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Kinetic Monte Carlo simulation of nucleation on patterned substrates
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The effects of a patterned substrate on island nucleation are investigated using kinetic Monte Carlo simu-
lations. Two different models are formulated by incorporating an inhomogeneous energy surface into the basic
solid-on-solid model of epitaxial growth to describe surface diffusion and consequent island nucleation on a
patterned substrate. These models are related to two examples of real systems in which preferential nucleation
at specific sites is encountered. Growth on a patterned substrate produces quite uniformly sized islands, which
are are found to order into regular arrays displaying the periodicity of the underlying substrate. Confinement
due to the patterned substrate is observed to be strongly dependent on the growth conditions. We demonstrate
that there exists an optimal set of growth conditions determined by the length scale of the substrate pattern. In
addition, the influence of the patterned substrate on the process of Ostwald ripening is discussed.
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I. INTRODUCTION

Much of the recent interest in studies of metallic a
semiconductor systems has focused on atomic scale s
tures, due to their great potential for numerous technolog
applications.1 For example, spontaneous self-organization
islands in heteroepitaxial thin-film growth has been utiliz
to manufacture semiconductorquantum dots. These three-
dimensional structures, where electrons are confined to a
nometer scale in all three dimensions, have interesting o
cal properties. The fabrication of actual device structures
however, problematic, since a large number of uniform
shaped and sized islands is required.

In the case of heterostructures, different properties
component materials can offer a way to grow a spatia
ordered arrangement of islands with an improved s
uniformity.2 For example, quantum dot superlattices, wh
consist of several layers of different materials obtained
alternating growth of, e.g., GaAs and InAs, yield a structu
with strained layers of InAs islands embedded in GaAs. T
fascinating feature of this structure is that the islands ten
nucleate directly on top of the buried islands. This leads t
narrow island size distribution.3–5 The vertical correlation in
island positions is explained by the effect of strain on
surface caused by the underlying buried islands. This st
changes the activation energies of the diffusion of adato
deposited on the strained surface, and thereby affects
nucleation of islands in the topmost layer.

In some heteroepitaxial systems strain due to lattice m
match is relieved by the spontaneous formation of doma
separated by a regular network of dislocations.6 One example
is a system of 2 ML of Ag deposited on Pt~111!,7,8 where
dislocations constitute effective repulsive barriers for the d
fusing adatoms on the surface, confining the adatoms to
domains. Consequently, nucleation on top of the disloca
network produces ordered arrays of rather uniformly siz
submonolayer islands, most of which are located in spa
between dislocations.

In this work, we concentrate on the initial stages
growth, i.e., on the growth of two-dimensional islands th
are formed in the submonolayer regime orplatelets. The ob-
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jective is to examine mechanisms that lead to spatially
dered nucleation and consequently to a narrow island
distribution. In this study we present two different mode
motivated by the examples above. These are used to s
qualitatively how the spatial variation in diffusion activatio
energy affects island nucleation.

This paper is organized as follows. In Sec. II we gi
details about the model systems and the simulation setup
Sec. III we discuss our results. Finally, in Sec. IV we give
summary and concluding remarks.

II. SIMULATION MODEL

A. Diffusion model

In this study the kinetic Monte Carlo~KMC!9,10 method is
applied to investigate the time evolution of surface grow
The KMC method is based on a solid-on-solid11 model of
epitaxial growth, which assumes a simple cubic lattice str
ture with neither vacancies nor overhangs. The basic p
cesses included in the model aredeposition of adatomsand
subsequentsurface diffusion. The process of desorption ha
been omitted from the model since it is negligible und
usual growth conditions of molecular beam epitaxy, which
commonly used in growing atomic scale structures. Thus
fractional surface coverage is given byQ5Ft, whereF is
the constant deposition rate of atoms in ML/s, andt is the
physical time. The deposition of adatoms takes place onto
initially flat substrate. In the simulations a deposition site
first selected at random, and then a search is carried
within a square of fixed linear size of 2Ri11, centered upon
the selected site. The site with a maximum number of late
nearest neighbors is chosen as the deposition site.

