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Ordering of clusters during late-stage growth on surfaces

G. R. Carlow, R. J. Barel, and M. Zinke-Allmang
Department of Physics and Astronomy, The University of Western Ontario, London, Ontario, Canada N6A 3K7

~Received 21 January 1997; revised manuscript received 3 June 1997!

The size ordering and spatial ordering of metal clusters on semiconductor surfaces has been experimentally
investigated for systems in the late stages of phase separation. Specific late stage cluster growth mechanisms
were achieved by suitable experimental conditions, and include~i! Ostwald ripening,~ii ! coalescence, and~iii !
an ‘‘intermediate’’ regime where mass conservation is only marginally violated by a relatively small deposition
rate during cluster growth. The size ordering and spatial ordering of clusters were quantified by the standard
deviations of the cluster size distribution and the nearest-neighbor distribution, respectively. In the Ostwald
ripening regime, the size distribution is less ordered~broader! and the spatial distribution is more ordered
~narrower! than is predicted by the mean-field Lifshitz-Slyozov ripening theory. In the intermediate regime, a
higher degree of size ordering is observed~when compared to Ostwald ripening!, but little spatial ordering with
a near random spatial distribution. Finally, in the coalescence regime little size ordering and no spatial ordering
are observed. These results are described using a model of local ripening, a mechanism where the ripening of
an individual cluster is dominated by its nearest neighbor rather than the global growth conditions.
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INTRODUCTION

Several methods to create spatially ordered structure
surfaces without using lithographic methods~self-assembling
structures! have been studied recently in hopes to overco
major technological limitations in the growth of structur
which allow us to implement quantum-confinement effects
semiconductor device designs.1 While all these cases explo
specific properties of the used materials systems, the nee
a surface phase-separation process during formation of
self-assembling structures is a common requirement.

Of underlying fundamental interest is therefore the deg
of ordering that is obtainable with the isolated pha
separation processes alone, i.e., under exclusion of st
cluster-substrate interactions, substrate prepatterning,
with the step bunching, or other concurring processes wh
introduce specific material-dependent parameters and
thus the generality of the conclusions.

In the present study, we have chosen systems which s
clustering under these conditions. The study focuses on
dominant late stage phase-separation processes, as the
pend the least on details of the substrate structure.2 We have
studied the entire range of processes observable as a fun
of deposition rate, as this parameter allows us consistent
proceed from ripening dominated growth~mass-conserved
systems! to coalescence-dominated growth~nonmass-
conserved case!. A transition between both regimes has be
included where the deposition rate is smaller than diffus
mass transfer between clusters.2 For ripening growth we will
compare our data with the well-known models for the O
wald ripening based on the quantitative treatments of L
shitz and Slyozov3 and Chakraverty.4

EXPERIMENTAL DETAILS

Experiments were performed under ultrahigh vacu
conditions in a molecular-beam epitaxy facility at the Un
560163-1829/97/56~19!/12519~10!/$10.00
on

e

n

of
he

e
-
ng
.g.,
h
it

w
he

de-

ion
to

n
e

-
-

versity of Western Ontario. The growth chamber is equipp
with three standard effusion cells charged with Ga, Sn,
In, a shutter for each source, and a heated sample stage
base pressure in the growth chamber was less tha
310210 Torr. Prior to insertion in the growth system,ex situ
chemical treatment of Si~111! ~Ref. 5! and GaAs~001! ~Ref.
6! substrates was done to grow protective oxides. These
ides were subsequently flashed off in the growth chambe
elevated temperatures~850 °C for Si and 600 °C for GaAs!
resulting in clean starting surfaces prior to metal depositi
Growth of metal clusters on the clean substrates was acc
plished by metal deposition in combination with substra
annealing. Specific conditions are chosen which reproduc
result in specific growth mechanisms~Ostwald ripening or
coalescence2!.

