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Evolution of coherent islands during strained-layer Volmer-Weber growth of Si on Ge„111…
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Deposition of Si on Ge~111! at growth temperatures of 450–500°C by molecular beam epitaxy produces
high densities (.1011 cm22) of small ~width '10 nm) coherent three-dimensional Si islands. At intermedi-
ate temperatures, 550–600°C, islands become incoherent with the Ge~111! substrate when their widths exceed
'18 nm. The activation energy for the maximum island density prior to coalescence is'1.7 eV over a wide
temperature range 450–650°C.
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I. INTRODUCTION

The thermodynamics of heteroepitaxial crystal growth
typically discussed using terminology proposed by Baue1,2

In the Volmer-Weber~V-W! growth mode, deposition of a
heteroepitaxial layer with surface energy greater than 1/2
work of adhesion creates three-dimensional islands on
substrate;3 in the Stranski-Krastinov~S-K! growth mode,
deposition of astrained heteroepitaxial layer with low-
surface energy forms a wetting layer prior to the appeara
of three-dimensional islands. For many years, the nuclea
of misfit dislocations was assumed to trigger the formation
three-dimensional islands in S-K growth. Ten years a
Eaglesham and Cerullo4 showed that islands in an S-K sy
tem ~e.g., Ge deposited on Si! can be fully coherent and tha
islanding is enabled by elastic deformation of the island a
substrate. This fundamental observation—and the poss
applications of this growth mode for the synthesis of ‘‘qua
tum dots’’ for optoelectronics—has stimulated extensive
perimental and theoretical research aimed at untangling
complex interplay between strain, surface energy, and m
transport kinetics that determine the size, shape, and a
density of coherent islands in S-K growth.5,6

By comparison, the evolution of coherent islands
Volmer-Weber~V-W! systems is poorly characterized; a
extensive literature exists on metal film nucleation on diel
tric crystals,2 but, in most cases, the large lattice misma
and large island sizes ensure that the island/substrate i
face is incoherent. Early work7 demonstrated that cohere
Co islands form during heteroepitaxy on Cu~001!. Marèe
et al.,8 studied the morphology of Si deposited on Ge~111! at
room temperature and annealed at high temperatures;
discovered three-dimensional islands forTa.500°C. Si/
Ge~111! were also studied by scanning tunnelin
microscopy:9 for low deposition rates atT5625°C, small Si
clusters decorate an otherwise smooth surface. But we
unaware of any prior systematic study of the evolution of
densities, sizes, and relaxation of coherent three-dimensi
islands in Volmer-Weber crystal growth.

Our scanning tunneling microscopy~STM! and transmis-
sion electron microscopy~TEM! data show that high dens
ties of small coherent islands form in the initial stages of
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growth on Ge~111!, and therefore demonstrate that V-W
growth is a promising route for the synthesis of epitax
nanostructures.

II. EXPERIMENTAL DETAILS

Si islands are grown on Ge~111! substrates by molecula
beam epitaxy~MBE!. The ~111! orientation suppresses th
formation of stacking-fault defects that are prevalent dur
growth of tensile-strained layers on~001! surfaces.10 The
supplier specifies the etch-pit density of the Ge~111! wafers
as 53103 cm22. We clean Ge~111! substrates by repeate
ozone-assisted oxidation and removal of the oxide in wa
Samples are In-bonded to a 3 in. diameter Mo sample block
and the final oxide layer is removed in the MBE grow
chamber by annealing for 30 min at 450°C.11

We then grow a 40 nm thick Ge buffer layer at 380°
followed by a 40 nm thick Ge0.85Si0.15 buffer layer at 500°C.
The chamber pressure rises to'331029 Torr during depo-
sition. The alloy buffer layer is needed because we h
found that the morphology of pure Ge grown by MBE atT
.450°C is dominated by step-pinning, presumably due
the effects of contamination of the growth surface. The al
buffer layer enables smooth starting surfaces at the hig
temperatures needed for Si island formation. The thickn
of the alloy buffer layer is below the theoretical critic
thickness for the motion of threading dislocations. Finally,
islands are grown by adjusting the sample tempera
(450–650°C) and depositing Si with a flux of'1
31014 cm22 s21. Since a 0.32 nm high step on a Ge~111!
surface is composed of two atomic layers~a ‘‘bilayer’’ !, we
refer to the quantity of Si deposited in units of equivale
bilayers~BL! where 1 BL51.531015 cm22. After deposi-
tion, we immediately turn off the substrate heater to be
cooling the sample; the cooling rate is'2°C s21.

