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The effects of substrate temperature, growth rate, and postgrowth annealing on the composition of Ge
islands grown on Si�001� were investigated with a combination of selective wet chemical etching and atomic
force microscopy. A simple kinetic model comprising only surface diffusion processes can explain all the
experimentally observed compositional profiles for pyramid and dome islands grown in the 560–620 °C
range. From this model three-dimensional compositional maps were extracted. By performing annealing ex-
periments a change in the composition of the domes was observed. This could be explained as the result of the
islands’ movement induced by alloying-driven energy minimization. Also in this case kinetically hindered bulk
diffusion processes are not needed to explain the experimental observations.
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I. INTRODUCTION

Self-organized semiconductor nanostructures are the sub-
ject of intense investigations since they may act as building
blocks for future nanoscale applications such as quantum
computing and optoelectronic devices. In particular, the in-
terest in SiGe quantum dots �QDs� raised continuously dur-
ing the past 15 years following the original discovery that
dislocation-free islands can be formed by depositing a few
monolayers �ML� of Ge on Si�001�.1,2

The optoelectronic properties of self-organized semicon-
ductor QDs are strongly influenced by their morphology,
strain, and composition, which are interrelated. In the last
few years there has been a significant amount of work by
means of scanning tunneling microscopy characterizing the
early stages of Ge epitaxial growth on Si�001�,3,4 the forma-
tion of islands,5–8 and the transition between different island
types.9–11 There have also been detailed studies on the mor-
phological changes occurring during Si capping,12–14 which
is important in view of device applications. The strain status
of freestanding islands has been addressed by diffraction
methods,15 ultrasonic force microscopy,16 and electron
microscopy.17 The majority of the studies concerning the QD
composition relied on diffractive18–20 or spectroscopic
techniques21–24 that give an average value over a large num-
ber of islands. They are therefore restricted to samples with a
monomodal island distribution and they do not allow the
addressing of individual islands so as to investigate compo-
sitional variations from island to island. More recently,
electron25 and x-ray microscopy based26 experiments were
performed for measuring compositional variations through-
out individual dots. An alternative method that combines se-
lective chemical etching and atomic force microscopy
�AFM� has recently been used by Schmidt et al.27 and Den-
ker et al.28 in order to probe the composition of Ge hut
clusters and pyramids in single and stacked layers. Just re-
cently, Malachias et al.29 and Schülli et al.30 used the same
procedure together with a set of diffraction techniques to
study monomodal distributions of dome islands.

Despite all these works, a general treatment of the QD
composition problem giving a coherent description of the
different reported results is still missing. Moreover, it is still

debated whether the observed compositional profiles are
originating from bulk interdiffusion phenomena triggered by
the nonuniform stress fields25,31–33 or from surface mediated
diffusion processes.26–28,34 In the present paper we investi-
gate the dependence of the composition of Ge islands on the
main growth parameters by varying the substrate tempera-
ture, the growth rate, and the annealing time. Based on our
experimental results, we propose a unified description of the
SiGe alloying during the growth of pyramids and domes. The
nonuniform compositional profiles of the islands can be de-
scribed within a very simple kinetic growth model that in-
volves only surface diffusion processes. Also the composi-
tional changes occurring after the island annealing can be
explained in terms of pure surface diffusion, thus demon-
strating that, at our experimental temperatures, thermody-
namically driven bulk intermixing is not necessary for ex-
plaining the islands’ compositions.

II. METHODS

The samples used for this study were grown by solid
source molecular beam epitaxy. After chemical cleaning
and deoxidation at 950 °C in ultrahigh vacuum, a 100 nm
thick Si buffer was grown while ramping the substrate tem-
perature from 480 °C to the island growth temperature
�560–620 °C�. The samples were grown by depositing 6 ML
of Ge at a rate of 0.04 ML/s. After the formation of a planar
wetting layer �WL�, the appearance of three-dimensional
�3D� islands was monitored by reflection high energy elec-
tron diffraction. Two samples grown at 580 °C were subse-
quently in situ annealed at the same temperature for 10 and
20 minutes, respectively. So as to investigate the effect of the
growth rate, another set of samples was prepared by depos-
iting 11 ML of Ge with growth rates of 0.04 ML/s and
0.08 ML/s. The etching experiments were performed at
room temperature by dipping the samples for 10 minutes in a
commercial �Merck� 31% hydrogen peroxide �H2O2� solu-
tion, which is known to etch selectively Ge over Si and to
stop etching for SiGe alloys with Ge concentrations less than
65%.27 Longer etching times did not significantly change the
morphology of the remaining structures. After being etched,
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the samples were rinsed in deionized water and their mor-
phology was investigated by means of AFM in tapping
mode.

