
Shape oscillations: A walk through the phase diagram of strained islands
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We observe that the morphology of strained SiGe/Si�001� islands oscillates between shallow and steeper
shapes during extensive in situ annealing at the growth temperature. We attribute this result to a competition
between coarsening and Si-Ge intermixing as paths to strain relaxation. A simple model, in which the equi-
librium island shape depends on volume and the average misfit with the substrate, accounts for the observed
behavior. Dislocated islands evolve similarly to coherent islands, with no introduction of additional disloca-
tions throughout the annealing.
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The SiGe/Si�001� material system is widely recognized
as a prototype1–3 for understanding the Stranski-Krastanow
�SK� growth in lattice-mismatched semiconductors, which is
presently the best way to obtain high quality self-assembled
quantum dots. The degree of knowledge reached for the
SiGe/Si material system is higher than that for other more
complex systems, such as InAs/GaAs �001� �which is more
appealing for optoelectronic applications�. It was pointed out
that several phenomena first observed for the SiGe/Si system
are also observed for the InAs/GaAs system.4 In spite of
intense research on SiGe/Si islands over the last decade,
there are still new and rather surprising effects, which are
continuously reported. One example is the lateral motion of
islands, which is driven by asymmetric surface-mediated al-
loying rather than by bulk interdiffusion.5

In this paper, we study yet another surprising effect,
which is the observation of shape oscillations during in situ
annealing of an initially uniform distribution of barn-shaped
islands �B�.6,7 We observe that the island shape exhibits an
oscillatory behavior, evolving from steep barns to shallower
domes �D� and then to pyramids �P�, and vice versa. This
effect helps us to understand the interplay of two general
phenomena, namely “anomalous” coarsening,8,9 which con-
sists of the growth of steep islands at the expense of shal-
lower islands, and material intermixing.10–12 Our observa-
tions are well accounted for by a simple walk through the
phase diagram of SiGe islands, which is constructed from
experimental data on island volumes and composition. Fi-
nally, we find that dislocated islands, called superdomes
�SD�, evolve similarly to coherent islands, with no introduc-
tion of additional dislocations throughout the annealing.

The samples were grown using solid source molecular
beam epitaxy �MBE�. After deoxidation and buffer growth,
10 monolayers �ML� of Ge were deposited at 740 °C at a
rate of about 0.04 ML/s. The samples were then kept at
740 °C for various times ranging between 1 and 900 min
before cooling to room temperature �RT�. The surface mor-
phology was investigated by means of atomic force micros-
copy �AFM� in tapping mode. Some samples were etched in
a buffered hydrofluoric acid, hydrogen peroxide, acetic
acid �BPA� solution �HF�1� :H2O2�2� :CH3COOH�3�� or in
an ammonium hydroxide, hydrogen peroxide solution

�NH4OH�1� :H2O2�1��, which are both known to etch selec-
tively Si1−xGex alloys over pure Si.13,14 The average Ge com-
position was extracted from x-ray diffraction data measured
at the beamline ID10B at the ESRF in Grenoble-France. Re-
ciprocal space maps were recorded around the asymmetric
�206� Bragg peak at a wavelength of 0.118 nm. Using the
island shapes obtained from AFM, we assume a vertical Ge
composition profile varying from bottom to top in a square-
root manner, i.e., with a steeper increase at the bottom of the
island. We calculated the strain state using the finite element
method �FEM� and from the strain distribution, the diffuse
x-ray scattering from the elastically relaxed �i.e., coherent�
islands is simulated using semi-kinematical scattering theory.
The Ge profiles are adjusted to obtain a good agreement
between measurement and simulation.15,16 Since only few
SDs are found on the studied samples, and the number of
dislocations �and hence the lattice mismatch� varies from SD
to SD, they were not included in the x-ray diffraction analy-
sis.

