Solid State Communications 149 (2009) 1403-1409

journal homepage: www.elsevier.com/locate/ssc —

Contents lists available at ScienceDirect

Solid State Communications

Kinetic frustration of Ostwald ripening in Ge/Si(100) hut ensembles

Michael R. McKay?, J.A. Venables <, Jeff Drucker >4+

2 Science and Engineering of Materials, Arizona State University, Tempe, AZ, 85287, USA

b Department of Physics, Arizona State University, Tempe, AZ, 85287, USA

¢ London Centre for Nanotechnology, University College, London, WC1H 0AH, United Kingdom

dSchool of Materials, Arizona State University, Tempe, AZ, 85287, USA

ARTICLE INFO ABSTRACT
Arfic{e history: We show that low area density Ge/Si(100) island ensembles comprised solely of hut and pyramid clusters
Received 6 February 2009 do not undergo Ostwald ripening during days-long growth temperature anneals. In contrast, a very low

Accepted 27 April 2009 by the Guest Editors
Available online 20 May 2009

PACS:
68.55.-a
81.15.Aa
61.46.Hk

density of large, low chemical potential Ge islands reduce the supersaturation causing the huts and
pyramids to ripen. By assuming that huts lengthen by adding single {105} planes that grow from apex-
to-base, we use a mean-field facet nucleation model to interpret these experimental observations. We
find that each newly completed plane replenishes the nucleation site at the hut apex and depletes the Ge
supersaturation by a fixed amount. This provides a feedback mechanism that reduces the island growth
rate. As long as the supersaturation remains high enough to support nucleation of additional planes on

the narrowest hut cluster, Ostwald ripening is suppressed on an experimental time scale.
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1. Introduction

The nanoscale 3D islands that spontaneously form at the early
stages of semiconductor heteroepitaxy have attracted intense
scrutiny in recent years. These structures are promising for
technological application and provide fascinating insight into
the atomic processes of crystal growth on surfaces. Many
systems grow via the Stranski-Krastanov mode for which initially
planar growth transforms into an islanded morphology. Evolution
continues after the islanding transition as the initially defect-
free islands grow, change shape and eventually dislocate. This
evolution is in response to thermodynamic driving forces, subject
to kinetic constraints. Some growth conditions result in apparently
stable island ensembles with remarkably uniform sizes, implying
that heteroepitaxy may provide a facile route to self-assembly
of semiconductor quantum dots with nearly identical optical
and electronic properties. In contrast, similar growth conditions
can produce ensembles with non-uniform island sizes, shapes
or compositions. The question then arises: Is it possible to
understand the mechanisms of heteroepitaxial self-assembly well
enough to produce island ensembles with desirable morphologies
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and properties? This question thematically links much of the
work investigating these systems and has provoked continuing,
sometimes spirited discussion.

In this contribution, we discuss the Ge/Si(100) system, which is
a useful prototype for investigating semiconductor heteroepitaxy.
By virtue of its lower surface energy, Ge initially wets Si(100)
growing in layers to a kinetically determined thickness [1,2]
greater than 3 ML (1 ML is a film 1 atom thick = 6.78 x
10 atoms/cm? for the Si(100) surface). The first islands that
form above this wetting layer are defect-free. The smallest are
rectangular-based huts [3] or square-based pyramids [4] that are
bound by shallow {105} facets that contact the (100) surface at
~11°. As the islands grow, it may become energetically favorable
to transform into multifaceted dome clusters with approximately
octagonal bases bound by steeper, ~25° facets [5]. Continued
growth may lead island to dislocation [6] at a size analogous to the
critical thickness for dislocation of planar epilayers.

Each of these island transitions results from a competition be-
tween surface and elastic energies and each ‘shape’ is described
by distinct functional forms of the free energy and chemical po-
tential [7,8]. Coexistence of differently shaped islands can dramat-
ically affect ensemble evolution and complicate interpretation of
experimental results. This was realized early on and shown to be
responsible for the dramatic acceleration of the island growth rate
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observed when coherent islands dislocate [7]. More recently, ex-
perimental observations of ‘anomalous coarsening’ have been at-
tributed to similar effects [8].

