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Temperature-dependent Monte Carlo simulations of thin metal film growth and percolation

P. Bruschi, P. Cagnoni, and A. Nannini
Dipartimento di Ingegneria dell’Informazione: Elettronica, Informatica, Telecomunicazioni, Universita` degli Studi di Pisa,

via Diotisalvi, 2 I56126 Pisa, Italy
~Received 25 October 1996!

A program for the simulation of the nucleation and growth of thin island films on amorphous substrates is
presented. The program is based on the description of the phenomenon in terms of adsorption, diffusion, and
reevaporation of single atoms on the substrate surface, which is represented as a triangular lattice of adsorption
sites. A method of taking into account the interaction with neighboring particles in the evaluation of the
diffusion activation barrier is proposed. The simulations are devoted to investigating the role of diffusion and
reevaporation in the determination of the particular microstructure of the clusters. The effects of the substrate
temperature on the morphology of the simulated island films are also presented. The cluster-size distribution
and percolation threshold have been estimated and compared to experimental results available in the literature.
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I. INTRODUCTION

The early stages of the deposition of thin metal films o
amorphous substrates consists in the formation and gro
of clusters that eventually connect each other to give a c
tinuous percolating film. This process is of great importan
for the properties of the final metal film, since the avera
grain size of polycrystalline films is affected by the size d
tribution of the clusters before the formation of a continuo
phase.1 The grain size, in turn, strongly affects the mecha
cal and electrical characteristics of the film: for example,
larger the grains, the higher the resistance to electromigra
and therefore the longer the life of very large scale integ
tion ~VLSI! interconnections.2

Island metal films have also been studied for their intr
sic electrical properties3–5 and applications as strain gaug
have been proposed.6 The charging-energy-limited tunnelin
model, which has successfully been applied to granu
metals7–9 and, subsequently, to conducting polymers,10 was
originally developed to explain the intriguing aspects
charge transport in island metal films.3,4

Recently, much interest has been raised by the percola
characteristics of thin island films.11 In particular, the
changes in morphology and size distribution of the me
clusters occurring when the percolation threshold is
proached were investigated seeking analogies with the
dictions of percolation theory. The power-law time depe
dence of the average grain size, predicted by the theory,
actually found by Xuet al. for copper, gold, and platinum
ion-beam sputtered films.12 The analysis of the cluster geom
etry at the percolation threshold, performed by Voss, L
bowitz, and Alessandrini13 on gold thin films and by Kapi-
tulnik and Deutscher14 on Pb thin films, revealed a fracta
dimensionality, as predicted by Monte Carlo simulations
percolative networks. However, the description given by p
colation theory is limited only to a few properties of th
cluster geometry that are independent of the experime
conditions: it does not take into account the microsco
mechanisms affecting the formation and rearrangement
the clusters and cannot therefore give any information on
550163-1829/97/55~12!/7955~9!/$10.00
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effects of parameters such as the temperature on the stru
of the island film.

The series of individual atomic processes occurring d
ing the formation of a metal film are currently we
understood.15 The atoms arriving at the substrate from t
source diffuse along the surface until they reevaporate or
other atoms to form clusters. Atoms belonging to clust
exhibit much less tendency to reevaporate but can still
fuse along the cluster borders causing cluster motion
rearrangement. Another process that can prevent reevap
tion is capture of atoms by substrate defects. This mode
the basis of the Zinsmeister kinetic rate equations, which
been used to describe the evolution of the cluster size di
bution during the growth of a thin film in various experime
tal conditions.15 A major limitation of this analytical ap-
proach is the fact that it cannot predict the shape of
clusters and therefore cannot be used to interpret phenom
such as percolation of the metal phase, which are stron
dependent on the geometry of the clusters.