To gain a better understanding of the experimental obser-
vations, we performed growth simulations similar to those
reported in Ref. 28. In the present work we additionally in-
cluded the influence of the substrate temperature by taking
into account a higher Si diffusivity and a larger Si content in
the WL35 for higher temperatures.

III. AS-GROWN SAMPLES

A. Effect of growth temperature

Figures 1�a�–1�c� show AFM topographies of QD samples
grown at 580 °C, 600 °C, and 620 °C, respectively. With
increasing growth temperature, the size of the islands in-
creases and their density decreases, as expected. The sample
grown at 580 °C shows a coexistence of hut clusters �elon-
gated islands bounded by four �105� facets and edges parallel
to the �100� directions�,2 pyramids �similar to the hut clusters
but with a square base and generally larger� and domes �mul-

tifaceted islands with steeper facets�.36 At 600 °C we ob-
serve mainly domes and transition islands11 while at 620 °C
the surface is covered by a monomodal distribution of
domes. The right column of Fig. 1 shows the corresponding
surface morphologies after the chemical etching in a 31%
H2O2 solution. The huts become shallower27 and the pyra-
mids show a crosslike shape, as has been already reported
previously28 �left inset in Fig. 1�d��. The selectivity of the
etchant implies that the remaining parts of the islands �in the
case of pyramids, the corners� have a larger Si content.
Etched domes exhibit a ringlike structure up to a temperature
of 600 °C. At 620 °C the rings transform into a convex
moundlike structure, which occurs also at higher growth
temperatures.30 The 560 °C sample �not shown� is very simi-
lar to that grown at 580 °C, both before and after etching.

A careful inspection of the etched pyramids grown at
560 °C and 580 °C reveals that a few of them do not exhibit
the characteristic cross shape but still have a protruding apex
�left and right inset in Fig. 1�d�, respectively�. This observa-
tion indicates that these latter pyramids have an increased Si
content at their top. In order to interpret this difference and to
derive a complete 3D compositional map for the two types of
pyramids, we performed simulations similar to those re-
ported in Ref. 28. They were done for a large range of dif-
fusion lengths and WL compositions so as to investigate their
effect on the final composition of the islands.

For each set of parameters, more than 200 simulations
were performed and their results were averaged so as to ob-
tain a composition value for each different part of the
pyramid.28 Figure 2�a� shows a two-dimensional �2D� cross
section through such a compositional map along the �100�
direction for a pyramid with an high Ge composition and a Si
diffusion length equal to 25% of the pyramid base. For a
direct comparison with the etching experiments, we have to
consider all the points of this map with a Ge composition
lower than 65%, a so-called 65% Ge isocompositional pro-
file. This is shown in Fig. 2�b�, which agrees fairly well with
the experimental crosslike structure shown in Fig. 2�c�. If we
consider a pyramid with a higher average Si content, a dif-
ferent result is obtained: the isocompositional profile is now
showing a protruding apex �Fig. 2�e��, in good agreement
with the second type of experimentally observed etched
pyramids �Fig. 2�f��. To understand the origin of this phe-
nomenon we have to consider that, as recently
demonstrated,11 pyramids grow by a successive overlay of
�105� facets, involving predominantly surface processes.
During the formation of a new �105� facet, the probability
that a Si atom is incorporated at a certain position is thus
proportional to the probability that it reaches that position by
diffusing from the WL. As a consequence, we can assume
that the composition of each part of the island is mainly
determined at the moment of its growth. Points A and B in
Fig. 2�g� were incorporated into the pyramid at different
times at which the pyramid had different sizes. The distance
Si atoms had to travel for reaching A is on average larger
than for B, resulting in a higher Si composition of B �pyra-
mid center� with respect to A. Evidently, the geometrical
argument presented above is true also for Ge atoms. How-
ever, it has been shown that the diffusion length of Ge is
larger than that of Si,37 and furthermore the latter has to