Both thermodynamic and kinetic arguments have been offered
to explain the existence of island ensembles with narrow size
distributions. The thermodynamic viewpoint suggests that there is
an equilibrium size at which the island free energy is a minimum
for a given shape [9,10]. Alternative descriptions suggest that there
are island size dependent Kkinetic limitations that cause larger
islands to grow more slowly than smaller islands leading to the
experimentally observed behavior [11,12]. A useful method to
clarify the situation is to perform annealing experiments. The
existence of an equilibrium island size would be revealed during an
annealing experiment by collapse of the island size distribution to
the thermodynamically preferred size. Similarly, a kinetic growth
limitation would be revealed by the more rapid growth of smaller
islands leading to a narrowing of the island size distribution. The
absence of either an equilibrium island size or a size dependent
kinetic limitation to island growth might be revealed during an
annealing experiment by Ostwald ripening.

Ostwald ripening is often observed during island growth and
annealing experiments [6,13-15]. For islands growing on a planar
substrate, Ostwald ripening is a surface diffusion mediated coars-
ening process driven by differences in the island chemical poten-
tial, u. In a mean-field description, critical clusters are those with
U = [, the system supersaturation. Those with © < . grow
while those with u > . shrink and eventually dissolve. As the an-
neal progresses, (. shrinks, the critical cluster size grows and the
ensemble coarsens. The mean island size increases and the super-
saturation decreases with time according to a power laws with the
exponents set by the rate limiting step for island growth. This de-
scription has been extended to include coexistence of islands with
distinct functional forms of the chemical potential [7,8].

For the growth temperature annealing experiments described
here, the deposition flux is terminated, but sample heating
continues. Initially, the supersaturation is high and existing
islands grow, decreasing the supersaturation. Eventually, the
supersaturation may decrease so that . is less than that of the
island with the largest chemical potential and Ostwald ripening
initiates. Here we describe two scenarios. The first follows that
described above and we observe Ostwald ripening of hut and
pyramid clusters suggesting the absence of an equilibrium hut
or pyramid size [15]. In the second, Ostwald ripening is not
observed, but we do not detect a narrowing of the island size
distribution [16]. This observation suggests that there is no
inherent kinetic limitation to island growth and that the lack
of Ostwald ripening is due do some other effect. We present a
simple mean-field rate equation description of facet nucleation
that describes this behavior. This description may be general for
a class of epitaxial nanostructures that grow by a facet nucleation
mechanism. Prior to outlining this model of island growth, we
describe the experiments and then present and discuss our results.
Finally, we conclude and briefly discuss the generality of our
model.

2. Experimental methods

We used real-time, in situ scanning tunneling microscopy (STM)
to image Ge/Si(100) island ensembles during prolonged growth
temperature anneals. The base pressure of the ion pumped system
was 1.5 x 1071 Torr. We found that leaving the resistively
heated samples at the growth temperature for ~12 h subsequent
to degassing but prior to cleaning by flash desorption of the
native oxide minimized thermal drift. The Ge islands were grown
using gas-source molecular beam epitaxy by admitting a pressure
of ~1077 Torr digermane (Ge,Hg) leading to growth rates in
the 0.1-0.2 ML/min range. Ge deposition was terminated by

Table 1
Sample growth parameters. T is the substrate temperature, R is the deposition rate
and 6g, is the Ge coverage.

Sample T (°C) R (ML/min) Oce(ML) Comments

A 450 0.1 5.0 Non-ripening
B 400 0.1 3.6 Non-ripening
C 500 0.1 5.6 Ripening

D 400 0.1 6.0 Ripening

Fig. 1. A sequence of 360 nm x 140 nm STM images of sample C acquired at
the indicated annealing times in minutes. Sample C was grown and annealed at
T = 500 °C. Ostwald ripening is clearly evident as islands 2, 3 and 8 all dissolve by
225 min of annealing time.

closing the leak valve and the chamber pressure rapidly dropped
to 1 x 107° Torr in 2 min. The samples were continuously
imaged throughout the anneal. Ge coverages were measured
using Rutherford backscattering spectrometry. We also imaged the
samples using scanning electron microscopy to assess long-range
uniformity of the island ensembles at length scales inaccessible to
STM. Table 1 summarizes the growth parameters for the samples
discussed here.