On the other hand, Monte Carlo simulations give mu
more information on the microstructure of the films and
quire only the knowledge of the atomic processes. A fi
example of computer simulation of the adsorption and dif
sion of molecules on a surface is presented by Abraham
White16 in the early 1970s. In this pioneering work the su
strate is modeled as a square lattice of sites onto which
atoms impinge at a given rate; the adsorbed atoms can
evaporate or jump to a neighboring site~diffusion!. The rate
of these two processes is determined by a Boltzmann fa
where the activation energy for reevaporation and diffus
of a given particle is calculated by summing up the energy
the broken bonds following the considered reevaporation
diffusion step. This simplified picture, which is also adopt
by later works such as that of Salik,17 conceals the much
higher complexity of the potential experienced by a parti
as a consequence of the interaction with its neighbors.

Starting from a Lennard-Jones approximation of the int
atomic potential, Voter18 calculated the total energy of
rhodium atom for all the possible occupancy of the neighb
and determined the activation barriers for hopping. The la
7955 © 1997 The American Physical Society



ta
ns
ifi
ite
s-

e
y’
o
r
r,
a
h
er
d
ep
o
de
o
u
o

av

u
b
v
tic
. I
s
ile
o
s
ic
. I
rs
nd
a
tu
e
th
le
he
te
r
th
le
te
-
o
l o
de
n
is-

ay
s
re
in
tic
pe
ra

nal
ity
he
y

ti-
the

ro-
rent
r to
po-
us-
or-
ility
ted,
ula-

of

lls

ns

the
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was given by the energy of the saddle point of the to
potential in the direction of hopping: for some configuratio
of the neighboring atoms the activation energy is sign
cantly lower than that calculated with the broken bond cr
rion. A particularly important case is that of particles diffu
ing along the edge of clusters, since this is the mechanism
which clusters change shape and diffuse on the substrat

Recently, the increasing computational power of toda
computers, which allows the simulation of large arrays
atoms, has contributed to the rise in interest in Monte Ca
simulations of thin-film nucleation and growth. In particula
three-dimensional models capable of describing the beh
ior of few monolayers have appeared in the litterature. T
transition from regimes of layer-by-layer and multilay
growth has been investigated, pointing out the role of ad
tional energy barriers involved in atom’s descending st
~Schwoebel barrier!.19,20 Such studies, mainly devoted t
modeling molecular-beam-epitaxy deposition processes,
with crystalline substrates that are easily represented by
dered arrays of sites. On the other hand, the substrates
in many deposition processes of practical interest are am
phous and, owing to the isotropy of their surface, do not h
a straightforward lattice representation.

In this paper we present a program devised for the sim
lation of thin-film nucleation and growth on amorphous su
strates. In order to limit the effects of anisotropy we ha
chosen to map the adsorption sites on a triangular lat
since it exhibits the higher degree of rotational symmetry
addition, the activation energy associated to adatom hop
calculated by an algorithm that does not require a deta
knowledge of the strongly lattice-dependent interactions
the adatoms with the substrate and the neighbors but
allows one to distinguish the basic phenomena by wh
nucleation, diffusion, and reshaping of the clusters occur
practice only two possible interactions with the neighbo
corresponding to~i! separation from one or more atoms, a
~ii ! motion along lines of atoms, are considered. In this w
two values of energies, representative of atom depar
from clusters and diffusion along the cluster edges, resp
tively, are sufficient for characterizing the dependence of
activation energy on the environment of the hopping partic
The algorithm is described in detail in Sec. III, where t
effects of anisotropy on the diffusion of atoms along clus
edges are also pointed out. Although anisotropy is clea
unavoidable in a lattice representation, its effects on
simulated micrographs created by our program are much
relevant than those obtained by models specifically orien
to crystalline substrates.19 The simulations are strictly two
dimensional, therefore only the submonolayer stage
growth can be represented. Island misorientation, typica
films grown onto amorphous substrates, is also not inclu
in our simulations. This limitation leads to the concealme
of grain boundary formation following coalescence of
lands with different orientations.