The diffusion rate of a single adatom is defined as
probability of a diffusion jump per unit time, and it is give
by the Arrhenius-type expression

k~E,T!5k0 exp~2E/kBT!, ~1!

whereE is the activation energy,T is the substrate tempera
ture, andkB is the Boltzmann constant. The prefactork0
corresponds to the frequency of atomic vibrations, and i
©2000 The American Physical Society07-1
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assigned the valuek052kBT/h,12 whereh is the Planck con-
stant. In the basic model, the activation energyE comprises a
substrate termES , and a contribution from each occupie
lateral nearest neighbor atom,EN ,

E5ES1nEN , ~2!

where n50 –4 is the number of occupied lateral near
neighbors at theinitial site. In this basic model of diffusion
the adatom lands with equal probability to any of the fo
neighboring sites.

B. Patterned substrate

The purpose of this study is to build a simple mod
which captures the salient features of island nucleation on
inhomogeneous substrate. The patterned substrate is inc
rated into the basic diffusion model described above by
viding the lattice into square-shaped domains of sizel 3 l .
The square geometry is adopted for simplicity and to sp
up the computation. The energy barriers for diffusion a
varied within the domain structure in two ways~see Fig. 1!.

~1! ~Model A! The parameterES is let to vary piecewise
linearly as a function of the lateral position of the adatom
the surface. The total barrier for diffusion is given byEA
5ES(x,y)1nEN .

~2! ~Model B! An additional diffusion barrierED is intro-
duced for the diffusion jumps directed toward the dom
boundaries. The strength of the additional barrier is de
mined by the distance of the adatom from the boundary.
total barrier for diffusion is given byEB5ES1nEN1ED,
whereED depends on both the hop direction and the late
position of the adatom on the surface.

Similar models are used in studies of tracer diffusion
disordered lattices to describe the energetic disorder exp

FIG. 1. Variation of the diffusion activation energies inside
single domain on the patterned substrate~schematic!. The size of a
single domain is 22322 lattice sites, thus the whole substrate co
sists of 16316 of these domains. The lower part of the figure sho
the corresponding variations of the simulation model parameterES

~model A! and ED ~model B! when traversing through the cros
section of the domain as indicated in the upper figure.
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enced by the diffusing particle.13,14 In the random-trapping
model the binding energy of the particle varies from site
site ~corresponding to our model A!, while in the random-
hopping model the saddle point energy between adjac
sites varies~model B in this work!.

Of the systems described above the vertically correla
quantum dot superlattices serve as an experimental mo
tion for the model A. As explained in Sec. I, surface diff
sion of adatoms and subsequent island nucleation in th
systems are affected by the spatial bias that arises from
strain at the surface due to buried islands. The proces
island nucleation is a complex issue, therefore a deta
analysis of a specific system would require much more
tailed models and careful fitting of the parameters. Howev
in this work, we wish to examine the origin of possib
mechanisms that lead to spatially ordered nucleation thro
the variation of diffusion activation energies. Model A d
scribes a situation in which the energy surface seen by
diffusing adatom is spatially biased by some underlyi
structure of the substrate~e.g., buried islands!.

Motivation for Model B, in turn, is based on the exper
mental system of Ag/2 ML Ag/Pt~111! heteroepitaxy. In this
case, the substrate is patterned with a regular network
dislocations which act repulsively towards the diffusin
adatoms.6,8,15 In model B, we have included an additiona
hop-direction-dependent diffusion barrierED , to describe
the long-range repulsive adatom-dislocation interaction
should be noted that such a barrier does not affect only
jumps that cross the domain boundaries but each ada
experiences a repulsion from all the boundaries which
within half the lateral size of a domain from the adatom.

The simulations presented in this work were carried
on a square lattice of size 3523352, with periodic boundary
conditions. The domain size was selected to be 22322, thus
introducing an underlying superstructure of 16316 square
domains into the system. The valuesES50.75 eV andEN
50.18 eV were used for parameters describing the subs
and nearest-neighbor binding energies, respectively. Th
values were previously used to model qualitatively the eff
of reentrant layer-by-layer growth observed for Pt~111!
homoepitaxy.16

For model A, the variation of the substrate binding ener
ES inside each domain was chosen by performing some
liminary simulations. The valuesES150.65 eV andES2
50.85 eV ~see Fig. 1! produced an effect which was clea
but not artificially strong. The effect of varying these valu
was also examined~see Sec. III B!. In the case of model B
the order of magnitude of the additional diffusion barrie
ED , need not to be very large because it has been show17

that even a small increase in the diffusion barrier is feas
to lead to substantial changes in diffusivity. This is becau
adatoms have to make several jumps in an unfavorable
rection to cross a dislocation. Based on this information,
values ED150.02 eV andED250 eV were used for the
maximum and minimum values of the additional barrier,
spectively~see Fig. 1!.

