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Abstract—Atomic-force microscopy, micro-Raman spectroscopy, and high resolution X-ray diffraction are
applied to study the spatial ordering in single layers of SiGe nanoislands grown on a strained Si; _ ,Ge, buffer
sublayer. It is shown that, apart from stimulating the spatial ordering of nanoislands, the introduction of a
Si; _ ,Ge, sublayer leads to an enhanced role for interdiffusion processes. An unusually high increase in the
volume of nanoislands in the process of the epitaxy is related to the anomalously strong diffusion from the
buffer sublayer into the islands that is induced by nonuniform fields of elastic strains. The anisotropy of the
islands shape and spatial ordering is discussed in terms of the anisotropy of the diffusion processes in spatially

nonuniform fields of elastic strains.
DOI: 10.1134/S1063782612050211

1. INTRODUCTION

Controlling the size of semiconductor quantum
dots (QDs), their size dispersion, and spatial ordering
directly during the process of molecular-beam epitaxy
is presently an issue of considerable importance [1].
It is known that spontaneous nucleation of coherent
three-dimensional islands, which takes place after the
formation of a homogeneous wetting layer (the Stran-
ski—Krastanov mechanism), results in the chaotic
mutual arrangement of QDs [2, 3]. Approaches aimed
at improving spatial order in QD arrays and reducing
the dispersion in QD size have included variation in
the growth temperature and rate [4], making use of
impurities and stressors to introduce centers for the
nucleation of Ge islands on a Si substrate [5, 6], and
growth on misoriented substrates [7, 8]. However, the
problem of obtaining spatially ordered arrays of uni-
form Ge QDs is still a relevant one.

One possible way for solving this problem is the for-
mation of spatially ordered dense arrays of GeSi
islands on strained Si,_,Ge, buffer sublayers. As
shown previously [9, 10], the areal density of the
islands increases with increasing Ge content in the
Si, _Ge, buffer layer of a given thickness; this results
from a reduction in the surface diffusion length of ada-
toms caused by greater surface roughness of the buffer
layer. As the areal density of the nanoislands increases,
the spacing between the islands becomes comparable
to their size, and lateral interaction between the elas-
tic-strain fields of neighboring islands can occur. This
interaction promotes in-plane ordering of the islands.

Here, we study lateral self-ordering in single layers
of SiGe nanoislands grown on strained Si;_,Ge,
buffer layers of different thicknesses.

2. EXPERIMENTAL

The structures under study were grown by molecu-
lar-beam epitaxy on Si (001) substrates at 700°C. After
thermal cleaning of the substrate in the growth cham-
ber and the deposition of a 100-nm-thick Si buffer
layer, an additional 10-nm-thick strained Si,_,Ge,
layer with the Ge content x = (0.22 £ 0.02) was grown
onto it. The variable thickness of Ge deposited during
the formation of nanoislands by the Stranski—Krast-
anov mechanism was obtained by halting substrate
rotation, which ensured a gradient in the amount of
deposited Ge from the center to the edge of the sub-
strate. Thus, a Ge layer with an effective thickness
varying smoothly across the plane of the structure
from 9 to 11 monolayers (MLs) (I ML = 6.8 x
10'* atoms/cm? ~ 0.14 nm) was deposited on top of the
Si, _,Ge, sublayer.

Measurements of the micro-Raman-scattering
spectra were carried out in the backscattering geom-
etry at room temperature using a Horiba Jobin—Yvon
T-64000 triple Raman spectrometer equipped with a
cooled CCD detector. The 457.9-nm line of an Ar—Kr
ion laser was used for excitation; the radiation power
was about 1—2 mW, and it was focused onto the sample
in a 1-pum-size spot.

