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We propose a model that describes the diffusion-controlled aggregation exhibited by particles
as they are deposited on a surface. The model, which incorporates deposition, particle and cluster
diffusion, and aggregation, is inspired by recent thin-film-deposition experiments. We find that as
randomly deposited particles diffuse and aggregate they configure themselves into a wide variety of
fractal structures characterized by a length scale L. We introduce an exponent «y that tunes the
way the diffusion coefficient changes with cluster size: if the values of v are very large, only single
particles can move, if they are smaller, all clusters can move. The introduction of cluster diffusion
dramatically affects the dynamics of film growth. We compare our results with those of several
recent experiments on two-dimensional nanostructures formed by diffusion-controlled aggregation
on surfaces, and we propose several experimental tests of the model. We also investigate the spanning
properties of this model and find another characteristic length scale Ly (L2 > L,) above which the
system behaves as a bond percolation network of the fractal structures each of length scale L;.
Below L, the system shows similarities with diffusion-limited aggregation. We find that L; scales
as the ratio of the diffusion constant over the particle flux to the power 1/4, whereas L scales with
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another exponent close to 0.9.

I. INTRODUCTION

Understanding the processes underlying the growth
of thin films has led to widespread interest, both from
physical and technological points of view.!™® Equilibrium
(thermodynamic) models have been developed and ap-
plied with some success to the film-substrate system.!»2
However, improvements in experimental techniques—
such as scanning tunneling microscopy—permit the in-
vestigation of atomic details of the embryonic submono-
layer stages of nanostructure film growth, and recent ex-
perimental works!%!! have recognized the importance of
out-of-equilibrium (kinetic) effects on the formation of
the observed morphologies.

Addressing such out-of-equilibrium effects is important
if one is to be able to control the morphology of sub-
monolayer nanostructures. One might consider the use of
the percolation model to describe certain experiments of
surface deposition.!?> However, percolation assumes that
particles do not diffuse after being deposited, when in
fact not only diffusion but also aggregation of the diffus-
ing particles takes place. There exist models of diffusing
particles that aggregate, but such “cluster-cluster aggre-
gation” (CCA) models'® do not allow the continual in-
jection of new particles via deposition. Here we develop
a model that incorporates the three physical ingredients
of thin-film growth: deposition, diffusion, and aggrega-
tion (DDA). Similar models that neglect the shape of the
islands or the possibility of cluster diffusion were studied
independently.3* We introduce the possibility of cluster
diffusion and we also investigate the spanning properties
of the system. These two topics have been neglected in
previous studies of similar models.®* The importance of
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these novelties, from both the experimental and theoret-
ical points of view, will be explained in the subsequent
sections.

We show in the following that the DDA model gener-
ates a wide variety of fractal structures characteristic of
different models such as percolation,'*1% diffusion lim-
ited aggregation (DLA),'®7 or CCA. The introduction
of cluster diffusion moves this model away from the uni-
versality class of previous models with the introduction
of new scaling exponents. Moreover, it leads to an ez-
ponential increase in the mean cluster size as a function
of time, whereas in other growth models®*7 this depen-
dence is a power law.

II. MODEL DESCRIPTION AND
JUSTIFICATION

The DDA model is defined as follows (Fig. 1).

(1) Deposition. Particles are deposited at randomly
chosen positions of the surface at a flux F per lattice site
per unit time.

(2) Diffusion. All particles and clusters (sets of con-
nected particles) are chosen at random and attempted to
move north, east, south, or west by one lattice constant
per unit time. The probability that they actually move
is proportional to their mobility, which we assume to be
given by D, = D;s™7. Here s is the number of parti-
cles in the cluster, D; is the diffusion coefficient for a
monomer (s = 1), and the parameter y characterizes the
dependence of D, on cluster size.

(3) Aggregation. If two particles come to occupy neigh-
boring sites, they (and, therefore, the clusters to which
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FIG. 1. Schematic representation of the basic processes
considered in this model: (a) deposition, (b) and (d) par-
ticle diffusion, (e) island diffusion, and (c) aggregation. (b)
corresponds to nucleation [i.e., a new island (c) is created]
while (d) corresponds to growth of an already existing island
(see the text for details).

they belong) stick irreversibly.

