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MICROSTRUCTURE AND FUNCTIONALITY OF MATERIALS INTERFACES
J. Keckes
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ence, Austrian Academy of Sciences, A-8700 Leoben, Austria
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Although interfaces represent only a small volume fraction
of biological and man-made materials, their influence on
functional properties like fracture toughness, hardness and
overall mechanical integrity is decisive. In this contribu-
tion, the relationship between microstructure and mechani-
cal properties of interface-based materials like wood,
multilayered thin films and ceramic nanocomposites is dis-
cussed on the bases of experimental data, obtained using
synchrotron X-ray diffraction and transmission electron
microscopy techniques. The results demonstrate that using
clever microstructural and interface design it is possible to
enhance mechanical properties of materials significantly.

First, the microstructure of a macroscopic branch-stem
interface of Norway spruce is analysed using wide-angle
X-ray diffraction and evaluated magnitudes of the micro-
fibril angle are correlated with various protective mecha-
nisms operating at different length scales . It is demons-
trated that wood adjusts the cellulose fibre texture in order
to protect both the stem and the branch from structural
damage.

In order to understand the functionality of micro- and
nano-scopic interfaces, cross-sectional synchrotron X-ray
nanodiffraction experiments on thin films are performed at
ID13 and P03 beamlines of ESRF and Petra III, respec-
tively. By comparing cross-sectional distributions of

C1

phases, texture, crystallite size and strains, it is possible to
understand the influence of distinct thin film regions on the
overall and local mechanical response of the films. In-situ
diffraction experiments combined with indentation are
used to determine microstructural changes and stress con-
centrations accompanying various fracture modes .
Finally, a combinatorial refinement of microstructure,
property and process conditions at graded TiAIN thin film
cross-sections is performed using X-ray nanodiffraction in
order to identify interface microstructures with the highest
hardness. The micromechanical and X-ray diffraction ex-
periments are performed iteratively in three steps and are
applied as a basis to design novel types of coating
materials.
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XRD VS. PHOTOLUMINESCENCE A NEW CLASS OF DEVICES TO CALIBRATE
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In the last several years many methods have been estab-
lished to manipulate the optical properties of III-V semi-
conductors which are a very promising material class for
non-classic quantum light sources [1]. One highly effective
possibility to change their band structure (e.g. order of
LH/HH bands), which defines the optical properties, is to
get full control of the strain/stress tensor. The deformation

potentials describe the changes in the band structure upon
variation of the applied strain.

A versatile way to control the strain state is to bond a
semiconductor membrane onto a piezoelectric carrier ma-
terial. By applying an electrical field to the carrier and
therefore, making use of the inverse piezoelectric effect,
strain acts on the membrane. This approach has already
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Figure 1. Schematic representation of the device for straining the
GaAs membrane. The gold layers on the top and the bottom side
of the piezoelectric carrier (PMN-PT) were used to apply a ho-
mogenous electric field.
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Figure 2. In-plane (¢,%*) and out-of-plane (*,X) strain compo-
nents of GaAs measured with XRD and calculated from PL line
shifts (using a=-8.75eV). The pre-strain is set to 0. Thus the strain
value at 0 kV/cm defines the offset for all following values.

been used to change the optical properties of GaAs and the
embedded quantum dots on top of the carrier. Such devices
(schematically shown in Fig. 1) have been fully character-
ized by the change in the photoluminescence (PL) spectra
for a varying electrical field applied to the piezoelectric

carrier [2]. Looking carefully at these PL changes, one is
able to recalculate the strain tensor, yet these calculations
sensitively depend on the accurate knowledge of the defor-
mation potentials (« is the hydrostatic and b, d are called the
shear potentials). The literature values for these deforma-
tion potentials vary in a rather wide range, depending on

the applied calibration method (experimentally or theoreti-
cal calculation) [3]. To overcome the problem of uncertain-
ties in the deformation potentials, we now investigated the
strained GaAs in-situ by X-ray diffraction (XRD), while
sweeping the electrical field. Information about the strain
in the GaAs membrane, and the piezo carrier was acquired
simultaneously. This allows a direct comparison of the
strain tensor calculated from the PL shift and the physical
strain induced in the material, see Fig. 2. Thus, by combin-
ing the results from both techniques we can finally re-de-
fine the deformation potentials.

