becomes possible to
obtain a sharp Li K-edge peak by using a monochromator. Using this benefit, we constructed a
elemental map using the Li-K edge in nm-order spatial steps, and discussed the relationship
between electrochemical properties and Li concentration distribution in the particle
A schematic image of the EELS analysis of the Li K-edge is shown in Figure 1. Using the Co-M
edge intensity, we constructed a Li-K/Co-M intensity ratio map [4]. The Li distribution in the
LiCoO2 particle after charge discharge cycle was drastically changed by the coating species,
and the homogeneity of Li ion distribution as shown in figure 2 corresponded well with the
trend of capacity retention after the cycling test.
Reference
[1] J. Cho, Y. J. Kim, and B. Park, Chem. Mater. 12, 3788, (2000).
[2] J. Kikkawa, T. Akita, M. Tabuchi, M. Shikano, K. Tatsumi, and M. Kohyama, Appl. Phys. Lett.
91, 054103, (2007)
[3] Z.S. Peng, C.R. Wan, and C.Y. Jiang, J. Power Sources, 72, 215-220 (1998).
[4] N. Taguchi, T. Akita, H. Sakaebe, K. Tatsumi, and Z. Ogumi, Electrochem. Soc. 160, 11,
A2293 (2013)
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Fig. 1: (a) Schematic image for reconstruction of the map of Li-K/Co-M edge intensity map of bare LiCoO2. (b) EELS
spectra around Li-K edge for both the initial LiCoO2 and the charged state (4.2V ~ Li0.5CoO2) are shown at bottom left.
Difference spectrum of (initial LiCoO2) – (4.2 V charged LiCoO2 ) is shown at bottom right.
 

 
Fig. 2: Li-K/Co-M intensity map for 100th discharged (3.0-4.5V /Li metal) (a) bare LiCoO2, (b) coated LiCoO2 (MgO 1 wt%).
The contrast of the image is normalized as the Li-K/Co-M intensity ratio. The x in the intensity scale corresponds to the
x in LixCoO2.
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Bismuth telluride-selenide alloys are commonly employed thermoelectrics at room
temperature. In these materials, phonon scattering plays a pivotal role in controlling the
thermoelectric properties where decoupling phonons and charge carriers induces a net heat
flux that results in an electric potential. Understanding the heat flow requires knowledge of
phonon scattering as a function of alloying, at defects, and within the microstructure. In the
case of Bi2Te3-xSex alloys, the structure consists of stacked ‘quintuple’ layers in the sequence
Te(1)-Bi-Te(2)-Bi-Te(1) [1]. Se can substitute into either the Te(1) or Te(2) sites. The position of
alloying impurities in the crystal lattice greatly influences thermoelectric properties, as the
local bonding environment changes at different crystal orientations. Additionally, impurities
will change the bond strength in the structure, further affecting phonon transport. Determining
impurity site preference and influence on bonding thus provides a vital component needed to
understand the relationship between alloy content and properties.
In this talk, we will present an atomic scale structural and chemical study of Bi2Te3-xSex alloys
using aberration corrected scanning transmission electron microscopy (STEM). Further, we
employ RevSTEM, a new technique that corrects drift and distortion in scanning microscopy,
providing precise and accurate intensity measurements [2]. From HAADF, see Figure 1 and
Figure 2(a,c), we will show that Se appears randomly distributed across the Te sites as the
intensity of Te(1) and Te(2) columns are equivalent. By employing state-of-the-art atomic
resolution energy dispersive x-ray spectroscopy (EDS), Se primarily resides in Te(2) crystal
sites, as also shown in Figure 1. Using this information, we will show that a typical atomic
number HAADF interpretation suggests that Te(2) atom columns should appear darker (Se=34,
Te =52), but this is not observed.
Through a combination of imaging at different ADF collection angles and results from EDS, we
will demonstrate that the observed intensities are due to phonon scattering as a result of Se
incorporation. As shown in Figure 2(c-f), LAADF STEM shows a significant drop in Te(2)
intensity for the alloy, which is not observed in pure Bi2Te3 or in HAADF images. We will show,
through a comparison of experiment and simulations, the results can be explained by
reduction of the average thermal displacements in the Te(2) layers. These results also explain
prior literature suggesting that bond strength of the Te(2) layer changes upon incorporation of
Se [1].
References
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[2] X. Sang and J. M. LeBeau, Ultramicroscopy 138 (2014), p. 28
 

Acknowledgement: The authors acknowledge the Analytical Instrumentation Facility (AIF) at
North Carolina State University, which is supported by the State of North Carolina and the
National Science Foundation.



 
Fig. 1: Atomically resolved Bi2Te2.7Se0.3 imaged down the [100] zone axis in a RevSTEM series. Top left: Atomic positions
of Bi2Te3 along [100]. Top right: atomic resolution EDS map overlayed with individual Te, Se, and Bi signals. Note the Se
signal only resides in the Te(2) position.
 

 
Fig. 2: Bi2Te2.7Se0.3 and Bi2Te3 ADF images (a-d). The Te(2) intensity decreases relative to Te(1) exclusively in (b). Line
profiles from Bi2Te2.7Se0.3 (e) and Bi2Te3 (f) extracted from (a-d) with corresponding atom positions, Bi (blue), Te (red),
and Se (green). Arrows indicate the drop in Te(2) intensity for Bi2Te2.7Se0.3 but not Bi2Te3.
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The performance of thermoelectric devices is highly dependent on the figure of merit Z (Z
= α².σ / κ where α is the Seebeck coefficient, σ the electrical conductivity and κ the thermal
conductivity) but is also greatly related to the interface properties between the thermoelectric
material and the electrode metal. In this study the thermal stability of a CeFe4Sb12/Cu
thermoelectric couple and the role of transition metal nitride interlayer on the interfacial
reactions were investigated to 673 K during 6 h. Tantalum nitride thin films have been selected
as diffusion barriers due to the unique properties of this material such as low electrical
resistivity and good thermal stability. Microstructural evolution and interfacial reactions were
performed by Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray
Spectrometry (EDS) and Transmission Electron Microscopy (TEM). These analyses showed that
the CeCu2 and Cu2Sb phases, which are detrimental to the thermoelectric device efficiency, are
formed in the annealed CeFe4Sb12/Cu couple. However it appeared that the TaN interlayer can
interestingly inhibit the formation of these phases. Indeed, results showed that the tantalum
nitride-based films, embedded in an oxynitride amorphous phase and with a size of about 5
nm, can inhibit the interdiffusion of Sb, Ce and Cu elements. Consequently tantalum
nitride-based films appear as promising diffusion barriers for thermoelectric energy systems
made of CeFe4Sb12/Cu couples. 



 
Fig. 1: SEM observation of cross-sectional of as-prepared CeFe4Sb12/TaN/Cu
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While global warming and fossile fuel drain pose a problem, hydrogen could generate
electricity without discharging CO2 and also serve as a secondary energy carrier for electric
power. Technology to store and transport hydrogen compactly and safely is indispensable in
order to realize hydrogen energy society. Hydrogen storage materials are able to make
hydrogen gas 1/1000 or less volume and carry it.
Metal hydrides which interstitial sites are occupied by hydrogen atoms are one of the hydrogen
storage materials; they are promising candidates to be applied to hydrogen storage tanks in
fuel cell vehicles and stationary storage systems. When the metal hydrides are formed, lattice
defects such as vacancy, dislocation and stacking fault are introduced due to large volume
expansion. In LaNi5-based intermetallics, misfit dislocations along a-planes and c-planes in the
hexagonal unit cell are observed after hydrogenation [1,2]. Regarding Ti-V based BCC alloys,
twin boundaries and stacking faults are formed parallel to (111) in FCC hydrides to
accommodate anisotropic expansion along c-axis [3]. These lattice defects have a great effect
on hydrogention/dehydrogenation properties such as absorption pressure, kinetics and cycle
ability. Formation of lattice defects are suggested to relate to microstructure evolution during
hydrogention/dehydrogenation. This study aims to elucidate the hydrogenation mechanism for
storage materials with various crystal structures from the microscopic point of view, in order to
improve the hydrogenation/dehydrogenation properties.
First, a new sample holder with an ex-situ cell for transmission electron microscope (TEM) has
been developed. Commercially available Pd powder was observed by TEM after exposed to
hydrogen in the ex-situ cell. Moreover, we have succeeded in high-resolution TEM observation
on hydrogenation of Mg6Ni films using environmental TEM with aberration corrected. As shown
in Figs. 2, it is found that MgH2 crystallization occurs following Mg2NiH4. This suggests that
Mg2Ni has a catalytic effect on hydrogenation of Mg. In the future, relation between the
hydrogenation mechanism and Mg/Ni ratio of the Mg-Ni films will be revealed.
References
[1] T. Yamamoto, H. Inui, M. Yamaguchi, Intermetallics, 9 (2001) 987.
[2] J. Matsuda, Y. Nakamura, E. Akiba, J. Alloys Compd., 509 (2011) 7498.
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Fig. 1: TEM imgaes of Pd powder: (a) before hydrogenation (as-received) ; (b) after exposed to hydrogen of 0.01 MPa
for 60 minutes. It is noted that crystals with the diameter more than 100 nm are observed.
 

 
Fig. 2: High-resolution TEM imgaes of Mg6Ni films taken in the hydrogen atmosphere of 80 Pa: (a) 40 seconds; (b) 100
seconds passed after electron irradiation.
 



