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Self-organization of Ge islands on high-index Si substrates
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Films of Ge were grown on Si~113! and Si~331! substrates by molecular-beam epitaxy~MBE!. We found
that the Ge films grow in the Stranski-Krastanow~SK! mode on both substrates. The SK islands are bounded
by facet planes, and have a wirelike shape on Si~113! and a dotlike shape on Si~331!. The resulting island
shapes are stable equilibrium ones, and are strongly governed by the mechanism of anisotropic strain relief.
Moreover, multilayers of coherent Ge islands were stacked on a Si~113! substrate with spacer layers of Si by
MBE. In the multilayers of Ge/Si, the wirelike Ge islands become more uniform as the number of layers is
increased at a growth temperature of 400 °C. When the temperature is 450 °C, the shape of the islands changes
from wirelike in the first Ge layer to dashlike in the sixth Ge layer. This temperature-dependent self-
organization is caused by inhomogeneous strain distributions induced by the buried Ge islands that are verti-
cally aligned in the Ge/Si multilayers.@S0163-1829~99!09911-7#
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I. INTRODUCTION

Low-dimensional nanostructures, such as quantum w
and quantum dots, have become critical in the semicondu
science and technology field because they have great po
tial in optoelectronic and microelectronic devices.1 Conse-
quently, various methods for creating them have been p
posed. The most common one involves using lithograp
techniques for one- or two-dimensional nanostructure p
terning. However, these techniques have disadvantages
as low throughput and essentially involve complex se
processing.

Due to its process- and damage-free features, struc
self-organization has received much attention as a wa
overcome these problems.2–8 Of particular importance is the
formation of coherent three-dimensional islands during e
taxial growth in lattice-mismatched materials, includin
Ge/Si and In~Ga!As/GaAs, by molecular-beam epitaxy an
metal-organic chemical-vapor epitaxy.9,10 These islands have
usually been grown on low-index substrate surfaces,
their growth has been extensively studied fro
experimental11 and theoretical12,13 viewpoints. More re-
cently, the study of self-organization has been extende
the use of high-index surfaces, particularly in compou
semiconductor systems, and there has been some succ
obtaining various types of nanostructures that have uni
electrical and optical properties.14,15 However, regarding
Ge/Si systems, most previous work has focused on
growth of Ge on Si~100! and Si~111! substrates, and little
attention has been paid to Ge growth on high-index Si s
strates.

It is well known that facets with high-index mirror plane
form on low-index Si substrates. Of these facets,~113! and
~331! are particularly interesting because of their thermal s
bility. The ~113! facet is one of the most stable, and is us
ally observed during high-temperature annealing of patter
Si~111! and Si~100! substrates. On the other hand, the~331!
facet is stable on a vicinal Si~111! surface misoriented to
ward the@112̄# direction.16 These facets are therefore goo
candidates for forming high-index surfaces on a low-index
PRB 590163-1829/99/59~11!/7521~8!/$15.00
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substrate. The interest in these high-index planes also s
from the possibility that the growth of Ge islands on the
could be tied in with that on the conventional low-index
substrates in wafer-scale nanointegrations.17

On the other hand, it has been pointed out that s
assembled coherent islands have two inherent problems.
is fluctuation in the size of the islands, and the other is th
random distribution over the surface. For instance, large
face migration in the island growth leads to a very inhom
geneous distribution of island size and random arrangeme
These problems have to be solved for device applicatio
Fortunately, a stress-induced self-organization phenome
has been found to occur during molecular-beam epit
~MBE! of strained Si/SiGe/Si multilayers on vicinal Si~100!
substrates.18 By utilizing this phenomenon, regular and un
form nanoscale SiGe dots can be obtained, and the proce
self-organization can be controlled by tuning layer thickne
alloy composition, and substrate miscut. A self-organizat
mechanism was proposed in Refs. 19–21 on the basis o
elasticity theory. The structural details of the self-organiz
Ge dots in the Si/Ge/Si~100! multilayers have been studie
by high-resolution x-ray diffraction22 and cross-sectiona
transmission-electron microscopy~XTEM!.23

In this paper, we report on Ge-island growth on Si~113!
and ~331! substrates. We extend the stress-induced s
organization to the self-assembly of Ge islands grown o
Si~113! substrate in order to obtain arrays of Ge islands w
uniform size and shape. We show that Stranski-Krastan
~SK! growth of Ge films on both substrates produces s
assembled coherent Ge islands, and the Ge islands ha
wirelike shape on Si~113! and a dotlike shape on Si~331!.
Moreover, we demonstrate that at appropriate substrate
peratures the stress-induced self-organization
Si/Ge/Si~113! multilayers produce wire-shaped Ge islan
with a uniform size and dashlike Ge islands.