We explore three sets of conditions.
~1! Coalescence-dominated growthwas obtained by an-

nealing of GaAs~001! substrates at 660 °C. The continu
addition of Ga to the surface, caused by the preferential
of As2 at these annealing temperatures,6 results in Ga cluster
morphologies which are consistent with coalescen
dominated growth.7

~2! Ostwald ripening dominated growthwas obtained by
metal deposition~Sn or In! on room-temperature Si~111!
substrates followed by post-deposit annealing at temp
tures below metal desorption or bulk in-diffusion tempe
tures, i.e., the amount of material on the surface was c
served during clustering.

~3! An intermediate regimeestablishing conditions in be
tween Ostwald ripening and coalescence, for the system
Si~111!. This was obtained by continual Sn deposition duri
substrate annealing, so that clusters grow in the presenc
an external flux. The Sn deposition rate was sufficiently l
so that Ostwald ripening was still the dominant grow
mechanism2 and the Sn flux created only a perturbation
Ostwald ripening due to violation of mass conservation d
ing clustering.
12 519 © 1997 The American Physical Society
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The quantity of deposited material for conditions~2! and
~3! was determined byex situ Rutherford backscattering
spectroscopy. We state the amount of metal deposit as
equivalent coverage in monolayers, where 1 ML57.8
31014 atoms/cm2 for the Si~111! surface. Images of cluster
were obtainedex situusing plan-view scanning electron m
croscopy~SEM!.

RESULTS

We quantify the cluster ordering by first measuring t
position and size of clusters from SEM micrographs. Fr
this data, we calculate basically two distributions:

~a! Cluster size distributions~CSD! for size ordering. The
cluster size can be specified by one linear dimension du
the equilibrium, spherically capped shape of liquid me
droplets on surfaces as present during growth for all syst
in the present study. We use the plan-view diameter as
dimension. For comparison, the CSDs are plotted using
scaledcluster size, i.e., the cluster size relative to the aver
cluster size.

~b! Nearest-neighbor distributions~NND! for spatial or-
dering. The nearest-neighbor distance is defined as the c
to center distance between a specified cluster and its ne
neighbor. To quantify the degree of ordering, all NND’s d
played are compared with the NND’s for~i! a fully ordered
cluster structure and~ii ! computer generated random dist
butions based on a random placement of clusters where
distribution is obtained from averaging a large number
simulations. All simulated distributions have the same ar
density and areal coverage of clusters as the experime
distributions and they were generated with an exclusion p
vision against cluster perimeters overlapping.

In order to further establish the global character of ord
ing, and to not just sample the nearest neighbors, the NN
are supplemented byangular distributionsfor spatial orien-
tational ordering. For this purpose, we consider the an
between the center-center lines of each cluster to its nea
and second-nearest neighbors since the strongest interac
occur between these clusters. Angular distributions will o
be shown if they do contribute details not seen on
NND’s.

(1) Coalescence-dominated growth. Figure 1~a! shows an
SEM plan-view image of Ga clusters on GaAs~001! after
annealing of the substrate at 660 °C for 5 min. Figure 1~b!
shows both the cluster size distribution obtained from
micrograph and the predicted coalescence distribution f
Monte Carlo simulations carried out by Family and Meaki8