Type of presentation: Poster
 

MS-14-P-2992 In situ Raman microscopic study of lithium metal surface
 

Hyono A.1, Shibuya S.1, Ueda M.1, Ohtsuka T.1
 
1Hokkaido University, Sapporo, Japan
 

Email of the presenting author: hyono@eng.hokudai.ac.jp
 
Background: When one uses metallic lithium for anodes of lithium batteries, it is expected to
be the higher capacity than that of the carbon. However, there is a serious problem, such as
dendritic growth during charging, for using metallic lithium. This dendritic lithium brings about
a short circuit of electrodes and produce dead-lithium. It is assumed that the dendrite
formation is affected by the surface compounds on the lithium electrode including the Solid
Electrolyte Interphase. In this study, to investigate the surface change on the lithium electrode
in organic solvent, we used the technique of in situ Raman spectroscopy.
Experimental: The apparatus for in situ Raman spectroscopy of the electrodes under in-situ
condition is shown in Fig. 1. Lithium foil was fixed at the center of the cell, facing an optical
window. In front of the incidence slit, confocal optical system for collection of Raman scattering
light and cut-edge optical filter were equipped. The detection of Raman scattering light was
done by highly sensitive CCD camera. Excitation of Raman process was performed by a laser
light at 532.0 nm wavelength. In the cell, Luggin capillary connected to a reference electrode
Ag/AgCl/saturated KCl (SSC) was inserted and the counter platinum electrode was fixed around
the working electrode. The cell was assembled in a glove box filled with Ar gas, fixed to the
apparatus and filled with electrolyte solution. The solutions used were 1 M LiClO4 /PC
(propylenecarbonate), 1 M LiClO4/PC+DMC (dimethylcarbonate) and 1 M LiBF4/PC.
The electrochemical treatment and measurement were performed by using a potentiostat with
a function generator. The potential was stepwise changed from OCP to anodic or cathodic
direction with 0.1 V step. The potential was kept at each potential for 15 min. and then Raman
spectra were measured.
Results: The photographs of the Lithium surface at -2.9 V (OCP) and -2.2 V vs. SSC in 1 M
LiClO4 solution are shown in FIg. 2. Before polarization, the surface exhibited a bright color with
burnish. Dark areas began to appear at -2.6 V and the area spread with the increase of
potentials. At -2.2 V the almost whole surface turned to dark. In other solvents, the same
changes were observed. Raman spectra of the lithium surface at the dark areas in organic
solutions under in-situ condition are shown in Figure 3. In 1 M LiClO4/PC and 1 M
LiClO4/PC+DMC, two broad peaks around 530 cm-1 and 930 cm-1,and the other peak around
970cm-1 appeared in 1 M LiBF4/PC.
Discussion: Comparing the spectra of the lithium surface in 1 M LiClO4 /PC and 1 M LiBF4/PC,
the peaks belong to compounds generated from electrolyte molecules, i. e. the peaks of 530
cm-1 and 930 cm-1 are LiCl and LiClO4 in LiClO4 solution, and the one of 970 cm-1 is LiF in LiBF4

solution.



 
Fig. 1: Schematic illustration for in situ Raman spectroscopy
 

 
Fig. 2: Photographs of lithium surface at -2.9 V and -2.2 V
 

 
Fig. 3: Raman spectra of Li electrodes surfaces
 



Type of presentation: Poster
 

MS-14-P-3002 Microstructural changes of the Sanicro25 steel for coal fired power
plants caused by thermal exposure and fire-side corrosion
 

Rutkowski B.1, Lipińska-Chwałek M.1,2, Cempura G.1, Gil A.1, Cieszyński K.3,
Czyrska-Filemonowicz A.1
 
1AGH University of Science and Technology, Al. A. Mickiewicza 30, 30-059 Kraków, Poland,
2Forschungszentrum Jülich GmbH, 52425 Jülich, Germany , 3RAFAKO S.A, ul. Łąkowa 33, 47-400
Racibórz, Poland
 

Email of the presenting author: rutkowsk@agh.edu.pl
 
Due to its high creep strength, high corrosion resistance and good weldability Sanicro25
(22Cr25NiWCoCu), high-chromium austenitic steel developed by Sandvik Materials Technology,
is a promising material for superheater and reheater tubes of coal fired power plants operating
at Advanced Ultra Super Critical (A-USC) steam conditions of 700 °C and 30 MPa [1].
The aim of the present study was to describe microstructural changes of Sanicro25 steel
caused by the two-steps thermal exposure: 30 h in a real combustion environment of the 0.5
MW test rig (pulverized fuel combustion rig), followed by 970 h in the laboratory corrosion test
set at 650 °C under a gas mixture simulating USC boiler environment (University of Stuttgart,
[2]).
The microstructural investigation was carried out using SEM and TEM (Merlin Gemini II of Zeiss
and a probe Cs corrected Titan3 G2 60-300 of FEI equipped with a ChemiSTEM system,
respectively). The TEM analysis was conducted using the lamellae prepared by FIB and
extraction double-replicas. Phase identification was performed by STEM-EDS and electron
diffraction (SAED) methods. The SAED patterns were interpreted with the help of a JEMS.
The microstructure of as-received Sanicro25 steel was consisted of the austenitic matrix and
primary Nb-rich M(C,N) precipitates. During exposure at 650˚C for 1000 h, the intensive
precipitation of M23C6 carbides (where M= Cr, W, Si) from the supersaturated matrix occurred.
The numerous M23C6 carbides as well as some Cu-rich precipitates at the grain- and twin
boundaries were observed (Fig.1). STEM-EDS images of the microstructure of the scale and the
steel observed on the FIB lamella taken from the outer surface of Sanicro25 tube are shown in
Fig. 2. During exposure at 650 ˚C, a protective, 200 nm thick Cr-based scale with Fe-rich
outermost film was developed. Beneath the scale (up to a depth of 1000 nm), the Cr-depletion
zone with unstable (Cr,W,Si)23C6 carbides was formed. Following carbides dissolution, the W-rich
precipitates were formed in the Cr-depletion zone. Additionally, Si diffused through the grain
boundaries to the scale-metal interface, where it internally oxidized forming large Si-containing
crystallites. Beneath the scale, the internal oxidation zone with Si- and Mn- rich precipitates
was formed (Fig.3).
References
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Fig. 1: Sanicro 25 after thermal exposure at 650 °C for 1000 h; a) STEM-DF image: M23C6 and Cu-rich precipitates in the
austenitic matrix, b) STEM-EDS elemental map of Cr and Cu
 

 
Fig. 2: The changes of the Sanicro 25 microstructure beneath Cr-based scale; a) STEM-HAADF-image: W-rich and
Cu-rich precipitates in Cr-depletion zone; b) STEM-EDS elemental map
 

 
Fig. 3: The internal oxidation zone (beneath the Cr-based scale) composed of Si- and Mn- rich precipitates; a)
STEM-HAADF image, b and c) STEM-EDS elemental maps
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The most popular rechargeable storage devices today are lithium ion batteries, with uses in
consumer electronics and as the primary source of power for modern electric vehicles [1]. For
both of these applications a high energy density is needed and, especially for the automobile
industry, a significant drawback of the current generation of lithium ion batteries is their
limited lifetime [2]. A solid understanding of the lithium ion batteries is required in order to
improve their performance. Using modern high resolution electron microscopy the atomic
structure of the lithium containing structures can be probed and compared with in situ electron
microscopy methods. Comparing results from cells that have been cycled only a few times and
cells that have been cycled many times may help us understand the reasons of ageing.
Here we have been studying commercially available lithium ion batteries for the effect of
continuous cycling. The anodes of these batteries were made of grains of intercalated graphite
with conductors of copper. Thin solid electrolyte interphase (SEI) layers were formed on the
surface of the graphite grains by cycling the battery a few times. The SEI needs to be present
as it protects the material from cointercalation by the solvents used. Unfortunately one of the
ageing mechanisms in these batteries is the eventual buildup of thicker SEI layers, preventing
the flow of lithium.[3]
Figure 1 shows an SEM micrograph of the cross-section of an anode from a many times cycled
lithium ion battery. The layering of the graphite inside the grains is clearly visible, as are the
areas between the layers. Using a focused ion beam liftout method a sample was prepared for
transmission electron microscopy. The result can be seen in Figure 2.
While there is still need for further investigation on the subject, the preliminary data suggest
that this method is usable for measuring and comparing the thickness of the SEI layer as well
as tracking contaminations stemming from the electrolytes, in the material. The latter is one
possible explanation to the bright areas in figure 1, shown by energy dispersive X-ray
spectroscopy to be rich in fluorine, copper, phosphorous and sulphur.
References:
[1] B. Scrosati et al., Energy Environ. Sci. 4 (2011), 3287
[2] Y-K. Sun et al., Nature Materials 8 (2009), 320
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Fig. 1: SEM micrographs of a lithium-intercalated, several times cycled, graphite structure from a lithium ion battery
anode. (b) Shows a magnified view of an area in (a). The layering of the graphite can be seen clearly, as well as several
inhomogeneities (brighter spots).
 

