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Understanding and predicting quantum dots ordering is a central problem for many physical processes. Here,
we investigate the mechanisms which govern the self-assembling of Ge dots on nanopatterned vicinal Si
substrate. In a first part, we investigate the formation of nanopatterns by self-organization of growth instabili-
ties which develop during epitaxial growth of Si and Si1−xGex layers on Si substrates. Evolution laws of kinetic
and thermodynamic growth instabilities as a function of temperature, deposited thickness, and strain are
determined on vicinal �111� and �001�. In a second part, we analyze the Ge dots ordering on full scale wafer
patterns formed by self-organization of the growth instabilities. Depending on the nature of the latter ones, we
show that Ge dots can align either in the valley of the instability undulations or on their top. We explain these
results by the predominant effect of surface diffusion, surface free energy anisotropy, and strain energy relax-
ation, respectively.
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I. INTRODUCTION

Spontaneous self-organization of periodic nanostructures
has been studied extensively during the past years, mainly
because of their possible applications in nanoscale devices. It
is commonly suggested that the main mechanism of the for-
mation of quantum dots is the Stranski-Krastanov growth
mode.1–3 It is shown that nucleation of Ge dots on nominal
Si�001� is mainly random without preferential nucleation
sites.4,5 It has been reported that growth instabilities can be
used as nanotemplates or nanopatterns, in particular, kinetic
�step-bunching and step-meandering� and thermodynamic
�step-bunching, faceting, and stress-driven� instabilities were
suggested as a means to self-organize regular patterns.6 To
exploit these mechanisms, a fundamental control and under-
standing of the instability behavior is required.

A first issue is to create nanopatterns using growth insta-
bilities. The step bunching instability that occurs during
growth has been explained by the presence of contaminants,7

by anisotropy of surface diffusion,8,9 or by an inverse
Schwoebel barrier.10,11 With deposition time, step-bunches
self-organize up to the formation of regular arrays of peri-
odic undulations with specific features.12–14 A combination of
step bunching and step meandering could also induce the
formation of quantum dots.15,16 Other mechanisms can also
play an important role in the formation of quantum dots. For
example, a faceting of a thermodynamically unstable surface
caused by surface energy anisotropy can produce, in certain
conditions, a stable periodic array of quantum dots.17 In par-
ticular, the formation of self-organized patterns has been
demonstrated on Si�111� surfaces miscut in the �−211�
direction.18

Moreover, growth instabilities that develop during epitaxy
of Si1−xGex on silicon substrates also produce highly corru-
gated periodic and reproducible patterns on a full scale
wafer19–26 that could be efficiently used as templates for sub-
sequent ordering of Ge islands27–31 without the need of so-
phisticated lithographic tools. Several theoretical models
have been developed to describe the stress-driven growth

instability.32–39 They have allowed one to qualitatively and
quantitatively explain most of the experimental results. Sev-
eral basic issues concerning the physical mechanisms in-
volved in the different stages of the formation and evolution
of islands are only becoming clear these last years. For in-
stance, the morphological evolution of the instability with
substrate crystallographic orientation40 and the opposite ef-
fect of stresses of opposite sign41 were attributed recently to
the strain dependence of the step energy42 and of the facet
energy.43 However, the critical exponents of instability self-
organization and growth reported in the literature still differ
from one model to another depending on the mass transport
and atomistic parameters considered in addition to the clas-
sical stress/capillarity energy balance of elasticity theory.

A second issue concerns the Ge dots self-assembling on
patterned substrates. Despite the large number of studies re-
ported in the literature, the physical mechanisms of nucle-
ation and evolution of three-dimensional �3D� Ge dots are
still under debate. In particular, various island nucleation
processes have been identified by STM observations: random
nucleation,5,44 preferential nucleation at step edges on
Si�111�,45 nucleation in between dimmer vacancy lines,46

barrier less formation from surface ripples,47,48 or from a
Ge-induced faceting transition49 on vicinal substrates. Up to
now the relative roles of stress, surface energy anisotropy,
and surface diffusion have not been clearly established ex-
perimentally. Nevertheless, it has been shown that Ge islands
preferentially nucleate along the edges of mesas50 and on
dislocation lines.51 These results were explained by the main
effect of stress gradients on island nucleation. However, an-
other driving force, such as surface free energy anisotropy,
was also suggested to explain the preferential nucleation
along the mesas edges.31