High resolution X-ray diffraction (HRXRD) stud-
ies of the deformation state and composition of the
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grown structures were carried out using an X’PERT
PRO MRD diffractometer with a four-crystal mono-
chromator and a three-crystal Ge (220) analyzer; the
beam divergence is 12°. In order to investigate the role
of elastic stresses and mechanisms of their relaxation
in the processes of nanoisland ordering, we measured
the reflection curves and the reciprocal-space maps
for symmetric and asymmetric diffraction configura-
tions ((004) and (113), (404), respectively). Measure-
ments of the reciprocal-space maps of nanostructures
make it also possible to distinguish between the effects
of deformations and mosaic structure [11—13].

The morphology of nanoislands was investigated
using a Nanoscope IIla atomic-force microscope
(AFM) in the semicontact mode. In order to reduce
the distortions introduced due to the finite radius of
curvature of the scanning probe, we used TESP-HAR
probes (Veeco Inc.) with an apical angle of 5°.

3. RESULTS AND DISCUSSION

To understand the surface morphology of the struc-
tures under study, we carried out a statistical analysis of
the AFM images of the surface at the control spots
corresponding to 9, 10, and 11 MLs of Ge deposited
during the process of island formation (Fig. 1). For
9 MLs of Ge, we find a bimodal distribution of the
sizes and shapes of the islands, which are of the Aut-
cluster and pyramid types. An increase in the nominal
thickness of deposited Ge causes a transition to a uni-
modal distribution of dome-shaped islands for 10 MLs
of Ge and a further narrowing of this distribution for
11 MLs of Ge. A qualitative change in nanostructure
morphology is characterized most clearly by the distri-
bution of the island heights. For 9 MLs of deposited
Ge, this distribution exhibits two maxima correspond-
ing to heights of 12.9 and 26.6 nm; for 10 and 11 MLs,
the height distribution exhibits a single maximum at
37.5 and 37.2 nm, respectively (Fig. 1). The average
lateral sizes of islands-pyramids and islands-domes
differ slightly and form 220, 208, and 218 nm at thick-
nesses of the deposited germanium 9, 10, and 11 MLs,
respectively.

It should be noted that the areal density of the
islands barely changes as the thickness of deposited Ge
increases; the density is 27.9, 27.3, and 28.2 um~2 for
9, 10, and 11 MLs of Ge, respectively. Thus, with the
areal density of the islands almost constant, the cover-
age of the surface space with nanoislands increases
considerably owing to the complete disappearance of
small pyramids and the transformation of large pyra-
mids into domes, which have a larger angle between
the side facets and the base.

A decrease in the island spacing leads to a stronger
interaction between the islands mediated by the fields
of elastic strains generated by them. This elastic inter-
action causes the effects of spatial ordering in the
mutual arrangement of the islands [14]. In the case
under study, the ordering effect is fairly evident even in
raw AFM images of the structures (Fig. 1). Apart from
a more ordered arrangement of the islands, an increase
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in the amount of deposited Ge brings about clearer
development of the elliptical shape of the island bases,

oriented along directions close to [100]. To some
extent, the anisotropy in the shape of the island base is
an indication of the intensity of the elastic interaction
between the islands and of the diffusive mass transfer.
Thus, for 11 MLs of deposited Ge, the peaks in the
distribution of the island orientations (i.e., orienta-
tions of the major axes of the ellipses approximating
the shape of the island bases) are more pronounced
(see Fig. 1); this is evidence for a greater degree of
anisotropy of the diffusion processes taking place in
the process of island formation. It is also important to
note that the two maxima in the island-orientation
distributions are separated by ~82°; i.e., the lateral
orientation of the islands deviates somewhat from the

[100 ] and [010] crystallographic directions.

