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A B S T R A C T

We investigate here the influence of Si substrate miscut on the strain and elastic energy of Ge islands. We show
how the morphology, composition and the elastic energy for 4 and 13 monolayers (ML) Ge islands grown at
600 °C and 730 °C on vicinal Si(0 0 1) surfaces change with miscut angles ranging between 0° and 10°. Scanning
Tunneling Microscopy is used to determine the island morphology. Resonant x-ray diffraction near the Ge-K
absorption edge allows the determination of the Ge concentration as well as the elastic energy stored on such
structures from their dependency on the lattice parameter. Simulations using the Finite Elements Method in-
dicate that the enlargement of the SiGe broad peak retrieved from the x-ray diffraction measurements is actually
caused by the asymmetrical faceting induced by large miscut angles. Such faceting has a strong effect on island
density and elastic energy, producing differences that are proportional to those observed in conditions with
distinct SiGe content.

1. Introduction

Self-assembled semiconductor nanostructures have been intensively
investigated in the past decades. In particular, the interest in obtaining
either spatially ordered islands [1,2] and/or with the enhancement of
specific crystal facets [3–6] has driven recent interest to the use of
substrates with distinct surface conditions [1,7]. It is known that both
high crystallographic index oriented substrates as well as the surfaces
with crystal steps introduced by a miscut angle affect the growing
process at the nanoscale [8,9] and alter the symmetry of the elastic-
interaction potential between epitaxial nanostructures [10]. The ability
to control optoelectronic properties due to elastic tensor constraints in
these structures plays an important role for modern nanoscale en-
gineering [11–14]. Finally, surface configurations and energies of the
vastly studied heteroepitaxial growth of Ge islands on vicinal Si(0 0 1)
can be also better understood when compared to similar objects grown
on substrates with miscut [4,15–17].

On Si(0 0 1) substrates, the coverage-dependent evolution of islands

shape and size is well understood. There are characteristic transitions
from unfaceted prepyramids to {1 0 5} faceted SiGe pyramidal huts up
to multifaceted domes and superdomes increasing the Ge concentration
[18–20]. In this work we study Si/Ge intermixing, as well as the elastic
energy stored in the nanostructures, for a set of samples with different
nominal Ge coverages (4ML and 13ML), located within the vicinal
pyramidal and dome/superdome regimes, grown at distinct tempera-
tures (600 °C and 730 °C). The retrieved information on strain fields,
elastic energy and composition (using resonant synchrotron x-ray dif-
fraction) is compared for islands grown on substrates with and without
miscut.

2. Experimental section

2.1. Sample preparation

The samples studied in this work consist of SiGe islands grown on Si
(0 0 1)substrates. The islands were grown by physical-vapor deposition
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of Ge on the singular Si(0 0 1) surface and on vicinal substrates mis-
oriented by 6° and 10° towards the [1 1 0] direction at T= 600 °C and
730 °C and at constant flux of 1.8×10−3ML/s. In order to verify the
island morphology, scanning tunneling microscopy (STM) measure-
ments were carried out in situ by using a scanning tunneling microscope
under ultra high-vacuum conditions (p < 3×10−11 torr) [21].

2.2. Characterization

Synchrotron grazing-incidence x-ray diffraction measurements were
carried out at the ID01 and BM02 beamlines of the European
Synchrotron Radiation Facility (ESRF, Grenoble), as well as at the XRD2
beamline of the Brazilian Synchrotron Light Laboratory (LNLS,
Campinas). The experiments were performed using 6-circle (BM02 and
XRD2) and 3+2-circles (ID01) diffractometers equipped with area
detectors (Maxipix, Pilatus 100 K). The incident angle was fixed at the

critical angle of total external reflection (0.16°) near 11.103 keV (K-
absorption edge of Ge). The diffracted signal was measured over a
minimum exit angle range of 1.5°.

Finite Elements Method (FEM) analysis using a commercial software
package (COMSOL Multiphysics) was carried out to simulate the dis-
placement and strain fields inside the measured islands, and then to
simulate their scattering signal.