The focus of this work is to understand the experimental
conditions �growth temperature, substrate crystalline orienta-
tion, misorientation, and strain� on the formation and self-
organization of growth instabilities. We then investigate the
influence of specific patterns on Ge dots self-assembling pro-
cesses. In particular, we focus on the effect of step bunches,
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nano-facets, and compressive strain on self-assembling pro-
cesses. The results evidence the preferential nucleation of Ge
dots either inside the valley �along the step bunches or at the
intersection between the nanofacets� or on the top of the
undulations. We explain these results by the respective ef-
fects of surface diffusion, surface energy anisotropy, and
strain relaxation. We show that remarkable Ge dots ordering
can be obtained on self-organized growth instability without
the need of lithographic patterning.

II. EXPERIMENT

The samples were grown in a Riber molecular beam epi-
taxy �MBE� chamber with a base pressure in the 10−11 torr
range. Si and Ge were evaporated from an electron beam
evaporator and an effusion cell, respectively. The deposition
rate of Si was maintained constant at about 0.03 nm/s.
Si1−xGex alloyed layers with x comprised between 0 and 0.5
were deposited either on nominal or on vicinal �001� and
�111� surfaces. Vicinal �001� and �111� surfaces were misori-
ented in the �110� and the �−1−12� or �11−2� direction,
respectively, with a miscut angle, �, varying between 0° and
10°. In situ cleaning of the substrate consisted of a two-
temperature process �830 °C/30 min and 1230 °C/2 min�,
which resulted in a sharp 2D reflection high-energy electron
diffraction �RHEED� pattern, indicative of a clean surface.
Prior to the growth of the Si1−xGex layers, a 50-nm thick Si
buffer layer was systematically grown at 750 °C to achieve a
reproducible flat surface. Morphological characterization of
the samples was performed by atomic force microscopy
�AFM� operating in air and by transmission electron micros-
copy �TEM� cross-section observations.

For the self-assembling of Ge dots experiments a two step
growth process was used: the deposition of the self-
organized template layer followed by the subsequent deposi-
tion of 8 ML of Ge at a growth temperature, TG�600 °C
after a short growth interruption �t�10 min�.

III. RESULTS

A. Formation of nanopatterns

In this part we investigate the formation and self-
organization of a periodic corrugation that develops during

the growth of Si and Si1−xGex on vicinal Si substrates. It is
necessary to determine the evolution of nanopatterns period-
icity, amplitude, and shape with experimental parameters in
order to optimize the subsequent ordering of Ge dots.

First, we consider the epitaxy of Si/Si �001� vicinal sub-
strates �i.e., growth without stress�. It was reported that step
bunching instability develops on Si substrates at a critical
temperature.13,52 Such instability gives rise to nice periodic
undulations perpendicular to the miscut direction �i.e., paral-
lel to the step edges� for all the miscut angles investigated
�1.5° ���10° �. Periodicity of the patterns ��250 nm on
the example presented� can be well-appreciated on the AFM
image and on the 2D fast Fourier transform �FFT� �Fig.
1�a��. A correlation length of �1 �m is extracted from the
quantitative analysis of the 2D power spectral density �PSD�
presented in Fig. 1�c�. A systematic investigation of ampli-
tude �A� and wavelength ��� as a function of growth tem-
perature �Tg� and deposited thickness �h� was performed.
Results evidence a very narrow temperature regime of the
instability, which coincides with the transition between 2D
islands nucleation and step flow growth modes �Fig. 1�b��.
Using kinetic Monte Carlo simulations,9 we showed that the
instability originates from the anisotropy of diffusion barrier
induced by the �2�1+1�2� surface reconstruction. Similar
results were found using a continuum growth model.8 Mor-
phological evolution of the undulation with time was dis-
cussed in detail in Ref. 9.