 
Fig. 2: TEM micrographs showing the same graphite structure as in figure 1. The sample was made from the same
source using a focused ion beam liftout method. (b) Shows a magnified view of on area in (a).
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Stress corrosion cracking (SCC) is an important failure phenomenon in a variety of alloys used
in power generation applications. In light water reactor (LWR) plants, materials such as
austenitic stainless steels and Ni-Cr-Fe alloys (Alloy 600) can be susceptible to Primary Water
SCC (PWSCC). Although there is an extensive amount of data on PWSCC crack growth rates
and fracture, initiation of SCC continues to be a topic of research, particularly in terms of
localized intergranular oxidation.  In this study, Alloy 600 (Ni-16Cr-9Fe-0.045C) was exposed
for 66 and 120 h to a hydrogenated steam environment at atmospheric pressure and 480°C (O2

partial pressure = 9.88x10-26 atm which is lower than the dissociation pressure of Ni/NiO at
480°C). This reducing environment was used to avoid protective Ni-rich surface oxide
formation and to accelerate the intergranular oxidation that is generally occurs at lower
temperatures in a LWR environment [1]. This oxidation system successfully simulated PWR
oxide morphologies [2-4]. Field emission gun (FEG) scanning electron microscopy (SEM),
focused ion beam (FIB) and analytical electron microscopy techniques were used to
characterize the type and extent of preferential oxidation associated with SCC initiation.
The exposed solution-annealed and water-quenched samples were evaluated in an FEI Quanta
650 SEM equipped with Oxford Instruments SDD and EBSD systems. A variety of grain
boundary (GB) oxide morphologies were observed, reflecting the type of grain boundary, Fig.
1.   Surface oxide morphology from FIB cross-sections was correlated with intergranular
oxidation susceptibility.  More detailed analyses were performed using the FEI Titan G2 80-200
aberration-corrected S/TEM with Super EDX.  STEM-EDX microanalysis confirmed the presence
of interconnected subsurface Cr-rich oxides and intergranular Cr-rich oxide (Fig.2), with a
Ti/Al-rich oxide delineating the original grain boundary location. Analyses showed strong
correlation between the surface GB oxide morphology and its susceptibility to intergranular
oxides. Microstructural evidence of grain boundary migration and the associated depletions
and enrichments that develop also appear to be notable factors in the preferential GB
oxidation/SCC initiation.
References
1. Scott PM, Le Calvar M., in Proc. 6th Intl Symp. on Environ. Deg. of Matls in Nuclear Power
Systems- Water Reactors; 1993, 657.
2. Scenini F, et al., Proc.12th Intl Symp. on Environ. Deg. of Matls in Nuclear Power Systems-
Water Reactors 2005, 891.
3. Bertali G, et al., Proc.16th Intl Symp. on Environ. Deg. of Matls in Nuclear Power Systems-
Water Reactors 2013, in press.
4. Lindsay J, et al., Proc.16th Intl Symp. on Environ. Deg. of Matls in Nuclear Power Systems-
Water Reactors, 2013, in press.



 
Fig. 1: Secondary electron images showing (a) the surface morphology of the GB oxide, Ni surface nodules, and
nodule-free zone (NFZ); and (b) a FIB cross-section through the oxidized GB.
 

 
Fig. 2: HAADF STEM image and corresponding Titan EDX spectrum images for Cr, O and Ni showing the oxidation and a
Ni-rich nodule at the surface.
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Nowadays Li batteries became one of the most efficient systems for energy storage[Tarascon
M.-Nature2001].Intensive efforts are needed to improve their energy density and to extend
their life cycle as for example by using new negative electrode materials that insert Li at low
potentials.Among all the studied anode materials,silicon nanowires(SiNWs) have proved to be
very interesting candidate[Laïk B.-El.Acta 2008].Besides their high theoretical capacity (3579
mAhg-1) they exhibit good performances in terms of resistance to fracture during the volume
expansion and their 1D character facilitates axial charge transport and radial Li ion diffusion.
Nevertheless, the main drawback remains their progressive degradation due to the large
volume changes during the electrochemical cycling which will affect later the anode
performances.Improving the battery design remains a challenge and probing the reaction
kinetics and microstructural evolution during battery operation may provide extremely useful
information for this.The key-issue addressed by this work is the assessment of an accurate
correlation between the electrodes performances, their morphological, structural and chemical
characteristics.From the experimental point of view, the only techniques that allow accessing
chemical and morphological characteristics together with structural information of the studied
object are the TEM characterization based techniques. In addition, the continuous
technological development made possible the design of specific sample holders such as
vacuum TEM holders that enable the analysis of sensitive materials like cycled SiNWs without
air exposure and without severe beam damaging.Thus the approach proposed herein aims at
combining the conventional TEM using a special TEM holder and the EELS technique, for the
assessment of morphological and chemical composition modifications of SiNWs during the
lithiation/delithiation cycling. From a morphological point of view Fig.1 illustrates, as expected,
the volume expansion of SiNWs during the cycling.As for the chemical composition, EELS
spectra recorded for various positions of the electron probe covering energy ranges below
20eV (plasmons region), allowed the identification of LixSi alloys within the cycled NWs.Firstly
for the lithiated SiNWs a detailed analysis of the EELS spectra allowed identifying one main
peak at 13eV revealing the signature of Li13Si4 alloy.Peaks at 9eV and 20eV were also identified,
assigned to LixSiOy alloy and electrolyte degradation products on the surface.For the delithiated
NWs, a main peak at 16eV marking the Si signature was found.These findings highlight the
utility of the EELS technique and a special sample holder for probing the compositional
changes of SiNWs during the electrochemical cycle.



 
Fig. 1: TEM image of the SiNWs before A) and after B) lithiation, showing silicon volume expansion. The electrolyte used
in the electrochemical reaction was a conventional organic mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) with 1M LiPF6 salt.
 

 
Fig. 2: A) TEM image of SiNWs which suffered a complete lithiation; B) Experimental EELS plasmon spectra taken along
the green line illustrating the presence of the main peak at 13eV. The peak at 9eV indicating the reaction of surfacic
SiO2 with Li, and a large peak at 20eV assigned to the presence of the Solid Electrolyte Interphase (SEI).
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“It would be very easy to make an analysis of any complicated chemical substance; all one
would have to do would be to look at it and see where the atoms are. The only trouble is that
the electron microscope is one hundred times too poor.” With this statement in his famous
speech “There is plenty of room at the bottom” R. Feynman has already highlighted the future
importance of transmission electron microscopes (TEMs) in 1959.
Nowadays modern Cs corrected TEMs are powerful enough to obtain point resolution below 50
pm.[1] However, direct imaging of light elements next to heavy elements remains complex. In
probe corrected scanning transmission electron microscopy (STEM) recent developments
tackle this challenge, resulting in the revival of the annular bright field (ABF) detector. In
contrary to the contrast detected by the high angle annular dark field (HAADF) method, which
is due to Rutherford scattering and proportional to Z2, the ABF detector is also sensitive to
light elements.[2]
Using the ABF detector, we investigated orthorhombic (Mo,V) oxides crystallized in a structure
analog to the M1 structure (ICSD no. 55097) of MoVTeNb oxide. The obtained micrographs
were compared with Rietveld refined X-ray diffraction (XRD) data. Fig.1 shows an ABF image
where the oxygen atoms brighten up. Furthermore we directly measured metal-oxygen bond
angles and discussed the oxidation states of the metal centers.
Our results prove Feynman´s prediction. Seeing where the atoms are, generates in particular
in heterogeneous catalysis a deeper understanding of the functionality of materials on the way
towards tailor-made catalysts.
Refernces:
[1] a) R. Erni, M. D. Rossell, C. Kisielowski, U. Dahmen, Phys. Rev. Lett. 2009, 102, 096101; b)
K. Takayanagi, S. Kim, S. Lee, Y. Oshima, T. Tanaka, Y. Tanishiro, H. Sawada, F. Hosokawa, T.
Tomita, T. Kaneyama, Y. Kondo, J. Electron Microsc. 2011, 60, S239-S244.
[2] a) P. E. Batson, Nat Mater 2011, 10, 270-271; b) S. D. Findlay, N. Shibata, H. Sawada, E.
Okunishi, Y. Kondo, Y. Ikuhara, Ultramicroscopy 2010, 110, 903-923.
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Fig. 1: (A) Atomic resolution ABF-STEM image of (Mo,V)Ox. The white rectangle displays the orthorhombic unit cell,
which is in good agreement with the ABF image. Metal sites are partially highlighted with blue circles and oxygen sites
are labeled with red circles. (B) Corresponding HAADF image of the same region.
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Lithium ion battery (LIB) plays an important role in portable devices and with promising
application in automobile industry and sustainable technology. So far, many works have been
done to improve the energy density of LIBs. Lithium-rich layered cathodes can display a
reversible capacity more than 300 mAhg-1, nearly twice the capacity of the traditional cathode
materials. Unfortunately, this kind of material suffers from a poor rate capacity and cycling
performance. Sodium and cobalt doping is confirmed as a useful way to improve the
electrochemical performance of lithium-rich material, however, a detailed understanding on
the associated mechanisms is still lacking.
In this work, by using the Cs-corrected STEM combined with EDS and EELS, we carried out
systematic characterizations on the sodium-cobalt containing lithium-rich cathodes and found
sodium ions have two different aggregations behaviors inside: either to distribute
homogeneously in lithium layer, while the others gather with cobalt to form a sodium-cobalt
enriched layer, as evidenced by the HAADF-STEM and STEM-EDS mapping. More importantly,
we found that the presence of the latter structure is actually response for the capacity fading
upon cycling, and eventually lead to the cracking of electrode materials and failure of the
whole battery. This finding is of particular importance to understand the fading mechanism of
such lithium-rich cathodes, and will be quite suggestive for the design and modification of
cathode materials.
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Fig. 1: HAADF image of a sodium-containing Li-rich particle, the brightlines are the Na-Co enriched layers
 