3. Results and discussion

3.1. Morphology characterization

Fig. 1(a) and (b) display the STM images obtained for the samples
with 4 ML of Ge coverage grown at 600 °C on a Si(0 0 1) substrate
without miscut and with 10° miscut, respectively. On the flat substrate
(0° miscut), a mixture of {1 0 5} faceted pyramids and domes is

Fig. 1. Scanning Tunneling Microscopy images showing the morphology of islands on the (a) 4ML sample without miscut, (b) 4ML sample with 10° miscut, (c)
13ML sample without miscut and (d) 13ML sample with 10° miscut. All of the images correspond to samples grown at 600 °C. The insets show the facets of the
structures. It is possible to notice a longer semi-axis along the [1 1 0] direction (indicated by arrows in the STM images for the 13ML samples) for the sample with
miscut. Figure (e) shows a zoom for a dome and a superdome from the 13ML sample, evidencing the stretching on the superdome at the [1 1 0] direction.
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observed, while for the 10° miscut sample, the growth of the pyramids
is hindered by the geometrical constraint of the miscut angle, and in-
stead a wetting layer completely faceted by {1 0 5} ripples appears, so
the domes and a {1 0 5} faceted wetting layer can be found. For the
sample with 4ML coverage and without miscut. the two observed types
of islands have different densities: pyramids correspond to 85% of the
islands and domes to 15%, resulting in an overall density of
12×109 islands/cm2. The average height and lateral size of the domes
are (23 ± 6) nm and (110 ± 20) nm, respectively. Conversely, the
pyramids are (5 ± 2) nm in height and (50 ± 10) nm in lateral di-
mension. Only domes are observed on the 10° miscut sample, with a
density of 1.8× 109 islands/cm2, and average height of (15 ± 2) nm
and a lateral size of (80 ± 20) nm. Fig. 1(c) and (d) show STM images
obtained for the samples with 13ML of Ge on 0° and 10° miscut sub-
strates, respectively. One notices that the average length of one of the
semiaxis along the [1 1 0] direction increases for larger miscut angles.
On the other hand, island density is reduced, which indicates that the
material deposited is re-distributed among islands. From the images,
one can see that the sample with 0° miscut and 13ML coverage contains
nanostructures with an average height of (15 ± 2) nm and a length of
(110 ± 20) nm along the longer semiaxis. Instend for the islands on the
10° miscut substrate, a height of (23 ± 6) nm and a length of
(190 ± 40) nm (longer semiaxis) are observed. At 13ML of Ge cov-
erage, 15% of the island population consists of superdomes. The islands
density is about 1.7×109 islands/cm2 for the flat substrate and
0.9×109 islands/cm2 for the substrate with 10° miscut. Fig. 1(e) dis-
plays one isolated dome and one superdome, from the 13ML sample,
evidencing the differences on sizes, specially along the [1 1 0] direction.

3.2. X-ray diffraction analysis

To seek distinct lattice relaxation responses caused by any strain
anisotropy that may take place due to islands shape, surface x-ray
measurements along perpendicular directions were performed for the
sample with 13ML of Ge coverage grown at 600 °C. Fig. 2(a) and (b)
show x-ray diffraction longitudinal (radial) profiles along the [2 2 0]
and [2 2̄ 0] directions, respectively. One narrow and intense peak
coming from the Si substrate is observed at H=K=2 (reciprocal lat-
tice units of Si) for each of the two scans. A broad peak extends towards
lower values of (H, K), corresponding to larger local lattice parameters.
It is attributed to the presence of a gradient of lattice parameter values
inside the Ge nanostructures [22]. The intensity signal drop around H,
K=1.945 for both reflections indicates that asymmetries on the strain
distribution are not significant comparing both in-plane directions.
Nevertheless, the distinct faceting from each direction generates fea-
tures between H, K=1.97 and H, K=1.99.

Fig. 3 shows longitudinal scans measured near the 220 Si Bragg
peak for the samples containing 4ML (a) and 13ML (b) of Ge coverage,
grown on Si substrates with 0° and 10° of miscut. The broad intensity
distribution observed for the scans corresponding to the samples with
10° miscut reach lower (H, K) values compared to the signal of islands
grown on the flat substrate for both 4 and 13ML. Higher diffracted
intensities were also detected at lower (H, K) values, indicating the
existence of more material with partially or fully relaxed lattice para-
meter in these structures. These results suggest that for larger miscut
angles, the Ge concentration increases inside islands.