The distributions are plotted using logarithmic scales. Ba
on the agreement between the experimental data and
simulations, we conclude that the cluster growth is dom
nated by static coalescence, i.e., coalescence with immo
clusters. Recent coalescence events can be seen in the m
graph as cleared areas next to large clusters, i.e., where
clusters have coalesced into one larger cluster. Other reg
show cleared areas with new clusters which have just nu
ated. These clusters are in a transient regime and their
distribution does not yet fold back into the global cluster s
distribution.9 We therefore introduce a minimum cluster si
when calculating the spatial distributions and only clust
larger than this minimum size are included in the analy
he
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FIG. 1. ~a! SEM micrograph of Ga clusters on GaAs~001!. The
sample was prepared by GaAs annealing at 660 °C for 5 min.~b!
Cluster size distribution from the sample shown in~a! and the the-
oretical distribution for static coalescence~—! from Ref. 8. The
mean cluster size is about five orders of magnitude larger than
typical size that results from Ostwald ripening growth~OR limit!.
~c! The nearest-neighbor distribution for the sample in~a!. The
clusters used in calculating this distribution fall within the hatch
area of the cluster size distribution~inset!. The areal coverage o
these clusters isf526.5%. The nearest-neighbor experimental d
are consistent with a random spatial arrangement of clusters.
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56 12 521ORDERING OF CLUSTERS DURING LATE-STAGE . . .
This cutoff is indicated by the hatched area in the CSD
Fig. 1~c! ~inset! and the areal coverage of these clusters
26.5%. Increasing the cutoff value so that the areal cover
of the clusters was 24% provided similar results to what
present. Figure 1~c! shows the NND from the sample in Fig
1~a!. Also shown is a random NND. Based on the similar
of the plot in Fig. 1~c! to the corresponding random distribu
tion plot, we conclude that the spatial distribution of cluste
is random. The same conclusion results from a compar
of the angular distribution with a random model.

(2) Ostwald ripening-dominated growth.The results from
Ostwald ripening-dominated growth are more complex si
the cluster size distributions vary as a function of the surf
fraction covered by clusters, i.e., the areal coveragef.10–12

We therefore examine different areal coverages for the O
wald ripening growth regime. We experimentally study t
relatively low areal coverages of about 2% for the Sn/Si~111!
system, and areal coverages of about 10% for the sys
In/Si~111!.

We begin with the low areal coverage regime. Figure 2~a!
shows an SEM micrograph of Sn clusters on Si~111! with an
areal coverage of 2.4%. The sample was prepared by d
sition of 47 ML of Sn on a room-temperature Si substr
and post-deposit annealing at 400 °C for 10 min. The clu
size distribution for this sample is shown in Fig. 2~b! along
with the Lifshitz-Slyozov ~LS! distribution for the mixed
geometry.2,3 Since the LS model is an analytical mean-fie
model which predicts cluster size distributions exact for z
volume fractions and establishes the basis for all nonz
volume fraction models, it provides a useful comparison w
the basic physical model, i.e., condition where all clust
cluster interactions are excluded and therefore a random
tial distribution is assumed. The experimental size distri
tion in Fig. 2~b! has a similar functional form as the L
distribution, but note that the experimental distribution is s
nificantly broader, indicating cluster-cluster interactions
established in finite volume fraction models.10

The NND distribution and angular distribution are show
in Figs. 2~c! and 2~d!, respectively, along with the distribu
tions obtained for a random placement of clusters with
same spatial density and areal coverage. The NND’s for
twald ripening dominated growth, in contrast to th
coalescence-dominated growth, are spatially more ordere
seen by the relatively narrow NND as compared to the r
dom distribution. There are few clusters at small neare
neighbor distances. However, as also evident from the
crograph, the clusters do not order completely. This is sho
by the vertical line in Fig. 2~c! which indicates the cluster
cluster distance if all clusters would resume fully hexago
ordered positions. The experimental angular distribution
also not in agreement with the random distribution. There
a large deficiency of clusters with small angles as compa
to the random distribution which is nearly constant over
entire angular range.

The form of these Sn/Si~111! Ostwald ripening distribu-
tions after further ripening were explored by identical sam
preparation except post-deposit annealing was for 120 m
This results in a final areal coverage of 1.8%. Figures 3~a!–
3~c! show, respectively, an SEM micrograph, the cluster s
distribution along with the LS distribution and the NND
Figure 3~c! also shows the corresponding random distrib
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tion. All of the distributions in Fig. 3, as well as the angul
distribution for this sample, are similar to the ones in Fig
so that, even though the spatial density of clusters decre
with increased annealing time@note the scale bars in Figs
2~a! and 3~a!#, this has very little effect on the spatial distr
butions.

