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Global and local integration schemes of Germanium (Ge)
based heteroepitaxial systems on a Silicon (Si) platform are
of crucial importance for advanced complementary
metal-oxide-semiconductor (CMOS) technology and elec-
tronic photonic integrated circuits (EPICs). To improve the
performance of such heterostructures for Ge-based de-
vices, fundamental insights into the local crystal structure
are required. This information can be a valuable input to
engineers for theoretical simulations to correlate the struc-
tural properties with materials electronic and photonic
properties.

A recently developed synchrotron-based scanning
X-ray diffraction microscopy technique, called quicK-
mapping (K-map), from the beam line ID01 of the Euro-
pean Synchrotron radiation facility (ESRF) is ideally suited
to non-destructively image with sub-micron resolution
local tilt and lattice constant variations (Aa/a) with a sensi-
tivity down to 10~ degree and 107, respectively. Local
lattice orientations and constants are extracted by the X-ray
Strain Orientation Calculation Software (XSOCS) [1]. In
the presentation, K-map results from SiGe buffer layers
and Ge micro-stripes are demonstrated as examples for
global and local Ge heterostructures.

SiGe ,,virtual substrates* are a promising approach for
the very large scale integration (VLSI) of Ge as closed
films on Si(001). Although, growth and relaxation pro-
cesses of SiGe buffer layers on Si(001) are well investi-
gated and major achievements were made, control over the
structural homogeneity of SiGe buffers below micro-meter

scale is still a challenge for global integration on 300 mm
Si(001) wafers. The capability of the K-map technique to
determine lattice parameters in a quantitative way demon-
strates the achieved quality given by the influence of plas-
tic relaxation to the tilt, strain and composition of
Ge/SiGe/Si(001) systems.[2,3]

Ge micro-structures on Si(001) achieved by top-down
or bottom-up approaches suffer as well from inhomo-
geneities due to growth and relaxation processes. Addi-
tionally, process steps as capping layers and local etching
or doping may further influence the crystal structure. How-
ever, these approaches enable to engineer local structural
properties as the strain distribution.[4]
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A structural study of a scaffold made of bovine gelatin and
hydroxyapatite (HA) is carried out, for bone tissue engi-
neering purposes [1]. The great relevance of such a mate-
rial relies on its potential application in the healing process
of osteochondral defects, which are responsible for the
damage of cartilage and adjacent subchondral bone, com-
promising the quality of life of millions of patients. Two
techniques exploiting X-ray radiation, with table-top set-
ups, are used: micro-CT and microdiffraction. The former
allowes 3D imaging at the micrometer scale spatial resolu-
tion, the latter provides combined 2D structural/morpho-
logical information at the atomic and nano-scale, with a
hundred microns spatial resolution. The combination of
these two techniques allowed the study of the scaffold den-
sity gradient, related to the HA concentration gradient, en-
gineered on purpose to mimic the natural bone structure
model. Micro-CT defines the directionality of the gradient;
WAXS probes the crystalline phases in the sample; SAXS
microscopy selectively probes HA distribution through
mapping of the SAXS intensity in specific g-ranges. Scan-
ning SAXS micrographs and WAXS patterns were col-
lected by using a high brilliance Rigaku Fr-E+ SuperBright
microsource, coupled to a SMAX3000 three pinhole cam-
era through a focusing multilayer optics (CMF 15-105) [2].
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Development of new high-performance materials, e.g.,
new aluminum or steel alloys, is critical for advances in en-
ergy production and utilization (and many other areas).
These materials often exhibit complex microstructures
spanning multiple length scales that control their perfor-
mance. In this context, it is important to simultaneously

characterize, ideally in situ or in operando, various facets
of the microstructure — for example precipitate shape and
size, together with their phase and chemical composition.
Over many years, the Advanced Photon Source (APS) with
NIST has developed and optimized a combined Ultra-
Small, Small, & Wide Angle X-ray Scattering

© Krystalograficka spole¢nost



&

238  XTOP 2016 - Session 9 Materials Structure, vol. 23, no. 3 (2016)
5
x 10
w0 6
I f =5 S ,,»»»‘.’:’»' O 1
Z 10'f S wh o et
2 > 4 » = . ¢« * il
2 ok ‘@ » e
é ..QC_’- b: ‘."’"' ..t’...-..
g W €3 . e 1
8 F USAXS 3 T f.-"‘-
10 SAXS Tol o e i
? S . o~
4 3 ‘e ()
0'F E Lo " * SWAXS-190 |
o T + SWAXS-208
0.0001 0.001 0.01 0.1 1 0 :’....'... 0“’ . 4 SWAXS-ZZB
q A" 0 200 400 600 800
Figure 1 Example of combined USAXS, SAXS, and WAXS for time (min)

AA202024 alloy.