Second, we investigate the epitaxial growth of Si/Si �111�
vicinal with misorientations around �1−10� towards �11−2�
and �−1−12� directions. For misorientations towards �11
−2� the starting surface after high temperature flash consists
of regular train of monolayer steps separating flat terraces
�1.8 nm wide �Fig. 2�a��, the height of a monolayer step
being 3.13 Å in Si�111�. Such morphology has already been
described in the literature.53 During Si growth the surface
breaks down into a sawtooth morphology �Fig. 2�b�� consist-
ing of �111� and �332� facets �Fig. 2�c��. This behavior is
attributed to a faceting instability which has been well-
described in the literature.17,54,55 The ripples can be better
appreciated on the AFM image �Fig. 2�d��. From the 2DFFT
of the Si�111� 1,5° off faceted surface we can see that the
size distribution of the ripples is rather broad �inset of Fig.
2�d��. We can conclude that in our experimental conditions

FIG. 1. �Color online� Characteristics of the step bunching instability which develops during deposition of Si on Si �001� 1.5° off. �a�
AFM image �scan size 5�5 �m2� of 500 nm Si deposited at Tg=450 °C. The mean height of the periodic ripples is �3.5 nm. The inset
shows the 2D Fourier transform of the image. �b� Evolution of rms roughness and wavelength with Tg. �c� 2D power spectrum density of
AFM image 5�5 �m2
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the self-organization of faceting instability leads to a periodic
surface with broad size distribution, even if a well-defined
periodicity of the sawtooth profile has been predicted and
theoretically explained by surface energy and surface stress
minimization. The periodicity was expected to be indepen-
dent of the miscut angle while the width of the �332� facets
was linearly decreasing with the miscut angle.18

For misorientations towards �−1−12�, the starting surface
after high temperature flash consists of a regular train of
triple-layer steps 9.4 Å high. Figure 3�a� exhibits an example
of the triple layer steps for a vicinal substrate misoriented
10°. During Si growth, a periodic step bunching instability
develops. An example of the instability developed on Si�111�
1,5° off is presented in Fig. 3�b�. We can observe on the
surface a periodic alternation of areas with high and low
steps density. The period measured from the 2DFFT of the
image is 750 nm �inset of Fig. 2�b��. Such morphology can-
not be confused with faceted morphology described above
due to the absence of extended facets and to the large scale
periodicity evidenced by a correlation length of 1 .5 �m. The
temperature range of the instability regime is comprised be-
tween 650 and 800 °C �Fig. 3�c�� with a maximum of the
instability amplitude at �750 °C. At lower and at higher
temperatures, the instability vanishes and growth recovers
the normal step flow mode and the surface exhibits a regular
train of monoatomic steps. A similar behavior was also
observed in the case of substrates misoriented 10° towards
�−1−12� but the instability developed at lower temperature
�maximum of the instability amplitude at �700 °C on 10°
off instead of 750 °C on 1,5° off�. On both misorientations,
the instability develops when 7�7 and 1�1 reconstructed
areas coexist on the surface, during the gradual vanishing of
7�7 surface reconstruction at the expense of 1�1. Follow-
ing the same argument than for step bunching instability on
vicinal Si�001�, we suggest that the size of terraces could
fluctuate during growth. In this situation if 7�7 reconstruc-
tion is only present on large terraces and not on smaller ones,
anisotropy of surface diffusion will be generated between
these terraces due to the larger diffusion barrier on 7�7 than
on 1�1 reconstructed terraces.56 Consequently during
growth, large terraces will become larger and small terraces

will become smaller leading to the step bunching instability.
We show that wavelength and amplitude of the instability
increase with the deposition time t �or deposited thickness h�.
These evolutions could be fitted by power laws �� t� and
A� t	 with critical exponents: ��0.23 and 	�0.5, respec-
tively �Figs. 3�d� and 3�e�, respectively�.

Third, we describe the self-organization of Si1−xGex insta-
bility that develops on misoriented Si�001� substrates. It is
well-known that Si1−xGex growth instability is kinetically ac-
tivated and does not appear at temperatures below 500 °C.40

Moreover, since the instability is inhibited on a singular
Si�111� substrate but appears on vicinal Si�111�, it was con-
cluded that it is strongly dependent on the surface energy
anisotropy.23