3. Results and discussion

We first discuss samples C and D for which we observed
Ostwald ripening. Following that discussion, we contrast these
results with those of samples A and B for which no Ostwald
ripening was observed. Fig. 1 shows a sequence of 360 nm x 140
nm STM images grabbed at the indicated times in minutes relative
to the termination of Ge deposition from the STM movie acquired
during the anneal of sample C, which was grown and annealed at
T = 500 °C. The entire STM movie, encompassing the entire 14 h
anneal is available online [17]. The growth conditions employed
produced mixed hut and pyramid ensembles, as evident in Fig. 1(a).
Fig. 1(b)-(d) display the same substrate region displayed in Fig. 1(a)
at later annealing times. It is evident from this image sequence
that the ensemble ripens, resulting in the complete dissolution of
islands 2, 3 and 8.

The STM images allow access to the island length (L), width
(W) and volume (V) as a function of time. We observe that
the most common ripening pathway is for the narrowest hut
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Fig. 2. Evolution of island volume for selected islands in sample C. Solid lines
denote islands that do not shrink during the displayed time interval. Dashed lines
indicate islands that shrink during the displayed time interval. Curves are labeled
with numbers that correspond to the island numbers displayed in Fig. 1. Curves ‘A’
and ‘B’ correspond to islands not displayed in Fig. 1. The initial volumes and widths
of these islands are tabulated in Table 2.

Table 2

Initial volume and width of islands plotted in Fig. 1.

Island V, (nm?) W (nm)
A 540 24
B 450 17
2 480 21
3 300 21
4 390 24
6 500 23
7 250 20
8 360 19

clusters to reduce their length at fixed width. Interestingly, island
width, rather than volume, appears to be the parameter that
determines whether an island grows or dissolves. This observation
is substantiated by Fig. 2 and Table 2. Fig. 2 displays island
volume as a function of anneal time for selected islands and
Table 2 indicates the starting volumes and widths of these islands.
Evidently, the narrowest islands (B, 2, 3 and 8) all shrink while
the wider islands (A, 4, 6 and 7) do not. Island 7 is an exception
and below we argue that this is likely due to an elastic interaction
with island 6. At the early stages of the anneal, islands with W <
21 nm continuously shrink, while those with larger W grow slowly,
suggesting that there is a W above which hut clusters are stable for
these annealing conditions. We find that this critical W increases
throughout the anneal so that after about 10 h of annealing, islands
with W < 25 nm are no longer stable.

While some of the hut clusters evident in the STM field of
view slowly grow throughout the anneal, their volume increase is
not sufficient to account for those that dissolve. ex situ scanning
electron microscopy indicates that a very low density of 3 x
10%/cm? of very large, ~1 wm diameter clusters are responsible for
the decrease in volume of the hut/pyramid ensemble. Presumably,
these clusters are highly defective and relaxed and therefore
have a low chemical potential [6]. Thus, we believe that they
serve as effective sinks for diffusing Ge dimers and reduce
the supersaturation, destabilizing the hut/pyramid ensemble to
Ostwald ripening. This proposal is supported by observation of
a ~400 nm wide denuded zone devoid of any huts or pyramids
surrounding these large clusters [15].