The number and arrangement of peaks in the two-
dimensional (2D) autocorrelation functions (Fig. 2)
built on the basis of 10 x 10 pm scans give clear evi-
dence of the formation of a characteristic two-dimen-
sional grid in the arrangement of nanoislands. The
islands are oriented along directions close to [010] and

[100]. The occurrence of three peaks in the profiles
taken along the two directions shown in Fig. 2b is an
indication of short-range order in the mutual arrange-
ment of the islands up to the third-nearest neighbor.
This is most pronounced for 10 MLs of deposited Ge;
in this case, a fourth-order 2D-autocorrelation peak is
observed, which gives evidence of a better-defined
periodicity in the island arrangement. The spacing
between the peaks in the autocorrelation-function
profiles corresponds to the average distance between
the islands in a given direction. As the Ge thickness
increases, a clear decrease in the period of the island
arrangement is observed; along the [010] direction,
the period is 200, 188, and 184 nm for 9, 10, and
11 MLs of Ge, respectively.

To understand the role of diffusion during the
process of island formation, let us analyze in greater
detail the observed increase in the island dimensions
with increasing thickness of deposited Ge. It was
established from analysis of the AFM data that the
amount of material in the islands exceeds the nomi-
nally deposited amount of Ge by factors of 3.3 and
5 corresponding to 9 and 11 MLs, respectively. In the
case of conventional high-temperature (>500°C) epi-
taxy on top of a Si buffer, this difference, caused by the
diffusion of Si from the buffer layer, can be as large as
tens of percent. We demonstrated earlier that the
observed effect originates from the anomalously strong
diffusion of the alloy atoms from the Si, _ ,Ge, sublayer
to the islands, which causes the net volume of the
islands to greatly exceed the total volume of Ge depos-
ited onto the SiGe sublayer [13]. The role of this pro-
cess becomes more important as the thickness of
deposited Ge increases.

Relying on the experimentally determined ratio of
the net volume of the islands to the volume of 11 MLs
of deposited Ge (which is equal to 5) and taking into
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Fig. 1. AFM images of the surface of the structure and histograms for the island heights and the major-axis orientation of the

island-base ellipse for 9, 10, and 11 MLs of deposited Ge.

account that, upon growth of the islands on a Si, ;Ge,, ,
sublayer, the thickness of the Ge wetting layer does not
exceed 1.5 MLs [12], the net amount of the material
that has diffused from the SiGe sublayer to the islands
during their growth can be easily estimated. As a
result, the following surprising result is obtained. Up
to 60% of the strained SiGe buffer sublayer is trans-
ferred to the islands. Thus, the thickness of the
remaining Si; _,Ge, sublayer in the grown structure is
just 3.7 nm, and the net volume of the islands exceeds
the volume of the material left in the SiGe sublayer by
about a factor of 2. Such a huge flux of diffusing atoms
at a temperature considerably lower than the mate-
rial’s melting point can only be explained if we take
into account the stimulating role of a nonuniform
elastic-strain field (the Gorsky effect [15]), the gradi-
ent of which in the studied structures with nanoislands
may be very large.

Such strong diffusion of the material into the
islands during the process of their formation leads to
considerable changes in the nominal composition of
the layers and strains in the system. It is also evident
that the kinetics of this process considerably affects the
resulting structural morphology.
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Micro-Raman spectroscopy was applied to deter-
mine the composition and strain in the structure under
study. The Raman spectra (see Fig. 3) exhibit bands
corresponding to Si—Si, Si—Ge, and Ge—Ge vibra-
tions, which is typical of Ge/Si structures with nanois-
lands [16—18]. The difference from conventional cases
of islands grown on a Si buffer lies in the doublet char-
acter of the bands, which manifests itself most clearly
for the Si—Si band at 11 MLs of Ge. As we demon-
strated previously [13], this is related to the presence
of two regions of the SiGe alloy with different compo-
sitions and which are differently strained; these
regions are the islands and the Si, _,Ge, sublayer. The
broader low-frequency component of the doublet cor-
responds to the islands and the narrower high-fre-
quency component corresponds to the SiGe under-
layer. From a decomposition of the Si—Si and Si—Ge
vibration bands into their components, we estimated
the composition and strain for the Si, _,Ge, sublayer
and the islands (Table 1) using the procedure described
in [19].