The Ge composition in all samples was retrieved performing re-
sonant (anomalous) x-ray diffraction measurements. Fig. 4 shows
longitudinal scans for three different photon energies: (i) 80 eV below
the Ge K absorption edge, (ii) 6 eV below the edge, and (iii) on re-
sonance with the edge. Panel (a) is referred to the sample grown at
600 °C with no miscut, (b) to the sample grown at 730 °C with no miscut
and (c) to the sample grown at 600 °C with 10° miscut for Ge coverage
of 4ML. For all the three samples, it is clear that the diffracted intensity
from the domes decreases as the energy gets closer to the edge. This
effect is stronger for the samples grown at 600 °C, which is consistent
with a reduced Si interdiffusion at lower growth temperature, leading,
in turns, to domes with larger Ge content. This result is in agreement
with the data measured on samples grown at 730 °C reported in
Fig. 4(b), where narrower peak for the domes indicates a lower Ge
concentration, since the observed lattice parameter distribution does
not span significantly towards the value of bulk Ge. Differences be-
tween the samples grown at 600 °C with and without miscut cannot be
directly noticed at this point.

The dependency of the intensity of the diffracted beam with the Ge
concentration is quantified using Eq. (1) [22,23]:

= +I I C f C f| |SiGe
Ge Ge Si Si0

2

= +I C f f f| ( ) |Ge Ge Si Si0
2 (1)

where ISiGe is the intensity for a given energy, I0 is a normalization
constant that depends on the beam flux, CGe, CSi, fGe and fSi are the
concentrations and the atomic scattering factors for the Ge and Si, re-
spectively.

Applying Eq. (1) on the resonant x-ray scattering data, we obtain the
Ge concentration, since fGe and fSi are known for a given energy and
ISiGe can be retrieved from the measurements, leaving only I0 and CGe
unknown. Varying the normalization constant and the Ge concentra-
tion, with fixed values of scattering factors for each energy, we found
the optimal fitting for the variables that matches each calculated ISiGe to
the corresponding measured intensities. Minimizing the differences
from the theoretical and experimental outputs for the three energies,

Fig. 2. Longitudinal x-ray diffraction scans near the (a) (2 2 0) and (b) (2 2̄ 0)
reflections for the sample with 13ML Ge (TG= 600 °C). The presence of fea-
tures between H, K= 1.97 and H, K= 1.99 indicates distinct faceting from
each direction.
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simultaneously, CGe becomes unambiguously determined. The proce-
dure was used for different values of (H, K), allowing us to plot the Ge
concentration as a function of the in-plane lattice parameter condition,
for each of the studied samples. The left panels from Fig. 5 show the Ge
concentration results for the samples grown at (a) 600 °C (4ML Ge), (b)
730 °C (4ML Ge) and (c) at 600 °C (13ML Ge), with 0° and 10° miscut
for the first two sets of samples and 0° and 6° miscut for the last one.
Clearly, the Ge concentration is reduced in the direction where the in-
plane lattice parameter moves towards the bulk Si value. For larger
lattice parameter values, the local Ge content increases in all cases. One
notices that for the 4ML (600 °C) samples, the Ge concentration is
larger for islands grown on substrates with miscut, if compared with the
flat surfaces. Such result indicates that the island facets, which become
larger after growth on substrates with miscut, may present a larger
barrier against surface diffusion of Si atoms. This scenario changes
when we look at the samples with a deposit of 13ML of Ge (600 °C),
where a larger Ge content is retrieved at the flat substrate condition.
Such effect indicates that the {1 1 1} facets at the base of superdomes
(which are present at this coverage) become larger for the substrates
with miscut, and are preferential sites for Si diffusion from the substrate
[24].

The right panels of Fig. 5 show the elastic energy per atom, dis-
played as a function of the local lattice parameter for each sample.
From Fig. 5(d), it can be noticed that the elastic energy is higher when
the miscut substrate is used for the samples grown at 600 °C with 4ML
of Ge coverage. The same scenario holds for the samples grown at
730 °C (4ML Ge) and at 600 °C (13ML Ge), as shown in Fig. 5(e) and (f)
respectively, up to large lattice parameters, corresponding to the
domes/superdomes regime. The elastic energy assumes values close to
0 when the lattice parameter approaches that of the bulk Si, while it

increases for the region corresponding to the islands. This result in-
dicates that the symmetry break introduced by the large island facets on
substrates with miscut drives the system away from the usual minimum
energy condition [21,25].