 
Fig. 2: EDS map of Co element in the same particle, the bright yellow lines are the Co enrichment areas which are also
accompanied with Na enrichment
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To provide quantitative microstructural information on helium bubble development under the
influence of irradiation, 3 heats of EUROFER 97 composition with the addition of natural boron
as well as pure 10B isotope were fabricated. He concentrations after irradiation were ~81,
~415, and ~5800 appm for these three specimens (alloy 1, alloy 2 and alloy 3), respectively.
Neutron irradiation with a dose of up to 16 dpa was performed in the temperature range from
250°C to 450°C. This allowed for a detailed study of the influences of radiation parameters on
the size, morphology, spatial distribution, and density of He bubbles. These investigations are
necessary to correlate radiation-induced changes of the microstructure to the mechanical
properties.
The cavities were not detected in alloys 1 and 2 irradiated at 250°C. Irradiation at this
temperature leads to the formation of point defects and dislocation loops of 5-10 nm in size
(Figs. 1a, 2a). However, their spatial density that exceeds bubble density by one order of
magnitude, increase further strength and hardness which are dominated below 350°C by
irradiation induced interstitial type loops. Irradiation at 400°C produces clear differences in the
microstructures of alloy 3 due to the 5800 appm He content. The randomly distributed cavities
and bubbles were detected in the specimen irradiated at 350°C (Fig. 1b,2b). The cavities
exhibit a mainly faceted shape, which indicates the formation of empty voids rather than filled
bubbles. In the alloys 1 and 2 irradiated at 450°C, no formation of faceted voids was detected,
the He-filled bubbles were mainly located in dislocations, precipitates, or grain boundaries. The
bubbles are smaller than 10 nm and show a sharp size distribution with a maximum at 5 nm. In
some cases, bubbles are located on dislocations forming a 2-dimensional net (Fig. 2c). The
density of bubbles in the specimens irradiated at this temperature depends on the He
concentration: 2.4*1021 m-3 for alloy 1 with 82 appm He and 8.1*1021 m-3 for alloy 2 with 415
appm He. The presented TEM investigations of irradiated material clearly show the strong
influence of transmutation-produced He on the formation of He bubbles or cavities. It can be
supposed that faceted cavities >10 nm, similar to the imaged individual bubble in Fig. 1b-2b,
are empty voids.
The HRTEM investigations of an individual cavity are shown in Fig. 3. The image (a) and the
Fast Fourier Transformation (FFT) pattern (b) exhibit the orientation of the cavity’s facets. The
cavities often show a hexagonal shape, the facets are oriented in <110> directions, if the
matrix is oriented close to the [111] zone axis.



 
Fig. 1: TEM images of alloy 1 irradiated at 250°C 350°C, and 450°C are shown in parts a, b, and c, respectively.
 

 
Fig. 2: TEM images of alloy 2 irradiated at 250°C 350°C, and 450°C are shown in parts a, b, and c, respectively.
 

 
Fig. 3: HRTEM image of a cavity in alloy 2 irradiated at 350°C (a) and fast Fourier transformation image showing
crystallographic orientation (b).
 



Type of presentation: Poster
 

MS-14-P-3224 Influence of cooling speed on crystallization and final electrochemical
properties of cathode material
 

Kazda T.1, Čudek P.1, Vondrák J.1, Sedlaříková M.1
 
1Brno University of Technology, Brno, Czech Republic
 

Email of the presenting author: xkazda02@stud.feec.vutbr.cz
 
The lithium - ion electrochemical power sources are rechargeable systems used in many
electrical devices. In standard lithium - ion power sources there is lithiumcobaltoxide (LiCoO2)
used as cathode material which can provide the working voltage of 3.7 V against lithium [1],
[2]. In order to get more effective power it is necessary to change cathode or anode material.
For this purpose there was a new cathode material lithiumnickelmanganeseoxide
(LiNi0.5Mn1.5O4) prepared and tested, which can provide 4.7 V against lithium [2], [3]. This
means that the new electrochemical power system can provide almost 20 % more power than
a standard battery with a similar capacity [4].
The method of solid state reaction was used for the preparation of the LiNi0.5Mn1.5O4 cathode
material. The three-step annealing process was used for reaction. The conditions of the first
and second annealing steps were the same, while during the third step the cooling speed of
the material after annealing was changed. It was experimentally proved that reducing the
cooling speed improved the electrochemical properties such as stability during cyclic
voltammetry and stable characteristics during discharging (Fig. 1). The improvement was
reached by getting better crystallinity of the prepared material which was also proved by
scanning electron microscopy diagnostic method.
Prepared materials were observed by scanning electron microscope (SEM) Vega 3 XMU with
LaB6 cathode by Everhart - Thornley scintillation secondary electron detector which can
provide a very good topography exploration. Observations of the samples were realized in
vacuum conditions using 30 kV accelerating voltage for getting a good resolution. Studying of
the topography of prepared materials in SEM showed the difference in the crystal structure
(Fig. 2, Fig. 3) of differently prepared cathode materials for lithium - ion power source. The
experiments will be discussed in more detail in poster presentation.
References
[1] Ohzuku T, Brodd RJ (2007) An overview of positive-electrode materials for advanced
lithium-ion batteries. Journal of Power Sources 174 (2):449-456
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by Mn3+ Concentration and Site Disorder. Advanced Materials 24 (16):2109-2116.
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Power Sources 237 (0):229-242.
[4] Chen X, Xu W, Xiao J, Engelhard MH, Ding F, Mei D, Hu D, Zhang J, Zhang J-G (2012) Effects
of cell positive cans and separators on the performance of high-voltage Li-ion batteries. Journal
of Power Sources 213 (0):160-168
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Fig. 1: The comparison of the capacities during the 10 cycles by 0.5 C for LiNi0.5Mn1.5O4 cooling 0.5°C/min and
LiNi0.5Mn1.5O4 cooling 0.2°C/min
 

 
Fig. 2: Crystal structure of LiNi0.5Mn1.5O4 cooled 0.5°C/min
 

 
Fig. 3: Crystal structure of LiNi0.5Mn1.5O4 cooled 0.2°C/min
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In order for Li-ion batteries to mature to a level useful for integration into the current or future
energy infrastructure, basic problems such as cyclability, cost and rate capability must be
overcome. LiNi0.5Mn1.5O4 (LNM), a spinel cathode material, has the advantage of being both
cost-effective and a high-rate capable material, but it is plagued with cyclability problems. In
the LNM system the main contributor to cycling degradation is the high operating voltage
which leads to solid-electrolyte interphase (SEI) formation. We find that excess-Mn doping of
this material (LiNi0.5-XMn1.5+XO4 where x=0.05) leads to increased cyclability through natural
passivation [1]. To understand the exact role that excess Mn plays in the passivation of this
cathode material, it is crucial to determine the surface’s atomic structure. This is because the
surface structure determines how reactive the cathode will be with the electrolyte during
oxidation and reduction cycles.
In order to understand how excess-Mn LNM reacts with the electrolyte, it is critical to
understand the different phases that form in this system. In this regard, aberration-corrected
HAADF STEM was used to identify the surface and bulk structures in the excess-LNM system.
HAADF STEM confirms the spinel structure (Fig. 1) and shows good agreement with STEM
simulations in the bulk. Near the surface however, other phases are observed. These include a
rock-salt structure which is expected from x-ray diffraction (XRD) results and a new phase,
defined here as “ring-type structure”, because of the characteristic rings that are formed
within the first few atomic surface layers. All three phases are observed near the surface,
however only the spinel is found within the bulk of the particles. Also, the rock-salt phase and
ring phase do not necessarily have to exist in close proximity to one another even though they
are found near each other in Fig. 1. This is evidenced in Fig. 2 where only the spinel and ring
phases are present. HAADF STEM enables a detailed characterization of these phases and has
led to an important understanding of the cycling degradation mechanisms in the excess-Mn
LNM system. In turn, this work enables us to develop a well-suited cathode material for future
energy storage that will potentially spur the evolution of the future sustainable energy
landscape.
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Fig. 1: HAADF STEM image of LiNi0.45Mn1.55O4 along the
[110] zone axis. Shown in the figure are the normal spinel
phase (blue), the rock-salt phase (green) and the ring
phase (red). The image has been deconvoluted for clarity.
 

 
Fig. 2: HAADF STEM image of LiNi0.45Mn1.55O4 along the
[110] zone axis. Observed are the normal spinel phase in
the bulk (blue) and the ring phase at the surface (red). No
rock-salt phase is observed in this image.
 

 
Fig. 3: Structural models of the ordered spinel (left), rock-salt phase (center) and ring phase (right) oriented along the
[110] zone axis. The yellow region indicated in the right figure is the characteristic ring observed in this phase. Blue
atoms: Ni, purple atoms: Mn, and green atoms: Li. Multi-colored atoms indicate a fractional occupancy.
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An inorganic salt (Na2CO3)-oxide nanoparticles (samarium doped ceria, SDC, (Sm0.2
Ce0.8O1.9)) composite showed an unexpected sinergy in electrical behavior [1-3]. The ionic
conductivity of the composite shows a marked increase as the average oxide particle size
decreases and when the oxide particle to matrix salt ratio is tailored to an optimum value
(Figure 1) [4]. It was suggested that the interfacial interaction of oxide nanoparticles with the
amorphous carbonate salt matrix would enhance the conductivity by generating new pathways
for ionic transport.
High resolution transmission electron microscopy and energy filtered imaging was utilized to
investigate the extend and type of this interfacial phenomenon. A TEM bright field image of the
nanocomposite is shown in Figure 2a. Energy filtered imaging provided the first evidence for
the influence of oxide surface on the structure of solid amorphous salts in the interfacial
region. The interaction may not only create a new pathway fort he conduction but also
increase the mobility of the conducting ion complexes. By altering the surface properties of the
oxide nanoparticles it is possible to control the extend of this interaction.
An JEOL ARM 200 CFEG STEM and GATAN Quantum 965 ER Spectrometer were utilized to
investigate the interaction between the oxide surface and the amorphous carbinate matrix
phase. Energy filtered imaging of the composite using C_K, Na_ K, Sm_ L and Ce_L edges with
a three window method proved to be problematic since Na-K (1074 eV) line and Sm_L (1075
eV) line are only 1 eV away from each other. However, the Ce_L and C_K line images are useful
to visualize the carbonate shell around the ceria particles (Figure 2 b and c).
[1] B.Zhu, J.Power sources, 93 (2001) 82.
[2] B.Zhu, J. Power sources, 114 (2003) 1.
[3] B. Zhu, X. Liu, M. Sun, S.J, J. Solid State Sci., 8 (2003) 1127.
[4] S. Shawuti and M. A. Gulgun, 'Solid Oxide-Molten Carbonate Nano-composite Fuel Cells:
Particle Size Effect', in review for J. Power Sources, 2014 Jan.