Figure 1 displays AFM scans of samples obtained upon

FIG. 1. AFM images of samples obtained upon deposition of 10
ML of Ge at 740 °C �a� and after subsequent in situ annealing for
20 min �b�, 150 min �c�, and 360 min at 740 °C �d�. The shading
allows steep and shallow facets to be distinguished according to the
local surface slope with respect to the �001� plane.
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deposition of 10 ML Ge at 740 °C �Fig. 1�a��, and subse-
quent in situ annealing for 20 min �Fig. 1�b��, 150 min �Fig.
1�c��, and 360 min at 740 °C �Fig. 1�d��. After deposition of
10 ML Ge at 740 °C, a highly uniform distribution of barns
is observed �Fig. 1�a��.7 A few SDs are also observed. After
20 min of in situ annealing �Fig. 1�b��, most of the original
barns have transformed back to pyramids or to transitional
structures with an intermediate shape between domes and
pyramids �transitional domes TDs�.5 Surprisingly, after
150 min of annealing under the same conditions, we observe
that pyramids have transformed again into steeper domes and
barns �Fig. 1�c��. Eventually, after 360 min annealing, large
�105�-faceted pyramids are found �Fig. 1�d��. We can thus
conclude that the island shape oscillates during annealing.

Figure 2 shows the result of a statistical analysis on the
average island aspect ratio �Fig. 2�a��, height �Fig. 2�b��, and
density �Fig. 2�c�� as a function of annealing time. Both as-
pect ratio and height follow an oscillatory behavior with the
annealing time. From the evolution of the aspect ratio, we
can distinguish three different regimes: �i� For annealing
times up to 20 min, the aspect ratio decreases from 0.28 to
0.1 �Fig. 2�a��. This corresponds to the B-to-D followed by
the D-to-P transitions. At the annealing temperatures used in
the experiment, two strain-relieving mechanisms can deter-
mine the evolution of the island ensemble: anomalous
coarsening8 and/or Si-Ge intermixing. If the former mecha-
nism would be dominant, the largest barns would grow at the
expense of smaller ones and the critical volume for disloca-
tion introduction could be exceeded leading to plastic relax-
ation of the epilayer and appearance of additional SDs. Such
an evolution has been reported during in situ annealing of
InAs/GaAs�001� �Refs. 17 and 18� or PbSe/PbTe�111�
quantum dots.19 In our case, this path is not “chosen,” most

probably due to the relatively high activation energy barriers
for misfit dislocation nucleation.20 Indeed, for a given
epilayer thickness, the energy cost for creating a unit length
60° misfit dislocation is larger for the Ge/Si system than for
the InAs/GaAs or CdSe/ZnSe systems.21 The island en-
semble will thus evolve preferentially by SiGe alloying,
which leads to shallower morphologies. �ii� For annealing
times between 20 and 150 min, the aspect ratio increases
from 0.1 to almost the same value measured for the nonan-
nealed sample. We have previously shown that intermixing
occurs via lateral island motion, which slows down for suf-
ficiently long annealing times.5 The simultaneous decrease of
the island density �Fig. 2�c�� and the increase of average
island height �Fig. 2�b�� suggest that anomalous coarsening
takes over in this regime. The islands, whose volume ex-
ceeds a critical value, undergo a shape transformation from
pyramids to TDs and then continue their growth toward
steeper domes and barns while smaller islands shrink and
disappear.9 �iii� For annealing times longer than 150 min, the
aspect ratio decreases again to almost 0.1 and the barns
transform back to domes and then to pyramids, indicating
that intermixing becomes dominant again. For annealing
times as long as 900 min, we still observe large pyramid
islands. We attribute this observation to a progressive slow-
down of the processes involved, mainly because of the sub-
stantial increase of the lateral size of the islands. This renders
it difficult to observe further changes in a reasonable time
scale.

