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Abstract. Kinetic Monte Carlo simulations are used to investigate nucleation of
two-dimensional islands on a substrate with nanoscale patterning. The patterned
substrate is incorporated into a basic solid-on-solid model by introducing inho-
mogeneous energy barriers for surface diffusion. Growth on a patterned substrate
promotes the spatial ordering of islands, which also leads to a narrow island size
distribution. The optimal growth conditions are determined by the length scale of
the substrate pattern.

9.1 Introduction

Much of recent interest in the studies of metallic and semiconductor sys-
tems has been devoted to epitaxially grown nanostructures due to their great
potential for technological applications [1]. For example, spontaneous self-
organization of nanoscale islands in heteroepitaxial thin-film growth has been
utilized to manufacture semiconductor quantum dots. Before this method can
be used to develop actual devices, the growth must be controllable at a mi-
croscopic level.

Here we investigate the possibility of growing ordered nanostructure ar-
rays by using substrates with periodically arranged patterns. Our work is
motivated by recent experiments on the system of Ag/2ML Ag/Pt(111) [2,3].
The equilibrium structure of the second monolayer of Ag on Pt(111) is a net-
work of crossing dislocations that form in order to relieve lattice-mismatch
induced strain. Due to their mutual repulsion, the dislocations arrange into
ordered periodic patterns which can be transferred into nanostructure su-
perlattices upon deposition of further material. It was suggested in [2] that
the dislocations act repulsively towards diffusing adatoms, which explains the
observed confinement of nucleated islands.

9.2 Kinetic Monte Carlo Simulations

The KMC method is applied to investigate the time evolution of the growing
surface. The simulations are based on a solid-on-solid (SOS) bond-counting
model [4] that gives a good qualitative description of MBE (molecular beam
epitaxy) growth. New material is deposited onto an initially flat surface at
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constant rate F expressed in monolayers per second (ML/s). Desorption un-
der usual MBE conditions is negligible, thus it is omitted from the model,
and the fractional surface coverage is given by Θ = Ft. The diffusion rate of
a single adatom is given by the Arrhenius-type activation based expression

k(E, T ) = k0 exp(−E/kBT ) , (9.1)

where the prefactor is assigned the value k0 = 2kBT/h (kB is the Boltzmann
constant and h is the Planck constant). The activation energy is given by
E = ES+nEN where ES stands for substrate binding energy and EN describes
the contribution of binding to lateral nearest neighbors of the initial site.
n = 0 − 4 is the number of occupied nearest neighbors.

The patterned substrate was incorporated into the basic diffusion model
by introducing periodic variation into the diffusion activation energies. For
this purpose, the lattice was divided into square-shaped domains of size l× l.
The square geometry was adopted for simplicity and to speed up the com-
putation. The diffusion barriers were varied within these domains using two
different models:

1. Model A. The parameter ES was let to vary piecewise linearly as a func-
tion of the adatom lateral position on the surface. The total diffusion
barrier is given by EA = ES(xi, yi)+nEN where the index i refers to the
initial site.

2. Model B. An additional barrier ED was introduced for jumps directed
toward domain boundaries. The strength of the additional barrier is de-
termined by the distance of the adatom from the boundary. The to-
tal barrier for diffusion from site i to a neighboring site j is given by
EB = ES + nEN + ED(i, j).

Note that in model A the hopping rate is determined by the lateral posi-
tion of the adatom on the surface, but from a given lattice site i the adatom
hops with equal probability to any of the four neighboring sites. In the case
of model B, the diffusion barrier depends on both the initial and the final
site of the diffusion jump.

The simulations were carried out on a square lattice of size L × L with
periodic boundaries. The domain size was selected to be 22×22. The following
parameter values were used: ES = 0.75 eV (variation in model A ±0.10 eV),
EN = 0.18 eV, ED,max = 0.02 eV (next to boundaries), ED,min = 0 eV (at
domain centers), F = 0.0033 ML/s, and T = 340–440 K. Ensemble averages
were calculated from 50 simulation runs for each temperature.