3.3. Finite Elements Method simulation

Finite Elements Method analysis using a commercial software
package (COMSOL Multiphysics) was performed to simulate islands
with 4ML Ge coverage grown at 600 °C. These simulations were carried
out to understand whether the broadening of the diffraction peak
coming from the Ge islands grown on substrates with and without
miscut is due to surface or bulk effects. Fig. 6(a) shows cross-section
images for the two simulated structures, the upper one without miscut
and the bottom one with 10° miscut. The colormap shows the dis-
placement u after relaxation, evidencing the asymmetry of strain dis-
tribution on the samples with miscut. A visual comparison of equal-
volume islands, such as those depicted in Fig. 6(a), is not enough to
identify in which island the largest amount of elastic energy is stored.
Due to the effect of the asymmetric morphology on the island, variables
must be evaluated for the whole volume.

The geometrical asymmetry has, nevertheless, a clear signature on

Fig. 3. Longitudinal x-ray diffraction scans are shown for the samples con-
taining (a) 4ML and (b) 13ML of Ge coverage grown at 0° and 10° miscut under
600 °C. The diffraction peaks corresponding to the islands span a larger range of
(H, K) values for the samples with miscut angle, suggesting a larger Ge con-
centration in the domes and superdomes grown on substrates with miscut.

Fig. 4. Resonant x-ray diffraction longitudinal scans performed near the Si 220
Bragg peak for (a) the sample grown at 600 °C with no miscut, (b) the sample
grown at 730 °C with no miscut and (c) the sample grown at 600 °C with 10°
miscut. All results in this figure refer to 4ML samples. The photon energies used
were: 93 eV below the Ge K absorption edge (black dots), 6 eV below the edge
(red dots), and at the Ge-K edge (blue dots).
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FEM (bulk-like) simulations. For instance, the second principal strain
(that depends on the difference of the in-plane directional strains) along
a vertical line drawn in the geometrical center of the domes is different
for the two geometries. The second principal strain is defined as:

= ++ ( )II x y xy2
1
2

2 2x y , where =i
u
i
i is the derivative of the dis-

placement along the i direction with respect to the same direction and
= +xy

u
x

u
y

y x is the shear strain component. The profiles extracted
from our simulations are depicted in Fig. 6(b) for both structures along
the growth direction (out-of-plane), with and without miscut. The plot
again points out a strong strain asymmetry in the 10° miscut sample.

Longitudinal x-ray diffraction scans on samples with 0° and 10°
miscut, shown in Fig. 7(a), show an additional broadening of the dif-
fraction peak of Ge islands in case of non-zero miscut. To check whether
the asymmetry observed by FEM simulations in the bulk of the islands is
related to the broadening of the island diffraction peak, we simulated
the x-ray diffraction radial scans from the FEM structures. The result is
shown in Fig. 7(b). The theoretical curves do not exhibit a significant
difference for low (H, K) values, indicating that the effect observed in
the experiment may not come from the bulk elastic energy, but from the
miscut-induced facets, which introduce strain states that cannot be re-
trieved in the flat substrate systems.

Another series of FEM simulations on iso-volume islands were also
analysed comparing domes with pure Ge content and with a Si0.5Ge0.5

alloy ratio. We retrieved the average elastic energy (in meV/atom) for
three-dimensional islands simulated with a miscut of 0, 2°, 6° and 10°.
The results are shown in Fig. 8 (dotted lines / solid dots), and are
compared with those obtained experimentally, displayed as dashed
lines/open dots. The size of the marks takes into account the error bar
on the vertical axis, while the energy scale (Y-axis) is logarithmic. The
comparison has been done for the samples with 4 ML Ge coverage,
grown at 600 °C (blue) and 730 °C (red), which are close in composition
to simulated islands with pure Ge (dark blue) and a Si0.5Ge0.5 alloy
structures (dark red).

The simulated pure Ge islands obviously exhibit the largest volume-
averaged elastic energy (of about 5.5meV/atom) [26,27]. This value iis
not affected by the morphological asymmetry imposed by the island
shape within the simulated miscut range. The experimental data for the
islands grown at 600 °C clearly show a lower average strain energy
density with respect to the simulations with pure Ge content. This in-
dicates a significant intermixing on both the flat and the misoriented
substrates. What is indeed remarkable, in the experiment at 600 °C, is
that the volume averaged strain energy increases strongly for the
10° miscut domes, going from an approximately 1.4 meV/atom value
for islands grown on flat surfaces to 2.9meV/atom on the miscut sub-
strate. Since FEM simulations indicate that this asymmetry is not a bulk
effect, we believe that the appearance of miscut-induced facets has
indeed a crucial role in the storing of elastic energy in the real

