APPLIED PHYSICS LETTERS 96, 133107 共2010兲

X-ray nanodiffraction at individual SiGe/Si„001… dot molecules and its
numerical description based on kinematical scattering theory
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Individual self-assembled SiGe/Si共001兲 dot molecules were investigated by scanning x-ray
nanodiffraction with a beam size of 250 nm in diameter 共full width at half maximum兲. The samples
contain dot molecules with either one, two, three, or four dots. Different azimuthal configurations
were measured and compared with simulated diffraction patterns. We have combined finite element
calculations, kinematic scattering simulations, and experimental measurements to obtain
information about lateral positional correlation as well as strain and germanium content within
individual dot molecules. © 2010 American Institute of Physics. 关doi:10.1063/1.3373916兴
X-ray diffraction with micrometer or even millimetersized beams inherently suffers from a statistical average over
many objects—a drawback, which can be overcome with
smaller spot sizes. In recent years highly brilliant micro- and
nanofocused x-ray beams became feasible at synchrotron radiation sources by the use of, e.g., Kirkpatrick–Baez 共KB兲
mirrors,1 Fresnel zone plates,2 or refractive x-ray lenses.3–5
This development promotes analytical techniques like scanning transmission x-ray microscopy6 and microtomography.7
Further on, one may combine the excellent resolution in real
space 共given by the x-ray spot兲 with a high resolution in
angular space 共e.g., by using a two-dimensional detector兲.
The spot size defines the excited region at the sample,
whereas the high angular resolution provides detailed information about the lattice parameters and positional correlations within the structures at the illuminated area. Thus,
scanning x-ray nanodiffraction enables the investigation of
individual nanoscaled objects like quantum dots8–10 or quantum wires11 and provides spatially resolved strain distribution and chemical composition.
In this study we have focused on SiGe/Si共001兲 dot molecules 共DM兲, which self-assemble around small cavities, Fig.
1. The individual SiGe dots are grown self-organized in the
so-called Stranski–Krastanow growth mode by means of liquid phase epitaxy. In a first step a Si-rich 共98.5%兲 SiGe layer
was established on a Si共001兲 substrate. This yields small
pyramidlike cavities, which subsequently serve as a template
for the formation of DMs. For further details of the growth
process see Ref. 12. The interplay between elastic strain
caused by the heteroepitaxial misfit, its relaxation and the
particular shape of the cavities leads to DMs consisting of
either one 共not shown兲, two 关denoted F1 and F2 in Fig. 1共a兲兴,
three 共b兲 or four SiGe dots 共c兲. It is interesting to note that
the dot nucleation performs at the cavity edges due to efficient relaxation 共minima of the elastic strain energy兲 in 具110典
direction. With their size 共comparable to the size of the x-ray
spot兲 and their inherent strain symmetry this type of DMs is
particularly suited for our kind of methodical study.
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Figure 2 depicts the two Cartesian elastic displacements
⌬x / aSi 共lateral兲 and ⌬z / aSi 共vertical兲 as numerically calculated by finite element method 共FEM兲. The lateral displacement 共bottom兲 shows that strain relaxation happens more effectively toward the cavity 共toward the center of the
molecule兲 than in the opposite direction, hence along the
planar substrate. This can clearly be seen in the bottom of
Fig. 2共b兲 by comparing the extension of features D1 and D2.
For symmetry reasons this holds as well for the orthogonal
in-plane direction 关1̄10兴 共not shown兲.
Diffraction experiments have been performed at beamline ID13 of the European Synchrotron Radiation Facility
共ESRF兲 in Grenoble, France. We have used monochromatic
x-rays with an energy E of 12.4 keV 共⌬E / E = 10−4兲, which
were highly focused by KB mirrors into a 250 nm spot 共full
width at half maximum兲. A two-dimensional Fast Readout
Low Noise detector with a pixel size of 50 m was placed
920 mm behind the sample, Fig. 3. The recorded diffraction
patterns represent two-dimensional sections through reciprocal space. For a given setup only one in-plane direction of
the elastic strain distribution can be probed, namely the direction, which is contained within the diffraction plane.
We have measured diffusely scattered intensities around
the Si共004兲 reflection at various locations at the sample covering all different types of DMs. In Fig. 4 a typical sample
translation scan, as illustrated in Fig. 3, with a step width of
200 nm and an exposure time of 10 s is shown. The sample
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FIG. 1. Scanning electron micrographs of SiGe/Si共001兲 Dot molecules selfassembled on cavities, namely the two types of bimolecules 共a兲 denoted F1
and F2, a trimolecule 共b兲 and highly symmetric quadruplets 共c兲.
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from ensemble averages14,15 using partially coherent x-rays.
However, applying spot sizes comparable to structural dimensions enables a highly local probe.
In the simulations Figs. 5共a兲 and 5共b兲, performed on the
bi-molecules with directly adjacent dots, one can easily study
the influence of rotating the DM by 90°: the correlation
streaks 共S兲 change their direction as well. From a first view
the reader might expect a 45° inclination considering a perfect DM of two identical dots aligned in 具100典 direction.
However, the intensity patterns shown here do not contain
the 共001兲 surface normal since the detector array probes an
inclined 共and slightly curved兲 section of the reciprocal space.
Thus, for our setup the streaks appear under an angle of
68.5°. A further simulation 共not shown兲 of the qx − qy in-plane
section reveals streaks inclined by 45°.
The separation ⌬q of the maxima corresponds to the
distance ⌬x between the dots in the DM in real space via:
⌬x = 2 / ⌬q. In the simulated reciprocal space map for an
incident beam 共more accurate its projection on the sample
surface兲 along 关110兴 illuminating two neighboring dots, see
middle of Figs. 5共a兲 and 5共b兲, the satellites are separated by
⌬q = 0.0042 Å−1, which corresponds to an inter-dot distance
of about 150 nm in real space.
The DM formation of Figs. 5共c兲 and 5共d兲 can be considered as a combination of the two DMs depicted in Figs. 5共a兲
and 5共b兲 with two neighboring dots each. This becomes also
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was scanned along 关1̄10兴, which refers to a spatial resolution
共in this direction兲 comparable to the beam size of 250 nm.
Due to the beam’s footprint on the sample the resolution
perpendicular deteriorates to around 680 nm. In this example
of an illuminated quadruplet a honeycomblike diffraction
pattern appears and disappears within three steps. While
scanning the sample across several micrometer the beam
mostly illuminates just the Si共001兲 substrate without DMs
and does not cause such complex diffraction patterns 共e.g.,
first and last frame in Fig. 4兲. If the spot illuminates the DM
a rather weak SiGe reflection appears at lower qz 共not shown
here兲. The DM density calculated from the electron micrographs, 0.8 m−2, and from the observed diffraction patterns
during a translation scan, 0.9 m−2, are in good agreement.
In order to extract the particular type of DM as well as to
probe its structural parameters 共chemical composition versus
elastic strain兲 we have performed kinematical scattering
simulations.13 The three-dimensional displacement field obtained from the FEM calculations in Fig. 2 is used as an
input. In kinematical theory one can obtain the scattering at a
particular point in reciprocal space just by adding up coherently the scattering by all illuminated scatterers. Figure 5
compares now calculated diffraction patterns 共middle兲 with
experimental results 共bottom兲 at bi- and tri-molecules of different azimuthal orientation 共top兲. The honeycomb features
and streaks generally originate from the lateral positional
correlation among the individual SiGe dots. These correlation streaks are observable not only around the SiGe共004兲
reflection but as well around the intense Si共004兲 reflection
since the strain relaxation fields of the SiGe dots affect the Si
substrate directly below the DMs. A molecule consisting of
two dots only causes extended streaks 共S兲. Their inclination
may serve as a fingerprint of the aziumthal DM orientation.
This even holds for tri-molecules where the diffraction pattern is not invariant against different azimuths too, Figs. 5共c兲
and 5共d兲. Actually similar superstructure satellites are known
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FIG. 4. 共Color online兲 Diffraction patterns near the Si共004兲 substrate reflection. The sequence refers to a sample translation in real space along 关1̄10兴
crossing a quadruplet. Note that the intensity distributions are plotted on a
pixel scale. The scale bar gives a projection to the 共001兲 plane and is, strictly
speaking, only exact in the frame’s center. Each frame contains the intersection with the crystal truncation rod 共CTR兲 of the 共001兲 surface. Above the
CTR 共at higher qz兲 one can observe diffusely scattered intensity around the
Si共004兲 reflection, which clearly depends on the illuminated area of the dot
molecule.