II. EXPERIMENT

Experiments were carried out in an MBE growth chamb
equipped for reflection high-energy electron diffractio
7521 ©1999 The American Physical Society
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7522 PRB 59HIROO OMI AND TOSHIO OGINO
~RHEED!. Si and Ge were deposited by a 10-kV electro
beam evaporator and a boron-nitride Knudsen cell, resp
tively. Substrates were heated by a W filament placed behind
the sample. Substrate temperature was measured by a py
eter within an uncertainty of 30 °C. The thicknesses of the
and Ge thin films were measured with quartz-crystal mo
tors calibrated by using RHEED oscillations during h
moepitaxial growth on Si~111!. The ultimate pressure of th
chamber was 3310211Torr, and the respective pressur
when evaporating Si and Ge were below 331029 and 5
310210Torr.

The substrates were Si~113! and Si~331! wafers~P doped,
r51 – 10V cm! cut into 14316-mm2 sections. The Si~113!
substrate was miscut by 0.5°–1° almost along the@332̄# di-
rection, and the Si~331! substrate had unintentional misor
entation of about 0.2° almost along the@116̄# direction. The
substrates were initially cleaned by repeated oxidation
H2SO4:H2O251:4 solutions and oxide removal in HF solu
tion, and protective oxides were formed usin
HCl:H2O2:H2O51:1:5 solutions at the final stage. After ou
gassing at 620 °C for 1–2 h, the samples were heate
860 °C to remove the protective oxides. The samples w
then cooled to the Si buffer-growth temperature of 620 °C
buffer layers were deposited at 1.0 nm/min. After growi
20–200 nm of Si buffer layers, the samples were heate
the growth temperatures of single Ge layers or Ge/Si mu
layers.

Single layers of Ge were grown on Si~113! and ~331!
substrates in the substrate temperature range of 200–70
Their thicknesses were varied within 10 nm. The film thic
nesses are given in ML; 1 ML corresponds to a 0.164-
thickness on Si~113! or a 0.125-nm thickness on Si~331!. Ge
deposition rates were 0.7 ML/min on Si~113! and 1.2 ML/
min on Si~331!. Ge/Si multilayers were grown only o
Si~113! substrates at 400 and 450 °C. Respective depos
rates were 0.6 ML/min for Ge and 5 ML/min for Si. Th
thickness of individual Ge layers was maintained at 6.4 M
and that of the Si layers was varied from 30 to 60 ML. T
multilayers contain up to 20 periods.

Surface morphology was observed by tapping-mo
atomic force microscopy~AFM! in air. RHEED specular
beam intensities were measured by a photodiode de
placed in front of a fluorescent screen. XTEM images w
obtained at an incident-beam energy of 300 kV.

III. RESULTS

A. Growth of Ge on high-index Si substrates

1. Ge on Si(113)

Figure 1 shows a representative profile of RHEED spe
lar beam intensity obtained during the growth of Ge
Si~113! at a substrate temperature of 400 °C. The inten
oscillates with a period corresponding to nearly 1-ML thic
ness, but its amplitude decreases with increasing Ge
thickness. The oscillation continues until the correspond
monolayer thickness of 5 ML, and then the intensity of o
cillation is damped. This profile is indicative of the transitio
from layer-by-layer growth to three-dimensional isla
growth ~i.e., the SK mode! at this temperature.
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To obtain more information about the growth mode tra
sition, we observed AFM images as a function of Ge fi
thickness. Figure 2 shows the AFM images obtained at
film thicknesses of 2, 5, 6.4, and 11 ML~A, B, C, andE in
Fig. 1!. In Fig. 2~a!, the bright and dark areas correspond
higher and lower terraces, respectively. The height differe
between these areas is about 0.2 nm, which is nearly equ

FIG. 1. RHEED intensity oscillation during the growth of Ge o
Si~113! substrates at 400 °C. The growth rate of Ge was estima
to be 0.34 ML/min from the oscillations. The incident electro

beam was parallel to the@332̄# direction.A, B, andC correspond to
AFM images~a!, ~b!, and~c! in Fig. 2.