The program has been optimized for handling large arr
of sites~up to 100031000!, at high coverages: this involve
a heavy computational load, especially for high temperatu
where the rate of diffusion and reevaporation transitions
creases. Furthermore, in order to get more reliable statis
data, we averaged the results of 10–20 simulations
formed with different seeds for the random number gene
l
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tor. This results in the requirement of a high computatio
efficiency, which was achieved as a result of the simplic
of the algorithm for activation energy evaluation and t
elimination of the waste of time due to null transitions b
means of the method presented by Bowler and Hood21 in
their work on surface diffusion.

The aim of the program is to provide a tool for inves
gating the effects of the various elementary processes on
final structure of the islands. In particular, simulated mic
graphs and cluster-size distributions are created for diffe
parameter settings and substrate temperatures in orde
study the role of cluster edge diffusion and adatom reeva
ration in determining the typical rounded shape of the cl
ters, observed in ultrathin metal films deposited onto am
phous substrates. The behavior of the percolation probab
as a function of coverage and temperature is also presen
seeking correspondence with experimental data and sim
tions available in the literature.

II. MODEL OF SURFACE DIFFUSION
AND FILM GROWTH

Three basic phenomena are considered:~i! adsorption of
particles onto the substrate from the vapor phase,~ii ! diffu-
sion of particles on the substrate surface, and~iii ! reevapo-
ration from the substrate.

The substrate is modeled as a two-dimensional array
sites placed along a triangular lattice of lattice constanta.
The criterion used to map the sites is shown for a 535
sample in Fig. 1~a!, where the hexagonal Wigner-Seitz ce
with their coordinates are drawn. The samples are ofN3N
type, corresponding to rectangles with dimensio
aN3aNA3/2.

FIG. 1. Triangular lattice~a! of dimension 535 showing the
method used to assign the coordinates to the sites;~b! symbolic
representation of a particle hop, with the neighbors affecting
activation energy indicated by the numbers 1–5.
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55 7957TEMPERATURE-DEPENDENT MONTE CARLO . . .
Periodic boundary conditions were applied to the four
tremes of the samples to reduce discontinuity. As a result~i!
a particle can move across one extreme and appear a
opposite one;~ii ! particles placed at two opposite sides of t
sample can be part of the same cluster.

At any step of the simulation, the program compiles a
of all the possible transitions of the system. The transitio
can be divided into three groups, corresponding to the th
basic processes listed above.

Group I includes a single transition, namely, the arrival
one particle at the substrate. The rate of this transition,r a , is
equal to the total number of particles arriving on the su
strate per unit time. It is convenient to relater a to the quan-
tity R5r a /N

2, which gives the number of impinging pa
ticles per site and unit time.

The transitions of group II are all the allowed jumps
particles to their six nearest-neighboring sites. Only hops
vacant sites are allowed. Each one of the transitions of gr
II consists of the jump of only one particle at a time. The ra
r i jkl of the transition operated by particle in sitei , j jumping
to sitek,l is defined by the expression

r i jkl5r 0expS 2Ei jkl

kT D , ~1!

whereEi jkl is the activation energy of the transition andr 0 is
a factor related to the vibrational frequency of the partic
Following the indications of Ref. 21 we neglect the depe
dence ofr 0 in the neighborhood of the diffusing particle. Th
activation energy is determined by taking into account
occupancy of the nearest neighbors of the diffusing parti

Group III includes all the transitions resulting from r
evaporation of a single particle at a time. This is acco
plished by removing the particle from the lattice. Clearly t
number of transitions in group III is equal to the total numb
of particles in the sample. The rate of group III transitions
given by an expression similar to Eq.~1!:

r i j
~e!5r 0

~e!expS 2Ei j
~e!

kT D . ~2!

As in Eq. ~1!, r 0
(e) is considered as a constant.Ei j

(e) is the
activation energy for reevaporation and is completely de
mined by the occupancy of the nearest neighbors of the
ticle. The algorithm used to calculate the activation energ
Eqs.~1! and ~2! is described in the next section.

Each transition is represented by a record of the list;
records include all the information required to identify t
transition, i.e., type I, II, or III, initial position of the particle
~for types II and III only!, hopping direction~for type II
only!, and rate.