[1

FIG. 2. 共Color online兲 Elastic strain relaxation due to heteroepitaxial lattice
mismatch within and around different DMs 共a兲–共e兲 calculated by FEM. Pictures in the first row show the relative displacement along the surface normal 关001兴; on the second row the lateral component ⌬x / aSi in 关110兴 direction is depicted. In the center of each image the pyramidlike cavity is
sketched.
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FIG. 3. 共Color online兲 Sketch of the experimental setup. Scanning the
sample along 关1̄10兴 preserves a high spatial resolution while in the orthogonal 关110兴 direction the beam’s footprint impairs resolution.

FIG. 5. 共Color online兲 Various configurations with two or three dots 共top兲,
corresponding scattering simulations based on FEM models 共center兲 and
equivalent regions in reciprocal space 共bottom兲. As in Fig. 4, the measured
共and calculated兲 intensities are plotted on a pixel scale 共20 pixels per tick兲.
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prominent in the simulated diffraction pattern, where the diffusely scattered intensity from the DM in Figs. 5共c兲 and 5共d兲
may be interpreted as a superposition of the diffraction images in Figs. 5共a兲 and 5共b兲. The 共vertically elongated兲 spot in
共d兲 can be ascribed to the shorter extension of the DM in this
direction in real space.
Configurations with opposite dots, Fig. 1共a兲 and those
with four dots have been simulated as well 共not shown兲. In
these calculations the formation F2 yields vertical streaks
whereas formation F3 induces horizontal ones. Finally the
diffraction pattern of a quadruplet, Fig. 1共c兲, shows a honeycomblike structure comparable to the formations with three
pyramids.
By varying the FEM model and comparing the resulting
scattering simulation with the measured data, the germanium
content in the SiGe dots can be examined. In our simulations
the model, which corresponds to 26% Ge, 74% Si, appears to
be in best agreement with the experimental data, qSiGe
001
= 4.58 Å−1.
In summary, we have reported spatially resolved x-ray
diffraction on various SiGe/Si共001兲 DMs by means of nanofocused x-ray beams. The proposed method enables a
destruction-free local probe of elastic strain 共and hence
chemical composition兲 at a 250 nm scale. Since the scattering process is fully coherent within the x-ray spot, it is possible to relate the diffraction patterns to a particular configuration. From numerical scattering simulations we have
obtained a germanium content of 26% within the individual
dots. This values appears to be independent of the number of
dots contained in a DM. Further on the orientation of bi- and
trimolecules toward the beam could be determined.
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