FIG. 2. AFM image evolution of Ge films grown on Si~113! at
400 °C: ~a! 2 ML, ~b! 5 ML, ~c!, ~d! 6.4 ML, and~e! 11 ML. The
scan area is 131 mm2 in ~a!, ~b!, ~c!, and~e!, and 232 mm2 in ~d!.
The height range is 5 nm.
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PRB 59 7523SELF-ORGANIZATION OF Ge ISLANDS ON HIGH- . . .
the single step height~0.164 nm! of the substrate. Therefore
this AFM image confirms the presence of Ge wetting lay
on the substrate. Notice that the topmost terraces are e
gated in the@332̄# direction perpendicular to the step edg
on the lower terraces, and most of them make contact w
the step edges. This anisotropy is possibly responsible fo
formation of surface reconstruction of the Ge overlayers
which elastic strains are more easily relieved along

@11̄0# direction than in the@332̄# direction, as mentioned in
Ref. 24. When the Ge film exceeds a critical thickness o
ML, as seen in Fig. 2~b!, Ge islands having a relativel
round shape start to grow randomly on the terrace of
wetting layers. Further depositions, however, result in a d
tic transition of island shape. In Fig. 2~c!, the nanoscale Ge
islands elongate along the@332̄# direction and cover the en
tire surface contiguously. Careful AFM observations rev
that the island arrangement does not originate from step
the surface because most steps are normal to the directio
the elongation. Interestingly, most islands near the steps
pear as if they grew continuously across the steps, as i
cated by the arrows in Fig. 2~d!. Some are extraordinarily
long, having submicron length. This finding clearly indicat
a positional correlation between the islands on the upper
race and the islands on the lower terrace at the steps.
correlation probably originates in the Ge-island-induc
strain fields in the substrate through the steps. This is, to
knowledge, the first observation of island self-ordering b
yond the steps. Upon further depositions of Ge films, la
islands ~about 200 nm in diameter and about 50 nm
height! formed on the surface@Fig. 2~e!#.

Now we turn to the details of the self-assembled wi
shaped Ge island features. Figures 3~a! and 3~b! show the
RHEED patterns obtained from the surface shown in F
2~c!. The RHEED pattern for the@332̄# direction is shaped
like an arrowhead@Fig. 3~a!#, while that for the@11̄0# direc-
tion has normal reflection spots on blurry streaks@Fig. 3~b!#.
This indicates that the elongated ridges of the islands
bounded by facets. A model of the island is schematica
shown in Fig. 3~c!. The arrowhead angle of 14° with respe

FIG. 3. ~a! RHEED patterns of the sample in Fig. 2~b! taken

along ~a! @332̄# and ~b! @11̄0#. ~c! Model of a wire-shaped Ge
island.
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to the surface normal direction indicates that facetsA andB
in Fig. 3~c! are oriented in the$159% direction.

Figure 4 is a cross-sectional TEM image of the sample
Fig. 2~c!. The lattice image taken along the@11̄0# zone axis
shows that no dislocations exist at the Ge/Si interface
inside the Ge wetting layers and islands. This clearly in
cates that the wire-shaped Ge islands are coherent to th
substrate.

Next we explored the growth conditions under which t
wire-shaped islands formed on the surface. Figure 5 sh
the dependence of the Ge growth mode on the substrate
perature and Ge film thickness. As is evident from this fi
ure, when we used 5–8-ML coverage the wire-shaped
lands were obtained between 400 and 500 °C. Also appa
is that the formation of the islands depends on both Ge c
erage and growth temperature. This dependence indic
that a kinetic process is involved in their formation.

We characterized the size distribution of the Ge na
wires as a function of Ge coverage and growth temperat
The island width and length distributions, as obtained fro
the AFM images, are shown in Fig. 6~a! for Ge thicknesses

FIG. 4. Cross-sectional TEM image of the sample in Fig.

viewed in the@11̄0# projection. The white line is simply a guide
line.