Here, we consider the morphological evolution of the in-
stability on vicinal substrates. First we investigate the evolu-
tion with the miscut angle. Examples of periodic patterns
developed during the growth of 10 nm Si1−xGex �x=0.35� on
Si�001� misoriented 1.5° and 10° are presented in Fig. 4. At
low miscut angles ��2° �, the instability self-organizes into
periodic 2D arrays constituted of undulations with rectangu-
lar bases aligned along both �010� and �100� at 45° from the
step edges �Fig. 4�a��. This square-based self-organization
process is also evidenced by the symmetry 4 observed on
2DFFT with a correlation length of �1 �m measured from
the 2DPSD. Such morphology has been explained by a novel
rebonded �100� oriented single-height step stabilized by
compressive strain.42 At larger miscut angles �
8° � the pat-
terns self-organize into periodic 1D wires elongated perpen-
dicular to the step edges with a correlation length of
�0.8 �m �Fig. 4�b��. STM observations evidence the pres-
ence of �105� facets on the sidewalls of the undulation made
up by �110� oriented monolayer steps.57 Such behavior con-
siderably differs from the strain induced step bunching pro-
cess reported in Ref. 58. Recently, formation of these undu-
lations with sidewalls oriented along �105� facets has been
theoretically explained.46,47 The authors demonstrate that
�100� becomes unstable under a compressive mismatch
strain, and that its surface energy arrives at a minimum at an
orientation around �105�. The ripple formation is then con-
sidered as a nucleationless process due to the lowering of

FIG. 2. TEM cross-section images of Si�111�
misoriented of 10° off towards �11−2� �a� before
growth and �b� after 500 nm Si deposition at
700 °C. �c� At higher magnification, �332� and
�111� facets identified by arrows are clearly vis-
ible. �d� AFM image of the faceted surface ob-
tained by deposition of 500 nm Si on Si�111� 1.5°
off. In the inset is given the 2DFFT of the sur-
face. Gray vertical scale: black to white is 3 nm.
Scan size is 3�3 �m2.
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step formation energies under compressive stress. It was also
reported that the peculiar surface reconstruction of �105� fac-
ets would be responsible for their stability.59,60 Consequently,
formation of 1D wires perpendicular to the step edges could
be explained by the minimization of the strain dependent
surface energy in agreement with theoretical predictions.61

This explains why for increasing miscut angles, undulation
sides extend perpendicularly to the step edges, while remain-
ing parallel to �105� facets as can be seen on the stereo-
graphic projection of a 10° off vicinal substrate �Fig. 4�c��.
Moreover, the anisotropy of instability shape could also be
favored by a higher strain relaxation when Ge atoms are
located on the step edges.62

For all the misorientations tested �� varying between 0.3°
and 10°�, the instability wavelength in the perpendicular di-
rection �parallel to the step edges� and the instability ampli-
tude are almost constant �Table I�.

We have then investigated the morphological evolution of
the instability on vicinal Si�001� 1.5° off. Variations of rms
and � with h �deposited thickness� and x �Ge concentration�
are reported in Fig. 5. Regarding the morphological evolu-
tion with h we have used Si1−xGex layers with x�0.25. The
results show that the instability onset occurs at a critical

thickness h0�40 nm. For larger thickness �40 nm�h
�100 nm�, the instability starts to self-organize and the rms
roughness increases linearly with h �Fig. 5�b�� while � re-
mains constant with the deposition time �Fig. 5�a��. For
larger h �
100 nm�, the surface morphology evolution
abruptly changes due to the nucleation of misfit dislocations
evidenced on AFM images by a cross-hatch pattern �not
shown�. This growth regime is out of the scope of this paper.

Regarding the instability evolution with x we have used
Si1−xGex layers with h�40 nm and x�0.3. The composition
range is limited due to the formation of 3D islands and to the
nucleation of dislocations, at larger Ge concentrations, which
both affect the instability evolution. The results evidenced in
Figs. 5�c� and 5�d� show that � decreases linearly with x,
while rms roughness increases linearly with x.

These results prove that the instability evolution on vici-
nal substrate differs considerably from the one previously
reported on nominal Si�001�, obtained in similar experimen-
tal conditions.23 In the latter work, evolutions of the instabil-
ity amplitude A�x2, A�h and wavelength ��x−1 were ob-
tained.