After growth, selected samples are transferred from
MBE chamber to an analysis chamber through a separa
pumped UHV transfer line and characterized by STM. TE
is usedex situ to determine the density, shape, coheren
and elastic strain relaxation of Si islands. We prepare
©2001 The American Physical Society14-1



b
n

e-
e

en

.

s-
ig
a
he
e
tu
c

ac
on

an
tio
nd

r-

in
the
rface
i-
sti-
ner-
on

the
for
f

sing

r a
e

s-
t

nd

to
nce;
en-

is
rg-

for
on

in a
n

at

RAVISWARAN, LIU, KIM, CAHILL, AND GIBSON PHYSICAL REVIEW B 63 125314
plan-view foils by mechanical thinning to 30mm and Ar ion
thinning of the backside with the sample holder cooled
liquid nitrogen. We use an exact two-beam diffraction co
dition for quantitative analysis of strain-contrast.12,13 Atomic
force microscopy~AFM! is used for island density measur
ments over large areas. Typically, we find good agreem
between STM, TEM, and AFM measurements of island d
sities.

III. RESULTS AND DISCUSSION

Images of Si islands on Ge~111! are displayed as Fig. 1
The STM data, see Fig. 1~a!, reveal fully-formed three-
dimensional islands coexisting with a minority of flatter i
lands that are only 1 or 2 bilayers high. In the TEM data, F
1~b!, small coherent islands have the appearance of a ‘‘h
moon’’; one-half of the island has bright contrast and t
other half of the island is dark. Approximately half of th
islands are at least partially incoherent at this tempera
and coverage. The large lattice mismatch between an in
herent island and the substrate produces closely sp
fringes of light and dark contrast under these imaging c
ditions.

Figure 2 shows cross-sectional images of coherent
incoherent islands formed at 600°C, the highest deposi
temperature at which we have observed coherent isla

FIG. 1. ~a! STM image of coherent islands formed on Ge~111!
by the deposition of two equivalent bilayers~BL! of Si at 500°C.
~b! Dark-field strain-contrast plan-view TEM images (g5^220&) of
islands formed by deposition of 2.8 BL Si on Ge~111! at 550°C.
12531
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The aspect ratio~height h divided by width w) of typical
coherent islands ish/w'0.20. STM measurements of cohe
ent islands formed at 500°~data not shown! give similar
results. While it is tempting to interpret these aspect ratios
terms of the difference in surface energies of Si and Ge,
dependence of the aspect ratio on shape, strain, and su
energy is complex3 and furthermore, since partial Ge term
nation of the Si island surfaces is likely, we cannot yet e
mate the difference in the substrate and island surface e
gies. In qualitative agreement with the calculation of Johns
and Freund14 and experiments by LeGoues,15 the aspect ra-
tios of incoherent islands is smaller, 0.14,h/w,0.18.

Because of the small size of the islands formed at
initial stages of growth, we cannot assign a precise value
the strain relaxation12 and, therefore, the composition o
these islands. Strain relaxation in larger (w.15 nm) coher-
ent islands, however, can be measured accurately u
quantitative analysis of the strain-contrast images;12,13 the
average elastic relaxation of an island is'0.021 for growth
temperatures of 500 and 550°C and'0.018 at 600°C. These
values of the elastic relaxation agree with expectations fo
h/w'0.2 pure Si island that is coherent with the G
substrate.12 The smaller strain relaxation in the 600°C i
lands may indicate a minor,,15%, incorporation of Ge a
this higher temperature.16,17

Areal densities of islands are summarized in Fig. 3 a
demonstrate our principal results:~i! at growth temperatures
T,500°C, high densities,.1011 cm22, of coherent islands
form after a deposition of'2 BL of Si; ~ii ! as a function of
Si coverage, the island densities increase rapidly due
nucleation and decrease slowly as a result of coalesce
and~iii ! the maximum island densities show a strong dep
dence on temperature, indicating that island nucleation
thermally activated with a large activation energy. The la
est island densities we observe, 531011 cm22, are a factor
of '5 greater than the highest densities reported
pyramid-shaped islands created by deposition of Ge
Si~001! at a low growth temperature of 300°C,6 and compa-
rable to island densities produced at low temperatures
S-K system with very large lattice mismatch, InAs o
Si~001! at 350°C.18

Figure 4 shows the maximum island density observed

FIG. 2. Cross-sectional TEM images (^110& zone-axis! of Si
islands grown at 600°C by the deposition of 2 BL of Si.~a! An
island that is coherent with the substrate;~b! an incoherent island.
4-2
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each temperature plotted as a function of reciprocal temp
ture. We compare our results to rate equation modeling
island nucleation19 with the assumption of a large critica
cluster size, i.e.,i @1. In this limit, the maximum island
density is predicted to beNmax5(hR/n)exp@(Em1Ef)/kBT#,
whereR is the deposition rate;n is an atomic-scale attemp
frequency;Em is the activation energy for migration of a
adatom;Ef is the formation energy of an adatom;20 andh is
parameter of order unity that must be calculated from
theory. We chooseh50.219 and setn51013 Hz. The one
remaining parameter,Em1Ef , is varied to fit the data; we
find Em1Ef51.7 eV. A change of a factor of 2 in the pre
actorhR/n alters this fit by only 0.05 eV. We note that ma
transport measurements ofEm1Ef for pure surfaces of
Ge~001! and Si~001! give similar values: Ge~001! surface
smoothing21 shows an activation energy of 1.960.25 eV
and the activation energy of the step mobility on Si is 1
60.1 eV.22,23