The results listed in Table 1 confirm the occurrence
of anomalously strong diffusion of the material into
the islands. Thus, considerable redistribution of the
material between the islands and the buffer sublayer
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Fig. 2. (a) Autocorrelation maps obtained from AFM scans of the structures under study for 9, 10, and 11 MLs of deposited Ge.
(b) Profiles of the autocorrelation maps along the directions [010] and [IOO ].

leads to an increase in the Ge content in the sublayer
and almost complete strain relaxation in the islands.
Since the lattice constant of Ge exceeds that of Si by
4%, this should cause an increase in the elastic energy
of the sublayer; apparently, this fact makes the above
result unlikely. However, this conclusion would be
valid if the thickness of the SiGe layer were constant.

Si—Si
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Ge-Ge
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PAAN
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substrate
1 1 |
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Fig. 3. Room-temperature Raman spectra of the structure
under study for 9, 10, and 11 MLs of deposited Ge. The
excitation wavelength A = 457.9 nm.

The elastic energy accumulated in the layer is propor-
tional to its thickness d and the square of the €, com-

ponent of the deformation tensor: E o szxa’ . Thus, the

elastic energy of the Si; _,Ge, sublayer remains con-
stant if the observed 1.5-fold increase in the Ge con-
tent is accompanied by a reduction in the layer thick-
ness by at least a factor of 2.25, i.e., to 4.4 nm. Above,
we obtained an estimate d; = 3.7 nm, which is in
agreement with this requirement; actually, this result
means that the diffusion of the alloy atoms from the
SiGe layer brings about a decrease in its elastic energy.
Comparing the changes in the thickness and composi-
tion of the buffer layer, one can easily estimate the
relationship between the amounts of Si and Ge atoms
transferred out of the buffer layer. It proves that the
fraction of Ge atoms in the net flux of atoms trans-
ferred from the buffer to the islands is ~16%.

This result supports the above conclusion that the
main driving force of the diffusion process under dis-
cussion is the Gorsky effect. This effect stimulates the
diffusion of Si atoms into the islands and, simulta-
neously, supports uphill diffusion of Ge atoms from
the SiGe sublayer, where the Ge content is lower, to
the islands, where the Ge content is initially much
higher.
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The considerable increase in the Si content in the
islands as compared to the previously studied nano-
structures obtained by the epitaxy of Ge on Si under
similar technological modes (i.e., at 700°C and for
11 MLs of deposited Ge) should be noted. This fact is
readily understood, taking into account that the
replacement of a Si buffer layer by a SiGe layer leads to
a decrease in the critical thickness of the Ge layer cor-
responding to the transition from two-dimensional to
three-dimensional growth [11, 12]. As a consequence,
the process of island growth takes longer and, thus, the
time available for the material to diffuse from the
buffer to the islands increases as well. Still more
important is the fact that a smaller thickness of the Ge
wetting layer facilitates the diffusion of atoms from the
SiGe sublayer to the islands.

Next, the ordering of the islands was investigated by
HRXRD, which represents a nondestructive method for
studying multilayer nanostructures [20—22]. This
method yields information on the strain conditions
and degree of spatial ordering in nanostructures [23].
It has been successfully applied to studies of the spa-
tial ordering of QDs in various systems, such as
PbSe/PbEuTe [24], InGaAs/GaAs [25], and Si/Ge [26].

For the control spots of the structure under study,
rocking curves on the asymmetrical reflections were
recorded. (113) and (404) scans for the {110} and {100}
diffraction planes were performed. This experimental
configuration makes it possible to determine the lat-
tice constants in the directions perpendicular and par-
allel to the surface and the composition of the struc-
ture under study [21, 22]. Lateral satellites are clearly
seen in the rocking curves (Fig. 4), which is evidence
of ordering in the system of SiGe islands. The average
spacing between the diffuse peaks on these curves
yields information on the average spacing between the
islands along the [110] direction (from the (113)
reflection) and the [100] and [010] directions (from
mutually orthogonal (404) reflections). The values of
the lateral period thus obtained for the three control
spots on the sample are listed in Table 2. These data
clearly demonstrate that the QD spacing along the
[100] and [010] directions is different; i.e., the lateral
unit cell of the island array is not strictly orthogonal.