Si1−xGex instability presents a very complex evolution in-
duced by the interplay of many experimental parameters

FIG. 3. �Color online� �a� TEM cross-section image of Si �111� 10° off toward �−1−12� before growth. High resolution image of the
triple steps is shown in the inset. �b� AFM image of a 500 nm thick Si layer deposited at Tg=750 °C on Si 1.5° off. In the inset is given the
2DFFT of the surface. Gray vertical scale: black to white is 14 nm. Scan size is 10�10 �m2. �c� Temperature dependent evolution of the
instability amplitude. �d� and �e� give the wavelength ��� and amplitude �A� evolution with h �deposited thickness�. Continuous lines
represent the best fit of the data.
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such as the substrate orientation �both density of steps and
substrate stiffness influence the onset and the development of
the instability�, surface diffusion, growth temperature, depos-
ited thickness, and misfit stress. In order to explain these
results, we have analyzed some of the theoretical models
reported up to now.

Early models were developed in the framework of 2D
theory elasticity to explain the instability of nonhydrostati-
cally stressed solids.34,63 They established the criteria for
films coherently attached to the rigid or isotopic deformable
solid substrate along one of the two external boundaries. The
basic mechanism considers that in the case of a nonplanar
surface, stress is concentrated in the valleys and relieved on
the mounds. Because the chemical potential is linearly pro-
portional to the elastic energy density, the chemical potential
is higher in the valley and lower on the mounds and thus
atoms move from the valleys to the mounds tending to de-
stabilize the surface. Capillarity has an opposite effect tend-
ing to stabilize the planar surface. This instability is indepen-
dent of the sign of the applied stress. It was found64 that the
wave-number of the instability �q� varies as

q =
2�

�
=

�2h

�
�1 − �� ,

where  is the surface free energy, � is the corrugation peri-
odicity, � is the misfit stress, � is the shear modulus, h is the
deposited thickness, and � is the Poisson coefficient. Follow-
ing these classical models, � should scale as  /�2h.65,32

On a vicinal substrate, considering the large density of
steps, it has been shown that on strained layers there are long
range attractive interactions between steps that are respon-
sible for a step-bunching instability.58 In contrast to con-

FIG. 5. �Color online� Morphological evolution of Si1−xGex lay-
ers deposited on Si �001� 1.5° off. In the upper part is given the
evolution with h �deposited thickness�. In the lower part is given the
evolution with x �Ge concentration�. �a� and �c� give the evolution
of the wavelength ��� and �b� and �d� give the evolution of the rms
roughness.

FIG. 4. �Color online� Surface morphology of 10 nm Si1−xGex layers �x�0.35� deposited on vicinal Si�001�: �a� 1.5° off and �b� 10° off.
Scan size is 10�10 �m2. The mean heights of the ripples are 20 and 9 nm, respectively. 2DFFT are given in the insets. �c� Stereographic
projection of �118� surface �which corresponds to Si�001� 10° off�.

TABLE I. Evolution of rms roughness and �� with the misori-
entation angle ��� between 0.3 and 10° for Si1−xGex layers with
x=0.35 �misfit m=�a /a=1.46� and h=10 nm.

Misorientation
angle �°� from
�001� to �110�

Terrace length
�nm�

Correlation length
��

�nm�
rms
�nm�

0.3 25.8 105 1.6

1 7.7 110 1.5

4 2 117 1.2

6 1.3 117 1.5

10 0.8 110 1.2
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tinuum models, a step-bunching instability has no character-
istic wavelength but proceeds by coalescence of step bunches
following a time evolution of the characteristic bunch size:
�n�� t1/6 with �= �n� / sin � �� is the misorientation angle of
the substrate�. Following this model, the expected scaling of
� would be in h1/6.

In fact, the theoretical treatment of the instability requires
considering the mode of mass transport. In this framework,
various processes such as bulk diffusion,33 surface
diffusion,66,67 and evaporation-condensation35 have been in-
vestigated. Moreover, stress dependent surface and interface
mobility was also considered.41,43 These models showed that
the instability can be driven either by the stress dependent
mobility or by the classical elastic energy. The first driving
force gives an evolution of q in � while the second driving
force gives the classical evolution of q in �2. In the case of
SiGe on Si�001� the stress dependent mobility term promotes
the instability and should control the evolution of the mor-
phology with a scaling of � in �−1.