9.3 Results

Figure 9.1a–b shows examples of island morphologies for islands grown on a
homogeneous and a patterned substrate, respectively. We see that the islands
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Fig. 9.1. Snapshots of KMC simulations showing growing islands (a) on a homo-
geneous substrate and (b) on a patterned substrate. The temperature is 390 K and
the coverage is 15%. 132 × 132 surface sections are displayed. Dark areas designate
the substrate and light areas the first layer of adatoms

on the patterned substrate order into a regular arrangement which displays
the periodicity of the underlying pattern. This confinement effect depends
strongly on the growth temperature that determines the average diffusion
length of the adatoms. The samples shown in Fig. 9.1 were obtained at T =
390 K. At this temperature, the average diffusion length for the given set of
model parameters is of the same order of magnitude as the lateral length l
of the domains. This means that on average the adatoms are able to visit
the whole unit cell before they join an existing island or nucleate a new
one. Due to the inhomogeneous diffusion barriers, the net flow of adatoms is
directed toward the domain centers, thus increasing the nucleation probability
in these areas. The combined result of these two effects is that within a
certain temperature range exactly one island nucleates in each unit cell of
the substrate structure.

Figure 9.2a shows the island size distributions at T = 390 K for random
and ordered nucleation on a homogeneous and patterned substrate, respec-
tively. The size distributions are normalized according to scaling theory [5].
We see that the spatial ordering leads to an enhanced size uniformity of the
islands. The domains act as equally large capture areas for the islands, since
all material deposited into a certain domain stays confined within this domain
due to the biased diffusion. This holds for temperatures at which the average
diffusion length corresponds to the length scale of the substrate pattern.

The temperature dependencies of the total island densities, Nx, are shown
in Fig. 9.2b. In the patterned substrate case, the island density remains ap-
proximately constant for temperatures in the range 380–400 K. This constant
density corresponds to the case where each domain contains a single island.
At lower temperatures, the island density increases, which means that several
small islands nucleate within each domain due to the shorter diffusion length.
At high temperatures, diffusion across the domain boundaries becomes ac-
tivated. Some of the domains are left empty as the adatoms join islands in
surrounding domains, thus decreasing the island density.
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(a) (b)

Fig. 9.2. (a) Scaled island size distributions for random nucleation and ordered
nucleation. The coverage is 15%. The model parameters correspond to D/F ≈ 106.
The distributions are normalized according to scaling theory (s denotes the island
size in atoms, 〈s〉 its average value, and Ns is the areal density of islands composed of
s atoms). (b) Arrhenius plot of island densities Nx for nucleation on a homogeneous
and a patterned substrate

So far we have not distinguished between the two patterned substrate
models. The results discussed above are for model A. We did not include
model B here, because the results are very similar (details can be found in
[6]). Differences between models A and B become apparent when the total
diffusion rate of an adatom in different positions on the surface is considered.
In the case of model A, the adatoms are more tightly bound to the substrate
the closer they are to the domain centers. Thus diffusion is fast near the
boundaries and slow near the centers of the domains. The energetically most
favorable configuration is a single island located at the center of each do-
main. In the case of model B, the hop-direction dependence of the diffusion
barriers produces a net movement of adatoms toward the domain centers,
but the change in the total diffusion rate is very small (0.02 eV at maximum
compared to the maximum variation of 0.2 eV for model A). Under favorable
growth conditions, the islands order into a regular array, but post-deposition
relaxation of the structure leads to the dissociation of small islands in favor
of larger ones (see [6] for details). This Ostwald ripening process does not
occur in model A.
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9.4 Conclusions

In summary, we have employed kinetic Monte Carlo simulations on a micro-
scopic scale to study the nucleation process of two-dimensional islands on
a patterned substrate. Our results show that periodic inhomogeneity in the
diffusion activation energies significantly affect the early stages of growth.
Under favorable conditions, growth on a patterned substrate leads to the
formation of an ordered array of islands. The length scale of the substrate
pattern determines the optimal growth temperature (or equivalently the op-
timal particle flux at a fixed temperature). The results of our simulations are
in good qualitative agreement with experimental observations of Brune and
coworkers [2].
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