To reveal factors responsible for the observed fea-
tures of the lateral ordering of the islands we analyzed
the influence of the substrate orientation on the island
arrangement along crystallographic directions. The
substrate was slightly misoriented in a direction close
to [010], so that the misorientation angles are ~0.4° in

the [110] direction and 0.3° in the [110] direction.
Meanwhile, the SiGe buffer layer is only misoriented

along the [ 110 ] direction by 0.2°. As we demonstrated
previously [21], this kind of misorientation of a SiGe
layer on a tilted substrate is caused by anisotropic
deformation of its crystal lattice. The absence of mis-
orientation along another direction may indicate that

SEMICONDUCTORS  Vol. 46 No.5 2012
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Table 1. Ge content and strain in the sublayer and the
islands determined from Raman spectra

Ge Sublayer Islands
thickness x . x £
9 MC 0.30 —-0.014 0.29 —0.003
10 MC 0.32 —0.013 0.31 —0.001
11 MC 0.33 —-0.012 0.32 0.001

Table 2. Lateral period (in nm) in the island arrangement
along different crystallographic directions according to X-ray
diffraction data

Ge 113 113 404 404
thickness | (0°) (90°) 45°) | (—45°
9 MC 260 269 177 164
10 MC 255 246 172 -
11 MC 226 226 165 157

Note: The values of zone are given in nm.

it is partially compensated on account of the appear-
ance of a deviation of the opposite sign along the [110]
direction, which is caused by a decrease in the buffer-
layer thickness with increasing Ge content.

According to [27], for 0.2 < x < 0.6 the growth of a
planar Si; _ Ge, layer on a Si substrate preceding the
formation of faceted islands is accompanied by the
appearance of an ordered pattern in the form of a net-
work of roughnesses with a characteristic period from
100 to 200 nm depending on x. This effect was attrib-
uted to the energy gain upon the appearance of growth
instabilities induced by the elastic strains. Apparently,

Intensity, counts/s

10K Substrate_____

1 K~ Lateral satellites

\

100

10

1 1 |
-200 0 200 400
AB, arcsec

|
—400

Fig. 4. X-ray diffraction ®-scans of the structure under
study for (1) 9, (2) 10, and (3) 11 MLs of deposited Ge.



652

STRELCHUK et al.

Fig. 5. Reciprocal space maps obtained in the (113) asymmetric diffraction configuration for 9, 10, and 11 MLs of deposited Ge.

the formation of such a pattern is accompanied by the
modulation of elastic surface strains in the structure.

When a strained Si; _,Ge, layer is grown on a mis-
oriented Si surface, additional periodic modulation of
the strain in the plane of the structure will appear. As
the Ge content in the buffer layer increases, the layer
misorientation increases as well, which causes larger
modulated strains along the surface [28]. Thus, for
Si/Si, _ Ge, multilayer structures grown on slightly
misoriented Si surfaces, the formation of a periodic
wave-like pattern along the direction of the substrate
tilt was observed [29—31]. The characteristic lateral
period of the modulation pattern exceeded the
atomic-step spacing on the misoriented substrate by a
large factor.

Thus, it is reasonable to suggest that nucleation
and spatial ordering of nanoislands on a misoriented
Si, _,Ge, sublayer is governed by this modulation pat-
tern and the corresponding nonuniform elastic-strain
fields. Due to the modulation, places favorable for
island nucleation will appear on the surface of the
structure. The nonuniform field of elastic strains orig-
inating in the Si, _,Ge, sublayer will also affect the
growth of nanoislands, bringing about anisotropy in
their shape and spatial arrangement.