The deposition rateF was 0.0033 ML/s, and the valu
Ri51 was used for the incorporation radius as in Ref.
These parameters are used in the simulations presente
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KINETIC MONTE CARLO SIMULATION OF . . . PHYSICAL REVIEW B 63 035407
this study unless stated otherwise. The temperature rang
interest was determined by the behavior of the system.
found that in the simulations for the chosen parameter se
effect of patterned substrate on nucleation was most
nounced for the temperature rangeT5360–420 K.

III. RESULTS AND DISCUSSION

In our computational experiments thin film growth o
solid substrates is initiated by the nucleation of small tw
dimensional~2D! islands, which can then serve as templa
for the development of larger 3D islands. Although o
model allows three-dimensional growth, we do not expec
to be described realistically. This does not, however, p
any problems because all the results presented here ar
systems that have reached an adatom coverage of up to
in the simulations, at which point the islands are still pure
two dimensional. In this study, we are interested in the
velopment of surface morphology and in the size distribut
of nucleated islands. For sufficient statistics for the resu
we have taken ensemble averages over 50 simulation ru

A. Effect of patterned substrate

Figures 2~a!–2~c! show examples of island morphologie
at three different temperatures for samples grown on a
mogeneous substrate. In agreement with the theory of
monolayer epitaxy, the 2D islands are randomly distribu
on the surface, and the average island separation corresp
to the average diffusion length of adatoms. Since diffusion
a thermally activated process, increasing the temperatu
expected to lead to a large average island size and separ
between them, as we also observe.

When the substrate is patterned, it has a strong effec
both the positioning and the average size of the grow
islands, as indicated by Figs. 2~d!–2~f!. In both patterned
substrate models the inhomogeneity in the activation e
gies of diffusion produces a net flow of adatoms toward

FIG. 2. Island morphologies obtained at three different tempe
tures ~from left, 340, 390, and 440 K! for the homogeneous sub
strate ~a!–~c!, and for the patterned substrate~model B! ~d!–~f!.
2003200 surface sections of the whole system (3523352) are
shown. The coverage is 15%. Dark areas designate the substrat
light areas the first layer of adatoms.
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centers of the domains. Consequently, the domain center
as preferential nucleation sites.

As for the arrangement of islands on the surface we h
found it to be strongly dependent on the growth temperatu
At low temperatures@Fig. 2~d!#, the average diffusion length
is so short that several small islands nucleate within e
domain. The island density is highest near the domain c
ters. At intermediate temperatures@Fig. 2~e!#, the average
diffusion length corresponds to the lateral size of the d
mains, thus the adatoms are able to visit all parts of
domain into which they were deposited. This leads to
nucleation of a single island within each domain. The d
mains act as equally large capture areas for the islands,
we also observe an enhanced size uniformity. When the t
perature is further increased@Fig. 2~f!#, adatom diffusion
across the domain boundaries becomes activated. As a re
some of the domains are left empty when smaller isla
dissociate, and the adatoms join surrounding larger isla
This corresponds to 2D Ostwald ripening,6,18 although the
process is affected by the patterned substrate. Ostwald ri
ing and the high-temperature behavior of the systems
discussed in more detail below~see Sec. II C!.

Figure 4~a! shows the average island size^s&, plotted as a
function of temperature for the homogeneous substrate
for both patterned substrate models A and B. Here^ & de-
notes the ensemble average, i.e., the average over m
simulation runs. As inspection of the island morpholog
~Fig. 2! already indicated, the patterned substrate ha
strong effect on the average island size. For samples gr
on a homogeneous substrate, the islands grow smoothly
increasing temperature. In the case of a patterned subs
we observe that the average island size stays approxima
constant (s'73) for temperatures ranging from 370 to 40
K. Thus the islands on a patterned substrate are less sen
to small changes in the growth conditions, which is sign
cant because precise control over the island characteristi
required for technological applications of nanostructures.