At this point a transition is chosen and applied to t
sample. This is done following the time-dependent Mo
Carlo method of Ref. 21. Briefly, the transitions are arrang
in sublists according to their rate. The occurrence freque
r si of sublist i is given by the product

r si5nir i , ~3!

wherer i andni are the individual rate and total number
the transitions in sublisti . A probability proportional to their
occurrence frequency is then assigned to the sublists and
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of them is randomly chosen, according to these probabilit
Finally a transition is randomly chosen within the select
sublist with uniform probability over the whole sublist.

If the selected transition is a deposition event~group I
transition! than a new particle is placed on the lattice at a s
chosen randomly with uniform probability over the who
sample. If the chosen site is already occupied then a ran
walk is performed until an empty site is reached, since o
two-dimensional simulations are currently available by t
program.

At each step the time is increased by the transition ti
dt, given by the inverse of the sum of the rates of all t
transitions. The latter is calculated by summing up the ra
of all the sublists, obtaining fordt the expression

dt5S (
i
r siD 21

. ~4!

At the beginning of the simulation all the lattice sites a
marked as empty.

III. DETERMINATION OF THE ACTIVATION ENERGY
OF SURFACE DIFFUSION AND REEVAPORATION

Any given particle in the lattice can virtually cause sev
distinct transition, i.e., hopping in six different directions a
reevaporation. The rates of these transitions are relate
activation barriers through Eqs.~1! and ~2!.

The activation energy for reevaporation is calculated a
Ref. 16 by the formula

Ei j
~e!5ES

~e!1ni j EB , ~5!

whereES
(e) andEB are, respectively, the binding energy

the particle with the substrate and with adjacent particles
ni j is the number of filled nearest neighbors of the parti
itself.

As far as hopping is concerned, the five neighbors affe
ing the transition@see Fig. 1~b!# are not treated in the sam
way but their position with respect to the hopping directi
is taken into account. The activation energy is defined a
sum of contributions, one of which,ES , is fixed and due to
interaction with the substrate, the others derive from the
teraction with filled neighbors.ES is the diffusion activation
energy of free particles, i.e., particles with no filled neig
bors.

In order to understand the algorithm it is useful to start
considering a case with only one filled neighbor. If we p
the particle in sites 2, 3, and 4@Fig. 1~b!#, then the hop
results in a broken bond and the activation energy is
binding energy between particles, equal toEB in Eq. ~5!. On
the other hand, a particle in site 1 or 5 gives a contribut
EL related to the saddle point of the interatomic poten
between the initial and final position.

For more than one filled site in the neighborhood, t
program adds up the contributions of the single sites with
following two exceptions:~a! if site 1 is filled, then the con-
tribution of site 2 is discarded;~b! if site 5 is filled, then the
contribution of site 4 is discarded.

Figure 2 illustrates the activation energies for a few s
nificant cases: in Figs. 2~a!–2~c! the single contributions can



es
a
s
n

lus
-
c

c-
e
es

a,
of

e

ta-
n-
u-

the
tes
d
g
ting

to
late
er-
be-
ted
ions:
nary
ors.

u-
-
an-

be
ram-
ure

ng
ov-

by
ta

.

a

e
e
par-
this

th
-
ple

th
-

7958 55P. BRUSCHI, P. CAGNONI, AND A. NANNINI
be simply added up while in Figs. 2~d!–2~f! this does not
apply owing to the exceptions listed above.

The consequence of exception~a! and~b!, which are sym-
metrical, is that a particle moving along a line of filled sit
as shown in Fig. 3~a! experiences an activation barrier equ
to EL1ES . Ideally, in a perfectly isotropic model, thi
should happen for lines of any direction, thus permitting o
to relate the energyEL to the activation barrier for particle
migration along the perimeter of large regularly shaped c
ters. In this ideal model, the energyEB , related to the sepa
ration of two particles, affects only defect creation in perfe

FIG. 2. Some examples of activation energy calculation. For
environments shown in~a!–~c! the contribution of the single neigh
bors are simply summed up while this does not apply to exam
~d!–~f!.