As discussed in Ref. [15], very similar behavior was observed
for sample D, which was grown and annealed at T = 400 °C. As
expected, the ripening kinetics were slower at this temperature,
but the qualitative behavior observed was very similar to that for
sample C. W rather than V once again appears to be the parameter
that determines island stability. Also, large clusters at a density

2,503 min

3,751 min

Fig. 3. A sequence of 360 nm x 160 nm STM images of sample A acquired at
the indicated anneal times in minutes. Sample A was grown and annealed at T =
450 °C. This sample exhibits no signs of Ostwald ripening. Note that all islands grow
and that wetting layer features coarsen.

of 8 x 10%/cm? play the same role in destabilizing the hut and
pyramid ensemble to Ostwald ripening. A substantive difference
between samples C and D is that for the sample grown and
annealed at the lower temperature, we do not observe a denuded
zone around the large clusters. We attribute this final observation
to reduced surface diffusion at the lower temperature.

We now turn our attention to samples A and B, which were
grown using conditions similar to samples C and D but to lower
Ge coverages and exhibited no signs of Ostwald ripening. Using
ex situ SEM, we found that the entire 3 x 20 mm surfaces of
samples A and B were devoid of the large clusters found at low
density on samples C and D and were populated solely by huts
and pyramids. In what follows, we discuss sample A in detail,
but the behavior observed for sample B was very similar except
for the reduced kinetics due to the lower growth and annealing
temperature. Fig. 3 displays a sequence of 360 nm x 160 nm STM
images of the same area of sample A grabbed from a sequence of
600 nm x 600 nm images available online in movie format [17].
In contrast to the behavior of samples C and D, we observe no
signs of Ostwald ripening. Rather, all clusters grow, more rapidly
initially, suggesting that they all remain above the critical size
for Ostwald ripening throughout the anneal. We also find that in
most cases, the huts grow by increasing their length but not their
width. Also evident in Fig. 3 is a decreasing height modulation
in the wetting layer as the anneal progresses. While it is difficult
to quantify, due to the relatively few gray levels associated with
the few-ML height modulations, we believe that this signifies
decreasing free Ge concentration that feeds growth of the hut
ensemble as the anneal progresses. Importantly, we do not observe
the wetting layer surface reconstruction to change, suggesting that
its composition is relatively static. But we do observe significant
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Fig.4. (a) Totalisland volume, average island volume and island density vs. anneal
time and (b) evolution of island volumes vs. anneal time for the sample displayed
in Fig. 3.

coarsening of 2D features indicating significant surface diffusion
throughout the anneal.

The absence of Ostwald ripening is quantified in Fig. 4. Fig. 4(a)
summarizes the evolution of island volume and density. Fig. 4(b)
displays the evolution of the island volume distribution during the
anneal. Evident in Fig. 4(a) is a relatively rapid increase in island
volume at the early stages of the anneal followed by a slower
increase. Fluctuations in the total and average island volume can
be quantitatively accounted for by islands moving into or out of the
STM field of view during the anneal due to thermal drift. Contrary
to what would be expected for Ostwald ripening, none of the
islands dissolves and the island density is constant. Fig. 4(b) shows
that the island volume distribution does not change appreciably,
particularly at long anneal times. The shift to larger volumes
between 3 and 1430 min correlates with increase in island volume
evident during that time range in Fig. 4(a). There is almost no
change in the volume distribution for 1430 > t > 3900 min.

We believe that Fig. 4 suggest the absence of a size-
dependent kinetic growth limitation and that the observation
of Ostwald ripening in samples C and D indicate the lack
of a thermodynamically preferred island size. If there were a
thermodynamically preferred size, then it would be manifested
by collapse of the island size distribution to that size during the
anneals. Existence of a size-dependent kinetic growth limitation,
similar to those previously proposed, [11,12] would cause smaller
islands to grow more rapidly than larger islands and the island
size distributions of Fig. 4(b) would obviously narrow. We do
not observe behavior suggestive of either a thermodynamically
preferred island size or a size-dependent kinetic growth limitation.
Rather, we observe Ostwald ripening in the presence of large
clusters and diminishing growth during the anneal in the absence
of large clusters. In the former case, the large clusters serve to
reduce the Ge supersaturation and destabilize the hut and pyramid

ensemble to Ostwald ripening. In the absence of the large clusters,
the only avenue for reducing the Ge supersaturation is via growth
of the hut clusters. We believe that this reduction of the Ge
supersaturation is responsible for the experimentally observed
decrease of the island growth rate displayed in Fig. 4(a). If this
island growth rate is too slow, then the Ge supersaturation cannot
reduce to the level required to initiate Ostwald ripening on an
experimental time scale.