FIG. 1. AFM topographies showing the morphology of Ge is-
lands grown on Si�001� before �left column� and after 10 minutes of
31% H2O2 etching �right column�. The growth temperatures are
580 °C for �a� and �d�, 600 °C for �b� and �e� and 620 °C for �c�
and �f�. The insets show a higher magnification �80�80 nm2� of �d�
the two different observed etched structures for pyramid islands,
and �e� the protrusions in the ring structures of the etched domes.
The encircled islands in �d� are examples of pyramids without apex
while the ones enclosed by squares correspond to pyramids with
apex. The gray scale in �a�–�c� is related to the local surface slope
while in �d�–�f� it represents a combination of local surface height
and gradient so as to enhance small-scale morphological details.
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diffuse out of the thin WL before diffusing towards the is-
lands. Thus, the motion of the Ge atoms, due to their larger
diffusivity, is not significantly restricted by this geometrical
effect. The increase of the Si content in the center is always
present but it appears more clearly for a higher overall Si
composition �compare Figs. 2�a� and 2�d��. This result im-
plies that those pyramids, which after etching still have a
protruding central part, also have a higher total Si content. In
other words, although the pyramids look morphologically
identical before etching, they do not have the same compo-
sition. This could be caused by local fluctuations of the WL
composition38 induced by the nonuniform distribution and
density of the islands.

The etched domes grown in the 560–600 °C temperature
range show a ringlike structure, whose height increases with
increasing temperature: at 560 °C it is of 1.4 nm, at 580 °C
of 3.6 nm, and at 600 °C of 6.5 nm. This implies that also in

the case of domes, the periphery has a higher Si content
compared to the center. The actual difference is that while for
the square-based pyramids the Si-richer regions are mainly
concentrated in the corners,28 this geometrical effect is al-
most absent for the domes which have a much more sym-
metric octagonal base.36 Nevertheless, a careful inspection
reveals that for many of the domes a tiny modulation of the
ring does exist in the form of four protrusions, located at the
same position of the pyramids’ corners �inset in Fig. 1�e��.
This can be easily understood when considering that domes
evolve from pyramids through a transformation that involves
primarily surface processes.11 It is thus not surprising that the
composition of a dome “remembers” that of the pyramid
from which it has originated.

At 620 °C the ring is replaced by a convex mound struc-
ture having a height of about 13 nm �Fig. 1�f��. A qualita-
tively similar compositional profile was recently reported by
Malachias et al.29 for Ge domes grown by chemical vapor
deposition. In order to rationalize this change we have to
consider that the increase of the substrate temperature has
two main effects. First, it augments the Si content of the
WL35 and second, it increases the adatom surface diffusivity.
This is particularly important for Si atoms, since the diffu-
sion of Ge atoms is already activated at lower
temperatures.11 As a consequence, at higher temperatures
more Si atoms can reach even high-lying points of the island,
thus producing a “Si-filling” of the central hole and creating
the mound structure. By including these two effects into the
growth simulations for dome-shaped islands, the transition
from a ring- to a moundlike isocompositional profile can
indeed be reproduced rather well �Fig. 3�. This result further
confirms that the inhomogeneous Si distribution of islands
grown at lower temperatures is produced by kinetic limita-
tions. Moreover, it demonstrates the generality of our simple
model and proves that bulk diffusion driven by stress fields is
not necessary for justifying the experimentally observed
compositional profiles.

For even higher temperatures the simulations show that Si
atoms can access every point of the island with high prob-

FIG. 2. �Color� �a� 2D cross section through the compositional
map of a simulated pyramid with a Si diffusion length correspond-
ing to 1/4 of its base and an average Ge composition of 75%. The
cross section is along �100�, i.e., along the pyramid side and passes
through its center. �b� 65% Ge isocomposition surface profile of the
same pyramid. For comparing the simulated data with the AFM
images, the former were smoothened by means of a Gaussian con-
volution. �c� Experimental etched structure of a pyramid without
apex. �d� Same as �a� but with an average Ge composition 52%. �e�
65% Ge isocomposition surface profile of the pyramid in �d�. �f�
Experimental etched structure of a pyramid with protruding apex.
�g� Schematic representation for the origin of the higher Si content
close to the pyramid center. The arrows indicate the path that atoms
starting from the WL have to follow in order to reach different
positions of the pyramid at different moments of the pyramid
growth. See text for details.