FIG. 3. Three significant cases of motion of atoms tied to
border of large clusters.~a! Diffusion along a straight line charac
terized by the minimum activation barrier;~b! hops resulting in
particle departure from the cluster surface~left! or creation of a
defect in a perfect line~right!; ~c! motion along a line involving also
steps affected by a contribution to the activation energy due
broken bonds.
l

e

-

t

lines or departure of particles from clusters@Fig. 3~b!#. Ac-
tually, this holds true only for the three symmetrical dire
tions equivalent to that of Fig. 3~a!. In all the other cases, du
to discretization, migration along lines of filled sites involv
also steps with activation energy including theEB contribu-
tion. The worst case is shown in Fig. 3~c!, where for one step
in every two the activation energy includesEB .

The algorithm is represented by the following formul
which gives the diffusion activation energy as a function
the occupanciesc12c5 of sites 1–5 in Fig. 1~b!:

Ei jkl5ES1~c31c5c41c1c2!EB1~c11c5!EL , ~6!

where the occupancyci of a given site is defined as 0 if th
site is empty and 1 if it is filled andci512ci .

In order to improve the computational efficiency, a ca
log including the transition rates for all the possible enviro
ments of a particle is compiled at the beginning of the sim
lation using Eqs.~1!, ~2!, ~5!, and~6!. The catalog is made up
of 26 records, each one representing a configuration of
neighbors; the records include seven fields in which the ra
of the possible transitions~hopping to the six neighbors an
reevaporation! are stored. Transitions consisting of hoppin
to a filled neighbor are not allowed and are marked by set
the related rate in the catalog to a negative number.

During the simulation, every time the program needs
find the transitions associated to a particle and to calcu
their rates, it takes these data from the catalog without p
forming floating point operations. The correspondence
tween the configurations of the neighbors and their rela
records has been studied to further speed up the simulat
the records are indexed according to a number whose bi
digits are the occupancies of the ordered nearest neighb

IV. RESULTS

In this section we describe the results of a series of sim
lated depositions operated on 4003400 substrates. The ex
perimental conditions are represented by nine physical qu
tities: the four energiesES , ES

(e) , EB , EL , the three rates
r 0, r 0

(e) , R, the temperatureT, and the deposition timetd . It
can be easily shown that this set is redundant and can
reduced to an equivalent set of seven dimensionless pa
eters consisting of the dimensionless temperat
T/T05kBT/ES the dimensionless timetdr 0, and the ratios
ES
(e)/ES , EB /ES , EL /ES , r 0

(e)/r 0, andR/r 0.
A first series of experiments was performed by varyi

the deposition temperature and the final fractional area c
erages. The estimation of the parametersEB /ES andEL /ES
requires the availability of data such as those reported
Voter in Ref. 18 for rhodium. To our knowledge, similar da
for metals commonly used to grow island thin films~such as
gold, copper, and platinum! are not available in the literature
In practice we have assigned the value 0.5 toEB /ES , which
is related to separation of particles, and 0.2 toEL /ES , in-
volved in the diffusion of particles along the perimeter of
cluster. The choiceEB /ES50.5 was made in conformity
with the work of Voter; on the other hand, from the sam
work, a negative value forEL /ES can be extrapolated. Th
consequence is that free particles are less mobile than
ticles attached to the border of a cluster. We believe that
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55 7959TEMPERATURE-DEPENDENT MONTE CARLO . . .
is not the case of films grown onto amorphous substra
which, especially for noble metals, exhibit an adhesion to
substrate smaller than cohesion. ThereforeEL /ES was given
a value significantly lower thanEB /ES but still positive.

In this first series of simulations reevaporation has b
inhibited by lettingr 0

(e)/r 050. The deposition timetdr 0 is
fixed to 1015. Fractional coverages in the range 0.1520.7 are
obtained by varying the deposition rateR/r 0 in the range
(1.527)310216. The effect of reevaporation is investigate
by means of dedicated simulations described at the en
this section.

