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We investigate the morphological evolution of islands obtained by epitaxial growth of Ge on Si�001�
substrates. We are able to obtain highly uniform distributions of SiGe islands, which exhibit a “barn” shape. In
addition to previously observed facets, we identify higher index facets, which are not observed in dome-shaped
islands. The evolution of the island-related facet area provides evidence of a transition from domes to steeper
barns, which continues the sequence of coherent island types before the onset of plastic relaxation. For higher
Ge coverages, when plastically relaxed islands �superdomes� form, the island ensemble loses its homogeneity.
This is essentially the result of anomalous coarsening, with material being transferred from coherent islands to
larger superdomes.

DOI: 10.1103/PhysRevB.74.155326 PACS number�s�: 81.15.Hi, 68.37.Ps, 68.47.Fg, 68.65.Hb

Strain-driven self-assembly represents nowadays the easi-
est route to fabricate semiconductor “quantum dots.”1 These
structures have gained an increasing interest during the last
decade mainly due to their potential application in future
nanoscale electronic or optoelectronic devices.2,3 In order to
functionalize these structures in device architectures, it is
important to control precisely their shape and size distribu-
tion. In most of the cases, a well-defined size with a small
dispersion is required. The importance of size uniformity has
already been addressed by several authors both experimen-
tally and theoretically.4–7 Among the different strained mate-
rial combinations, the Ge/Si�001� system is the simplest.
Due to the 4.2% lattice mismatch between Ge and Si, the
growth follows the Stranski-Krastanow mode. The growth
starts in a layer-by-layer mode up to a critical thickness of
about 3-4 monolayers �ML�. Then, at relatively high growth
temperatures, the strain energy accumulated in the growing
layer is partially relaxed through the formation of unfaceted
mounds also called “prepyramids” on top of the wetting
layer.8–10 When the growth continues, the prepyramids trans-
form into truncated pyramids and then into square-based
pyramids or elongated hut clusters bounded by �105�
facets.11 A further increase of the Ge coverage leads to a
transition from pyramids to dome islands bounded by steeper
facets.12 Finally, the dome islands may evolve into large,
dislocated islands also called “superdomes.”13 This sequence
of shape changes has been observed for the growth of
Si1−xGex on Si�001� �at least for x�0.2�.14 Recently, Sutter
et al.15 have identified a coherent island type, called “barn”
because of its appearance in cross-sectional microscopy, dur-
ing the deposition of dilute Si1−xGex alloys �x�0.2� on
Si�001� by gas-source molecular beam epitaxy. In addition to
the commonly observed dome facets ��105�, �113� and �15 3
23��, �111� facets were identified on the barn surface.

In this paper, we show that coherent barns are also ob-
served during growth of nominally pure Ge on Si�001� and
delay the appearance of dislocated superdomes. We are able
to obtain highly uniform distributions of SiGe islands that
exhibit invariably a barn shape. This may affect the conclu-
sions of models based on only two island shapes �pyramids
and domes�.7,16 A careful analysis of their morphology al-

lows us to identify high index facets, which were not recog-
nized in Ref. 15. By measuring the coherent-island related
facet areas, we provide evidence that the transition from
domes to barns is very similar to the pyramid-to-dome tran-
sition, i.e., that the appearance of steeper facets is accompa-
nied by a drop in the area of shallower facets.13 By increas-
ing the Ge coverage, plastic relaxation occurs in addition to
the elastic relaxation. When superdomes appear, the aspect
ratio of the coherent islands drops and their size distribution
broadens essentially due to anomalous coarsening.12 In fact,
most of the deposited Ge is collected by the dislocated is-
lands. We expect that material migration from small coherent
islands towards superdomes allows for a global relaxation of
the epilayer-plus-substrate system.