On the other hand a relevant effect is the alloy decompo-
sition which is active during growth of strained layers, even
for nominally stable alloys �consisting of atomic species of
different size�. In this situation, different diffusivities de-
pending on the atomic species should be considered. They
are generated by the inhomogeneous stress along the inter-
face which tends to drive the large atoms in regions of more
tensile stress and the small atoms in regions of more com-
pressive stress. This compositional instability has been ex-
amined in the framework of continuum models. It was first
shown that its effect is always stabilizing in step-flow growth
mode regardless of the sign of the stress.68 Recently, more
complex coupling effects between solute strains �induced by
composition variations in the alloy� and misfit strains were
considered.43,69 In the case of SiGe, Si atoms can be consid-
ered immobile with respect to Ge atoms, the model predicts
a linear scaling of the wave number q with film composition
����−1�.43 Such results are still controversial.69

The results on Si1−xGex kinetic stress-driven instability
reported above can be summarized as follows.

�1� On Si�111�: kinetic stress driven instability is inhibited
but step bunching develops on misoriented substrates.

�2� On Si�001�: the ripples are not formed by a step
bunching instability and they are not parallel to the substrate
steps �on vicinal substrates, the ripples are even perpendicu-
lar to the substrate steps�. Topographic evolution with h and
� differs on nominal and on vicinal substrates; on 1.5° off,
the scaling of the amplitudes is A�h and A�� and the scal-
ing of the periodicity is ��h0 and ���−1.

All the experimental evolutions found are coherent with
the models which consider strain dependent interface mobil-
ity �or solute stresses�.41,43 Regarding the effect of substrate
orientation and misorientation, we suggest that the depen-
dence of step energy and surface energy anisotropy on strain
strongly affect the instability. This explains why the presence
of steps on vicinal substrates considerably modifies the in-
stability behavior by locally changing the stress relaxation
and consequently the interfacial mobility. This also explains
why the instability does not develop on Si�111�.

In conclusion of this first part, we have investigated the
self-organization processes of three different growth insta-

bilities: step bunching, faceting, and kinetic stress-driven.
Remarkably, in all the situations, full scale wafer patterns
with specific topographic features and scalable amplitude,
periodicity, and shape have been produced using a complex
interplay of experimental parameters such as growth tem-
perature, Ge concentration �x�, deposited thickness �h�, and
misorientation angle ���. Scaling evolutions of the different
growth instabilities have been determined. Additionally to
this systematic investigation it is possible to create specific
patterning using predetermined experimental conditions.

B. Ge dots self-assembling

In this section, the aim is to understand the self-
assembling processes of Ge dots on a prepatterned surface
using a two step process. We first create full scale periodic
nanopatterns by using one of the self-organization processes
described above, then, we use these nanopatterns as a tem-
plate for the subsequent ordering of Ge dots.

The effect of impurities and stress gradients �induced by
misfit dislocations or by mesas� on Ge dots ordering has
been evidenced already in the literature.70,71 We focus in this
section on the effect of surface steps and surface topography
on the self-assembling process. It has already been shown in
previous studies72 that the ordering of Ge islands is not af-
fected significantly by the monoatomic steps of the Si �001�
substrate. Moreover, it was shown that during SiGe growth
on vicinal Si�001� with a polar angle of 2° and an azimuthal
angle of 45°, the step bunches formed during the early stage
of strain relaxation guide the nucleation of �105	 faceted
islands.73 However, the effect of a template layer with sur-
face ripples was not clearly established. Step bunches were
produced during the growth at 450 °C of Si on Si �001� 1.5°
off substrate �Fig. 1�a��. They self-organize into periodic
wires with an aspect ratio A /��3�10−3. On such a tem-
plate layer, a preferential nucleation of Ge islands is ex-
pected along step bunches if the islands size is in the range of
the ripples periodicity. The best ordering was obtained on a
self-organized 500 nm thick Si template layer with step
bunches 0.8 nm high and a 250 nm period. After the deposi-
tion of 8 ML Ge on this template, we can observe a prefer-
ential nucleation of domelike shaped Ge islands ��120 nm
diameter and �20 nm height� along the step bunches even if
random nucleation is observed �Fig. 6�a��. Higher magnifi-
cation image �inset of Fig. 6�a�� evidences the position of Ge
dots inside the valley between the ripples. These observa-
tions are confirmed by the 2DPSD of the surface before and
after Ge deposition which shows similar periodicity with a
slightly lower correlation length in the latter case due to ran-
dom nucleation �Fig. 6�b��. As a comparison the 2DPSD of
the surface with Ge dots/unpatterned vicinal substrate is also
plotted. We can clearly see that both the wavelength and the
correlation length are very different from the patterned sur-
face. This set of experiments proves that the nucleation bar-
rier is lower along step bunches than on the �001� terraces,
but is not low enough to prevent random nucleation which is
facilitated by the low step edge energy on Si�001�.