FIG. 5. Morphology of Ge films grown on the Si~113! substrate
as a function of Ge coverage and substrate temperature. The
closed area represents the region in which wire-shaped Ge isl
are formed.
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7524 PRB 59HIROO OMI AND TOSHIO OGINO
of 6.4 and 6.9 ML at the fixed substrate temperature
400 °C. The average island length and width increase fr
20 to 24 nm and from 137 to 159 nm, respectively, wi
increasing Ge coverage from 6.4 to 6.9 ML at 400 °C. T
coverage-dependent changes in the size of the islands w
also observed within the range of 5–8 ML. Shown in Fi
6~b! are distributions of island sizes for growth temperatur
of 400 and 485 °C with a fixed Ge coverage of 6.4 M
Increasing the substrate temperature from 400 to 480 °C a
resulted in the increase in width and length from 20 to 24 n
and from 137 to 148 nm, respectively, at a fixed Ge covera
of 6.4 ML. However, when the growth temperature is abo
500 °C, large incoherent islands grow on the surface~Fig. 5!.
The above results suggest that the sizes of the wire-sha
islands can be changed by adjusting Ge coverage and gro
temperature. The width and length distributions, howev
are quite large. The reducing fluctuation of the island size
described in a later section.

FIG. 6. Typical distributions of the base width along@11̄0# and

length along@332̄# of the Ge wire-shaped islands grown on Si~113!
substrates:~a! 6.4- and 6.9-ML Ge coverages, and~b! 400 and
485 °C substrate temperatures. Note that these dimensions wer
termined by AFM measurements. The Ge growth rate was fixed
0.7 ML/min. The size distributions have peaks~marked by arrows!.
f
m

e
ere
.
s

so

e
e

ed
th

r,
is

2. Ge on Si(331)

Figure 7 shows the RHEED intensity profile during th
growth of Ge on Si~331! at a substrate temperature
400 °C. The intensity oscillations continue up to about 4 M
and then the intensity of oscillations is damped. This clea
indicates that, like Ge growth on Si~113!, Ge growth on
Si~331! proceeds in the SK growth mode. Figures 8~a! and
8~b! show AFM images of the Ge islands obtained at Ge fi
thicknesses of 6 and 8.4 ML~A and B in Fig. 7!. Bright
regions indicate Ge islands. As clearly seen in Fig. 8~a!, the
Ge islands have a round shape and are distributed ove
surfaces. Typical Ge-island width and height distributio
are in the range of 15–40 and 0.6–2.8 nm, and the avera
are 23.7 nm~width! and 1.6 nm~height!, and the island
spacing is eventually 20–30 nm. The island density is
31011cm22. The islands remain round and their size a
density increase with Ge coverages ranging from 5 to 8
at 400 °C. A magnified view of a typical island and th
model derived from the image are shown in Figs. 8~c! and
8~d!, respectively. In the model, the Ge island is bounded
several facet planes forming a peak. RHEED patterns
tained from the surface shown in Fig. 9~a! reveal that the Ge
islands have$221% and $11,13,4% facet planes. The RHEED
patterns also indicate that the islands are symmetric w
respect to the@116̄# direction and asymmetric with respect
the @11̄0# direction. It should be noted, however, that som
islands are aligned along steps on upper terraces, as indic
by the arrow in Fig. 8~a!. This alignment is probably due to
the presence of energy barriers at steps for blocking the
face diffusion of Ge atoms. When a diffusion barrier exists
the higher side of the steps, the density of the Ge atoms t
is larger than that at the lower side of the steps. Thus,
nucleation probability is increased at the upper sides of
steps. Beyond 8 ML, we observed large, high islands in
dition to the round islands@Fig. 8~b!#. RHEED and AFM
studies on Ge growth on Si~331! substrates observed cohe
ent SK growth at substrate temperatures ranging from 40
450 °C at coverages of 5–9 ML.

Figure 10~a! shows an XTEM image of the sample in Fig
8~b!. The most important feature in this image is that t
round islands~A in Fig. 10! have no dislocations, while the

de-
at

FIG. 7. The RHEED intensity oscillations during the growth
Ge on a Si~331! substrate at 400 °C. The growth rate of Ge was

ML/min. The incident electron beam was parallel to the@116̄# di-
rection. The lettersA andB correspond to the AFM images in Figs
8~a! and 8~b!.
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PRB 59 7525SELF-ORGANIZATION OF Ge ISLANDS ON HIGH- . . .
large island~B in Fig. 10! has a dislocation at the Ge/S
interface. The dislocation is indicated by an arrow in t
magnified view of the outlined area@Fig. 10~b!#. In addition,
the TEM image showed that the dislocated island has$111%
facet planes inclined by 22° with respect to the~331! surface.