But a detailed description of Si island nucleation
Ge~111! is likely to be complex. X-ray photoelectro
spectroscopy24 clearly shows the strong propensity for Si d
posited on Ge to incorporate below a Ge-rich surface la
In fact, from our measured island widths, densities, and
pect ratios, we estimate that the first'1.3 BL of Si deposited

FIG. 3. Evolution of the areal density of Si islands with th
amount of Si deposited at growth temperatures 450–650°C.
island densities are measured from a combination of STM, TE
and AFM images. Error bars indicate the standard deviation of
counting statistics. Open symbols indicate that the majority of
islands at that temperature and coverage are coherent with the
strate; filled symbols indicate that the majority of islands are in
herent. Only'1/2 of the samples were directly characterized
coherency by plan-view TEM; in compiling this figure, we dete
mine the coherency of the remaining samples using the meas
island widths and the fact that all of plan-view TEM data are co
sistent with a coherent-to-incoherent transition at an island widt
'18 nm.
12531
a-
of

e

r.
s-

is mostly incorporated into the substrate. Presumably, c
tinued deposition of Si saturates the near surface of the
strate with Si, enabling subsequent nucleation of Si islan
but the continued exchange of Ge and Si atoms at the sur
may significantly modify the effective mobility of Si ada
toms. As discussed above, the elastic strain relaxation of
islands indicates that the islands are nearly pure Si; we

FIG. 5. Island width distributionN(w) ~number of islands per
unit area per unit width! multiplied by the average island width^w&
for Si deposition at 500°C~downward pointing triangles!, 550°C
~circles!, and 600°C~upward pointing triangles!. Data sets are la-
beled by the Si coverage in bilayers~BL!. Empty symbols show the
width distribution of coherent islands and filled symbols are
incoherent islands.
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FIG. 4. Dependence of the maximum island density on grow
temperature. The dashed line is a predicted maximum island de
calculated using rate equation theory for 3D island nucleation in
limit of large cluster size. One free parameter, the sum of the
gration energyEm and the formation energyEf of adatoms, is ad-
justed to fit the data;Em1Ef'1.7 eV.
4-3
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not, however, have any information about the composition
the island or substratesurfaces.

The transition between coherent and incoherent island
more completely characterized by the width distribution d
shown in Fig. 5, where we have multiplied the distribution
island widthsN(w) by the average widtĥw& of each distri-
bution to obtain a measure with units of areal density. T
width distribution of coherent islands overlaps little with th
distribution of incoherent islands; the critical width iswc
'18 nm at 550°C. We can compare our results to th
prior experiments on systems with similar magnitudes of
tice mismatch: hemispherical GaAs islands on Si~001!25

have a smaller critical width,wc'12 nm; the critical width
of pyramidal shaped In0.6Ga0.4As2 islands on GaAs~001! is
larger, wc'30 nm;26 and for spherical-cap-shaped islan
of In0.5Ga0.5As2 on GaAs~001!, wc'25 nm.27

Jesser7 has provided a relatively simple equation for ca
culating the equilibrium critical widthwc for the introduction
of misfit dislocations at the island/substrate interface; t
model builds on the work of Cabrera28 and includes the ef-
fects of the elastic relaxation of a hemispherical island. Fo
substrate and island with similar elastic constants and p
edge dislocations lying in the plane of the interface,wc'
22b ln(pe)/e, whereb is the Burger’s vector ande the mag-
nitude of the misfit.7 For Si/Ge~111!, b50.38 nm, e
50.042, and this equation predictswc'36 nm, a factor of 2
larger than our observations. More sophisticated numer
analysis26 of elastic strains and dislocation energies in
spherical-cap-shaped island giveswc'24 nm for the first
introduction of 60° dislocations at a~100! interface. The fact
n,

i.

,

J.E
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J.
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that our~111! surface are a glide plane should enable int
duction of pure edge dislocations at the substrate/island
terface; in this case, the predictedwc based on Ref. 26 will
be smaller.

Given the close agreement of the measured and calcul
wc ,26 we conclude that the transition between coherent
incoherent islands in the Si/Ge~111! system occurs nea
equilibrium, i.e., kinetic limitations on dislocation nucleatio
and motion do not play a significant role, at least atT
.500°C. This behavior, while not surprising, can be co
trasted with the behavior of the more widely studied S
growth of Ge on Si~001!. Relatively pure, Ge dome-shape
islands as large as 100 nm in diameter are routinely obse
to be fully coherent with Si~001! substrates;12 nucleation of
dislocations29,30 in this system is thought to occur only whe
adjacent islands meet and the stress-concentration31 at the
island edges increases. Apparently, the stress-concentr
at the edges of our Si/Ge~111! islands is sufficient to caus
dislocation nucleation even for isolated islands.
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