 
Fig. 1: Figure 1. The Nyquist plot for nanocomposites with
different average particle sizes (PS) taken at 350°C,
showing that the impedance of the composites increase
with increasing PS.
 

 
Fig. 2: Figure 2 a. TEM bright field image of the SDC –
Na2CO3 nanocomposite electrolyte. The light grey areas
between the SDC oxide particles are the amorphous
carbonate matrix.
 

 
Fig. 3: Figure 2 b. Energy filtered image taken Ce_M line
showing the oxide particle locations clearly.
 

 
Fig. 4: Figure 2 c. Energy filtered image taken C_K line
showing the concentration of carbonte ion clearly.
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Liquid exfoliation of bulk material is an efficient and scalable synthesis method to produce
single- and few-layers 2-dimensional (2D) flakes of greatly improved surface area as compared
to the raw material [1]. Lithium cobalt oxide (LiCoO2) is the most popular material currently
utilized for commercial rechargeable batteries [2]. The charge storage capacity of battery
materials is proportional to the surface area of electroactive materials. Here, we investigate
the possibility of improving the charge storage capability of commercially available LiCoO2

(particle size in the micrometer range) by producing 2D flakes (lateral dimension of approx 400
nm) of enhanced surface area.
Commercially available LiCoO2 and CoO2 were processed by liquid phase-exfoliation in various
solvents to obtain 2D flakes. A fundamental question however is whether the exfoliation
procedure affects the material’s electronic properties, crystal structure and stability.
The low atomic weight of lithium makes its detection and analysis by electron microscopy or
spectroscopy challenging [3,4]. In order to overcome this difficulty we employ a combination of
electron microscopy techniques, including high-resolution transmission electron microscopy
(HR-TEM), electron diffraction, scanning transmission electron microscopy (STEM), energy
dispersive X-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS), to
elucidate the structure and stability of exfoliated LiCoO2 and compare this with exfoliated
CoO2. The combination of imaging and spectroscopy techniques allows us not only to assess
the crystal structure and stability of these materials but also to evaluate their chemical
structure. A detailed electron microscopy study of these materials will answer key questions
relating to their structure, stability and potential as battery materials, as well as further our
understanding of how liquid exfoliation affects materials at the atomic level.
[1] V. Nicolosi et al, Science 340 (2013), p. 1420.
[2] MS Whittingham Chem Rev 104 (2004), p. 4271.
[3] F Wang et al, ACS Nano 5 (2011), p. 1190.
[4] Y Shao-Horn et al, Nature Materials 2 (2003), p. 464.
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Novel optoelectronic technologies, such as organic light emitting devices or flexible solar cells,
require electrodes that are flexible, transparent and conductive. Materials such as In-Sn-O
(ITO) and In-Ga-Zn-O (IGZO) both gather those three required properties and have been
extensively studied in the last years. However the downside is that they are made out of
scarce and expensive indium. Therefore there is a need from the market to find alternative
solutions. Amorphous transparent oxide semiconductors are a relatively new class of
materials, which could fulfil the requirements for replacing In in transparent conductive oxides
(TCO), and in particular Zn-Sn-O (ZTO) is an excellent candidates as it is inexpensive,
abundant and non-toxic.
This work presents the development and characterization of amorphous Al-doped ZTO grown
by co-sputtering ZnO:Al and SnO2 with varying Sn/Zn composition ratio. 150 nm layers were
simultaneously deposited on glass substrates and TEM Cu grids with thin C film for top-view
characterization by STEM (on FEI Technai Osiris, Fig. 1). Same conditions were used for
deposition of 300 nm thick layers for optical and electrical characterization. Hall mobility and
free carrier concentration were determined by Hall-effect measurements using the Van der
Pauw configuration. Optical transmission and absorptance spectra in the range from 320 to
2000 nm were determined using a UV-Vis-NIR spectrophotometer equipped with an integrating
sphere. TEM lamellae were extracted by FIB for x-section.
A clear variation of the structural, electrical and optical properties was observed, indicating an
ideal Sn/Zn ratio of 4.3 (measured by EDX), which was then used to deposit uniform layers by
tuning the sputtering power of each target and rotating the substrate. Furthermore, although
amorphous, the layer presented a columnar structure, which could explain a lower conductivity
compared to crystalline layers (Fig.2). Hydrogen is known to act as a shallow electron donor in
several TCOs and thus to improves their electrical properties. H2 plasma treatments were
applied to the AZTO films under temperature and time conditions ranging from 50 to 200 °C
and from 1 to 5 minutes, respectively. Electrical measurements show an improved behaviour
after treatment, whereas optical transmittance degrades. SEM observations reveal that
reduction of tin oxide is the responsible for the degraded optical properties. SIMS was also
performed to assess a possible H penetration into the layer, but only revealed the oxygen
depletion in the top 100 nm of the layer due to oxide reduction. This shows that EM studies
play a key role in linking film morphology and physical processes occurring during H2 plasma
treatment as well as electrical and optical properties.
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Fig. 1: Top view BF (top) and HAADF (middle) STEM micrographs and diffraction patterns (bottom) of 5 different Sn/Zn
ratio ZTOs. Layers with Sn/Zn≤4.3 are amorphous.
 

 
Fig. 2: Top view (top) and cross-section (bottom) STEM micrographs of ZTO with Sn/Zn = 4.3 while rotating the
substrate.
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Standard busbars and ribbons are the commonly used contacting technology for crystalline
silicon solar cells. For costs and efficiency constraints, alternative contacting solutions with less
shadowing effects are developed. The innovative SmartWire Contacting Technology (SWCT)
offers excellent perspectives as it combines several advantages: (1) reduction of production
steps, (2) efficiency improvement by lowering ohmic losses in the existing metallization, (3) a
reduced consumption of the costly raw materials by 85%, (4) enhancement of the module
reliability and (5) improved aesthetics.
This work presents material characterization of those SmartWires when contacting c-Si
heterojunction solar cells by scanning and/or transmission electron microscopy (SEM/(S)TEM),
combined with analytical X-ray dispersive sepctroscopy (EDX), for as-fabricated and degraded
modules. SWCT consists of polymer foils supporting copper wires coated with InSn alloy that
has a low melting point (117 °C) and melts during the module lamination process (T = 160 °C).
This leads to solder contacts to the solar cell silver metallization thanks to interdiffusion of
metallic species and intermetallic phase formation occurring both at front and back contact of
the cell. Degradation tests like thermo-cycling and damp heat IEC tests show a strong effect on
electrical properties of the contacts. Therefore a detailed investigation of the microstructure
evolution of the contacts and the formed phase is needed.
SEM-EDX was performed on an FEI xlf30 equipped with a Si-drift detector (Oxford), whereas
TEM observations were carried out on FEI Technai Osiris with the dedicated ChemiSTEM
technology. TEM lamellae were extracted by focussed ion beam (Zeiss, Nvision) from
embedded samples. Simultaneously, diffusion tests were performed on In-Sn coated wires
alone covered by silver paste, then analysed by SEM. In all cases, three ternary phases of
Cu-In-Sn were found (Fig.1). Surprisingly, no silver was found in the tin phase that is directly in
contact with silver paste, but significant silver amounts (up to 12 at%) were measured in the
In-rich intermetallics (Cu2In3Sn). Degraded cell (80°C in dry air during 1500 h) shows that silver
back contact disappears when in contact with the SmartWire, and that silver content of the
In-rich phase raises up to 20 at%. Furthermore, silver grains segregate at the In-rich/Cu-rich
phase interface (Fig. 2). Those results explain the disappearance of silver at the cell back
surface.
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Fig. 1: SEM BSE micrograph (left) of a wire outer layer with the three phases differentiation (right). The wire was coated
with silver paste (visible in the upper part of the image) and annealed at 160°C.
 