The samples were grown by solid source molecular beam
epitaxy �MBE�. After deoxidation at 950 °C, the substrate
temperature was ramped down to 460 °C and a 100 nm thick
Si buffer was deposited at a rate of 0.1 nm/s while ramping
the temperature from 460 °C to 700 °C. After a 5 s growth
interruption, 6 to 15 ML of Ge were grown at a rate of 0.04
ML/s. The samples were then cooled to room temperature
immediately after growth at a rate of about 1 °C/s. The sur-
face morphology was analyzed by ex situ atomic force mi-
croscopy �AFM� in tapping mode.

Figure 1 shows histograms of the island height obtained
after deposition of 6 ML Ge �Fig. 1�a��, 8.5 ML Ge �Fig.
1�b��, 11 ML Ge �Fig. 1�c��, and 15 ML Ge �Fig. 1�d�� at
700 °C. The corresponding AFM images �2 �m�2 �m� are
shown in the insets. The color scale allows steep and shallow
facets to be distinguished according to the local surface slope
with respect to the �001� plane. If the growth is stopped at 6
ML Ge, the histogram reveals an inhomogeneous distribution
with different island types. One can clearly recognize trun-
cated pyramids, pyramids �P�, islands with shape intermedi-
ate between pyramids and domes �TD� and domes �D�,16

where TDs and Ds are growing and smaller islands are in the
process of shrinking.10 In contrast, after deposition of 8.5
ML Ge, a highly uniform distribution of islands is obtained
�Fig. 1�b��. Such kind of distributions have already been ob-
served by growing nominally pure Ge on Si�001� in the tem-
perature range 620–750 °C.6,17 In the last case, homoge-
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neous size distributions were found �±5.5% height
fluctuation�.17 At this stage, one can ask whether these is-
lands are still dome islands. A qualitative comparison with
the AFM image shown in the inset of Fig. 1�a� shows that the
islands have much steeper facets than the well-known
domes. We note that these islands are still coherent as re-
vealed by transmission electron microscopy.18 Due to their
similarity with the islands already observed by Sutter et al.,15

we will call them in the following “barns” �B�. When the Ge
coverage increases up to 11 ML �Fig. 1�c��, the island en-
semble loses its homogeneity: dislocated superdome islands
�SD� appear while coherent islands consist of shallower
barns and domes. Finally, for a Ge coverage of 15 ML �Fig.
1�d��, a broad island distribution is obtained. The SDs be-
come larger while the coherent islands consist of a distribu-
tion of shallow barns, domes, TDs and pyramids.

Figure 2�a� displays the aspect ratio versus volume for
different Ge coverages between 6 and 15 ML. For clarity, we
display the average aspect ratio values for islands having
similar volumes in Fig. 2�b�. For the lowest Ge deposition

considered �6 ML�, the aspect ratio values are distributed
between 0.1 and 0.22. These are typical values for pyramids,
TDs, and domes. In contrast, the aspect ratio values cluster
around 0.3 for the sample containing 8.5 ML Ge �Fig. 2�a��,
indicating that barns are indeed bounded by steeper facets
than domes. The transition from dome to barn occurs via an
increase of the island volume and height at approximately
constant base area �not shown here�. This suggests that
domes transform into barns by accumulation of material at
their top, similarly to the pyramid-to-dome transition.19

When the Ge coverage increases to 9.5 ML, the aspect ratio
increases slightly and the data points accumulate near the
critical volume for dislocation introduction at 700 °C
�marked by a line in Fig. 2�a��. The latter is about 0.4
�106 nm3 as determined by analyzing AFM images of the
same surface area prior to and after selective SiGe etching.20

FIG. 1. �Color online� Histograms of the island height for dif-
ferent samples containing 6 ML Ge �a�, 8.5 ML Ge �b�, 11 ML Ge
�c� and 15 ML Ge �d� deposited at 700 °C. The corresponding AFM
images �2 �m�2 �m� are shown in the insets.