The island shape is mainly determined by its size and
misfit with the substrate. In order to determine the misfit and
composition, we performed x-ray diffraction measurements.
Selective wet chemical etching experiments using a
NH4OH:H2O2 solution were performed to cross check the
results. During the regime �I� of the in situ annealing, strong
Si-Ge alloying is known to occur,11 leading to island shape
changes as soon as the volume drops below a compositional
dependent critical volume Vc. If we assume that the misfit �
can be written as �=0.042x, where x is the Ge content and
that the island width scales as �−2,22–24 Vc can be written as
Vc�x�=Vc�1� /x6, where Vc�1� is the critical volume for pure
Ge islands. Since neither prepyramids nor domes are usually
observed in the growth conditions �low substrate tempera-
ture� required to obtain pure Ge islands, Vc�1� should be
regarded as a mathematical parameter. We can estimate the
critical volume for the prepyramid1,9 to pyramid transition to
be about 4000 nm3 and the critical volume for the P-to-D
transition to be about 2�105 nm3 at 740 °C. The latter val-
ues are obtained from the critical size distinguishing shrink-
ing from growing islands in a sample obtained upon deposi-
tion of about 5 ML Ge at 740 °C.9 As the Ge composition
profiles obtained from x-ray diffraction are rather flat as a
function of island height, we can use the average Ge concen-
tration to evaluate Vc�1�, which is 11 nm3 and 556 nm3 for
the prepyramid to pyramid and the P-to-D transition, respec-
tively. The Vc�x� curves are plotted in Fig. 3�a�. We compare
our data with the above model for the samples shown in Fig.
1. We measure the mean island volumes from our AFM data.
The average Ge content is determined from the vertical Ge
profile found from the analysis of finite element simulations
of reciprocal space maps. The results are corroborated by wet

FIG. 2. Evolution of the island aspect ratio �a�, height �b�, and
density �c� with the annealing time. The dashed line in �a� separate
different regimes �see text for details�.
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chemical etching experiments. We first determine the mean
island volumes prior to �Vb� and after 210 min etching �Va�
in a NH4OH:H2O2 solution. Since this solution etches pref-
erentially Ge over Si, the quantity �Vb−Va� /Vb gives a rough
measure of the Ge content. Figure 3 summarizes our results
showing the islands shape as a function of their volume and
average Ge composition. Both x-ray �full symbols in Fig.
3�a�� and etching results �open symbols in Fig. 3�a�� follow
the same trend. The Ge composition, which is an average
over the assumed composition profile, is given with an error
bar due to the rather large size distribution of the islands.
During growth �Fig. 3�b��, at approximately constant compo-
sition, the islands evolve from prepyramids to pyramids and
eventually to larger domes and barns following the solid line
arrow. When annealing sets in �Fig. 3�c��, the islands move
laterally while becoming larger and more dilute. Thus, they
will cross the critical volume curve and start to evolve to
their precursor shape. For longer annealing times, anomalous
coarsening takes over: The larger islands increase their vol-
ume, thus being able to cross again the critical volume curve
and to evolve to steeper morphologies, while smaller islands

shrink and disappear9 �see dashed line arrow in Fig. 3�a��.
These shape transformations occur without significant addi-
tional intermixing, suggesting that material is essentially re-
distributed within the island ensemble. Coarsening governs
the evolution as long as shallow islands are present on the
film. When all islands have barn shapes, intermixing be-
comes the only available strain-relaxation channel available.
�Dislocation introduction during annealing is not observed,
see below.� These results indicate that alloying during an-
nealing, which requires Si diffusion from the substrate to the
surface through the wetting layer, is slow compared to ma-
terial redistribution among islands. The presence of barns,
characterized by facets with a large contact angle with the
substrate, may promote the outdiffusion of Si because of the
large stress present at their base and surroundings. This
simple model, which describes the shape oscillations by a
“walk through the SiGe/Si�001� island phase diagram,” is
able to account for our experimental observations.

Surprisingly, for annealing times longer than 150 min, the
average island volume does not increase as one would expect
for continuous SiGe alloying but rather decreases. The same
evolution is observed for the total volume per unit area con-
tained in the islands �not shown here�, indicating that some
of the material composing the islands is re-deposited on the
wetting layer. This phenomenon, which has already been ob-
served during annealing of InP/GaAs�001� quantum dots,25

can be qualitatively understood by considering that the criti-
cal thickness for the 2D-3D transition increases with decreas-
ing misfit. This has been observed experimentally26 and a
similar behavior has been recently predicted theoretically.27

We can speculate that an increased critical thickness will
allow the transfer of material from the islands to the wetting
layer, leaving shallower and Si-richer islands on the surface.