Higher areal coverages were obtained with the In/Si~111!
system. Figure 4~a! shows an SEM micrograph of a samp
prepared by room-temperature deposition of 22 ML of In a
post-deposit annealing at 400 °C for 40 min, resulting in
areal coverage of 10%. This high areal coverage has a
ferent morphology than the low areal coverage regime.
visual inspection of the micrograph, the higher areal cov
age has a slightly bimodal character, i.e., large clusters
perimposed on a background of smaller clusters. The C
and NND for this sample are shown in Figs. 4~b! and 4~c!,
respectively, along with the LS distribution and the rando
spatial distribution. The bimodal character of cluster size
seen as a small shoulder, or peak, in the CSD at relativ
large cluster sizes. This bimodal character is more eviden
Fig. 4~b! ~inset!, where the CSD is plotted using a logarith
mic vertical axis. As for the lower coverages, the NND@Fig.
4~c!# and the angular distribution indicate that the spa
arrangement of clusters again is not random.

(3) Intermediate regime.The intermediate regime was ex
plored for the system Sn/Si~111!. Sn was deposited at a rat
of 1 Å/min for 120 min on Si~111! held at a temperature o
360 °C. An SEM micrograph of this sample is shown in F
5~a! and shows a propensity towards the grouping of clus
into pairs. This type of grouping is not observed for Ostwa
ripening systems obeying mass conservation~micrographs in
Figs. 2, 3, and 4!. The CSD from this micrograph~and oth-
ers! is shown in Fig. 5~b! along with the LS distribution. The
NND is shown in Fig. 5~c! along with the corresponding
random distribution. The CSD is surprisingly narrower th
those obtained from samples obeying the mass conserva
constraints of LS theory. While the tendency for the pairi
of clusters seems to indicate a spatial ordering, it is actu
disordering. This is seen by the NND, which has sign
cantly broadened~compared to those obtained with Ostwa
ripening! and is close to a random distribution. Thus t
‘‘grouping’’ is providing the small nearest-neighbor dis
tances that occur for random configurations. The angular
tribution is also in agreement with a random distribution.

We summarize the ordering from the different growth r
gimes in Table I where we include~i! the clustering system
~ii ! the dominant growth mechanism,~iii ! the areal coverage
~iv! the standard deviation of the cluster size distributi
relative to the average cluster size,~v! the standard deviation
of the NND relative to the average nearest-neighbor distan
and ~vi! the product of the standard deviations of the CS
and the NND for each sample. The standard deviation of
LS NND was obtained by computer simulation where clu
ters of zero size were randomly distributed on a surface.
product of the two standard deviations provides a measur
the degree of double ordering~both spatial and size!. As this
number decreases, the degree of ordering increases.

Table I shows the following:
~1! The theoretical limit of Ostwald ripening dominate

growth given by LS theory, has a narrow CSD (s50.157)
and a random NND~the randomness is an inherent part
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FIG. 2. ~a! SEM micrograph of Sn clusters on Si~111!. The sample was prepared by Sn deposition on room-temperature S
post-deposit annealing at 400 °C for 10 min. The resulting areal coverage of clusters isf52.4%. ~b! The cluster size distribution from the
sample in~a! and the mean-field Ostwald ripening distribution from Ref. 2. The experimental distribution is broader than the the
distribution.~c! The nearest-neighbor distribution from the sample in~a!. The experimental distribution is more ordered than the distribut
for a random spatial arrangement of clusters.~d! The angular distribution from the sample in~a!. The experimental distribution has fewe
clusters subtending small angles than the distribution for a random placement of clusters.
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the mean-field nature of the theory2,3!.
~2! While still maintaining Ostwald ripening conditions

i.e., mass conservation, but increasing the areal fractionf,
of clusters the CSD becomes more disordered~broader! but,
at the same time, the NND becomes more ordered~nar-
rower!. The product of the standard deviations of the CS
and the NND, is smaller than the LS limit and indicates
overall increase in the ordering when finitef effects are
included.
n

~3! If the areal coverage is large enough~e.g., 10%! par-
tial ordering is still occurring, however, the degree of ord
ing is less for the higher coverages.