(USAXS/SAXS/WAXS) facility [1]. Data spanning over 5
decades in microstructural size can be collected sequen-
tially in 4 to 6 minutes, from the same volume during one
in-situ experiment. In the case presented, we have studied
the Al-Cu-Mg alloys, e.g., AA2024, at different aging con-
ditions.

The precipitate structure and precipitation kinetics in
the Al-Cu-Mg alloy, AA2024, aged at 190 °C, 208 °C, and
226 °C have been studied using ex situ TEM and in situ
combined USAXS/SAXS/WAXS at the APS across a
length scale from sub-Angstrom to several micrometers,
Fig.1. TEM provided information concerning the nature,
morphology, and size of the precipitates, while USAXS/
SAXS/WAXS provided qualitative and quantitative infor-
mation concerning the time-dependent size and volume
fraction evolution of the precipitates at different stages of
the precipitation sequence.

Using a three-parameter scattering model constructed
on the basis of the TEM results, we established the temper-
ature-dependent kinetics for the cluster-dissolution and
S-phase formation processes. These two processes, while
occurring simultaneously, have different kinetic rates, with
the cluster-dissolution rate approximately double the
S-phase formation rate. We also identified a dissolution
activation energy at (149.5 = 14.6) kJ mol”', which trans-
lates to (1.55 + 0.15) eV/atom, as well as an activation en-
ergy for the formation of S precipitates at (129.2 £ 5.4) kJ
mol™, i.e. (1.33 £ 0.06) eV/atom. The SAXS/WAXS re-
sults show the absence of an intermediate GPB2/S" phase
in the samples under the experimental ageing conditions.
These results are further validated by precipitation simula-
tions that are based on Langer-Schwartz theory and a
Kampmann-Wagner numerical method. This study [2]
clearly shows how the extended-range USAXS/SAXS/

Figure 2. Evolution of the integrated 112 reflection of the S phase
precipitate peak intensity at d=2.570 A (or g = 2.445 A™") at 190
°C, 208 °C, and 226 °C,...

WAXS facility simplifies and speeds up new advanced
materials characterization and development.

1. J.llavsky, P.R. Jemian, A.J. Allen, F. Zhang, L.E. Levine,
G.G. Long, Journal of Applied Crystallography, 42,
(2009), 469-479.

2. Zhang, F., L. E. Levine, A. J. Allen, C. E. Campbell, A. A.
Creuziger, N. Kazantseva and J. llavsky, Acta Materialia
111, (2016), 385-398.

This research used resources of the Advanced Photon
Source, a U.S. Department of Energy (DOE) Olffice of Sci-
ence User Facility operated for the DOE Office of Science
by Argonne National Laboratory under Contract No.
DE-AC02-06CH11357.

© Krystalograficka spole¢nost



&

Materials Structure, vol. 23, no. 3 (2016)

239

C29
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The heteroepitaxial growth of materials with different lat-
tice and thermal expansion coefficients, particularly in the
form of various semiconductor layers on silicon, is one of
the cornerstones of functional scaling for integrating
high-speed electronic and optoelectronic devices. Unfortu-
nately, the mismatched materials suffer from misfit (MDs)
and threading (TDs) dislocations formed at the material in-
terface and from wafer bowing. Both MDs and TDs nega-
tively impact the electrical and optical properties of the
potential device. Wafer bowing can lead even to cracking
of whole chips.

Recently Falub et al. achieved a breakthrough in the at-
tempt to eliminate threading dislocations from hetero-
epitaxial SiGe/Si layers. This was realized by using a novel
kind of epitaxial growth in which densely packed 3D SiGe
crystals are formed on patterned Si substrates instead of
continuous films [1]. Thanks to a fully faceted morphology
and limited lateral crystal size, all threading dislocations

20 pm

Figure 1. Perspective scanning electron microscope (SEM)
image of an individual graded SiGe crystal probed by an
X-ray nanobeam.

stemming from the heavily defected heterointerface are
forced to leave the crystals through their sidewalls, leaving
the upper crystal region defect-free [2].

Although this method is highly effective in eliminating
threading dislocations, it does not prevent the formation of
misfit dislocations at the SiGe/Si heterointerface, as pre-
sented in our previous experiments using scanning X-ray
nanodiffraction [3]. However M. Salvalaglio et al. have re-
cently proposed [4] an innovative approach to eliminate
misfit dislocations in highly mismatched, compositionally
graded SiGe/Si heterostructures. The misfit stress may be
relaxed entirely elastically by choosing the appropriate
crystal width and Ge grading rate. Such heterostructures
have been recently realised [5] and form the basis for this
paper.