In addition to the average island size, we are also in
ested in the variations the islands exhibit in their size. Th
variations are measured by calculating the island size di
bution, N(s,t)5Ns(t), which is defined as the areal densi
of islands composed ofs atoms (s.1) at time t. Figure 3
shows the development of the island size distribution a
function of temperature for the homogeneous substrate
the patterned substrate of model A. The correspond
curves for model B have not been plotted, because t
turned out to be very similar to those for model A. Th
differences between these two models are discussed lat
the text~see Secs. III B and III C!.

We also point out that the form of the island size dist
bution curves is in good agreement with the behavior
served from the lattice pictures~Fig. 2!. At very low tem-
peratures, the curves for both the homogeneous and
patterned substrate exhibit a high and narrow peak at s
values ofs. For islands grown on a homogeneous substr
the size distribution broadens smoothly with increasing te
perature. For the patterned substrate, an additional maxim
appears arounds570 at temperatureT5360 K. This is
caused by the coalescence of several small, neighborin
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L. NURMINEN, A. KURONEN, AND K. KASKI PHYSICAL REVIEW B 63 035407
lands within each domain. For the temperature rangeT
5370–400 K, the island size distribution stays appro
mately constant due to the confinement effect caused by
substrate pattern. Each domain contains a single island w
consists ofs573 atoms on average~when the coverage is
15% and the domain size is 22322). When the temperatur
is increased aboveT5400 K, the distribution begins to
broaden, and the maximum shifts toward higher valuess
as a consequence of interdomain diffusion.

Hence we conclude that there exists an optimal gro
temperature at which nucleation on a patterned substrat
sults in high spatial ordering and enhanced size uniformity
the islands. The optimal growth temperature can be m
sured by monitoring the relative width of the island si
distributionw, defined asw5s/^s&, wheres5A^s2&2^s&2

is the standard deviation of the island size distribution, a
^s& is the average island size. The smaller the value ofw is,
the smaller the fluctuations in island sizes are. Thus the
timal growth temperature can be identified by locating
point at whichw reaches its minimum value.

Figure 4~b! showsw as a function of temperature for th
homogeneous substrate and for the patterned substrate
els A and B. At low temperatures, the values ofw are higher
for the patterned substrates, because the coalescenc
neighboring islands near the domain centers results in la
fluctuations in island sizes. However, in the temperat
range from 360 to 420 K, the decrease in the relative wi
of the size distribution shows that the islands on the p
terned substrates are clearly more uniformly sized than
islands on the homogeneous substrate. Moreover, we obs
that the curve forw has a local minimum at approximate
390 K in the case of model B, and for model A the minimu
is reached at a slightly lower temperature. At this tempe
ture the average diffusion length is equal to the average
land separation, which is determined by the size of the

FIG. 3. Island size distributions as a function of temperature
the system with homogeneous substrate~on the left! and with the
patterned substrate~model A! ~on the right!. The coverage is 15%
The horizontal axis is the number of particles in the island and
vertical axis is in units of islands per lattice site. Curves for te
peratures of 370–410 K have been shifted by 531025 relative to
the preceding curve.
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mains. The domains act as equally large capture areas fo
islands; therefore, the small fluctuations in island sizes
caused mainly by the randomness in the deposition proc
At high temperatures, the relative width of the size distrib
tion increases again when diffusion across the dom
boundaries results in the formation of larger and smaller
lands, as already mentioned. It should be noted that es
tially the same behavior is observed if the deposition rate
varied while keeping the temperature constant.19

We now relate our two models with the two experimen
cases discussed in Sec. I. First we take the case of the v
cal sequence of the quantum dot superlattice, which we
pected to be partially described with model A. Although
this case there is experimental evidence for the vertical c
relation of quantum dot positions in superlattices,4,20 the ex-
act mechanism of the preferred nucleation is not clear. I
assumed that the nucleation of adatoms forming the quan
dot takes places at the minima of the strain energy cause
the underlying dot.21,20 However, currently the effect o
strain on adatom diffusion on semiconductor surfaces is
well understood.22 It should be noted that in this study w
have only concentrated on the initial stages of island grow
while experiments have been conducted to the full thr
dimensional layered heterostructures without paying att
tion to the initial stages of growth.