The big advantage in using piezoelectric straining de-
vices is the possibility to continuously tune the strain from
a minimum value given by the pre-strain induced during
processing of the device up to a strain of 1-2% with ad-
vanced geometries of the carrier material. Furthermore,
this technique is not limited to GaAs, in principal strain can
be applied in this way to every material.

We present first results on the relation of PL line-shifts
with measured strain values from XRD comparing differ-
ent device geometries and re-calculating the deformation
potentials by comparing the results acquired by both
methods.

1. 1.J. Lemoore, R. Toro, O. Del Pozo-Zamudio, N. A.
Wasley, E. A. Chekhovich, A. M. Sanchez, R. Beanland,
A. M. Fox, M. S. Skolnick, H. Y. Liu, A. I. Tartakovskii,
Scientific Reports 3, Article number: 1239 (2013).

2. J. D. Plumhof, R. Trotta, V. Ktapek, E. Zallo, P. Atkinson,
S. Kumar, A. Rastelli, and O. G. Schmidt, PHYSICAL
REVIEW B 87,075311 (2013) .

3. 0. Madelung, U. Réssler, M. Schulz (ed.) in:
SpringerMaterials - Gallium arsenide (GaAs), deformation
potentials, Landolt-Bornstein - Group 11l Condensed Mat-
ter 41A1PB (2002).
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One-dimensional nitride heterostructures demonstrated
novel optical and electronic properties making use of quan-
tum confinement effects and strain engineering. The emer-
gence of disruptive functionalities is now related to the
growth and technology controls [1], but also to the devel-
opment of advanced characterization techniques having
high spatial resolution. To complement the information
provided by grazing incidence diffraction techniques, the
use of focused micro/nano X-ray beams provides innova-
tive solutions to analyse quantitatively the morphology, de-
fects, strain and composition of these materials. This will
be illustrated in this paper by recent breakthroughs ob-
tained at the European synchrotron radiation facility
(ESRF) with the study of nitride wires and their core-shell
heterostructures grown by Metal Organic Vapour Phase
Epitaxy.

First, it will be shown how the structure of single de-
fects such as Inversion Domain Boundaries (IDB) inside
n-doped GaN wires can be extracted from the X-ray coher-
ent diffraction imaging with a monochromatic beam [2]
with an unprecedented accuracy. The complex 3D IDB
configuration inside a single wire can be measured without
any slicing in contrast to electron microscopy and the lat-
tice displacements along/across the wire length deduced
from the analysis of the intensity of several Bragg peaks by
phase retrieval methods (with pm resolution) will be
shown to be in full agreement with electronic structure ab
initio calculations [3].

Then, GaN/InGaN Multiple Quantum Well (MQW)
core-shell heterostructure grown on the m-plane sidewalls

of c-axis GaN wires [2,3] will be analysed by multimodal
hard X-ray nanoprobe to perform X-ray excited optical lu-
minescence (XEOL) and X-ray Fluorescence (XRF) [4].
The localized blue light emission can be measured in the
spatiotemporal domain with 50 ps resolution to get the
photoluminescence time decay (=100 ps) that can be re-
lated the electron confinement/local composition in the
wire [4]. These techniques will be also applied on con-
nected wire-LED devices to evidence fluctuations of
XEOL and X-ray Beam Induced Current (XBIC).

More generally, the interest of these statistical/fluctua-
tion mappings in nitride optoelectronic devices with a
nanometre beam will be presented, as well as new XANES
spectroscopy results. This work will be extended to other
heterostructures such as GaN/AlInN MQW tubes (i.e.
etched wires) dedicated to UV emission.

1. R.Koester et al., Nano Lett., 11, (2011), 4839. S. Salomon
et al., Nanotechnology, 25, (2014), 375502-8. N. Guan et
al., ACS Photonics, 3 (2016) 597.