3. Stability of the coherent Ge islands on Si(113)
and (331) surfaces

It has been reported that the stability of the islands t
can grow depends sensitively on the stress and coverage25–27

FIG. 8. AFM images of Ge islands grown at~a! 6- and ~b!
8.4-ML coverages on Si~331! substrates at 400 °C. Scan areas
6003600 nm2 in ~a!, and 131mm2 in ~b!. The height range is 5
nm. ~c! Magnified AFM image of a coherent Ge island on Si~331!.
~d! Model of the coherent Ge island on a Si~331! substrate.

FIG. 9. ~a! RHEED patterns of the sample in Fig. 8~a! taken

along ~a! @116̄# and ~b! @11̄0#.
t

Daruka and Baraba´si27 recently presented equilibrium phas
diagrams for island formation that show lattice misfit a
coverage on the basis of thermodynamical theory. In
phase diagram, they showed that SK growth can provide
different types of islands on the wetting layers. One is
stable island and the other is an unstable ripening isla
Therefore, it is important to address the stability of the c
herent islands on the~113! and~331! surfaces. To reveal the
stability of the islands, we performed a series of anneal
experiments for coherent islands that were grown on the b
surfaces at 400 °C as a function of annealing time. The
sults show that the annealings at the temperatures of
450, and 500 °C for 1 h and 30 min did not significantly
change the island shapes and their distributions. We
could not find any evidence of island coalescence on
surfaces. These results indicate that the coherent islands
we obtained are stable equilibrium shapes—not ripening
metastable ones.

B. Self-organization of Ge islands in Si/Ge/Si„113… multilayers

Figure 11 shows AFM images of~a! a single layer of Ge
and ~b! the 11th Ge layer of a Ge/Si multilayer structu
grown on a Si~113! substrate at 400 °C. Bright regions ind

e

FIG. 10. ~a! Cross-sectional TEM image of the sample in Fi

8~b! viewed along the@11̄0# direction. ~b! Magnification of the
outlined area in~a!. The position of the dislocation is indicated b
the white arrow. Islands labeledA andB are coherent and incoher
ent, respectively.

FIG. 11. AFM images of Ge islands grown at 400 °C:~a! grown
on Si~113! substrates;~b! grown on 11 layers of Ge islands/Si mu
tilayers. The image size is 131 mm2. Note that the Ge islands
become large and uniform with the formation of multilayers.
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7526 PRB 59HIROO OMI AND TOSHIO OGINO
cate Ge islands. Nanoscale wire-shaped islands along

@332̄# direction cover both entire surfaces@Figs. 11~a! and
11~b!#. For the single Ge layer@Figs. 11~a! and 2~c!#, as
mentioned in Sec. III A 1, the islands have a prismlike sha
with $159% facets, and their average width, length, and hei
are 20, 137, and 0.7 nm, respectively, at the 6.4-ML
thickness. As the number of Ge/Si bilayers was increas
the island size became more uniform, as can be seen in
11~b!, with the wirelike shape retained. RHEED patterns o
tained from individual Ge layers indicate that the$159% fac-
ets were maintained throughout. On average, the island
the 11th Ge layer were 30 nm wide, 150 nm long, and 3
high. This clearly indicates that the islands become lar
because of the multilayer stacks. The nanowire density
decreased from approximately 60 lines/mm for the first Ge
layer to about 30 lines/mm for the 11th Ge layer.

We confirmed the size uniformity of Ge islands by me
suring power density spectra~PDS! from the resulting sur-
faces. In general, PDS give us information about the per
icity of island arrangement. Figure 12 shows PDS obtain
from the surface along the@11̄0# direction. The@11̄0# di-
rection is perpendicular to the direction of island elongati
as indicated by the white lines in Figs. 11~a! and 11~b!. Spec-
trum A is from the first Ge layer andB is from the 11th Ge
layer. As clearly see, spectrumA ~with a broad peak at 20
nm! changes to spectrumB ~with a sharp peak at 30 nm! as
a consequence of multilayer stackings. This indicates tha
Ge islands are remarkably ordered into a 30-nm periodic
implying that stress-induced self-organization occurred
this system. This result is in good agreement with the th
retical prediction that the Si spacer layer acts as a band
filter in this self-organization.17 For further confirmation of
about the self-organization, we measured the spectrum f
the 11th Ge layer at the Si layer thickness of 60 ML. Sp
trum C is from the 11th Ge layer surface, with an individu
Si layer thickness of 60 ML. Comparing spectraB andC in
Fig. 12, we see that the increased Si thickness certainly le
to a broad distribution in periodicity, indicating a much le
pronounced self-organization. Consequently, we can say
Ge nanowires with uniform width were obtained by t
stress-induced self-organization phenomenon at 400 °C.
claim is further supported by the XTEM observations, whi
are discussed below.