FIG. 2. �Color� �a� Evolution of the island aspect ratio versus
volume for different samples with Ge coverages varying between 6
and 15 ML. The line marks the critical volume for dislocation in-
troduction at 700 °C. �b� Average aspect ratio values for islands
having similar volumes vs volume. �c� Evolution of the total vol-
ume per unit area incorporated in both coherent and dislocated is-
lands vs Ge coverage.
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For higher Ge coverages of 11 and 15 ML, the aspect ratio of
the coherent islands drops significantly with respect of the
sample containing only 9.5 ML Ge. This indicates the
gradual appearance of islands with intermediate shape be-
tween domes and mature barns, domes, and pyramids. More-
over, the drop of the coherent-island aspect ratio correlates
with the appearance of large superdome islands on the film
�see the AFM scans in Figs. 1�c� and 1�d��. We can suggest
here a possible scenario: when the Ge coverage increases, the
largest barns evolve into superdomes containing dislocations
and plastic relaxation occurs in addition to elastic relaxation.
By evaluating the total volume per unit area contained in
both coherent and dislocated islands �Fig. 2�c��, we find that
the latter increases rapidly for Ge coverages higher than 10.5
ML. This observation suggests that the additional deposited
Ge material flows essentially to the superdomes, which act as
a sink for the Ge adatoms. Meanwhile, anomalous coarsen-
ing continues and material is transferred from small coherent
islands to larger superdomes. This is supported by the pres-
ence of shrinking pyramids in the sample containing 15 ML
Ge and by the decrease of the total volume incorporated in
the coherent islands �Fig. 2�c��. Consequently, the aspect ra-
tio of coherent islands also decreases as shown in Figs. 2�a�
and 2�b�. We expect that material accumulation at the super-
domes allows for a global relaxation of the epilayer-plus-
substrate system. For dislocated islands, the aspect ratio val-
ues are scattered between 0.25 and 0.3. The superdome
height increases monotonically with increasing base area as a
result of their complex cyclic growth mode.20,21 In the fol-
lowing, we will mainly focus our attention to the morphol-
ogy of the barns. We have analyzed their facets following the
procedure given in the literature.13,22

Figure 3 shows a typical barn island �Fig. 3�a�� and the
corresponding facet plot averaged over many islands ob-
served in several AFM images �Fig. 3�b��. Apart from the
�105�, the �113� and the �15 3 23� facets which have already
been assigned to dome islands,12,23 we can recognize addi-
tional spots that indicate the presence of steeper orientations.
The presence of �111� facets has already been recognized by
Sutter et al.15 based on scanning tunneling and transmission
electron microscopy. The additional spots can be identified
by considering the known stable facets for Si and Ge23,24 �see
the stereographic plot in Fig. 3�d��. We find that they are
compatible with the presence of �20 4 23� facets. In order to
directly compare this assignment with the experimental data,
we build up a morphological model of the barn shape in
three dimensions �3D� assuming the presence of these and
the �111� facets close to the barn base and of the dome facets
at the barn top, taking into account the experimental size
from our AFM data. Two sets of eight facets belonging to the
�20 4 23� family with slope of 41.9° ��±20 ±4 23� and
�±4 ±20 23�� and 49.6° ��±23 ±4 20� and �±4 ±23 20�� are
included in the model. The 3D view as well as a blurred
two-dimensional �2D� image are shown in Figs. 3�c� and
3�e�, respectively. The corresponding facet plot analysis �Fig.
3�f�� indicates that this construction is compatible with our
experimental observations. The �20 4 23� facets, unnoticed in
Ref. 15, were already observed at the base of superdomes.13

Facets with compatible slope have also been observed in
islands grown on prepatterned substrates.25 Most impor-

tantly, it was shown that �20 4 23� facets define a major
stable surface for Si,24 but are not stable for pure Ge.23,24 The
origin and stability of these facets will be discussed later. We
expect that even steeper facets and additional smaller facets
could be present in the real shape but they cannot be resolved
within the present study. Further investigations using high
resolution scanning tunneling microscopy are needed to
clarify this issue.