The degree of QD ordering is enhanced as the
thickness of deposited Ge increases from 9 to 10 MLs.
This is evidenced by the appearance of second-order
lateral satellites in the diffraction curves and recipro-
cal-space maps, which correlates with the AFM data
(Fig. 1). For 11 MLs of Ge these satellites disappear.
The blurring of the satellites, accompanied by an
enhancement of the general diffuse background, may
be explained by deterioration in the structural perfec-

tion of the system as a whole. In particular, this effect
can take place due to the partial coalescence of neigh-
bouring islands (i.e., the formation of defective
islands) (Fig. 5).

According to Table 2, the lateral period of the
island arrangement decreases with increasing thick-
ness of deposited Ge. This fact correlates with the
increase in the coverage of the surface by the islands,
observed in the AFM images, and the results obtained
from analysis of the autocorrelation maps. Analysis of
the (113) and (404) reflections demonstrates that there
is a small difference in the neighboring-island spacing
along two mutually perpendicular directions. This
observation is indicative of an ordered island arrange-
ment in the form of a lateral periodic pattern whose
unit cell differs slightly from a square.

Detailed information on the parameters of the
structures under study can be obtained from the recip-
rocal-space maps recorded for different reflections
and different sample orientations. Reciprocal space
maps recorded for (113) and (404) asymmetric config-
urations support our understanding of the character of
island ordering at different points along the length of
the sample (see Fig. 5). The most ordered arrange-
ment was observed for 10 MLs of deposited Ge, the
least ordered was observed for 11 MLs. Indeed, the
reciprocal space maps recorded for the (113) reflec-
tion in the case of 10 MLs of Ge contain an additional
band oriented at a small angle to the main reflection
(labeled as CTR). We believe this diffraction effect is a
result of the specular reflection of the X-ray beam from
the island facets. This additional band is absent in the
maps obtained for 9 and 11 MLs of Ge, since there is
no reflection from the island facets in these cases.
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Thus, the case of 10 MLs of deposited Ge does corre-
spond to the most ordered arrangement of the islands
and their most uniform distribution in terms of size
and shape.

X-ray analysis data confirmed that elastic-strain
relaxation did not occurr in any of the deposited
Si, _ ,Ge, buffer layers. Thus, the supposed decrease in
the surface diffusion length of Ge adatoms cannot be a
consequence of a change in the lattice constant; inde-
pendent of the Ge content, the in-plane lattice con-
stant of the deposited strained Si,_,Ge, layers
remained equal to the lattice constant of bulk Si.

A somewhat unusual position of lateral satellites
with respect to the peak of the substrate should be
noted as well. Projected onto the diffraction vector,
they appear at larger angles, i.e., in the region of
smaller lattice parameters. This seems rather strange
in view of the larger atomic-plane spacing in the SiGe
alloy layer on the Si substrate.

4. CONCLUSIONS

We have investigated spatial ordering in single lay-
ers of Ge islands obtained by depositing different
amounts of Ge on a strained Si, _,Ge, sublayer. It is
demonstrated that an increase in the effective thick-
ness of Ge stimulates spatial ordering of the islands
that results from stronger interaction between the elas-
tic-strain fields of neighboring islands, which is
brought about by an increased coverage of the surface
space by the islands. The presence of spatially nonuni-
form elastic-strain fields induced by misorientation of
the substrate and the buffer layer leads to the enhanced
importance of interdiffusion processes causing an
anomalously intense atomic flux from the buffer sub-
layer to the islands, in which partial relaxation of elas-
tic strains takes place. The resulting morphology of
self-assembled nanostructures is determined by the
kinetics of this process, and the total volume of the
islands may be several times larger than the volume of
deposited Ge. The anisotropic character of the diffu-
sion processes occurring during the process of struc-
ture formation gives rise to anisotropy in the shape and
mutual arrangement of the islands. For the deposition
temperature used, the most ordered arrangement of
the islands has been observed for an effective thickness
of deposited Ge equal to 10 MLs. As the amount of
deposited Ge is increased further, the ellipticity in the
shape of the island bases becomes more pronounced.
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