We believe that our experimental observations can be ex-
plained using the following model. Similar to previous descriptions
of hut and pyramid cluster growth, we assume that the clusters
grow by adding single {105} planes [ 11,12]. Contrary to those mod-
els, we assume the new planes nucleate at the cluster apex where
the elastic energy density is the lowest, and grow toward the base,
following the scenario depicted in the inset of Fig. 6. Supporting
our proposal is the observation that, at least during the pyramid-
to-dome transition, additional {105} planes grow from apex-to-
base [18]. Since we never observe incomplete facets, we assume
that stable nuclei grow rapidly to completion and that nucleation
of new planes is the rate-limiting step in island growth. The fol-
lowing sequence of events conspire to allow the hut growth rate
to fall to nearly zero during the anneal.

First, each newly completed plane ‘replenishes’ the nucleation
site at the cluster apex, making it available for another nucleation
event. This guarantees a constant density of nucleation centers.
Since the huts grow primarily by increasing their length, and their
widths remain nearly constant, the end facet size and chemical
potential distributions are essentially static. Thus, the decreasing
Ge supersaturation is the only pathway to Ostwald ripening.
Finally, each completed plane depletes the Ge supersaturation by
a set amount, providing a feedback mechanism that reduces the
nucleation rate and the island growth rate. As long as the remaining
supersaturation supports a critical nucleus size smaller than the
number of dimers comprising the smallest end facet, Ostwald
ripening is suppressed.

Our strategy to model this sequence of events starts with
finding the supersaturation-dependent facet nucleation rate. We
then connect this nucleation rate to the island growth rate and
reduction of Ge supersaturation to demonstrate a diminishing
island growth rate as the anneal progresses.

We begin by considering the (2D facet) embryo formation
energy, Ef = E; + AE, using the geometry depicted in the Fig. 6
inset. E;, = r (2I, + 6T%) is the step/edge contribution. r is the
radius of the circular-section embryo, 6 is the apex angle of the
{105} facet = 7 /2, I'; is the {105} step energy &~ 0.12 eV/nm, [18,
19] and T is the specific edge energy at the junction of adjacent
{105} planes. The elastic contribution, AEg = Egj f — Eej w1, is found
by finite element methods. The finite element model employed
periodic boundary conditions in the growth plane. Empirically,
we found that elastic interactions between neighboring pyramids
were negligible if their edges were spaced by at least 2W. We
always chose the substrate depth to be > W/2 to ensure that
the elastic distortions decayed sufficiently at the bottom of the
simulation cell. We employed fully anisotropic elastic moduli and
simulated {105} faceted Ge pyramids atop a 3 ML thick Ge wetting
layer on a Si(100) substrate.

Results are summarized in Fig. 5. Fig. 5(a) displays the elastic
energy density in ] /m? at the surface of a pyramid cluster with side
length, W = 10 nm. Fig. 5(b) plots the elastic energy density for
pyramids with the indicated widths along lines passing down the
center of a facet or along the edge joining adjacent facets. E; s is the
embryo strain energy and E, ; is the elastic energy of the same
amount of Ge in the biaxially strained wetting layer. For E s, we
find that the volume elastic energy density increases linearly away
from the pyramid apex for the upper 80% of the facet, as shown
in Fig. 5(b). Thus, the elastic energy of an embryo growing at the
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Fig.5. (a)Elastic energy density inJ/m? at the surface of a 10 nm base width, {105}
faceted Ge/Si(100) pyramid cluster. (b) Elastic energy density in J/m? vs. scaled
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Experimental curve is the average change in length, AL, for the 34 huts that remain
in the STM field of view for during the time interval on the horizontal axis. The inset
shows the geometry used in the model.

cluster apex is
Eeiy = ahfr?/2 + BhO cos yr3/ (3s) (1)

with @ = 0.7 eV/nm? and B = 0.81 eV/nm?>. Fig. 5(b) also shows
that & and 8 do not vary significantly for huts in the relevant size
range. h = 0.053 nm is the {105} plane spacing, which is the
embryo thickness, y = 11.3° is the contact angle of the {105}
facet to the (100) substrate and 2s is the hut width. For s, we use
the experimentally measured average of 5.6 nm. The finite element
model also finds that the elastic energy density of the wetting layer,
dEq wi is 1.44 eV/nm?>, the same 30 meV/atom value found in
Ref. [20].