Figure 4 shows 1003100 portions of samples characte
ized by different fractional area coverage and substrate d
sition temperature. At the lowest temperature, surface di
sion of particles and clusters is inhibited and the samples
very similar to random site percolation networks~RSPN!
such as those reported by Sˇmilauer in Ref. 11. As the tem
perature is raised, surface diffusion of single particles cau
particle grouping into islands. It can be observed that
higher the temperature, the larger the islands. Also the is
shape changes with the temperature. At the two intermed
temperature of Fig. 4, ‘‘dendritic’’ island growth occurs,
conformity with the results of Amar, Family, and Lam22 con-
cerning the simulation of molecular-beam-epitaxy depo
tions with a model that allows only free monomers to d
fuse. In our model, when the temperature is high enoug
activate particle diffusion along the cluster perimeters,
islands become more regularly shaped.

Observing that the transition from a dendritic island~DI!
to a rounded island~RI! occurs at the absolute temperatu
Tt50.043T050.043ES /kB ~see Fig. 4! and referring to the
activation energy of diffusion reported by Venables, Spill
and Hanbu¨cken,15 it can be found thatTt should vary over
the interval 37–200 K. This is consistent with transmiss
electron microscope observations of thin film grown a
substrate temperature greater than or equal to ro
temperature,4,5,13,23,24which are characterized by a RI stru
ture. Dendritic island growth can be observed at low s
strate temperature or in systems with higher activation e
gies of diffusion, such as homoepitaxial thin films.22 The
calculation of the effective deposition rate corresponding
the parameterR/r 0 requires the knowledge of the attem
frequencyr 0: values of this quantity reported in the revie
paper by Venables, Spiller, and Hanbu¨cken15 range from
1.531010 sec21 to 3.631013 sec21. Letting r 051012

sec21, in conformity with Ref. 20, the resulting fluxR of
impinging atoms is in the interval (1.527)31024 atom
sec21site21. Considering that the time required for th
completion of a monolayer is equal toR21, and assuming an
average spacing between successive monolayers of 0.4
the effective deposition rates represented by our simulat
fall in the range (4217)31023 nm min21, depending on
the selected final coveragex. These values are of the sam
order as those reported in Ref. 24 for ion-beam depositio
Au, Cu, Pt, and Ni at room temperature, resulting in film
with a rounded island microstructure. No dendritic growth
similar deposition rates was also observed in Ref. 25 fo
deposited by molecular beam epitaxy onto silicon crystall
substrates at a temperature of 683 K.

The island diameter distribution is shown in Fig. 5 f
various coverages and temperatures. The diameter of a
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ter was defined as the longest line connecting two points
the cluster itself. For each coverage-temperature combina
the distributions are averaged over ten samples, created u
different seeds for the random number generator.

Samples created at low temperature~RSPN structure! ex-
hibit monotonic distributions while for higher temperature
peak in the curves can be observed. This is consistent

FIG. 4. Results of simulated depositions performed at differ
substrate temperature and final fractional coverages. The rat
reevaporation is set to zero. The figure shows 1003100 portions of
4003400 samples; the coverage (x) and normalized temperatur
(T/T0) are indicated for each sample.
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the analytical description of the phenomenon reported in
review paper of Venables, Spiller, and Hanbu¨cken:15 in this
case monotonic distributions are obtained by assuming c
ter growth occurring by direct impingement of atoms~i.e.,
neglecting surface diffusion! while single-peaked distribu
tions result from the assumption that clusters grow by c
lescence processes due to surface diffusion of single part

FIG. 5. Cluster size distributions for some significant coverag
The diameter (D) is normalized to the lattice constant (a). For each
coverage the distributions relative to different settings of the s
strate temperature are shown; the normalized temperature is
cated for each curve. The rate of reevaporation is set to zero.
e

s-

-
les

or clusters. It should be noted that, in our model, switch
from one regime to the other is a simple consequence
increasing the substrate temperature; furthermore, no a
tional hypothesis is needed to characterize cluster diffus
and coalescence, as both phenomena are due to the diffu
of single particles.

