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Ge islands with areas up to hundreds of m2 were grown on Si共111兲. These islands, grown above
750 ° C and at a deposition rate of 1 monolayer/min, become decreasingly compact with increasing
size and can have nonuniform cross sections with heights reaching over 500 nm. The largest islands
are ramified, often comprising multiple discrete parts. X-ray photoemission electron microscopy
absorption maps show that the islands have a higher concentration of Ge at their centers, with more
Si near the edges. We propose that the shape transformation is driven by strain relief at the island
perimeters. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3093674兴
The growth of Ge films on Si has been the subject of
intense study for two decades.1–4 The defining characteristic
of Ge/Si growth is the formation of three-dimensional islands that occur after the completion of an initial pseudomorphic wetting layer 共WL兲. Due to Si–Ge alloying,5–10 the
effective lattice mismatch is much smaller than the actual
4.2% misfit between Ge and Si, so the growth is often referred to as modified Stranski–Krastanov. On Si共001兲 this
strain also has an important effect on the shape of the islands,
which undergo an abrupt transition from pyramidal to dome
shape with increasing island size.11–13 On Si共111兲, no such
transitions have been identified.
Using high growth temperatures and relatively low
deposition rates, we succeeded in routinely growing islands
with lateral dimensions over tens of m2. With increasing
size, the islands became decreasingly compact. The largest
structures observed are “archipelagos” of ramified islands.
The growth of two-dimensional ramified islands has been
reported for metal-on-metal heteroepitaxy, both on
triangular14–17 and square substrate lattices,18 and recently
for submonolayer Si homoepitaxy.19 It has also been reported
for Pb-mediated submonolayer growth of Ge on Si共111兲.20 In
this letter, we report the growth of large ramified Ge islands
on Si共111兲.
P-type 共111兲-oriented Si wafers, B-doped to ⬇15, were
flash cleaned by electron bombardment. During Ge deposi-

tion, samples were held at temperatures of 770, 780, and
785 ° C 共⫾15 ° C兲, measured using an infrared pyrometer.
Ge was deposited from an electron beam evaporator at a
nominal rate of ⬇1 monolayer 共ML兲/min to a nominal thickness of ⬇30 ML. Each sample was held at the growth temperature for 5 min following Ge deposition. X-ray photoemission electron microscopy 共XPEEM兲 measurements were
performed on freshly prepared samples at the spectromicroscopy 共SM兲 beamline of the Canadian Light Source 共CLS兲
synchrotron using an Elmitec PEEM III with an energy
filter.21 All other characterizations were carried out ex situ.
Atomic force microscopy 共AFM兲 measurements were performed under ambient conditions with a Digital Instruments
EnviroScope in tapping mode. AFM images were processed
using the WSXM software.22 Measurement of island areas and
perimeters was done with the IMAGE SXM software.23
Figure 1 is a panel of five AFM images, each showing an
island and a portion of the surrounding WL. The figure
shows the prototypical island shapes observed: 关Fig. 1共a兲兴
irregular hexagons, 关Fig. 1共b兲兴 triangles, 关Fig. 1共c兲兴 trilliums,
and ramified islands, which are most often observed 关Fig.
1共d兲兴 in trios and in 关Fig. 1共e兲兴 archipelagos of roughly triangular shape.24 The substrate around each island has been
etched away to a depth of ⬇100 nm. The hexagonal and
triangular islands 关Figs. 1共a兲 and 1共b兲兴 have divots at their
centers, but are otherwise quite uniform in height over their

FIG. 1. 共Color兲 AFM images and sections illustrating the morphologies of
Ge islands. Prototypical islands with
共a兲 hexagonal, 共b兲 triangular, and 共c兲
trillium shapes are shown, as well as
ramified islands with 共d兲 threefold and
共e兲 triangular profiles. The number in
the lower left corner of each image is
the circularity ratio 共see text兲 of the
island or collection of islands. All islands were present on the same
sample; the crystallographic direction
specified in 共a兲 applies to all images.
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FIG. 2. 共Color兲 Circularity ratio as a function of island area. The inset
images show AFM topographs of the islands corresponding to individual
data points. The images are presented at an identical scale, indicated by the
scale bar in the largest image.