In this work we present X-ray nanodiffraction experi-
ments performed at the IDO1 beamline of the ESRF in
Grenoble on isolated 3D Si; ,Ge, microcrystals (see Fig. 1),
in which the Ge content x is linearly increased from 0 to

0020 902 004
Qx(1/A)

Figure 2. RSM around the (004) Bragg reflection of a SiGe crys-
tal probed by a skewed nanobeam through the top part of the crys-
tal.
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40% at the rate of 1.5% pm™. Depending on the crystal
width, the 3D SiGe crystals are expected to be completely
free from misfit and threading dislocations. During the ex-
periment we have performed series of scanning X-ray dif-
fraction microscopy (SXDM) images for different
incidence angles from which 3D reciprocal space maps
(RSMs) have been built (see Fig. 2). RSMs around the
(004) and (115) Bragg reflections have been collected on
2D meshes for microcrystals with different Ge grading
rates and different widths, and on an unpatterned area. By
combining series of RSMs we obtain an evolution of the
crystal lattice tilt and strain depending on the Ge grading
rate and crystal width at various positions inside the crystal.
The X-ray data are compared with finite element
calculations.
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The FesoRhsy material exhibits a reversible magneto-struc-
tural transition between a room-temperature antiferro-
magnetic (AFM) and a high-temperature ferromagnetic
(FM) phase approximately at 350 K [1]. After the transition
to the FM state, the lattice is discretely expanded and this
transition shows the temperature/field hysteresis in the lat-
tice parameter and in the magnetic net moment [2]. Most
probably, the initial growth of the ferromagnetic phase is
stimulated by the defects located at the surface and/or the
interface with the substrate [2]. Further, in the thin FeRh
layers, the presence of the stable residual FM volume lo-
cated at the layer/substrate or layer/capping interfaceis is
being observed [3].

T<<T

experiment

Coi.lrrn-

room temperature

Using High-Resolution X-ray diffractometry (HR-
XRD), we have measured several samples of FeRh thin
layers with various thicknesses benefiting from the differ-
ent lattice parameter of the AFM and the FM phase. We
performed the temperature dependent measurements (dur-
ing the heating and the cooling) of the distribution of dif-
fracted intensity in the reciprocal space. For the simulation
we assumed the mosaic-like model of FM and AFM do-
mains that allowed to interpret the experimental data. From
the fitting we determined the vertical and lateral size of do-
mains together the relative volume of both phases.

We confirmed the presence of the FM volume at the
room tempereature. However, in contrary to the common
interpretation based on thin FM interlayer, the diffraction
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Figure 1. The sketch of two competitive model of FM/AFM domains arrangement (left panel). The comparison of the measured and
simulated reciprocal space maps at various temperatures (right panel).
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data indicated that both the FM and the AFM domains have
constant vertical size being equal to the layer thickness ob-
tained from the X-ray reflectivity. At room temperature,
the FM volume (although very small) is spread from the
very bottom to the top of the thin layer, probably in the
form of thin columns laterally distributed in the layer. Just
these columns could be the seeds for the emerging FM
phase during the heating.

1. Zakharov, A. (1964). Soviet Physics JETP, 46(6),
2003-2010.

Session X

110

2. Lu, W., Huang, P., Chen, Z., He, C., Wang, Y., & Yan, B.
(2012). Journal of Physics D: Applied Physics, 45, 435001.

3. Baldasseroni, C., Palsson, G. K., Bordel, C., Valencia, S.,
Unal, a. a., Kronast, F., ... Hellman, F. (2014). Journal of
Applied Physics, 115, 043919

We acknowledge the financial support by the Czech Sci-
ence Foundation (proj. num. 14-37427G).

Wednesday, September 7 - afternoon

HIGH RESOLUTION X-RAY SPECTROSCOPY OF ELECTRONIC AND ATOMIC
STRUCTURE OF TIO2 NANOSTRUCTURES AND CHARGE TRANSFER PROCESSES

Federico Boscherini'*, Lucia Amidani®, Luca Pasquini', Giacomo Rossi', Marco Malvestuto®
and Alberto Naldoni*

1Depan‘ment of Physics and Astronomy, University of Bologna, Italy
’ESRF, The European Synchrotron, Grenoble, France
°Elettra, Sincrotrone Trieste, Trieste, Italy
*CNR-ISTM, Milano, Italy
federico.boscherini@unibo.it

Refined X-ray spectroscopy can play a key role in under-
standing the fundamental mechanisms responsible for the
physical and chemical properties of advanced functional
materials and devices. In this contribution, we will focus on
TiO2 — based nanostructures, which are actively studied for
many applications, including photocatalysis. Despite many
potential advantages, one limitation of TiOz2 is the wide

hot e

X-rays fa— (

laser

band gap, which limits solar light absorption. By using
high resolution X-ray absorption spectroscopy (XAS) and
resonant inelastic X-ray scattering (RIXS) we have re-
cently studied the atomic and electronic structure of two
materials systems designed to overcome this limitation:
nanostructures formed by close assembly of Au and TiO2
nanoparticles [1] and V-doped TiO2 [2].
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Figure 1: Graphical description of the experiment on Au:TiO, and of hot electron charge transfer. The inset re-
ports the effect of laser illumination on high resolution XAS spectra and a typical RIXS plane.
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