Figure 13 shows AFM images of~a! a single layer of Ge
film and~b! the sixth Ge layer of a Ge/Si multilayer structu

FIG. 12. Power density spectra obtained along the@11̄0# direc-
tion from the Ge surface of~A! Ge~6.4 ML!/Si, ~B! Ge~6.4 ML!/
$Si~30 ML!-Ge~6.4 ML!%310/Si, and~C! Ge~6.4 ML!/$Si~60 ML!-
Ge~6.4 ML!%310/Si.
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grown at 450 °C. For the first Ge layer, increasing the s
strate temperature by 50 °C results in the emergence of r
tively short Ge islands with increased width and height,
indicated by the arrows in Fig. 13~a!. But as the number of
Ge/Si bilayers increases, the island size and shape drasti
change: the resulting Ge islands on the first Ge layer are l
and wirelike@Fig. 13~a!#, but short and wirelike or dashlike
on the sixth Ge layer@Fig. 13~b!#. The length-to-width ratio
of the Ge islands approximately decreased from 6 for the
Ge layer to 2 for the sixth Ge layer. On average, the sixth
layer islands were about 35 nm wide, 82 nm long, and 3
high.

The above AFM results clearly indicate that the se
organization of Ge nanowires depends on the growth te
perature. To reveal the origin of this temperature dep
dence, we examined multilayer samples by XTEM. Figu
14~a! and 14~b! show XTEM images of a sample grown a
400 °C and Figs. 14~c! and 14~d! show images of one grown
at 450 °C. These images were taken along the island elo
tion direction of @332̄# and the perpendicular direction o

@11̄0#. Dark and bright regions are Ge and Si layers, resp
tively. As is apparent in these images, Ge islands are ve
cally aligned with no dislocation defects, such as ‘‘conic
shaped defects,’’ in the Si/Ge/Si~100! multilayers28 at both
temperatures. However, the detailed alignment features
different at 400 and 450 °C. At 400 °C, the Ge island grad
ally increases in size with increasing Ge/Si bilayer numb
while keeping its long wirelike shape@Fig. 14~b!#. Moreover,
new island stackings emerged during the multilayer stack
as indicated by the arrows in Fig. 14~b!. At 450 °C, on the
other hand, relatively short Ge islands appear in the fi
layer and their height and width progressively increase as
number of Ge island stacks increases@Figs. 14~c! and 14~d!#.

IV. DISCUSSIONS

A. Shape of the SK Ge islands on high-index Si substrates

For Ge islands on Si~113!, as mentioned in Sec. III A 1
we observed an anisotropic elongation in the@332̄# direction.
The anisotropy can be explained as follows. Tersoff a
Tromp29 calculated the energy of a coherently strained isla
considering its growth kinetics, and found that the strain
island experiences a shape transition from dotlike to wirel
in order to compensate for elastic strain as it grows beyon
critical size. We actually observed such shape transition
Ge islands at coverages between 5 and 6.4 ML at 400
@compare Figs. 2~b!, 2~c!, and 2~d!#. Consequently, the

FIG. 13. AFM images of Ge islands grown at 450 °C:~a! on Si
substrates,~b! on six layers of Ge islands/Si multilayers. The ima
size is 131 mm2. Short, high Ge islands are indicated by arrow
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FIG. 14. ~a! and~b! Cross-sectional TEM images of the Ge~6.4 ML!/$Si~30 ML!-Ge~6.4 ML!%39/Si multilayer grown at 400 °C.~c! and

~d! Ge~6.4 ML!/$Si~60 ML!-Ge~6.4 ML!%39/Si multilayer grown at 450 °C. The images are viewed along the@11̄0# @~a! and~c!# and@332̄#
@~b! and ~d!# directions. The samples were capped with amorphous Si after stacking the Ge/Si multilayers.
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anisotropic shape can be explained by the strain-re
mechanism proposed by Tersoff and Tromp. In the disc
sion of island shape, we should address the orientation
elongated islands. Recently, Caro and Tapfer30 calculated, on
the basis of classical elasticity theory, the lattice deformat
of semiconductor epitaxial layers grown commensurately
an arbitrarily oriented surface without defects and dislo
tions. They found that tetragonal and shear strains occu
coherent films on low-symmetry cubic substrate surface,
that the value of the shear strain is highest along the@332̄#
direction on a~113! surface. These findings are not depe
dent on epitaxial layer-substrate material combinations. E
ticity theory predicts noticeable lattice deformation in G
wetting layers in the@332̄# direction, implying that compres
sive strain in Ge film caused by the Si~113! substrate can
relax in the@332̄# direction. A similar situation is expecte
in Ge islands. In fact, we have confirmed anisotropic rel
ation in islands by elastic simulations based on empir
potentials.31 ~Details of the simulations will be describe
elsewhere.! Consequently, it is energetically favorable f
strained Ge islands beyond a critical size to elongate in