 
Fig. 2: SEM micrograph of the extracted TEM lamella (left), EDS mapping of the region (middle) and silver segregation
at the inferface between Cu2(In,Sn) and Cu2In3Sn.
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Transformations in Li-rich layered oxides have been extensively studied recently for their
potential application in Li-ion batteries. These materials have attracted a lot of interest due to
the high capacity offered by them. However, the structure of these materials in their pristine
state is not clearly understood. Several reports have assigned their structure to be trigonal
(R-3m), monoclinic (c2/m), or a combination of both (composite). The present study discusses
the structure of Li1.2(Ni0.13Mn0.54Co0.13) O2 prepared with two different morphologies: plates and
needles, using the results obtained from aberration corrected (scanning) transmission electron
microscopy, electron energy loss spectroscopy (EELS), convergent beam electron diffraction
and precession electron diffraction tomography and question the validity of the the claims of
them being “composite”. It was found that these materials consist of domains which
correspond to variants of monoclinic structure. It will be shown how diffraction-based
experiments on such materials can often lead to misleading conclusions, since analysis of
diffraction-based techniques inevitably assign them as trigonal, although the present study
shows that the three-fold symmetry observed in electron diffraction patterns result from the
combination of the variants having monoclinic structure.
Furthermore, results from STEM and EELS experiments showed that the pristine materials have
several defects. The plates exhibited a differently ordered structure on their surface, and the
needles exhibited several cobalt-rich line defects. These results prescribe that extreme care
should be taken while interpreting the electron microscopy results obtained from cycled
samples.
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Fig. 1: STEM HAADF image showing the structure of monoclinic Li1.2(Ni0.13Mn0.54Co0.13) O2

 

 
Fig. 2: Inverted and color-coded HAADF STEM image showing the three variants (in projection) of the monoclinic
structure.
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Organic-inorganic hybrid materials have been widely studied for being a promising technology
to obtain highly efficient and low cost devices for solar energy harvesting. One of the most
extensively studied semiconductor materials for hybrid solar cells is zinc oxide (ZnO). Its wide
band gap and high exciton biding energy (60 meV) are attractive features for application in
optoelectronics, ultraviolet light emitters, piezoelectric devices, chemical sensors and
photovoltaic devices [1] .
The main photovoltaic processes in hybrid solar cells occur in the light absorbing photoactive
layer (bulk-heterojunction,BHJ), namely: exciton generation, dissociation and charge transport
recombination. The relationship between the device efficiency and the morphology of the
active layer makes thorough morphology characterization a key element to enable
optimization of photovoltaic devices. A combination of microscopy techniques has to be used
in order to characterize the chemical and morphological composition of the active layer with
high spatial resolution.
In this work, we present a study of the morphology of the BHJ in hybrid solar cells made with
ZnO and P3HT functionalized with a carboxylic acid group. ZnO was deposited over an
annealed P3HT matrix through atomic layer deposition (ALD), and the resulting composite was
probed using scanning transmission electron microscopy (STEM), energy–dispersive x-ray
(EDX) spectroscopy and high resolution transmission electron microscopy (HRTEM). The
microscopy images and spectra obtained were analyzed to quantitatively examine the
geometry of the resulting structure and correlate the nanostructure with charge transport
efficiency. Cross-sectional imaging of a lamella of the BHJ incorporated into a device was also
performed to complement plan-view images obtained, allowing analysis of the features with a
3D perspective. A correlation between the measured solar cell performance parameters and
the morphological features characterized was obtained by modelling the system using a
simulation tool (TiberCAD).
Results obtained showed that the recrystallized P3HT film formed an organized structure such
that the deposition of ZnO particles occupied the spaces between the P3HT chain stacks. This
resulted in a film composed by arrays of ZnO particles, separated by 10 nm wide polymer
sections. EDX mapping of the samples were obtained for compositional analysis (Figure 1) and
High resolution TEM was employed to complement STEM characterization (Figure 2), by
probing the crystallography of the film’s nanostructure.
[1] E. Guziewicz et al, J. Appl. Phys., volume 105, (2009) p. 122413.
[2] J. Bouclé et al, J. Mater. Chem., volume 17 (2007) p. 3141.
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Fig. 1: STEM image of the recrystallized P3HT/ZnO film and EDX mapping images of sulphur (S,blue), zinc (Zn, yellow),
carbon (C, red) and oxygen (O, orange).
 

 
Fig. 2: HRTEM image of the ZnO/P3HT composite. The FFT is displayed on the top right along with the equivalent crystal
orientation on the [0 0 0 1] zone axis.
 



Type of presentation: Poster
 

MS-14-P-3454 Initial Observations of the Lithiation of Tin Nanoneedles
 

Janish M. T.1, Mackay D. T.2, Jungjohann K. L.3, Liu Y.3, Carter C. B.1,3, Norton M. G.2
 
1U. of Connecticut, Storrs, CT, USA, 2Washington State University, Pullman WA, USA, 3Center for
Integrated Nanotechnologies (CINT), Sandia National Laboratories, Albuquerque, NM, USA
 

Email of the presenting author: matthew.janish@uconn.edu
 
Metallic Sn has generated considerable interest as a candidate anode material for lithium-ion
batteries (LIBs) due to its high theoretical specific capacity of 994 mAh/g. However, during
cycling a large volume change occurs; the high associated stresses cause mechanical failure of
the electrode [1], and this prevents bulk Sn from being used in LIBs. Nanostructured Sn offers
a possible route to circumvent this problem [2]. A smaller, open structure accommodates the
volume changes, which reduces the local stresses and prevents mechanical failure [3]. Such
Sn nanostructures have been prepared using a template-free, low-temperature,
industry-scalable process [2]. This paper will report initial TEM observations of the
microstructural changes that occur in this material during the lithiation and delithiation
processes.
The method described in [2] was adapted for in-situ TEM experiments by electroplating the Sn
needles onto a Cu TEM grid. A Nanofactory TEM-STM holder and FEI Tecnai F30 TEM operated
at 300 kV were used for the study. The grid was cut in half and affixed to a piece of Al wire
with a conductive epoxy for mounting in the holder. Li metal was used as the counter
electrode, and was mounted in the Nanofactory holder on a piece of tungsten wire in a glove
box with a dry-He atmosphere. A layer of Li2O formed on the surface of the Li metal during the
transfer to the TEM; this oxide acted as the solid electrolyte during the experiment.
The Li2O was brought into contact with a needle as shown in Figure 1, and a voltage was
applied. The volume change in the needle after lithiation is obvious, though only the needle
making contact with the electrolyte reacts. Other needles are just visible at the top corners of
both Fig. 1a and 1b, and appear unchanged between the two. Some materials undergo an
irreversible transformation during the first cycle; Si, for example, forms an amorphous material
after delithiation. The diffraction patterns shown in Figure 2 demonstrate that this is not the
case for Sn. Fig. 2a and 2c are consistent with β-Sn (tetragonal) while the pattern in Fig. 2b is
that of a polycrystalline Li-Sn alloy—i.e. the needle is crystalline before, during and after
lithiation. This result is consistent with measurements made using this material in button cells
where reproducible behavior over many cycles is seen [2].
References:
1. Park, CM et al., Chem Soc Rev, 2010. 39(8): 3115-41
2. Mackay, DT et al., J of Mat Sci, 2013. 49(4): 1476-1483
3. Huang, JY et al., Science, 2010. 330: 1515-1520
4. Wei, Z et al., J Power Sources, 2013. 223: 50-55
5. MTJ acknowledges a GAANN Fellowship from the Dept of Education
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Fig. 1: An Sn needle a) before and b) during lithiation. In ‘a’ the the tip of the needle is about to touch the Li source
which is located at the bottom of the image. In ‘b’ the Li source has been moved to contact the needle, and a voltage
has been applied. The dimensions of needle have increased and the needle is still crystalline.
 

 
Fig. 2: Diffraction patterns from key timepoints during the experiment: a) before lithiation, consistent with β-Sn but
off-axis; b) after lithiation, consistent with a polycrystalline Li-Sn alloy; c) after delithiation, consistent with β-Sn and
nearly on the [001] zone axis; and d) partial re-lithiation after separating the electrodes, caused by the beam.
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In today’s world, energy consumption is increasing drastically to meet the economy needs.
Nuclear energy is considered as one of the means for energy source. Nuclear industries are
aspiring for building modern Nuclear Power Plants (NPP’s) with enhanced safe operation and
energy through-put as main concerns. Modern NPP’s require structural materials with high
performance that can resist the effects of harmful irradiation conditions. This keep great
challenging tasks for researchers to understand existing failure mechanisms due to the
irradiation, assess current and develop new materials that are more appropriate for structural
stability of NNP’s. Structural and System Diagnostics department at Research Center Rez
focuses to study the irradiated and non-irradiated materials behavior and their degradation
aspects. This includes also microanalysis of structural materials of nuclear reactors.
 
The presented study is a part of post irradiation examination of CW 316 austenitic stainless
steel used for baffle bolts in Reactor Vessel Internals (RVI) of Pressurized Water Reactors
(PWR). The material was exposed to neutron dose 15 dpa (displacements per atom) under
temperature 300°C. A combination of effect of complex irradiation-induced damage formed in
a nano-metric scale together with applied mechanical load and corrosive PWR primary water
environment may turn out the RVI component to be sensitive to intergranular Irradiation
Assisted Stress Corrosion Cracking (IASCC).
Our main concern is to be able to perform TEM study of localized area adjacent to a crack of
broken mechanical testing specimen of the highly radioactive RVI materials and to study
cracking mechanisms. To reduce the radioactivity, minimized tensile specimens must be used
generally. In particular, we have tested tensile specimens with shank diameter 2 mm, see Fig.
1. Therefore, a standard 3 mm TEM discs could not be punched-out, but a tailored
methodology specialized in 1 mm TEM thin foil preparation had to be developed from the first
cut up to the final electron transparent TEM foil and applied on radioactive material.
The first part of the study describes whole process from bulk sample handling, including e.g.
remote-controlled material cutting in shielded hot-cells and TEM disk polishing in glow-boxes,
up to the main final procedure of electrolytic-polishing of 1 mm TEM foils.
The second part shows results of TEM analysis of the studied material including
radiation-induced defects observed by advanced techniques using different diffraction or
phase contrast conditions and as well as deformation microstructure relevant to the cracking
of the neutron irradiated stainless steel.
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Fig. 1: Fig. 1: A schematic drawing of miniaturized Slow Strain Rate Test (SSRT) tensile specimens used for IASCC
studies on neutron irradiated RVI materials. Area Of Interest (AOI) is indicated.
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      The microstructural changes and phase transitions taking place during the
charge/discharge cycles critically influence battery performance and lifetime. Recently,
NaFePO4 has attracted a great attention as the one of promising materials for sodium ion
batteries. The formation of superstructures in NaxFePO4 (x≈0.7) during FePO4 to NaFePO4