As for the relation of the model B with the second expe
mental case, i.e., the system of metallic heterostructure
should be noted that the number of experimental meas

r

e
-

FIG. 4. ~a! Average island size and~b! relative width of the
island size distribution as a function of temperature for the hom
geneous substrate, model A, and model B. The coverage is 15
7-4
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KINETIC MONTE CARLO SIMULATION OF . . . PHYSICAL REVIEW B 63 035407
ments of diffusion and nucleation on an inhomogeneous s
strate is currently very limited. Nonetheless, we can m
qualitative comparisons to the results of Brune and
workers,7,8 who studied the system of Ag/2-ML Ag/Pt~111!.
In our simulations, we have included the long-range rep
sive adatom-dislocation interaction that in Refs. 7 and 8 w
proposed to be the key property leading to confined nu
ation. When comparing the lattice pictures obtained from
simulations@Figs. 2~d!–2~f!# to the series of scanning tunne
ing microscopy images in Ref. 8, we find that our resu
agree very well with the experiments. The periodicity of t
dislocation network is transferred to a highly ordered tw
dimensional island superlattice for a narrow temperat
range. At temperatures below this range, several isla
nucleate within each unit cell, and at higher temperatures
island density drops when the adatoms are able to overc
the repulsive barriers due to dislocations. Our simulatio
reproduce this experimentally observed behavior at vari
temperatures.

B. Effect of model parameters

In order to gain insight into the differences in the behav
of models A and B, effects of varying the model paramet
were studied. The strength of the substrate pattern is de
mined by the difference between the parametersES1 andES2
for model A, andED1 and ED2 for model B. Figure 5~a!
shows the results of simulations for model A, and Fig. 5~b!
results for model B, using three different strengths of
substrate pattern in each case.

For model A, using a smaller value ofES1 and a larger
value of ES2 extends the temperature range in which t
confinement effect of the patterned substrate results in a
row distribution of island sizes. First we observe that t
behavior of the system is unaffected at temperatures be
380 K. This is due to the fact that at these temperatures
average diffusion length is so short that the net movemen
adatoms is not affected by small changes in the diffus
activation energies.

In the case of model B, the strength of the substrate
tern is determined by the maximum value of the additio
diffusion barrier,ED1. As expected, a larger value ofED1
produces a strong confinement. In this case, however,
behavior of the system is influenced in the whole tempe
ture range from 320 to 440 K. This is explained by the ho
direction dependence of the additional diffusion barrier,ED .
A larger repulsion from the domain boundaries drives
adatoms more effectively toward the centers of the doma
even at low temperatures. This leads to the coalescenc
several small islands, and to a consequent increase in
relative width of the size distribution.

C. High-temperature behavior and Ostwald ripening

We have also studied the high-temperature behavio
the model systems and the process of 2D Ostwald ripenin
more detail. On a homogeneous substrate, the average i
size grows with increasing temperature until the average
fusion length becomes comparable to the size of the sim
tion system. The process of 2D Ostwald ripening leads
03540
b-
e
-

l-
s
-
r

s

-
e
ds
e
e

s
s

r
s
er-

e

r-
e
w

he
of
n

t-
l

he
-
-

e
s,
of
he

of
in
nd

f-
a-
o

similar behavior if we follow the development of the adlay
after the deposition has been stopped: small islands diss
ate in favor of larger ones until the simulation system co
sists of a single large cluster. At very high temperatur
diffusion is so fast in the time scale of deposition that O
wald ripening takes place simultaneously with growth.

In contrast, on a patterned substrate we observe a diffe
kind of post-deposition behavior of the adlayer. Figur
6~a!–6~c! and 6~d!–6~f! show the post-deposition develop
ment for models A and B, respectively. The initial config
rations@Figs. 6~a! and 6~d!# were created by random depos
tion of 10% coverage of adatoms. In both cases, an orde
array of 2D islands forms quickly after the deposition h
been stopped@Figs. 6~b! and 6~e!#. In the case of model A,
further diffusion does not change the arrangement of isla
notably@Fig. 6~c!#. We observe the same behavior when t
growth temperature is sufficiently high. In Fig. 7 we sho
the relative width of the island size distribution for model
as a function of temperature. The distribution becomes
creasingly narrow until the system reaches a stable s
around 500 K. Thus the patterned substrate not only
hances the spatial ordering and size uniformity of the islan
but also increases the stability of the configuration. In
case of model B, the process of Ostwald ripening is