~4! As mass conservation is violated~by allowing for a
small external flux! we observe at finite areal fractionf that
the size distribution is only slightly broader than the LS p
diction, i.e., it is significantly narrower than experiment
distributions at the samef grown under mass conservatio
as discussed above.11 The NND on the other hand is nearl
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FIG. 3. ~a! SEM micrograph of Sn clusters on Si~111!. This sample was prepared by room-temperature deposition of Sn on S
post-deposit annealing at 400 °C for 120 min. The resulting areal coverage of clusters isf51.8%. ~b! The cluster size distribution from the
sample in~a! and the mean-field Ostwald ripening distribution from Ref. 2. The experimental distribution is broader than the theo
distribution.~c! The nearest-neighbor distribution from the sample in~a!. The experimental distribution is more ordered than the distribut
for a random spatial arrangement of clusters.
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random. Thus, with a small flux, thes values are nearly the
LS values.

~5! At the limit of coalescence-dominated growth, th
CSD is very disordered~i.e., broad! and the NND is disor-
dered~consistent with a random distribution!.

In addition to the ordering as seen by the NND and
CSD, angular ‘‘ordering’’ is observed for Ostwald ripenin
conditions at finitef as shown in Fig. 2~d!. This ordering is
seen by the exclusion of small angles when compared to
e

he

random distribution, and the probability of having certa
angles in the distribution only becomes constant at ang
greater than about 50°–60°. This exclusion at low angle
related to the distance ordering observed, i.e., since the N
are quite narrow, the probability of three clusters subtend
a small angle will only become significant when the thr
clusters form an equilateral triangle with sides equal to
minimum distance in the NND. Therefore, the angular d
tribution should start to reach a maximum at angles of 6
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FIG. 4. ~a! SEM micrograph of In clusters on Si~111!. The sample was prepared by room-temperature deposition of In on Si
post-deposit annealing at 400 °C for 10 min. The resulting areal coverage isf510.2%. ~b! Cluster size distribution for the sample in~a!
along with the theoretical Ostwald ripening distribution from Ref. 2. The data are displayed with a linear vertical axis~main plot! and a
logarithmic vertical axis~inset!. A bimodal character of the distribution is seen most easily in the logarithmic representation.~c! The
nearest-neighbor distribution from the sample in~a!. The experimental distribution of clusters on the surface is not random. Note, how
that this distribution is not as ordered as the Ostwald ripening distributions in Figs. 2 and 3~see Table I!.
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DISCUSSION

Ordering in clustering on surfaces during different grow
regimes can be established in~1! size ordering of the cluste
size distribution, and~2! spatial ordering in the neares
neighbor distribution and the angular distribution. We no
discuss the possible mechanisms for ordering in light of
experimental data.

Theoretical concepts for ordering in the literature.~i!
r

One potential mechanism for spatial ordering is hetero
neous nucleation of clusters in the initial stages of the ph
separation. We rule out this possibility since the spatial d
sity of clusters in the nucleation stage is many orders
magnitude larger than the spatial densities of clusters
served after Ostwald ripening.13 Therefore, any ordering dur
ing nucleation would not survive a random ‘‘extinction
process in the Ostwald ripening stages of growth and so
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FIG. 5. ~a! SEM micrograph of Sn clusters on Si~111!. The sample was prepared by deposition of Sn~at a rate of 1 Å/min! on Si held
at a temperature of 400 °C. The deposition lasted for 120 min. The resulting areal coverage isf51.1%. Ripening conditions are not obeye
since the mass of the clustered material is not conserved during growth.~b! Cluster size distribution for the sample in~a! along with the
theoretical Ostwald ripening distribution from Ref. 2. The experimental distribution is in better agreement with mean field Ostwald r
theory than the samples in Figs. 2, 3, and 4~see Table I!. ~c! The nearest-neighbor distribution from the sample in~a!. The experimental
distribution of clusters on the surface is in agreement with a random distribution.
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ordering must at least be sustained in the later stage
growth. All other models in literature require~i! mobile clus-
ters and~ii ! attractive or repulsive forces between cluste
beyond the capillarity effect introduced by Liftshitz an
Slyozov.