transformation was reported by several groups, however no direct imaging of sodium/vacancy
ordering has been provided yet. Here we report the observation of Na atoms/vacancies
ordering in NaxFePO4 (x≈0.7) nanoparticles as revealed by electron diffraction (ED), high
resolution (scanning) transmission electron microscopy (HR(S)TEM), atomic modeling and
HRSTEM image simulations.
      An intermediate NaxFePO4 (x≈0.7) phase, as a powder, was prepared both chemically and
electrochemically. The superstructure formation was confirmed for particles obtained for both
synthesis methods. Electron diffraction patterns (Figure 1 a-c) collected from main zone axes
and accompanied with local Energy Dispersive X-ray (EDX) analysis revealed the presence of
several phases with the same elemental composition but different Na/vacancy ordering.
Different superstructures were found in different particles as well as coexistence of differently
oriented domains with superstructure was demonstrated within one nanoparticle (Figure 1 d-f).
It was also observed that electron beam strongly influenced on the structure of NaxFePO4 phase
causing redistribution of Na atoms. This process was found to be extremely fast, however the
use of cooling specimen holder allowed reducing significantly the beam influence and tracing
the structural transformations. Thus, it has been discovered that FePO4 to NaFePO4

transformation proceeds through the formation of different commensurate and
incommensurate phases.
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Fig. 1: (a)-(c) ED pattern along [100], [010] and [001] directions, respectively; (d) low magnification HAADF image of
NaxFePO4 particle; (e) and (f) HRSTEM images from area 1 and area 2 (Fig.1d), respectively. Atomic models are shown
in insets.
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Among the diverse Mg-nanostructures, adequate as H storage materials the Mg thin films draw
interest since of its relatively easy synthesis and low reactivity. MgH2 thin films were obtained
in inline sputtering system using high purity Mg target, annealed in vacuum to increase the
stability and reduce the oxidation. Thin films irradiation was done using 60keV Ar+ ions with
fluence 1015 ion/cm2. TEM analyses were performed by using JEM-2010F TEM/STEM
microscope operated at 200 keV, equipped with EDXS-ISIS300 and EELS system. TEM
specimens were prepared by applying conventional cross-section technique. TEM image (Fig.
1a) shows that non-irradiated film is homogeneous. HRTEM image acquired from the non
irradiated film central region indicates that film consists of randomly orientated crystallites. To
measure the average crystallites size, first the corresponding fast Fourier transform (FFT) was
performed (inset in Fig.1b). The Bragg-mask filter was applied in the FFT allowing the
contribution of only Bragg reflections to the formation of the inverse FFT image (Fig. 1c). The
crystallite size is ranging between 6-7 nm. The irradiated film shows notably diverse
microstructure i.e. large crystal grains are imbedded in a crystallites matrix (Fig. 2a) and can
reach the size of 80 nm (dark-field TEM image, Fig.2b). Although the severe microstructural
changes can be expected only in the 80 nm surface region, the film is completely recrystallized
throughout all thickness which is attributed to the thermal effects of the irradiation. Fig. 3a
show composed SAED pattern acquired from the several region of the non-irradiated film. The
bottom region SAED pattern is characterized by smaller number of diffraction rings and
contains mainly the MgO phase, while the rest of the film is composed of the MgH2 phase. SAED
analysis shows that the e-beam irradiation of those MgH2 films didn’t promote hydrogen
desorption, as it is earlier observed. The SAED patterns acquired in different regions of the
irradiated film did not show large differences, which suggests that the distribution of crystal
phases is uniform all over the film, but there is different phase distribution comparing to
non-irradiated film (Fig. 3b). The diffraction rings corresponds to MgH2 and MgO phases. MgO
crystallites are uniformly present thorough all film thickness, while the MgH2 phase is
characterized only by a small amount of discrete crystals. The most intense diffraction rings
correspond to large Mg crystallites.
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Fig. 1: Fig.1.a) TEM image of non-irradiated film. b) The HRTEM image of the central film region with the corresponding
FFT pattern. c) Bragg-masked HRTEM image with indicated crystallites.
 

 
Fig. 2: Fig.2.a) Bright-field and b) corresponding dark-field
TEM image of the irradiated film.
 

 
Fig. 3: Fig.3.a) SAED patterns acquired from the surface,
central and bottom region of the non-irradiated film.
Calculated SAED patterns of MgO (full line) and MgH2 (short
dashed line) phases are superimposed. b)SAED pattern
acquired from the irradiated film shows the presence of
MgH2, MgO and Mg (long dashed line) phases.
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   Lithium manganese oxides, such as layered trigonal LiMnO2, cubic spinel-type LiMn2O4 and
monoclinic Li2MnO3 etc. are electroactive intercalation host materials in lithium cells. Among
them Li2MnO3 is one of the most interesting compounds from the point of view of its
electrochemical behavior. Usually, in the layered compounds, during the charge/discharge
cycles, Li ions leave/fill their sites, and charge neutrality of the unit cell is preserved by
oxidation/reduction of Mn atoms. By contrast, the Li2MnO3 compound is electrochemically
inactive within the voltage range 2.0 V- 4.4 V because lithium can be extracted without
oxidation of the Mn ion due to the fact that all manganese ions in the Li2MnO3 structure are
tetravalent and cannot be oxidized further. On the other hand, the Li2MnO3 electrode can be
activated at >4.4 V when Li ions are extracted together with oxygen, and in this condition the
expected theoretical reversible capacity of the material can reach about 460 mAh/g for
complete Li extraction. Moreover, when synthesized in a nanocrystalline form, Li2MnO3

becomes electroactive, probably due to the factors associated with the material’s defect
chemistry and significantly larger area of working surface possessing more active sites for the
electrochemical reactions.
  Despite the dramatic effect of the nano-size morphology (<20 nm) on the electrochemical
behavior of the material, little work has been done on understanding the mechanism of
activation processes and their role in accessing higher levels of energy storage, as well as
understanding the details of structural reorganization during lithium
intercalation/deintercalation cycles. A clue to solving these issues could be found in
systematical studies of the structural changes occurring in the material in the course of charge
/discharge cycles.
  In this study, we present our results of TEM investigations of the structural evolution caused
by cycling the nano-sized Li2MnO3 material. The material was synthesized by a self-combustion
reaction (SCR). To characterize the particles on the nanometer scale, convergent
electron-diffraction technique was applied along with the conventional methods of TEM
microscopy and powder XRD analysis. It was shown that in the course of electrochemical
cycling the Li/Mn cation ordering in the transition metal layers, which is characteristic of the
Li2MnO3 monoclinic structure, gradually disappears. The main structural change accompanying
the cycling process is a transition to spinel-like structure (more thermodynamically stable than
the layered one), which apparently involves migration of Mn ions from their octahedral sites in
the Mn layers into octahedral sites in the Li layers, with concomitant displacing of Li ions to
tetrahedral sites.
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Rechargeable batteries are essential components for powering ever-more demanding portable
electronic devices such as laptops and smart phones [1]. Over the last years and decades, the
intercalation-based lithium ion battery (LIB) technology has been at the center of this research,
due to its high power density and capacity [2]. However; due to high cost and limited Li
sources; research has recently also focused on alternative energy storage technologies and
sodium ion batteries are one of the promising candidate instead of lithium ion batteries [2, 3].
NaMn2O4 nanorods were synthesized by using conventional solid state method. Na2O2 and Mn2O4

were mixed in agate mortar and then sintered at 750oC for 24 h under oxygen atmosphere.
After sintering, the powders were pressed into pellets and the pellets were heat treated at
250-900oC for 24 h under oxygen atmosphere. The samples were characterized by employing
XRD, SEM and TEM techniques. XRD patterns of the samples were recorded by automated
Rigaku RadB Dmax x-ray difractometer with CuKa radiation was used for the XRD analysis.
Sintering the sample at 250oC and 450oC is not enough to from the Na0.44MnO2, since it still
contains Na2O2 and Mn2O4 (MnO2) phases as the main phases. During the next step of sintering
at 650oC for 24 h, the Na0.44MnO2 phase starts forming (Figure 1). Scanning electron microscopy
(SEM) investigations were carried out by using a Schottky emitter field emission gun (FEG) SEM
(Zeiss SUPRA 50 VP) equipped with in-lens, back scattered (BS), electron back scattered
diffraction (EBSD) and energy dispersive x-ray (EDX) detectors. For transmission electron
microscopy (TEM) analysis, powder sintered at 750°C for 24 h was chosen and dispersed in 2 -
propanol and then suspension was dropped on the copper grid. TEM studies were conducted
by using 200 kV field emission TEM (JEOL™ JEM-2100F) equipped with STEM high angle annular
dark field (STEM-HAADF) detector (Model 3000, Fischione), parallel electron energy loss
spectrometer (PEELS) and energy filter (Gatan™ GIF Tridiem), and energy dispersive
spectrometer (EDS) (JEOL™ JED-2300T). According to microstructural characterization results,
the length of the rods reach to ~500µm, while their widths range between ~100 nm – ~2 μm
(Figure 2).
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Fig. 1: Bottom panel: XRD patterns showing the evolution of Na0.44MnO2 phase after various heat treatments. Top
panel: XRD pattern for the nanorods scratched from the surface of the main matrix.
 