2. S.Labatetal., ACS Nano, 9, (2015), 9210.
3. F. Langon et al., to be submitted to Phys. Rev. Lett.

4. G. Martinez-Criado et al., Adv. Mater. 26 (2014),
7873-7879.
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X-RAY DIFFRACTION STUDY OF STRAIN RELAXATION IN COALESCED GaN
NANOWIRES
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GaN nanowires form spontancously on various substrates
without requiring a metal droplet to induce growth. A deci-
sive advantage of this spontaneous formation is the possi-
bility to synthesize abrupt axial heterojunctions. However,
the spontaneous formation inevitably results in dense ar-
rays, and thus in subsequent nanowire coalescence during
growth [see Fig. 1(a)]. We have found that the process of
coalescence is governed by nanowire bundling, which re-
duces the surface energy of the side facets at the expense of
elastic bending energy [1]. In the present work, we study
the strain state of GaN nanowire ensembles by laboratory
X-ray diffractometry in conjunction with an analysis of the
energetics of nanowire bundling. Our results demonstrate
that the elastic bending of nanowires caused by their bun-
dling gives rise to a large elastic strain, which is reduced
plastically via the creation of dislocation walls at the joints.

The shape of the bundled nanowires in Fig. 1(b) and the
elastic energy of bending are deduced in the framework of
the elasticity of thin rods. Alternatively, dislocations at the
joints form small angle boundaries, as shown in Fig. 1(c).
This introduction of dislocations is found to significantly
reduce the total energy of the bundle. The relative
misorientation of the nanowires at the joint due to the
small-angle boundary reduces the nanowire curvature by
an order of magnitude and hence gives rise to narrower dif-
fraction lines.

The X-ray diffraction intensity is produced by the
whole volume of a nanowire ensemble, while the volume
of the joints containing dislocations is only a small fraction
of this volume. As a result, x-ray diffraction reveals mainly
the residual bending of the nanowires due to their bundling,
but is insensitive to details of plastic relaxation at the joints.
Figure 2(a) compares the experimental X-ray diffraction

profiles from a spontaneously formed GaN nanowire en-
semble on Si(111) in successive reflection orders [2] with
the calculated profiles. The calculation is performed with a
Monte Carlo average over random lengths, diameters, and
distances between nanowires, as well as random orienta-
tions of the bundled pairs. We also take into account the
vertical divergence of the X-ray beam in a laboratory dif-
fraction experiment, which gives rise to the asymmetry of
the profiles [2] observed in Fig. 2(a). The shapes of the tails
of the calculated diffraction profiles well agree with the ob-
served ones, which confirms the inhomogeneous bending
of the bundled nanowires as a main source of the x-ray
scattering.

An agreement between calculated and observed dif-
fraction profiles is obtained with a broad and asymmetric
distribution of the lengths of bundled segments, as shown
in Fig. 2(b). We describe this asymmetry by log-normal
distributions with comparable mean value and standard de-
viation, which makes shorter segments more probable.
Symmetric distributions, such as Gaussians, do not provide
an agreement with the experiment. The effective distances
between bundled nanowires in Fig. 2(d) are notably smaller
than the real distances. Hence, a partial relaxation of the
bending energy by dislocations at the joints takes place,
which may be limited by the difficulty to introduce disloca-
tions when atomically flat facets of the two nanowires
merge. Our X-ray diffraction experiments show that a ma-
jor part of the elastic bending energy of the nanowires is
released by creation of dislocations at the coalescence
joints.

1. V.M. Kaganer, S. Fernandez-Garrido, P. Dogan, K. K.
Sabelfeld, and O. Brandt, Nano Lett. (2016),
DOI: 10.1021/acs.nanolett.6b01044.
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Figure 1. (a) Bottom part of coalesced nanowires, (b) coalescence by bending, (c) coalescence with creation

of dislocations at the joints.
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Figure 2. Measured and calculated X-ray diffraction profiles in successive reflection orders (a) and probability density
distributions of the lengths of the bundled segments (b), nanowire diameters (c), and distances at the base of bundled

segments (d) used in the Monte Carlo calculations.

2. V.M. Kaganer, B. Jenichen, O. Brandt, S.
Fernandez-Garrido, P. Dogan, L. Geelhaar, H. Riechert,
Phys. Rev. B 86, (2012), 115325.
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SCATTERING FROM FERROELECTRIC DOMAINS IN STRAINED (K, Na)NbO3
EPITAXIAL FILMS ON (110) TbScO3; SUBSTRATE

M. Schmidbauer', D. Braun', A. Kwasniewski', M. Hanke?, L. von Helden',
J. Schwarzkopf'

"Leibniz-Institute for Crystal Growth, Max-Born-Str. 2, D-12489 Berlin, Germany
2Paul-Drude-Institut fiir Festkérperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin, Germany
martin.schmidbauer@ikz-berlin.de