The free energy change upon formation of an embryo comprised
of j dimers is AG(j) = E; — jAu. Since j = (046/2) %,

AG() = Xj"* + (A — Ap)j + B2 (2)

o4 = 1.33 dimers/nm? is the dimer density of a {105} plane [18]
and A is the Ge dimer supersaturation that drives island growth.
A, Band X are constants defined by material parameters:

X = Q@2+ 01I%) 2/ (0oq) (3a)
A= (ah) Jog — dEqw1 (3b)

h 8
p= sy | 8 (3¢)
3s (epr

Maximizing AG(j) gives the facet nucleation barrier, AG(i), where
i is the number of dimers in the critical nucleus:

AG(i) = ﬁ [ (ox —2¢%) +2(c* - 38%) "] (4a)

iz L [2c2 —3BX —2Cy/C? — 3Bx] (4b)
9B2

withC = Au — A

It has been suggested that an additional energy barrier must be
surmounted to form stable nuclei on reconstructed surfaces [21]
and this effect significantly modifies 2D growth on Si(111)-
7x7 [22]. The rebonded step (RS) reconstruction [23-25] found
on {105} hut facets is complex with significant distortion relative
to the bulk [26]. Cereda and Montalenti [27] found an 0.5 eV
barrier must be overcome to remove the RS reconstruction and
incorporate 7 Ge atoms into a new layer on the Ge(105) surface.
Thus, we include an additional 0.5 eV into AG(i) for nuclei withi >
3.5 dimers. i and AG(i) provide input into a mean field description
of facet nucleation that can predict the island growth rate.

The nucleation rate of new stable facets is U, = A;Zo;Dnin;.
n; = nye”2¢W/KT s the density of critical nuclei, Af is the average
facet area = s?/cosy and Z is the Zeldovich factor [28]. o;
is the capture number, which scales initially as the number of
perimeter sites of a critical nucleus. The diffusion coefficientis D =
v/ (4N,) e~®/KD) 'y, = 5 THz is a surface vibrational frequency,
N, is the area density of surface sites, E; = 1 eV [29] is the Ge
dimer diffusion activation energy and k is Boltzmann’s constant.
The density of diffusing Ge dimers, ny, is related to the equilibrium
dimer density, n = Noe /KT (L, = 0.3 eV [30] is the dimer
formation energy), through Ay = kT In (nl /n‘i). Combining these
expressions yields the production rate of stable {105} facets

Up = 1/4A;ZovNyefr/M . (5)
where
En =2(Ap — L) — [Eqa + AG®)] (6)

is a characteristic nucleation energy.

We can find the rate that the free Ge dimer population decreases
by noting that there are 2 end facets per hutt N = 8.5 x
10° huts/cm? and each new facet consumes Aroy dimers so that

M oNAou 7
el roqUy. (7)
The hut growth rate is simply dL/dt = 2U,Lps where Lips =
0.27nm is the increase in hut length as a new {105} facet is
added. Eqgs. (5) and (7) are coupled differential equations that we
numerically integrate to find the island growth rate, Au, i and
AG(i) as the anneal progresses.