We then perform similar experiments on Si�111�. We first
create self-organized step bunches during deposition of Si on
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Si�111� misoriented 1.5° towards �11−12� at 700 °C �Fig.
2�b��. After deposition of 8 ML Ge on this template, we can
see that almost all the islands grow along the �332� nanofac-
ets �Fig. 6�c��. A higher magnification image reveals the very
nice alignment of typical triangular Ge islands �inset of Fig.
6�c��. Such an alignment has already been reported in the
literature.72

Deposition of 8 ML Ge on a self-organized step bunching
instability �obtained during deposition of Si on Si�111� mis-
oriented 1.5° towards �−1−12�� resulted in exactly the same
situation with the alignment of triangular Ge islands along
the step bunches �Fig. 6�c��. This proves that both Si�111�
nanofacets and step bunches represent very favorable sites of
nucleation. Consequently the step bunches have a much
larger influence on Ge dots nucleation on Si�111� than on
Si�001�. This could be attributed to the different surface en-
ergy anisotropy of Si�001� and Si�111� mainly induced by the
different step edge energy.

We focus now on the combined effect of topography with
strain gradients. For that, a SiGe strained layer with a square
based periodic corrugation �obtained in the conditions de-
scribed in Fig. 4�a� by deposition of 10 nm Si0.75Ge0.35 on
vicinal Si�001� 1.5° off� is used as the template. During
deposition of 8 ML Ge on this template, islands form and
decorate the top of periodic mounds �and not the valley as in

the previous case�. At larger scale they order into 2D square
arrays of dots with homogeneous size �Fig. 7�a��. Large scale
ordering of Ge dots on the template layer can be well-
appreciated on 2DPSD of the template layer before and after
Ge deposition �Fig. 7�b��, while almost no ordering is ob-
served when islands are deposited on the unpatterned 1.5° off
�001� substrate. In order to confirm the effect of the SiGe
template on dots ordering, we have reproduced the experi-
ment on a template layer obtained in the same experimental
conditions on 10° off Si�001� �Fig. 4�b��. Again, islands
nucleate on the top of the undulations �Fig. 7�c��. A remark-
able ordering of Ge islands along the periodic linear undula-
tions is produced as can be seen on the 2DPSD profiles �Fig.
7�d�� while again no ordering can be observed when the is-
lands are formed on an unpatterned 10° off �001� substrate.
In this situation the islands formed what were called “dome”
islands.74 Similar ordering has been reproduced with “hut”
islands obtained at lower temperature �Fig. 8�. In these two
cases, the undulations are perpendicular to the initial train of
steps of the substrate and the positioning of islands cannot be
driven by the presence of underlying ML steps.

Let us summarize now the positioning of islands on the
various self-organized instability patterns. It has been shown
above that Ge dots grow inside the valley of the undulations
in the absence of strain gradients �kinetic instability�. They
grow on the top of the undulations in the presence of strain

FIG. 6. �Color online� AFM images of the surface after growth of 8 ML Ge �Tg=600 °C� /500 nm Si on: �a� Si�001� 1.5° off �surface Fig.
1�a��; �b� Si�111� 1.5° off towards �11−2� �surface Fig. 2�; �c� Si�111� 1.5° off towards �−1−12�. Scan size is 3�3 �m2. �d� Succession of
height profiles along the x axis of the inset of �a�. Distance between line profiles is 20 nm. �e� Comparison of 2D power spectral density of
the patterned substrate �circles�; Ge dots deposited on patterned substrate �empty squares� and Ge dots deposited on unpatterned substrate
�triangles�.
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gradients �kinetic stress-driven instability�. In our MBE
growth conditions, nucleation of islands is controlled by the
adatom velocity on the surface �V� which can be expressed
as35