Finally, we also consider the morphological evolution of
plastically-relaxed islands during extensive in situ annealing.
Representative AFM scans �1 �m�1 �m� of dislocated is-
lands contained in the as-grown sample and in the sample
annealed for 360 min at 740 °C are shown in Figs. 4�a� and
4�c�, respectively. A simple comparison shows that the shape
of superdomes also changes during in situ annealing. Indeed,
prior to annealing, dislocated islands exhibit a steep mor-
phology �Fig. 4�a��,11 while after 360 min annealing, their
surface is mainly bounded by shallow �105� facets �Fig.
4�c��. Nevertheless, dislocated islands can be distinguished
from coherent islands because their size remains larger
throughout the annealing process. These observations indi-
cate that, during annealing, the residual strain present in dis-
located islands is gradually relieved by intermixing and rip-
ening as for coherent islands. For a superdome, the misfit
strain prior to annealing is �=�0−nb /w, where �0 is the mis-
fit strain for a coherent island, n is the number of disloca-
tions, b is the misfit component of the Burgers vector, and w
is the mean island width.28 Because of the reduced misfit,
dislocated islands undergo transitions at critical volumes
larger than for coherent islands. AFM scans of the same
sample areas shown in Figs. 4�a� and 4�c� taken after selec-
tive wet chemical etching in a BPA solution are shown in
Figs. 4�b� and 4�d�, respectively. In the as-grown sample, the
superdome leaves behind a complex footprint consisting of
circular tree-ring structures29 surrounding a central plateau.

FIG. 3. �a� Island shape as a function of mean volume and
average misfit. The dashed curves represent the critical volumes
Vc�x� for the prepyramid to pyramid and pyramid to dome transi-
tions and separate the regions in which the equilibrium shape is
dome or barn �for simplicity we do not distinguish the two shapes in
the figure�, pyramid and prepyramid. The solid and dashed arrows
show the schematic evolution of growing and shrinking islands,
respectively. The solid line shows the pathway followed during post
growth annealing. The quantity �Vb−Va� /Vb �see text for the defi-
nition� is shown as open symbols. �b� Schematic of the island shape
evolution during growth. The islands evolve from pyramids to
domes and finally to steeper barns. �c� Schematic of the island
shape evolution during in situ annealing. The gray level is related to
the island composition.
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This particular structure was attributed to their cyclic growth
mode.28,29 After 360 min annealing, the islands base area be-
comes much larger �Fig. 4�d�� while the number of rings
does not increase, suggesting that SiGe alloying and coars-

ening are always preferred to the introduction of additional
dislocations throughout the annealing process. Tree-ring
structures are clearly observed even for the sample annealed
for 900 min, indicating that bulk-interdiffusion, which would
smear the interface between island and substrate, does not
play a significant role even at the relatively high temperature
�740 °C� used here.

In conclusion, we observed that the island shape oscillates
with the annealing time. This result is discussed using a
simple model based on the dependence of the equilibrium
island shape on both volume and composition. The evolution
is driven by surface-mediated SiGe alloying when islands
have a steep morphology, while it follows anomalous coars-
ening when different shapes are present. Dislocated islands
evolve similarly to coherent islands, without introduction of
additional dislocations throughout the annealing process.
Since coarsening and alloying are general phenomena and
take place also for other SK systems, it seems reasonable to
believe that shape oscillations may also occur for other
strained material combinations.
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FIG. 4. �a� AFM scan �1 �m�1 �m� of the same superdome
contained in the as-grown sample prior to and �b� after 2 min etch-
ing in a BPA solution. The tree-ring structure is evident. �c� AFM
scan �1 �m�1 �m� of a large pyramid contained in the sample
annealed for 360 min at 740 °C prior to and �d� after 2 min etching
in a BPA solution. Similar tree-ring structures are observed but the
island base area has considerably increased.
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