In order to characterize the complete sequence of coherent
island shapes observed during the growth of Si1−xGex on
Si�001�, we compute, for each island, the area of each iden-
tified facet. We then group together the facets peculiar of
each faceted shape, i.e., shallow facets ��105��, medium
steepness facets ��113� and �15 3 23��, and steep facets ��111�
and �20 4 23��. A scatter plot of the various facet areas versus
island height is shown in Fig. 4. The islands with small
heights are pyramids with shallow �105� facets. As the island
size increases, the facet area obviously increases.13 For is-
lands higher than 15 nm, facets of medium steepness appear
and the �105� facet area starts to drop, marking the pyramid-
to-TD transition �marked by the left shaded area in Fig. 4�.
As observed in Ref. 13, the area of the �105� facets stays
almost constant for mature domes, while the dome-related
facets increase their extension. In our experiments, this con

FIG. 3. �a� AFM scan �220 nm�220 nm� of a typical barn is-
land. �b� Corresponding facet plot according to the method given in
Refs. 13 and 22. The facets are labeled at the bottom. �c� 3D mor-
phological model of a barn island. �d� Unit stereographic triangle of
stable Ge�Si� surfaces. �e� Blurred image deduced from the 3D
model. �f� Corresponding facet plot. Representative facets are la-
beled at the bottom.
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tinues up to a height of 28 nm. For islands higher than
28 nm, steep facets appear and the medium slope facet area
drops marking the dome-to-barn transition �marked by the
right shaded area in Fig. 4�. This result confirms that the
transition from dome-to-barn behaves similarly to the
pyramid-to-dome transition. Our analysis demonstrates that
barns continue the sequence of coherent-island types before
the formation of strain-relaxed superdomes. In the barn
model shown in Fig. 3�c�, we have assumed the presence of
two sets of �20 4 23� facets with different slopes �see above�.
At this stage we cannot exclude that the barn morphology is
actually the result of two subsequent transitions, each occur-
ring when facets with increasing slope are introduced.

Finally, we discuss the origin and the stability of the barn
shape. In an unfaceted continuum model,26,27 it was shown
that the aspect ratio increases monotonically for increasing
island volumes. This is exactly what we observe experimen-
tally in Figs. 2�a� and 2�b�. A similar behavior is expected
when the material is faceted except that instead of a smooth
evolution, there are discrete transitions as newer and steeper

facets are introduced.14,28 The precise facets that will occur
depend mainly on the surface energy and its dependence on
both composition and strain. This trend is expected to con-
tinue until dislocation formation. We have shown that barns
are bounded by additional �20 4 23� facets at their base,
which define a major stable surface for Si.24 Since we ob-
serve barns in the temperature range from
620 °C to 750 °C, where strong Si-Ge intermixing is known
to occur,17 we can speculate that the presence of a significant
amount of Si is a necessary requirement for an island to
reach the barn shape and delay the nucleation of dislocations.
Compared to growth performed at lower temperatures, there
is another remarkable difference, i.e., the presence of deep
trenches around the island perimeters. Such trenches cer-
tainly alter the strain configuration of the islands and may
play a role in stabilizing the �20 4 23� facets seen here.

In conclusion, we have characterized the morphological
evolution of strained self-assembled SiGe islands. We can
obtain monodisperse distributions of barn islands, which are
bounded by steeper facets than dome islands. In addition to
the facets already observed for dome islands, we identify
�111� and �20 4 23� facets. The evolution of the islands facet
area shows that the dome-to-barn transition has strong simi-
larities to the well-characterized pyramid-to-dome transition.
The barns are found to prolong the sequence of coherent-
island shapes observed during growth of Si1−xGex on
Si�001�. At higher Ge coverages, plastic relaxation of the
epilayer occurs and the island size distribution broadens.
This is the result of material transfer from coherent islands to
superdomes and allows thus for a global relaxation of the
epilayer-plus-substrate system. We expect that the island
evolution reported here can be generalized to other strained
material combinations.
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