V = − 
DS

kT
���

�s
,

where Ds is the coefficient of surface diffusion, Ds
=D0 exp�−E /kBT�, kT is the thermal energy, E is the activa-
tion energy of surface diffusion, and �� /�s is the derivative
of the chemical potential along the surface. On a corrugated
substrate, E has two main components, the diffusion on ter-
races �ET� and a contribution from the n nearest neighbors
�Ea� :E=ET+nEa. On step bunches due to the high density of
steps, E is expected to be higher and Ds lower. As a conse-
quence, kinetic driving force �and more precisely surface dif-
fusion� should promote the nucleation of islands on step
bunches and in the valley of the patterns.75

According to Ref. 76 the evolution of the chemical poten-
tial along the surface can be described by �=�0
+���x ,y�+�Eel�x ,y� where the first term represents the
surface free energy �� dependence with curvature ��x ,y�=
−hxx�1+hx

2�−3/2 and the second term represents the local elas-
tic energy �Eel� and ��� is the atomic volume of the species.
It is shown that the curvature dependent surface energy
���x ,y� favors nucleation of islands on the concave parts
�in the valley� while elastic energy �Eel�x ,y� favors the
nucleation on convex parts due to a reduction of the amount

of compressive strain �on the top of the undulations�.
As a consequence, we explain the preferential nucleation

along step bunches, in the valley of the step-bunching insta-
bility observed experimentally on vicinal Si�111� by the
dominant effect of surface diffusion. The decrease of surface
diffusion in the bottom of the corrugation is expected to fa-
vor nucleation in this place. The low effect of step bunches
on vicinal Si�001� could be attributed to the limited height
extension of step bunches on Si�001� as compared to Si�111�
�almost eight times higher�. In the situation of islands growth

FIG. 8. �Color online� AFM image of the surface after deposi-
tion of 8 ML Ge �Tg=500 °C� on SiGe template layer �h=10 nm
and x=0.35� on 10° off Si�001�. Scan size is 1�1 �m2.

FIG. 7. �Color online� AFM images �left� and 2D PSD �right� of the surface after deposition of 8 ML Ge �Tg=600 °C� on Si1−xGex

template layer �h=10 nm and x=0.35� on �a� 1.5° off and �b� 10° off Si�001�. Scan size is 5�5 �m2. �c� and �d� give 2DPSD of �a� and �c�
images, respectively. Comparison of 2DPSD before Ge deposition �triangles� and after Ge deposition on patterned �squares� and unpatterned
substrate �circles� is given.
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on the faceting instability, the preferential nucleation at the
intersection between facets in the valley can be attributed to
the dominant effect of curvature dependent surface energy
which favors nucleation on concave areas. Regarding islands
growth on the stress-driven kinetic instability, the preferen-
tial nucleation on the top of the undulations can be explained
by the dominant effect of a larger elastic strain relaxation on
the top of the undulation which favors nucleation on these
areas. Similar behavior was reported in the literature for Ge
dots self-assembled on prepatterned substrates by means of
lithographic tools.76,77

IV. CONCLUSION

In the first part, we have shown that self-organized growth
instabilities can be used to create full scale wafer periodic
nanopatterns which can serve efficiently as a template for Ge

dots self-assembling. Step bunching and faceting instabilities
which develop during the growth of Si on vicinal Si sub-
strates, and stress-driven kinetic instability which develops
during the growth of Si1−xGex on vicinal Si�001� were inves-
tigated. Self-organization processes were determined as a
function of temperature, deposited thickness, and strain.
Morphological evolution of various instabilities has been ad-
dressed. In the second part, we have investigated the nucle-
ation of Ge dots on self-organized template layers. We have
shown that Ge dots preferentially nucleate on specific sites of
the self-organized template layers, depending on the driving
forces involved. In particular the preferential nucleation of
Ge dots in the valley between step bunches is explained by a
reduced surface diffusion while their position on the top of
strained undulations is explained by elastic energy relax-
ation. Also, on a nanofaceted surface, the effect of surface
energy anisotropy is the dominant driving force.
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