Single-peaked distributions were found in several exp
mental works23,26–28 although the reported cluster densi
generally vanishes at the smallest cluster sizes. The disc
ancy with the simulated distributions shown in Fig. 5 can
the result of the difficulty of detecting islands made up
very few atoms as suggested in Ref. 29.

The onset of a peak in the distribution is the conseque
of the growth of large islands by incorporation of small m
bile clusters impinging on their border In fact, as the te
perature increases, the concentration of small clusters dr
while that of large clusters increases.

Figure 6 shows the percolation probabilityPP as a func-
tion of the deposition temperature for three different cov
ages. The graphs represent the behavior ofPP calculated
following two different definitions, applicable to finite
lattices:30 the first, indicated with IC~infinite cluster! is the
ratio of the number of sites belonging to the infinite clus
~i.e., larger than the substrate! to the total number of filled
sites; the second, indicated with CP~conducting path! is the
fraction of samples that exhibit a path of filled sites betwe
the right and left side of the substrate.

In all the three cases of Fig. 6PP falls to zero at the uppe
limit of the temperature interval. This is clearly the result
the reduction of island branching visible in Fig. 4. A le
obvious result is the presence of a temperature interva
which the probability of creating a percolating sample
maximum. This behavior is emphasized atx50.45 ~see Fig.
6!, where PP is strictly zero except for a small interva
aroundT/T050.037. The cause is probably the activation
diffusion on the edge of the islands~activation energy,
EL1ES), which creates links between large clusters. To o
knowledge, this phenomenon has no experimental coun
part. To break the links, the temperature should be rai
until separation of the particle is also allowed~activation
energy,EB1ES).

In Fig. 7 the IC percolation probability has been plotted
a function of the fractional area coverage. At the lowest te
perature the percolation thresholdxc is close to 0.5, which is
its theoretical value for random site percolation in a triang
lar lattice.31 At T/T050.037 the percolation curve shift
back for the phenomenon of temperature-induced percola
illustrated in Fig. 6, atx50.45. If the deposition temperatur
increases further, the percolation threshold increases,
proaching 0.7 atT/T050.054, as shown in Fig. 7. As w
have seen before, in most thin-film deposition experime
the substrate temperature falls in the interval represente
T/T0.0.04, and therefore we would expect highxc values.
Actually, while our results are in good agreement with t
simulations of Amar and Family,19 and experimental data
reported in the literature,13 xc can assume values conside
ably higher for low melting point metals@up to 0.82 for In
~Ref. 32! and Pb~Ref. 33! on amorphous SiO2#. This is
probably due to a three-dimensional growth of the clust
occurring during coaleascence with the result of freeing p
tions of substrate.32
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A second series of simulations was dedicated to study
the effect of reevaporation on the morphology of the film
Samples of dimensions 4003400 have been generated wi
r 0
(e)/r 051 while the ratioES

(e)/ES was varied in the range
0.922. The normalized temperature was fixed to 0.034
value at which surface diffusion alone is not sufficient
cause the transition to a RI structure. In Fig. 8 the mic
structure of two samples of fractional coverage equal to 0
and 0.5, created withES

(e)/ES50.9, is shown. From the com
parison with samples created at the same temperature
similar coverages~see Fig. 4! it can be observed that switch

FIG. 6. Percolation probability (PP) of 4003400 samples as a
function of the normalized temperature for three values of cover
(x). For each covergage the percolation probability calculated w
the infinite cluster~IC! and conducting path~CP! method are
shown.
g
.

a

-
5

nd

ing on reevaporation results in particle aggregation into la
round clusters. This is a consequence of Eq.~5!, which im-
plies that the larger the number of adjacent particles
higher the activation barrier for reevaporation. Althou
Figs. 4 and 8 clearly demonstrate that a transition to a
microstructure can be due to either reevaporation or part
diffusion along cluster edges, the resulting sample morpho
gies are different in the two cases as can be evidenced
inspection of the diameter distributions. In Fig. 9 the dia
eter distribution is shown for samples of coverage 0.15 a
0.5. The curves, averaged over sets of ten samples, ref
three differentES