We call particles the isolated atoms (or monomers) that
are deposited on the surface, clusters any set of connected
particles (including the monomers), and islands the clus-
ters containing more than one particle. Physically, two
competing mechanisms are introduced in the model, each
one with its own time scale: deposition and diffusion. It
is useful to introduce the normalized flux defined as the
number of particles deposited per unit site per diffusion
time 7, where 7 is the mean time needed by a monomer to
jump by a lattice site. The monomer diffusion coefficient
is then given by D; = 1/(47), and the normalized flux by
¢ = Fr. Then, from experimental values of F' and D it
is possible to calculate ¢ and the morphologies predicted
by our model. The program actually calculates a prob-
ability for dropping a particle: parop = ¢L%/(¢L? + Ne1)
where L is the system size and N is the total number
of clusters present in the system. A random number p
is chosen and compared to pgrop- If P < Pdrop, @ par-
ticle is added at a random position on the lattice. If
P > Pdrop, @ cluster or a particle is chosen at random and
attempted to move. In both cases, the time is increased
by 7/(¢L? + Nq).

Some remarks on the assumptions of this simple model
regarding its connection to the experiments are now ad-
dressed.

(1) Island diffusion. Experimentally, two cases have
to be distinguished concerning island diffusion. For epi-
taxial systems [as obtained in molecular beam epitaxy
(MBE)], it has been argued that clusters larger than the
dimer are practically immobile. This case can be mod-
eled by taking a large value of v (typically 10). For
nonepitaxial systems, the situation is less clear. Ex-
periments on metal deposition on ionic substrates have
shown that the diffusion coefficient of clusters of size N
varies as Dy = DoN~?/3, exp(—E,/kgT) which gives
v = 2/3,'® and that clusters containing several hun-
dredths of particles can move on the substrate.l8720
Moreover, studies of deposition of compact, preformed
large molecules containing more than 1000 atoms have
shown that these large molecules do diffuse on the sur-
face at room temperature.2!:22 Therefore, in order to keep
the DDA model as close as possible to experiments and as
general as possible, we include a tunable parameter « that
characterizes the dependence of a cluster diffusivity on its
size. Clearly, the experimental situations where cluster
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diffusivity is expected to be negligible can be modeled by
choosing a large v. Another point should be made about
the diffusion mechanism of the large clusters in the DDA
model. It seems clear that, even in systems where large
clusters do diffuse, the diffusion is not rigid, in the sense
that the cluster may change its internal structure to be
able to move. Several tentative possibilities for these dif-
fusion mechanisms are given in Ref. 1. This results typi-
cally in compact shapes for the clusters [see also remark
(3) concerning edge diffusion]. In this sense, the rigid
diffusion mechanism assumed in the model is not realis-
tic for large clusters diffusing on surfaces. Rigid diffusion
might be interesting in other contexts, such as colloids.
However, for small clusters containing less than 10 sites,
the clusters are rather compact and it can be speculated
that the deformations needed to move do not significantly
alter their shape: then the DDA model should repro-
duce well the effects of the diffusion of small clusters.
From the theoretical point of view, it is interesting to
find out whether the introduction of cluster diffusion in-
troduces new universality classes as compared to previous
models®* which can be described by the “rate equations”
(see Sec. III).

(2) Second layer. When a particle “falls” on top of
another particle (i.e., is deposited in an already occupied
site), we assume that the particle deposited on the second
layer has no effect on the system. This means that the
model is mainly suited for experimental systems where
(i) there is a barrier at the edges of the (first layer) clus-
ters which prevents single particles from falling on the
substrate. The existence of such a “Schwoebel” barrier
has been suggested in the study of terrace formation23
and/or (ii) particle diffusion on the second layer is much
smaller than diffusion on the substrate. This may hap-
pen because second-layer particles diffuse on a substrate
formed by particles of the same element, while first-layer
particles diffuse on the substrate, which is generally made
up by another element.

(3) Edge diffusion. The diffusion of the adatoms that
reach the already formed clusters is neglected in the
present “zeroth-order” model, i.e., as specified in (c),
particles stick irreversibly upon contact. Indeed, at low
temperatures edge diffusion is probably not relevant, due
to the higher activation energy for the edge diffusion in
comparison to the “simple” surface diffusion. However,
at higher temperatures, edge diffusion may influence the
cluster morphology. We intend to take into account edge
diffusion in future work on this model.

It should be stressed that this is only a zeroth-order
model which has the ambition to give a feeling on the rel-
ative influence of deposition and diffusion on the growth
properties of films. Details specific to certain experimen-
tal systems, such as the existence of the Schwoebel bar-
rier, the precise dependence of cluster diffusion on size,
etc., are not carefully taken into account since we want
to keep the DDA model as general as possible. We could
focus on detailed models specific to precise experimen-
tal systems: for example, we could include anisotropic
diffusion®2* for Si-on-Si(001), but this is not our pur-
pose here. We only wish to capture the essential physical
ingredients involved in most deposition experiments (in










