@332̄# direction. In addition, Tersoff and Tromp also me
tioned, in Ref. 29, that if the island is anisotropically strain
it should be normally oriented with respect to the direction
maximum strain. Accordingly, the stresses imposed by
substrate along the@11̄0# direction can be considered to b
larger than those along the@332̄# direction in the Ge island
Careful examination of the lattice image in Fig. 5 reveals t
the Ge island lattices seem to gradually distort along

@332̄# direction as the island height increases, as indicated
the white line parallel to a crystallographic axis. This furth
suggests that the Ge islands are anisotropically strai
Moreover, confirming the lattice deformation will require
more detailed study.

On Si~331!, on the other hand, coherent Ge islands hav
relatively round shape. This finding supports our discuss
of anisotropic shape of Ge islands on Si~113!. According to
the elastic theory in Ref. 30, the shear strain value in
wetting layers on the~331! surface is lower than that on th
~113! surfaces. This implies that, unlike Ge islands
f
s-
of

n
n
-
in
d

-
s-

-
l

e

f
e

t
e
y

r
d.

a
n

e

Si~113!, the Ge islands on Si~331! have no particular orien-
tation in which their stress can be easily relieved. This
likely to lead to the formation of Ge islands with a relative
round shape.

B. Mechanism of self-organization in Si/Ge/Si„113… multilayers

Finally, we discuss the origin of the temperatur
dependent self-organization of Ge islands on$Si/Ge%/Si~113!
multilayers. Figure 15 schematically shows how the se
organizations occurred at the two different substrate te
peratures. The shape difference in the self-organized Ge
lands can be explained as follows. For the first Ge la
grown at 450 °C, there are many short, wide, and high w
like islands together with long wire-shaped islands@Fig.
13~a!#. The short wirelike islands were not observed in t
first Ge layer grown at 400 °C@Fig. 11~a!#. When the Si
spacer layer caps the first Ge layers with the short, high
islands, the strain field induced by the short islands on
capping Si layer surface is considered to be locally lar
than that induced by the long wires, as illustrated by das
lines in Fig. 15. Since most of the atoms are driven tow

FIG. 15. Schematic illustration of the self-organization of G
islands at~a! 400 °C and~b! 450 °C in Si/Ge/Si~113! multilayers.
Dashed lines indicate the degree of surface potential induced by
first layer of Ge islands. Ge islands were vertically aligned.



G
c

th

on
n

u
el
ce
n

of
es
ng

so
and
at

-
r.

is
e

7528 PRB 59HIROO OMI AND TOSHIO OGINO
the more energetically favorable region, the subsequent
islands preferentially grow in the more strained regions. A
tually, the XTEM image taken along@332̄# captured the ver-
tical stacking of short Ge islands@Fig. 14~d!#. On the other
hand, the first Ge layer grown at 400 °C does not contain
short, high islands observed at 450 °C@Fig. 14~b!#. There-
fore, long islands produce a linearly uniform strain field
the subsequent Si space layer, resulting in the formatio
uniformly sized nanowires@Fig. 15~a!#.

V. SUMMARY

We have used molecular-beam epitaxy to extend the
of high-index Si substrates to self-assembly and s
organization of Ge islands. The SK growth mode produ
stable and defect-free self-assembled Ge nanowires o
Si~113! substrate, and Ge nanodots on a Si~331! substrate.
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The different shape of the islands is related to the degree
anisotropic elastic relaxation of the strain that originat
from the cubic anisotropy of the Si substrates. By stacki
the Ge islands in Si/Ge/Si~113! multilayers, we are able to
obtain Ge nanowires with uniform sizes at 400 °C. We al
demonstrated that the shape of the self-organized Ge isl
changes from long-wire-like to short-wire-like or dashlike
450 °C.
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