FIG. 5. Effect of varying the strength of the substra
pattern. The relative width of the island size distributio
is shown ~a! for model A using the parameter value
$ES1 ,ES2%5$0.65,0.85% eV ~1!, $0.60,0.90% eV (s), and
$0.55,0.95% eV (n); and~b! for model B using the parameter va
ues $ED1 ,ED2%5$0.01,0% eV (1), $0.02,0% eV (s), and
$0.03,0% eV (n).
7-5
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L. NURMINEN, A. KURONEN, AND K. KASKI PHYSICAL REVIEW B 63 035407
completely suppressed by the inhomogeneous energy su
of the substrate. Even though the islands first order int
regular array, further diffusion leads to the dissociation
smaller islands in favor of larger ones as can be seen f
Fig. 6~f!. However, this process is considerably slower th
on a homogeneous substrate.

The differences in the behavior between models A an
can be explained by considering the total diffusion rate of
adatom in different positions on the substrate. In the cas
model A, the closer to the domain centers the adatoms
the more tightly they are bound to the substrate. In ot
words, diffusion is slow in the center areas of the doma
and fast near the boundaries of domains, and conseque
the energetically most favorable configuration is a single
land within each domain. In the case of model B, the h
direction dependence of the additional diffusion barriers p
duces an effective change in the direction of the
movement of adatoms, but the change in the total diffus
rate is very small. Therefore, a single island forms with
each domain during the initial nucleation process~under fa-
vorable growth conditions!, but afterward Ostwald ripening
leads to the dissociation of smaller islands in favor of lar
ones.

IV. CONCLUSION

In summary, we conclude that periodic inhomogeneity
the activation energy for adatom diffusion significantly a
fects the nucleation process on the substrate. We have d
onstrated that nanoscale patterning of the substrate can
to the formation of an ordered array of 2D islands with
narrow size distribution. Our simulation results also indic
that the confinement effect of the patterned substrate
strong in a narrow temperature range. The length scale o
substrate pattern determines the optimal growth tempera
at which the fluctuations in island sizes reach a minim
value. Alternatively, the particle flux can be tuned to find t
most optimal growth conditions. We find that the results

FIG. 6. Post-deposition development of surface configurati
for model A ~a!–~c! and for model B~d!–~f!. The initial configu-
rations~a! and~d! were obtained by random deposition of adato
to the coverage of 10%. The temperature is 400 K. 88388 surface
sections of the whole system (3523352) are shown.
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our simulations are in good qualitative agreement with
perimental observations.

In order to compare with previous simulation studies,
refer to the work by Lee and Baraba´si23 who studied island
growth on a sample patterned with an ordered impurity ar
using various deposition rates. Our results are similar
theirs in indicating that the spatial ordering and size dis
bution of the islands are enhanced if the patterned subs
promotes preferential nucleation at specific sites. In
work, we have also demonstrated that different mechani
can lead to periodic inhomogeneity in the diffusion activ
tion energies. Thus we propose that substrate patter
could be used in various systems ranging from metals
semiconductor compounds to improve the quality of na
structures produced in heteroepitaxy.

The models of this study were formulated on the basis
two examples of real systems in which diffusion is affect
by the inhomogeneity of the substrate. In the current wo
we have performed detailed simulations based on these
mistic models, and analyzed the effect of growth conditio
and model parameters on the observed behavior. We
clude that diffusion and nucleation on an inhomogene
substrate is a complex issue that offers many challenges
future studies.

Finally we note that strain is notdirectly included in the
models presented in this study, although we propose th
patterned substrate could originate from strain induced
fects. Strain acts as a self-limiting process in island grow
as adatom detachment from larger islands is enhance24

Thus the formation of large islands is suppressed, wh
leads to a narrower island size distribution. In future wo
we plan to investigate this issue further by including elas
interactions directly into the diffusion model.
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FIG. 7. High-temperature behavior of the relative width of t
size distribution for the patterned substrate model A withEN

50.16 eV.
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