Fig. 5. Ge concentrations for samples grown at (a) 600 °C (4ML Ge), (b) at 730 °C (4 ML Ge) and (c) at 600 °C (13ML Ge), with 0° and 10° miscut for the first two sets
of samples and 0° and 6° miscut for the set of panel (c). The elastic energy per atom (in meV/atom) is shown for the samples (d) 600 °C (4ML Ge), (e) 730 °C (4ML Ge)
and (f) 600 °C (13ML Ge). Higher energies values are generally observed for the samples grown at substrates with miscut.
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(experimentally evaluated) system.
As expected, lower elastic energies are retrieved for the simulated

islands with 50% Si content (about 1.1 meV/atom in Fig. 8), where
again the miscut has no influence on the averaged energy if only bulk
conditions are considered. These simulations can be compared to the
volume-averaged anergies for the 730 °C samples, where intermixing is
more severe. Again, for the 4ML domes grown at substrates with
miscut, we measure a larger average elastic energy with respect to their
counterparts grown on the flat substrate. Experimentally, we evaluate a
strain energy of 0.22meV/atom for the 0° miscut substrate, while
0.85meV/atom for the 10° miscut sample. Again, we believe that the
difference in elastic energy is stored at the asymmetric facets for the
samples with 10° miscut.

The observed difference of elastic energy among islands on distinct
substrates (vicinal and with miscut) are quite high if compared in their
average values. Namely, the effect of an asymmetric faceting at large
miscuts on the energetic balance is comparable to a change in stoi-
chiometry of about 20–30% in Si content. We speculate that both sur-
face (kinetic) and bulk diffusion behave differently in assymetric
domes. Surface diffusion may be affected by the distinct facet slope and
surface reconstruction on the miscut domes, while bulk diffusion may
be different for the islands shaped by the miscut due to the different
height of the exposed surface (where the perpendicular stress is zero)
with respect to the substrate/island interface, compared to the sym-
metric island shape on the flat substrate.

4. Conclusions

In conclusion, we have studied the intermixing inside SiGe islands
grown on Si(0 0 1) substrates with and without miscut angle. Radial

Fig. 6. (a) Cross-section maps for the structures simulated using a Finite
Elements Method Simulation commercial software (COMSOL Multiphysics),
representing islands with the experimental dimensions of domes with 4ML Ge
coverage grown at 600 °C for flat (upper panel) and 10° miscut (bottom panel)
substrates. The colormap shows the total displacement u (sum of in-plane and
out-of-plane) after relaxation, evidencing a strain asymmetry on the samples
with miscut. Panel (b) shows the second principal strain corresponding for the
structures depicted on figure (a) for the elements following a vertical (growth
direction) line that passes through the geometrical center of the domes, en-
dorsing the strain asymmetry present on the 10° miscut sample.

Fig. 7. (a) Experimental data for 0° and 10° miscut samples with 13ML Ge
coverage. (b) Simulated longitudinal x-ray diffraction scans, which indicate that
the enlargement of the broad peak observed in the experimental curves [panel
(a)] does not arise from the bulk elastic energy configuration.

Fig. 8. Volume averaged energy (in meV/atom) for the structures simulated
through FEM (dotted lines/solid dots) and obtained experimentally (dashed
lines/open dots). Experimental results from samples with 4ML Ge coverage
grown at 600 °C (blue) and 730 °C (red) were compared with simulations as-
suming pure Ge islands (dark blue) and Si0.5Ge0.5 islands (dark red). The results
point out to a larger elastic energy stored at the asymmetric facets for the
samples with 10° miscut. Arrows connecting the experimental data serve as
guide to the eyes only.
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anomalous x-ray diffraction measurements were performed on samples
containing 4ML and 13ML of Ge, grown under 600 °C and 730 °C. The
Ge concentration and the elastic energy per atom stored during the
nanostructures formation process, were retrieved. Previous studies on
the flat Si(0 0 1) surface have shown that the Ge domes evolve into
superdomes and during this transition process relax [28–32], but as far
as we know this is the first time that the Ge concentration and the
stored elastic energy is quantified for these structures. A comparison
between FEM analysis of the structures, suited for bulk-like behavior,
and the experimental data indicates that the different values obtained
for the elastic energy probably arise due to a non trivial effect of the
miscut-induced facets on substrates with large misorientation angles.
Islands grown on large miscut substrates present higher values of vo-
lume-averaged elastic energy. A distinct local Si intermixing at the
asymmetric islands may be responsible for such effect. Therefore, be-
sides modifications on island morphology and density, the introduction
of non-flat substrates allows to tune the elastic energy stored inside the
Ge islands.
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