FIG. 3. �Left column� Simulated 65% Ge isocompositional sur-
face profiles for �a� a dome with small Si content and diffusion
length and �b� a dome with a higher Si content and diffusion length.
For comparing the simulated data with the AFM images, the former
were smoothened by means of a Gaussian convolution. A circular
shape for the base of the dome was assumed for simplicity. �c� and
�d� experimental etched structures of domes grown at 580 °C and
620 °C, respectively.
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ability, producing a more uniform and Si-richer alloying of
the island. This agrees well with the experimental report by
Schülli et al.30 that the dome islands grown at 700 °C are
almost not affected by the etching in a 31% H2O2 solution.

B. Effect of the growth rate

The effect of the growth rate on the island composition
was investigated by growing 11 ML of Ge at a fixed sub-
strate temperature �620 °C� but with different deposition
rates, 0.04 and 0.08 ML/s, respectively. The samples are
characterized in both cases by a monomodal distribution of
domes, but their composition appears to be different. In the
first sample the etched islands show a moundlike structure
with an average height of 14.6±0.7 nm, while in the second
they show a ringlike profile with a height of 10.1±1.3 nm
�Fig. 4�. The influence of the Ge growth rate on the island
composition can be also understood within a kinetically de-
termined growth model. In fact, while the Ge supply rate for
a growing island is doubled, that of Si remains almost un-
changed, being principally determined by the sample tem-
perature. This leads to a back transformation of the etched
morphologies from mound to ringlike structures as also veri-
fied by the simulation.

Summarizing, we have so far demonstrated that a simple
kinetic growth model can qualitatively reproduce the com-
plex inhomogeneous alloying of self-organized 3D islands.
Despite its simplicity, the model is able to grasp the essential
features of the compositional profiles of pyramids as well as
domes and it correctly describes their evolution as a function
of the substrate temperature and of the growth rate. Its basic
assumptions are clearly oversimplified and other important
effects �strain release, surface energy, etc.� should be in-
cluded in a true comprehensive description of the island
growth. For example, the kinetic accumulation of Si at the
pyramid edges could possibly be amplified due to the energy
gain that Si atoms experience when attaching to already Si-
rich regions. Nevertheless, the good agreement with the ex-
perimental results lets us expect that, even by taking into
account these further effects, the main origin for the mea-
sured composition profiles would still be of a kinetic nature.

IV. ANNEALED SAMPLES

An important procedure in the growth of self-organized
quantum dots is the so-called growth interruption, by which

the sample is kept at the growth temperature for a certain
time after the deposition flux has been stopped. To investi-
gate its effect on the island composition, we annealed
samples grown at 580 °C for 10 and 20 minutes �Fig. 5�.
The comparison between Fig. 1�a� and Figs. 5�a� and 5�b�
reveals that a coarsening process has taken place in which
the hut clusters have disappeared and the average island size
has increased. After annealing, the etched pyramids show
qualitatively the same compositional profile as the as-grown
ones.

Conversely, the domes display a completely different
compositional profile after the growth interruption �for both
10 and 20 minutes�. The symmetric Si-rich ring is replaced
by a strongly asymmetric structure in which the part re-
moved by the etching is close to the island border. Moreover,
line scans as those shown in the insets of Figs. 5�c� and 5�d�
reveal that the Ge-rich part of these domes becomes smaller

FIG. 4. �Color online� Representative AFM linescans of domes
grown at 620 °C with two different growth rates: �a� 0.04 ML/s
and �b� 0.08 ML/s before �solid black line� and after �dotted red
line� selective chemical etching.