 
Fig. 2: SEM image of the samples sintered at 700 for 24 h taken by using INLENS dedector.
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Energy production and consumption that rely on the combustion of fossil fuels have had
severe impacts on world economics and ecology [1]. The rechargeable li-ion batteries have
became the part of energy cycles.Li-ion batteries have found very broad and
promisingapplications in modern technology [2, 3].In this research, LiBxMn2-xO4 cathode
materials were synthesized via using conventional solid state reaction method.The XRD, SEM,
temperature dependence resistivity (R-T) and micro strain of samples were analyzed and the
results were compared by the cycle life and battery performance.The lattice parameters were
calculated by Jade 5.0 using Rietveld refinement technique. The samples for x≤0.5 have no
impurity phases. The xrd pattern of LiMn2O4 samples for as seen in Figure 1. Electrochemical
measurements were carried out at room temperature (24°C). To assess thequasi open-circuit
voltage profiles, galvanostatic charge-discharge cycles wererecorded at a slow scan mode
using a MTI-BST8 system as seen Figure 2.We report that the B substitution increases the
capacity of the coin cell which is a promising result for energy storage technologies.
[1]M. Armand,J.-M. Tarascon,Building better batteries, Nature, 451, 652 (2008)
[2]Timothy J. Kucharski ,Yancong Tian , Sergey Akbulatov and Roman Boulatov, Chemical
solutions for the closed-cycle storage of solar energy,Energy Environ. Sci.,2011, 4, 4449-4472
[3]Th. Dumont, T. Lippert, M. Döbeli, H. Grimmer, J. Ufheil, P. Novák, A. Würsig, U. Vogt, A.
Wokaun, Influence of experimental parameter on the Li-content of LiMn2O4 electrodes
produced by pulsed laser deposition, Applied Surface Science, 252, 13, 2006, 4902–4906.
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Fig. 1: XRD pattern of LiMn2O4.
 

 
Fig. 2: Cyclic voltammetry of LiBxMn2-xO4.
 



Type of presentation: Poster
 

MS-14-P-5873 Battery Performance and Structural Properties of Boron Substituted
Li-ion Batteries
 

Oz E.1, Demirel S.1, Altin E.2, Altin S.1, Ozdemir M.3, Oner Y.4, Boyraz C.5, Avci S.6
 
1Physics Department, Inonu University, Malatya, Turkey, 2Scientific and Technological Research
Center, Inonu University, Malatya, Turkey, 3Physic Department, Marmara University, Istanbul,
Turkey, 4Department of Physics Engineering, Istanbul Technical University, Istanbul, Turkey,
5Department of Mechanical Engineering, Marmara University, Istanbul, Turkey, 6Department of
Materials Science and Engineering,AfyonKocatepe University, Afyon, Turkey
 

Email of the presenting author: erdinc_oz_86@hotmail.com
 
  LiCoO2 is one of the important cathode materials for rechargeable battery technology and it
has been studied extensively in the literature[1]. Up-to-date the studies based on the
improvement of the performance of the battery have been focused on cathode materials’
structural and electrochemical properties[2]. However, lithium rechargeable batteriessuffer
from capacity fade and slow recharging. Capacity fade is linked to the changes in materials’
properties due to repeated charge/discharge cycles [3]. Therefore, it is necessary to optimize
the cathode material and interfaceproperties to allow faster recharging and prevent capacity
fade of the battery. Boron substitution in cathode materials have been reported to increase the
battery performance [4, 5].
 Here, we report the synthesis, structure and electrochemical properties of LiCo1-xBxO2 (x=0-1).
The compounds were fabricated using conventional solid state reaction technique. The lattice
parameters were calculated by Jade 5.0 using Rietveld refinement technique.The samples for
x≤0.25 have no impurity phases which indicates that the B3+ions substitute perfectly for Co3+

ions in the LiCoO2. The LiBO2 and Li6B4O9 impurity phases start forming on the samples for
x>0.25 as seen in Figure 1.Increasing boron content in the samples, the grains show a
well-defined round shaped structure.Electrochemical measurements were carried out at room
temperature (24°C). To assess thequasi open-circuit voltage profiles, galvanostatic
charge-discharge cycles wererecorded at a slow scan mode using a MTI-BST8 system as seen
Figure 3.
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Fig. 1:  XRD patterns of LiCo1-xBxO2 for x=0, 0.125,0.25,0.375, 0.5, 0.75, and 1. The Blue (top) and red (middle) and
orange (bottom) vertical bars are the Bragg angle positions for LiCoO2 (PDF#50-0653), LiBO2 (PDF#51-0517) and Li6B4O9

(PDF#47-0170) phases, respectively.
 

 
Fig. 2: Charge-discharge profiles of LiCo1-xBxO2cathodematerials (x=0 and x=0.125).
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NanoSIMS (Secondary Ion Mass Spectrometry), SEM (Secondary Electron Microscopy) and TEM
(Transmission Electron Microscopy) have been used to study the hydrogen pickup of ZIRLO, a
commercial zirconium alloy currently employed in the cladding material in nuclear reactors
and Zr-1%Nb, a binary research alloy with particularly strong corrosion resistance. Samples
were oxidised in autoclave in water for 80 and 180 and 540 days at 360°C to produce different
levels of oxidation, two samples of each at pre- and post-transition. Further oxidation in 5%
deuterium-rich water for 45 days at 350°C introduced deuterium to the metal and oxide,
simulating the transit of hydrogen through oxidised samples in wet corrosion at the given
moment of transition. The alloys were analysed in cross sections using NanoSIMS. Deuterium
was found to distribute differently across the oxide in samples that experienced different
oxidation times, with an interesting correlation to the breakaway behaviour of these oxides. In
particular, peaks of deuterium concentration where found in the first micron of oxide. Large
zirconium hydrides (deuterides) were found in the metal. SEM with Energy-Dispersive X-ray
Spectroscopy (EDS) was used to relate the effect of second-phase particles to the distribution
of deuterium in the areas analysed by NanoSIMS. Second phase particles containing Fe and Nb
were found. TEM foils made by DualBeam Focussed Ion Beam allowed for microstructural
comparison of the two alloys at pre and post-transition.
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Fig. 1: Cross section of post-transition Zr-1%Nb after 540 days oxidation in water and an additional 45 days in
deuterated water, showing a slice through the oxide into the metal. NanoSIMS analysis shows large accumulation of
deuterium in the oxide as well as a large deuteride (ZrH) in the metal.
 

 
Fig. 2: Line profile comparing the deuterium signal (red) with the oxygen signal (blue) from a cross-section of ZIRLO
(deuterium image shown on the lower right) after 180 days oxidation in water and an additional 45 days in deuterated
water. A peak in deuterium within the first micron of oxide is found to be consistent throughout measurements.
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The structural features of the lithium ion battery cathodes at the micro- and nano-scale were
studied using serial material removal (sectioning) using the combination of Focused Ion Beam
milling and SEM imaging using the Tescan LYRA3 XM instrument. The serial sectioning of
as-fabricated and cycled cathodes allowed revealing the changes that take place in the
internal arrangement of the particles of the active material. In the case reported here, the
active material for the battery cathode consisted of the mixed layered transition metal oxides
of Mn, Ni and Co that were bonded by the polymer matrix loaded with carbon black to provide
electron conductivity. To understand the evolution of the structural arrangements within the
battery electrode upon cycling, charge-discharge cycling was applied to one of the two
nominally identical samples, and then their 3D structure was analysed by repeated layer
removal by FIB. Comparing the raw results and tomographic reconstructions reveals that
charge cycling leads to visible changes in the morphology of the layered oxides. The
observations were consistent with the appearance of internal flaws (cracks and voids) within
the mixed oxide particles. 3D reconstruction of allowed the shape and connectivity of these
defects to be observed and analysed. The complex meandering morphology of the cracks
observed suggests the presence of weak internal interfaces at the nanoscale. The possibilities
of further studies opened up by these results are also discussed.
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The EU FCH-JU RESelyser project is concerned with the development of high pressure, high
efficiency and low cost alkaline water electrolysers that can be operated variably and
intermittently to meet the demands for integration into energy networks relying on fluctuating
renewable energy. The project utilizes NiAlMo alloy electrodes produced at the German
Aerospace Center (DLR) by vacuum plasma spraying (VPS). VPS results in a heterogeneous
microstructure consisting of a multitude of intermetallic phase sub domains and pores. Prior to
electrolysis operation the electrodes are activated by leaching of Al and some Al containing
intermetallic phases leaving micrometer pores and nanometer dendritic pores increasing the
surface area available for the electrolysis reactions.
The vacuum plasma sprayed electrodes were analyzed by high resolution SEM and TEM before
and after electrolysis operation and after storage in water. Analyses of cross sections and
electrode surfaces revealed desert rose like nano flake structures on the surface and in the
pores on several electrodes. The formation of the desert rose structure appeared to be related
to the electrolysis operation as well as the duration of storage in distilled water. The size of the
faceted flakes varied from tens of nm to a couple of µm where the thickness varied from a few
nm to ~50 nm. The desert rose structure was confirmed by TEM to consist primarily of NiO and
Al2NiO4 like phases (similar lattice parameters). The possible implications for the application
and performance of the electrodes are discussed.
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Fig. 1: Formation of desert rose nano flakes on the electrode surface and in pores. SEM images of surface a) as
sprayed; b) leached, washed and dried; c) leached, washed and stored in water 3 d; d) leached, washed, stored 120 d
in water, and operated as electrode for ~30 min.; e) leached, washed, stored 90 d in water, and operated as electrode
for 28 d.
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