Figs. 6 and 7 display results of our model. The only adjustable
parameters are the starting Ge supersaturation and edge energy,
TI,. Fig. 6 compares the growth rate of an average-sized hut to the
average growth rate of the 34 islands that remain in the STM field
of view during the displayed time interval. The standard deviation
of the experimentally measured average AL is about 1nm. We
believe that it arises from variations in the local chemical potential
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and spatial correlations between the islands that are not captured
by our mean-field model. The starting A was chosen so that
sufficient Ge is available to support the experimentally observed
island growth. The fit shown in Fig. 6 was for an initial dimer
density satisfying n;/n{ = 4.45 giving an initial supersaturation
of 93 meV/dimer. Here, we set I, = I and will explore the
consequences of varying I, in a later publication.

Fig. 7 displays the time evolution of Au, i and AG(i). Note
that although i steadily increases during the anneal, its maximum
value, i = 8 dimers, is much less than the number of dimers
comprising the end facet of the smallest hut cluster. An end facet
consisting of only 8 dimers would have s = 2.5 nm and the
smallest we observed was about twice this large. Even at the end
of the anneal, the supersaturation is high enough so that all facets
are supercritical and Ostwald ripening is suppressed. The decrease
of A is responsible for the reduced island growth rate evident in
Fig. 6.

We now briefly discuss application of this facet nucleation
description of kinetic hut stability to samples C and D for
which Ostwald ripening was observed. As discussed above, these
samples differ from samples A and B for which we did not
observe Ostwald ripening in that they both exhibited a low
density of large, low w clusters that served as sinks for Ge and
reduced the supersaturation. Apparently, the behavior exhibited
by these samples is described by the limit in which the system
supersaturation is not large enough to support a critical nucleus
size smaller than the smallest end facet. In this case, huts with
small end facets cannot grow by the facet nucleation mechanism
described by our model and decrease in length as experimentally
observed. The lone exception is island 7 in Fig. 1. We believe that
the reason this island does not shrink during the anneal even
though its width is less than the ‘critical’ width of 21 nm (see
Table 2) at the beginning of the anneal is due to the proximity of
island 6. These islands are close enough to interact elastically, and
such interactions can influence ripening kinetics. [31]

Finally, we note that the criterion for successful nucleation of
a new {105} plane is that the chemical potential of the completed
facet (i.e., the underlying facet the new plane is growing upon) is
less than the supersaturation. This is exactly the stability condition
determining whether or not the ensemble of {105} end facets is
stable or unstable with respect to Ostwald ripening. Essentially,
our facet nucleation description of hut growth and kinetic stability
simply recasts the problem of hut/pyramid ensemble stability into
the problem of stability of the ensemble of end {105} facets. We
believe that it is reasonable to do so since the chemical potential of
the side facets of the hut clusters is less than that of the end facets
and simple estimates of the chemical potential of the entire hut
cluster show that it is far smaller than that of the end facet.

Our kinetic stability model is general, and should apply to any
system with a constant density of replenishable nucleation centers
producing facets that do not grow much in size. This is clearly
satisfied for Ge/Si(100) hut clusters and should be satisfied for, e.g.,
metal silicide nanowires [32]. Whether or not similar arguments
could apply to more complex, multifaceted structures such as
domes or the Ge pyramid analogs found in InAs/GaAs(100) that
are bound by {137} facets [33] is not clear and invites further
experimental and theoretical investigation.

4. Summary and conclusion

In summary, we have found that low area density Ge/Si(100)
hut ensembles can be kinetically stabilized during prolonged
annealing at the growth temperature. This behavior is observed
only if there are no lower chemical potential islands that reduce
the Ge supersaturation and initiate Ostwald ripening. We explain
this behavior using a model that shows diminished hut growth
is a consequence of falling Ge supersaturation. The falling Ge
supersaturation, in turn, dramatically reduces the rate that new
facets nucleate providing a feedback mechanism allowing the hut
growth rate to fall to nearly zero. Ostwald ripening is suppressed
as long as the critical nucleus size is smaller than the smallest
hut facet. In contrast, if the supersaturation drops below that
required to drive nucleation on the smallest end facet in the
hut cluster ensemble, Ostwald ripening occurs. Thus, our facet
nucleation description interprets the kinetic stability of the hut
cluster ensemble in terms of the kinetic stability of the ensemble
of end facets.
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