~ii ! Long-range repulsive interactions between coarsen
particles were studied by Sagui and Desai,14 introducing
of

s

g

these interactions through a power-law ansatz. The parti
then tend to order through cluster motion in response to
repulsive force into a regular hexagonal lattice with bo
distance and orientational ordering. The clustering syste
used in the present study do not lend themselves well to s
long-range repulsive forces. Electrostatic and magn
forces considered in Ref. 14 do not occur. Elastic inter
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TABLE I. Summary of the experimental data. Shown are the clustering system, the growth regim
areal coverage of clusters, the standard deviation of the cluster size distribution scaled to the averag
size (sCSD) which is a measure of the size ordering, the standard deviation of the nearest-neighbor d
tion scaled to the average nearest-neighbor distance (sNND) which is a measure of the spatial ordering, a
the product of the two standard deviations which is a measure of the total ordering.

System
Growth

mechanism

Areal
coverage

~%! sCSD sNND sCSD*sNND

Theoretical LS ripening 0 0.157 0.54 0.085
Sn/Si~111! ripening 1.8 0.2060.02 0.2260.02 0.04460.008
Sn/Si~111! ripening 2.4 0.2360.02 0.2360.02 0.05360.009
In/Si~111! ripening 10.2 0.3260.01 0.2760.01 0.08660.009
Sn/Si~111! intermediate 1.1 0.1760.01 0.5460.02 0.09260.009
Ga/GaAs~001! coalescence 26.5 N/A 0.3960.02
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tions between clusters~mediated by the substrate! are per-
haps the most likely candidate. However, most models
include elastic interactions recognize that the effects are o
prominent for solid-solid systems15 and the present exper
ments are under conditions for which the clusters are liq
during growth. We believe therefore that elastic interactio
would be too weak to support ordering for clusters seve
micrometer apart from each other.

~iii ! Attractive forces due to diffusive interactions b
tween particles were proposed by Voorhees and Schaef16

In their study these forces result in particle motion to un
cupied regions within the matrix which leads to a more u
form spatial distribution. Such particle motion should eve
tually result in particle arrangement on a regular lattice a
in addition to distance ordering, special angles should
come prominent in the angular distributions. This type
ordering would increase with elapsed time during clus
growth since clusters have more time to achieve ordered
sitions. This increase in distance and orientational orde
during cluster evolution are not observed in the present st
for the Sn/Si~111! system. We conclude therefore that t
type of cluster interactions proposed in Ref. 16 are not do
nant in our ordering processes.

Local ripening and screening.We propose the mechanism
responsible for distance ordering islocal ripening. This
mechanism results from the local diffusive interactions
tween two sufficiently close particles.17 The interaction in-
duces the smaller of the two to decompose into the lar
regardless of whether the smaller of the two is large eno
so that it would otherwise grow based on the LS mean-fi
theory. This interaction, while diffusive in nature~as is the
interaction introduced by Voorhees and Schaefer16!, does not
require the motion of particles to create spatial ordering.