FIG. 5. AFM topographies showing the morphology of annealed
Ge islands before �upper row� and after �lower row� 10 minutes of
31% H2O2 etching. The annealing times are 10 minutes for �a� and
�c� and 20 minutes for �b� and �d�. The insets in �c� and �d� show a
representative line scan across the etched islands. The gray scale in
�a� and �b� is related to the local surface slope while in �c� and �d�
it represents a combination of local surface height and gradient so
as to enhance small-scale morphological details. �e� and �f� repre-
sent a schematic model of the island movement and of its effect on
the island composition. The dashed border includes the original
island and its compositional profile taken from the actual simulation
�darker regions are Si rich and not attacked by the etchant�. The
dashed-dotted line inside the final island indicates the line scan that
is expected after etching. The arrows indicate the direction and the
“magnitude” of the island motion.
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with increasing annealing time. These very peculiar compo-
sitional profiles cannot be easily explained without consider-
ing that Ge islands move laterally during annealing. Denker
et al.39 recently demonstrated for samples grown at 740 °C
that an initial fluctuation of material on one side of an island
�possibly caused by the elastic repulsion between neighbor-
ing islands�40 can initiate a self-sustaining lateral movement.
This instability derives from the energy gain that Ge atoms
experience when migrating from the receding to the advanc-
ing side of the island where they can intermix with Si origi-
nating from the WL. The islands are thus growing in size
while moving and their advancing front has a higher Si
content.39 Figure 5�e� schematically shows the effect of this
movement on the composition of domes that initially had a
Si-rich ring. The right side of the island is highly alloyed and
will therefore not be affected by the etchant. The left side is
constituted by the material of the original island with a lower
lying Si-rich region that corresponds to the original ring and
a higher lying Ge-rich part that will be removed after etch-
ing. The total resulting compositional profile is thus very
similar to the experimentally measured one �see line scan in
inset of Fig. 5�c��. The observation that the island displace-
ment scales with the annealing time39 further explains why
the etched part of the island becomes smaller for longer
growth interruptions �Fig. 5�f��. For islands close to each
other, we observe a clear correlation between the direction of
motion and the direction away from the nearest neighbor. A
very similar behavior is also seen when the annealing is per-
formed at higher temperatures,39 and supports the above in-
terpretation.

Since the compositional profile of pyramids is qualita-
tively the same for the as-grown and the annealed islands, a
movement seems not to be plausible in this case. The origin
of the different behavior of pyramids and domes cannot be
unambiguously derived from our experiments. One reason
could be that in the case of pyramids the repulsive strain
fields needed to trigger the island motion39 are not strong
enough.41

V. DISCUSSION AND CONCLUSION

By comparing our results with the compositional profiles
reported in the literature, we notice that there is a good
agreement on the observation that the composition of the
dots becomes richer in Ge closer to the apex of the
islands18–25,29 and that the overall Si content is increasing
with increasing growth temperature.22,30 In the majority of
these studies, experimental techniques which integrate over a

large number of dots were used. As a consequence, it was not
possible to detect compositional fluctuations among different
islands, nor to extract precise 3D compositional profiles with
high lateral resolution as can be done by combining atomic
force microscopy and selective chemical etching.

Recently Malachias et al.29 obtained a detailed 3D map of
the Si and Ge distribution within dome islands by using graz-
ing incidence anomalous x-ray scattering. Their reported ex-
perimental profile fits well with the moundlike structure de-
scribed in Sec. III and we therefore believe that it could be
explained by a growth model similar to that presented here.
By combining transmission electron microscopy and electron
energy-loss spectroscopy, Floyd et al.25 investigated the
composition of dome islands with both lateral and height
resolution. Although they expected a lateral modulation in
the island composition caused by a strain-driven bulk inter-
diffusion, they did not observe it. A possible reason could be
that small variations are not detected by a transmission tech-
nique that integrates over 100–200 nm thick sample slices.
In our study, for nominally similar growth temperatures, we
do observe lateral variations in the island composition in the
form of ring structures for domes and of crosslike structures
for pyramids. Nevertheless, the growth model we have intro-
duced to explain these effects is based just on surface pro-
cesses and does not need to take into account any bulk inter-
diffusion. This is supported by the values of the
corresponding energy barriers reported in the literature:42–44

according to them, in the 560–620 °C temperature range,
bulk interdiffusion is kinetically limited and much too small
to explain the amount of Si that we observe in the islands.
Thus, bulk interdiffusion should not be considered as the
main factor responsible for island intermixing.

In conclusion, in this work we have investigated the de-
pendence of the composition of self-organized islands on the
temperature, the growth rate, and the annealing time. We
were able to explain all the observed compositional profiles
of the as-grown islands within a very simple model that is of
kinetic origin and relies just on surface diffusion phenomena.
Based on these arguments we were able to propose a com-
positional map for both pyramids and domes and to explain
the asymmetric profiles of the annealed domes.
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