(e)/ES ratios; forES
(e)/ES.1.1 the distribu-

tions are nearly identical and correspond to depositions w
negligible reevaporation. A progressive shift towards
monotonic distribution can be observed as a consequenc
the activation of reevaporation. On the other hand, a RI
crostructure obtained through diffusion operated rearran
ment of the clusters is marked by opposite changes in
distributions, namely, the onset of a peak as shown in Fig
This is an important result, which provides a method to ide
tify the origin of the RI microstructure through the analys
of the diameter distribution. As stated above, thin isla

e
h

FIG. 7. Percolation probability, calculated with the infinite clu
ter method, plotted as a function of the fractional coverage for th
significant normalized temperatures. Note the temperature de
dence of the percolation threshold.

FIG. 8. Effect of reevaporation: the figure shows 2003200 por-
tions of 4003400 samples created with the following settin
ES
(e)50.93ES , r 0

(e)5r 0.
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films are generally characterized by a peaked diameter
tribution and rounded clusters. Following the criterion su
gested by our simulations, it is possible to relate the form
tion of large rounded clusters to the diffusion of particles
smaller clusters on the substrate surface, ruling out reev
ration. In particular, diffusion of particles along the clust
borders plays a key role, being the mechanism by wh
cluster movement and rearrangement occurs.

V. CONCLUSIONS

The program described in this paper has been prove
be effective in describing the changes occurring in the

FIG. 9. Cluster diameter distributions relative to simulatio
performed with the same parameter setting of Fig. 8.
is-
-
-
r
o-

h

to
i-

crostructure of island films when the substrate tempera
and the fractional coverage are varied over a wide interv

Varying the dimensionless temperaturekT/ES and setting
to zero the rate of reevaporation transitions, it has b
shown that samples with three different structures can
generated: at temperatures low enough to freeze diffus
the situation is that of a random site percolating netwo
with high density of small island; raising the temperature
to the activation of single adatom diffusion, larger islan
with a very branched~dendritic! shape can be observed; fi
nally, a further temperature increase activates diffusion al
the border of the clusters and the islands become more r
larly shaped. Referring to the values ofES ~the activation
energy for single adatom diffusion! typically reported in the
literature for metals, the dimensionless temperature at wh
the transition to rounded clusters occurs can be relate
absolute temperatures significantly below room temperat
This is consistent with the micrographs of thin island film
grown on amorphous substrates maintained at a tempera
greater than or equal to room temperature showing clus
with very regular round shapes. The peaked cluster-size
tribution and high percolation threshold typical of metal fil
grown in these conditions have also been predicted by
simulations. For its two-dimensional structure, the progr
is not applicable to the growth of metal films on nonwetti
substrates, as in the case of Pb and In on SiO2, in which the
clusters consist of droplets with thicknesses of several mo
layers. The simulation of such systems requires a thr
dimensional model where, in order to take into account
thickness increase following the coalescence of two islan
adatoms should be allowed not only to descend terraces
in crystalline-substrate oriented models, but also to cli
steps. An extension of our model, aimed to include th
three-dimensional mechanisms is in preparation.

Another process that could be responsible for cluster
arrangements towards a round shape is reevaporation o
adatom from the substrate, as clearly shown by a serie
simulations performed with a parameter setting such as
freeze atom diffusion along cluster border and to activ
reevaporation. However, different effects on the cluster s
distribution can be observed in this case: reevaporation te
to produce monotonic size distribution curves, which can
easily distinguished from the strongly peaked distributio
due to surface diffusion. Comparison with the typical clus
size distributions, estimated by analysis of transmission e
tron micrographs, suggests that the phenomenon respon
for island aggregation and rounding is atom diffusion alo
the border of the clusters while reevaporation does not pla
significant role in metal film nucleation and growth.
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