For a detailed description of local ripening and orderi
that follows, we use plots of the supersaturation,c, of the
adatom phase on the surface in the vicinity of clusters.
first begin with the LS mean-field theory as shown in F
6~a!. This theory can be viewed as examining an individu
cluster that evolves in the average supersaturation that is
ated by the other clusters on the surface. For an isola
three-dimensional cluster on a surface, the solution of
quasistatic diffusion equation subject to the Gibbs-Thom
boundary condition at the cluster edge results in ac(x) pro-
file that increases logarithmically with distance from t
at
ly
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cluster. This profile levels off to the average levelc0 at a
given distance, or ‘‘screening length,’’ from the cluster.4,18

The placement of clusters on the surface is random as th
an inherent part of the mean-field nature of the theory.

Actual Ostwald ripening experiments do not strictly ob
the mean-field approximations and cluster-cluster inter
tions occur through local diffusive interactions. Once the
are included, the evolution of a cluster depends on its lo
environment. For example, two clusters that are sufficien
close together, i.e., much closer than the screening len
create a local gradient in the supersaturation that is large
the region between the two clusters@Fig. 6~b!#. This results
in the smaller of the two clusters to decompose into
larger. Assuming the smaller of the two clusters is su
ciently large so that it should grow based on the mean-fi
theory, this local interaction has two effects:~i! it reduces the
possibility of two clusters being in close proximity and th
narrows the NND and creates a partial spatial ordering of
clusters, i.e., the distribution is no longer random, and~ii ! it
broadens the CSD since the larger of the two clusters g
more material and grows larger than it would based
mean-field predictions, i.e., it moves farther to the right
the distribution and results in broadening. Therefore, lo
ripening both broadens the CSD and narrows the NND.

The next progression in the description imposes a sm
external flux during Ostwald ripening dominated growt
This flux tends to increase the average supersaturation l
on the surface. The supersaturation level at the clu
boundary, however, is still given by the Gibbs-Thoms
boundary condition. Therefore, with a small flux, thec(x)
profile between two clusters would appear as in Figs. 6~c!
and 6~d! for increasing levels of flux, respectively. Under
relatively small flux, thec(x) level only increases near th
mid-region between the two clusters. Therefore, provided
supersaturation level stays well below the nucleation thre
old, the dominant effect of the flux is to screen out loc
ripening and allow two clusters in close proximity to surviv
Therefore, one begins to recover LS conditions~except for
the small violation of mass conservation! and cluster size
distributions and spatial distributions are in close agreem
with the LS theory.

As the external flux is further increased, the coalesce
regime is approached. This requires that the external flu
large enough so that the supersaturation reaches the
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required for nucleation of new clusters and complete scre
ing of ripening@Fig. 6~d!#. At this point, new clusters con
tinually nucleate and all clusters grow independent of th
size. There is no local ripening since the effects of one c
ter on another are screened out by the external flux. Thus
obtains a broad CSD and a broad, i.e., random, NND.

The spatial ordering that occurs during Ostwald ripen
suggests that local ripening can be thought of as an ‘‘eff
tive force’’ between clusters. An analytical form describin
such a force has, to our knowledge, not been formula
This type of force is attractive when considering the trans

FIG. 6. A schematic representation of local ripening show
the free adatom concentration,c, as a function of a distance from
cluster.c0 is the average concentration on the surface,cnucl is the
threshold concentration for nucleation.~a! Mean-field theory where
local ripening is not considered. The cluster~solid circle!, is larger
than the average cluster size and therefore gains material from
supersaturation.~b! Local ripening with no external flux of materia
The cluster~ii ! would normally grow based on mean-field theor
but instead decomposes into cluster~i!. This results in a decrease
probability for small nearest-neighbor distances.~c! An external
flux increases the average concentration level toc08 . The local in-
crease in the concentration between the two clusters ‘‘screens
local ripening and the two cluster do not interact. The cluster~ii !
now grows instead of decomposing. If the flux is sufficiently sm
so the supersaturation does not reach the nucleation threshold
centration, then mean-field conditions can be nearly recovered~d!
A large external flux increases the average concentration betw
clusters up tocnucl and new clusters continually nucleate. Loc
ripening is completely suppressed between all clusters, as is
wald ripening in general. This describes the coalescence gro
regime.
n-