area. Conversely, the archipelagos 关Figs. 1共d兲 and 1共e兲兴 have
very irregular height profiles, particularly near their centers,
where the islands can be etched into the underlying substrate
and can also rise to heights over 500 nm.
By evaluating samples grown at 770, 780, and 785 ° C,
we were able to correlate an increase in the density of large
islands with an increase in substrate temperature.25 The prototype islands shown in Fig. 1 represent discrete points on a
continuum of island shapes. Triangular islands with indentations on their long sides, intermediate between triangular and
trillium shapes, were often observed and islands larger than
that shown in Fig. 1共e兲, but with the same qualitative appearance, were also identified. To investigate the relationship between the islands’ shapes and sizes, AFM topographs of over
250 islands were analyzed. Figure 2 shows the circularity
ratio, defined as C = 4共area兲 / 共perimeter兲2, as a function of
island area. The trend of the plot demonstrates that island
compactness decreases with area.
Synchrotron XPEEM was used in x-ray absorption spectroscopy mode to create surface composition maps, obtained
by integrating a series of images acquired above the transition edge and normalizing to an image taken below it. Figure
3 shows four elemental maps taken using this technique:
Figs. 3共c兲 and 3共d兲 correspond to the Ge 2p3/2 edge 共1217
eV兲 and Figs. 3共e兲 and 3共f兲 correspond to the Si 1s edge
共1839 eV兲. The Ge-sensitive images 关Figs. 3共c兲 and 3共d兲兴
clearly show that the highest concentrations of Ge are found
near island centers. Conversely, Figs. 3共b兲 and 3共d兲 show that
the highest Si concentrations are found in the substrate region between the islands. These results qualitatively agree
with previous x-ray photoemission spectroscopy 共XPS兲
XPEEM maps of smaller Ge islands on Si共111兲.26 Comparison with the topographic information27 in images Figs. 3共a兲
and 3共b兲 reveals that etched regions around the islands are
less rich in Si than regions where the WL is not noticeably
disturbed by the presence of the islands.
The morphological and compositional analyses provide
evidence for the incorporation of Si in the islands. The
deeply etched regions around the islands, apparent in AFM
images, are an obvious source for this Si. These regions do
not exhibit an accretion of material at their outer edges, implying that the material must be incorporated into the
islands.28 The XPEEM data corroborate the morphological
evidence for Si incorporation: the inhomogeneous concentration of Ge on the island surface implies that Si is present in

FIG. 3. 共Color兲 XPEEM images 关共a兲 and 共b兲兴 and absorption spectroscopy
maps of the 关共c兲 and 共d兲兴 Ge and 关共e兲 and 共f兲兴 Si distributions in typical
islands. The color scale in 共c兲–共f兲 has been scaled to each image individually
in order to highlight the variation in concentration.

non-negligible amounts, particularly around the perimeters
of the islands.
Despite a relatively low effective lattice mismatch due to
Si alloying, hallmarks of strain relief dominate the structure
of the observed islands. The etched regions around the islands result from the motion of atoms away from highly
strained regions.29 Similarly, the depleted regions at island
centers are consistent with the removal of material from a
region of relatively high strain, the Ge-rich island centers.
The largest islands exhibit deep etched chasms at their centers. The extra material accumulated around these etched regions implies that the removed material is redistributed back
into the island itself and is not removed to the epilayer. This
accretion corresponds to regions where the largest islands’
heights typically exceed 500 nm.30
The strain-driven shape transition on Si共001兲 共Ref. 11兲
and theoretical predictions that elastic relaxation can occur
through a shape transition to less compact forms as strained
islands grow in size31 indicate that the islands’ shape transition is likely strain driven. The maximization of the perimeter then provides a mechanism for strain relief. A similar
shape transition in a two-dimensional metal-on-metal system
was attributed to the outward relaxation of undercoordinated
atoms at the periphery of the strained islands.18 The same
mechanism may be at work here, although dislocations at the
island perimeter32 could also be a driving force for perimeter
maximization. We note that in further analogy to Ge on
Si共001兲,33 surface diffusion may also play a key role in this
shape transformation, and that anisotropic corner34 or edge35
diffusion, or an anisotropy in growth velocity,2 could all have
important consequences for the island shape.
We demonstrated the growth of very large Ge islands
at the Si共111兲 surface. By employing relatively high
growth temperatures 共over 750 ° C兲 and relatively low Ge
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flux 共1 ML/min兲, islands were grown to lateral dimensions of
tens of microns with some cross-sectional features of over
500 nm in height. The shape of the islands varied with size,
from compact triangular islands at smaller sizes to very large
archipelagos of ramified islands. XPEEM data show that the
island surface composition is inhomogenous, with Ge concentrated at the center. We observed a continuous transition
from compact to noncompact island shapes with size, yet we
do not interpret this unequivocal evidence against an abrupt
transition. More detailed studies of large triangular islands
may reveal a critical size at which the transition toward ramification begins. Future experiments using low energy electron microscopy will address the growth mechanism of the
island archipelagos and whether lateral island motion36 is
involved in this process. Additional XPEEM experiments
will allow the creation of quantitative chemical maps of the
islands.26,37
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