Oxides with perovskite-like structure represent a fascinat-
ing class of advanced materials which have been exten-
sively studied in the past decades since they exhibit a
variety of functionalities, e.g., ferromagnetism, ferroelec-
tricity or ferroelasticity. In ferroelectric materials phase
symmetry and structural distortions are strongly coupled to
piezoelectric properties. Periodic domain structures are of
particular interest from both fundamental and technologi-
cal point of view. Such periodic polarization modulations
on a nanometre scale can be engineered by the use of sub-
strates with suitable (anisotropic) misfit strains. However,
understanding and controlling of ferroelectric phases and
dimensions of the domain pattern is still hallenging.

We focus on Ky 75Nag 25NbO; thin films grown on (110)
TbScO; orthorhombic substrates using metal-organic
chemical vapour deposition. A highly regular one dimen-
sional ferroelectric domains pattern is formed which ex-
tends over several micrometres with a lateral periodicity of
50 nm (Fig.1a). The monoclinic symmetry of the domains
is controlled by the anisotropic epitaxial lattice strain,
which is highly compressive in one in-plane direction and
weakly tensile in the corresponding orthogonal direction.
Using piezoresponse force microscopy (PFM) and X-ray
diffraction (Fig.1c,d) the monoclinic M4 phase is identi-
fied, which is associated with both a strong vertical and lat-
eral electrical polarization component. The lateral
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component of the polarization vector is collinear with the +
[-110],. shear direction of the pseudocubic (pc) unit cell of
the film and periodically changes by 180° in adjacent
domains.

A structural variant of a 90° rotated M, domain pattern,
where the monoclinic distortion of the pseudocubic unit
cells occurs along = [110], is also observed (Fig.1b). How-
ever, this variant appears with significantly lower probabil-
ity in agreement with energy considerations based on linear
elasticity theory and cannot be independently resolved in a
conventional X-ray diffraction experiment as shown in
Fig.1c. Nevertheless, a 100 nm-focus experiment recently
carried out at IDO1 beamline (ESRF) could be used to indi-
vidually investigate the two domain variants. Distinct dif-
ferences between the 0° variant and the 90° variant were
observed and will be discussed.

1. J. Schwarzkopf, D. Braun, M. Hanke, A. Kwasniewski, J.
Sellmann, M. Schmidbauer, J. Appl. Cryst. 49, (2016), 375.
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Figure 1. (a) Lateral PFM image (2 um x 2 um) of a 30
nm Kg75Nag,sNbO; film grown on (110) TbScO;, (b)
models of 0° and 90° variants (white arrows indicate the
in-plane component of the polarization vector), (c)
out-of-plane x-ray diffraction and, (d) section along the
CTR at Q.40 = 3.09 A" (adapted from [1]).

Monday, September 4 - afternoon

X-RAY PHASE-CONTRAST IN VIVO TOMOGRAPHY

Julian Moosmann
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Geesthacht, 21502 Germany

Four-dimensional imaging techniques are essential tools in
biology to understand the behaviour of cells during embry-
onic development. Here, we apply X-ray phase-contrast
microtomography to capture the early development of the
African clawed frog (Xenopus laevis), an important verte-
brate model organism, over the course of time and in 3D.
Early developmental stages of the Xenopus frog are opti-
cally opaque and lack conventional X-ray absorption con-
trast. For hard X-rays such embryos essentially are
pure-phase objects. The probing wave front is thus charac-
terised by a 2D phase map representing the projection of
the object along the X-ray beam. Employing quasi-mono-
chromatic and spatially coherent X-rays, we thus use prop-
agation-based phase-contrast.

In Fresnel theory, the formation of 2D intensity contrast
upon free-space propagation from a given phase map is
studied and how linear approximations to the inverse prob-
lem of phase retrieval from a single-distance intensity mea-
surement break down for large propagation distances and
strong phase variations. Important properties of linear con-
trast transfer, which are conserved for a wide range of
phase variations and propagation distances, are exploited
in order to devise a phase-retrieval method which exhibits a
high spatial resolution and contrast at low photon statistics.

Constraints imposed by in vivo imaging are discussed
and results from experiments on living Xenopus embryos
are presented.
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