ir
s-
ne

g
-

d.
r

of material between two clusters undergoing local ripeni
This is due to the accelerated transfer of material, as c
pared to LS ripening, from a large and small cluster in clo
proximity on a surface. However, this force can also
thought of as a repulsive one when considering the NN
shown in Figs. 2~c!, 3~c!, and 4~c!. The random distributions
result when no interactions occur, and the distribution fo
fully ordered triangular lattice of clusters would occur wi
repulsive interactions between clusters as described by S
and Desai.14 The experimental distributions are shifted aw
from the random distributions and towards the distributi
for the triangular lattice and implies a repulsive force b
tween clusters~a shift of the distributions instead to the le
of the random distributions would imply an attractive force!.

The effects of early stage coalescence.Finally, we discuss
the size and spatial ordering as the effects of local ripen
are increased~i.e., largerf!. We expect the that spatial dis
tribution would become more ordered, however this is n
the case as the In/Si~111! system, with an areal coverage o
10%, has a broader NND than the 1.8% coverage Sn/Si~111!.
The reason for this observation is that the In/Si~111! sample
not only has a higher areal fraction but at the same ti
represents in terms of a ripening evolution an early st
rather than late stage morphology, as considered for
Sn/Si systems above.

Late stage Ostwald ripening follows an initial nucleatio
phase and a transitional regime where nucleation ceases
the cluster size distribution approaches the narrow, unimo
late stage LS distribution. For the transition from the nuc
ation stage to initial cluster growth, it is well established13

that coalescence is a major effect in reducing the supers
ration levels and thus terminating further nucleation. T
mechanism of coalescence during this stage is the sam
discussed above as a late stage process, except that i
occur as a transient process under mass conservation, ce
fast as clusters grow and thus become on average spa
more separated. Like in the late stage model, coalesce
will lead to a tendency of the cluster size distribution towa
a bimodal character or, at least to a tail toward larger clus
sizes, due to sudden merger of two or more clusters. N
rally, at larger areal cluster coverages this transient coa
cence stage preceding late stage Ostwald ripening will p
vail longer as clusters are spatially much closer to each o
increasing the likelihood of cluster-cluster contact.

This effect is visible for our In/Si~111! sample with a final
areal coverage of 10%. The observed weak bimodality
attributable to the effects of early stage coalescence.
transient coalescence contribution tends also to random
the spatial distribution as seen in the first part of our stu
for the system Ga/GaAs~001!. Therefore, spatial ordering
cannot necessarily be increased by increasingf, unless at the
same time the effects of early stage coalescence could
reduced.

CONCLUSIONS

Local ripening interactions and screening of these inter
tions by an external flux during cluster growth on surfac
play important roles in the achievement of partial spa
ordering and size ordering of the clusters. With no exter
flux, local ripening~i! broadens the cluster size distributio

he

t’’

l
on-

en

st-
th



-
ns

do
r-
ca
ca
es
rn

d,
omi-
ibu-

al

12 528 56G. R. CARLOW, R. J. BAREL, AND M. ZINKE-ALLMANG
relative to the LS distribution and~ii ! narrows the nearest
neighbor distributions compared to random distributio
Thus partially ordered structures~spatial ordering! can be
obtained during Ostwald ripening with interactions that
not require the motion of individual clusters or direct inte
actions with the substrate. The local ripening interactions
be screened out by a small external flux and without lo
ripening, LS clusters size distributions and random near
neighbor distributions are nearly obtained. When the exte
l.
-

.

i.

ys
.

n
l
t-
al

flux is sufficiently large, Ostwald ripening is suppresse
nucleation of new clusters occurs, coalescence events d
nate the cluster morphologies and broad cluster size distr
tions, and random nearest-neighbor distributions result.
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