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Temperature-dependent Monte Carlo simulations of thin metal film growth and percolation
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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.
[S0163-182697)05312-5

[. INTRODUCTION effects of parameters such as the temperature on the structure
of the island film.

The early stages of the deposition of thin metal films onto The series of individual atomic processes occurring dur-
amorphous substrates consists in the formation and growting the formation of a metal film are currently well
of clusters that eventually connect each other to give a corunderstood® The atoms arriving at the substrate from the
tinuous percolating film. This process is of great importancesource diffuse along the surface until they reevaporate or join
for the properties of the final metal film, since the averageother atoms to form clusters. Atoms belonging to clusters
grain size of polycrystalline films is affected by the size dis-exhibit much less tendency to reevaporate but can still dif-
tribution of the clusters before the formation of a continuousfuse along the cluster borders causing cluster motion and
phase The grain size, in turn, strongly affects the mechani-rearrangement. Another process that can prevent reevapora-
cal and electrical characteristics of the film: for example, theion is capture of atoms by substrate defects. This model is
larger the grains, the higher the resistance to electromigratiothe basis of the Zinsmeister kinetic rate equations, which has
and therefore the longer the life of very large scale integrabeen used to describe the evolution of the cluster size distri-
tion (VLSI) interconnections. bution during the growth of a thin film in various experimen-

Island metal films have also been studied for their intrin-tal conditions®> A major limitation of this analytical ap-
sic electrical propertiés® and applications as strain gauges proach is the fact that it cannot predict the shape of the
have been proposédrhe charging-energy-limited tunneling clusters and therefore cannot be used to interpret phenomena,
model, which has successfully been applied to granulasuch as percolation of the metal phase, which are strongly
metal$~® and, subsequently, to conducting polymEsyas  dependent on the geometry of the clusters.
originally developed to explain the intriguing aspects of On the other hand, Monte Carlo simulations give much
charge transport in island metal film§. more information on the microstructure of the films and re-

Recently, much interest has been raised by the percolativguire only the knowledge of the atomic processes. A first
characteristics of thin island filmi$. In particular, the example of computer simulation of the adsorption and diffu-
changes in morphology and size distribution of the metakion of molecules on a surface is presented by Abraham and
clusters occurring when the percolation threshold is apWhite'® in the early 1970s. In this pioneering work the sub-
proached were investigated seeking analogies with the prestrate is modeled as a square lattice of sites onto which the
dictions of percolation theory. The power-law time depen-atoms impinge at a given rate; the adsorbed atoms can re-
dence of the average grain size, predicted by the theory, wassaporate or jump to a neighboring s{thffusion). The rate
actually found by Xuet al. for copper, gold, and platinum of these two processes is determined by a Boltzmann factor
ion-beam sputtered film€.The analysis of the cluster geom- where the activation energy for reevaporation and diffusion
etry at the percolation threshold, performed by Voss, Lai-of a given particle is calculated by summing up the energy of
bowitz, and Alessandrifit on gold thin films and by Kapi- the broken bonds following the considered reevaporation or
tulnik and Deutschéf on Pb thin films, revealed a fractal diffusion step. This simplified picture, which is also adopted
dimensionality, as predicted by Monte Carlo simulations orby later works such as that of Salik,conceals the much
percolative networks. However, the description given by perhigher complexity of the potential experienced by a particle
colation theory is limited only to a few properties of the as a consequence of the interaction with its neighbors.
cluster geometry that are independent of the experimental Starting from a Lennard-Jones approximation of the inter-
conditions: it does not take into account the microscopicatomic potential, Votéf calculated the total energy of a
mechanisms affecting the formation and rearrangements ahodium atom for all the possible occupancy of the neighbors
the clusters and cannot therefore give any information on thand determined the activation barriers for hopping. The latter

0163-1829/97/5.2)/79559)/$10.00 55 7955 © 1997 The American Physical Society



7956 P. BRUSCHI, P. CAGNONI, AND A. NANNINI 55

was given by the energy of the saddle point of the total
potential in the direction of hopping: for some configurations
of the neighboring atoms the activation energy is signifi-
cantly lower than that calculated with the broken bond crite-
rion. A particularly important case is that of particles diffus-
ing along the edge of clusters, since this is the mechanism by
which clusters change shape and diffuse on the substrate.
Recently, the increasing computational power of today’s
computers, which allows the simulation of large arrays of
atoms, has contributed to the rise in interest in Monte Carlo
simulations of thin-film nucleation and growth. In particular,
three-dimensional models capable of describing the behav-
ior of few monolayers have appeared in the litterature. The
transition from regimes of layer-by-layer and multilayer
growth has been investigated, pointing out the role of addi-
tional energy barriers involved in atom’s descending steps
(Schwoebel barrier®?° Such studies, mainly devoted to

modeling molecular-beam-epitaxy deposition processes, deal (b)
with crystalline substrates that are easily represented by or-

dered arrays of sites. On the other hand, the substrates used

in many deposition processes of practical interest are amor-

phous and, owing to the isotropy of their surface, do not have

a straightforward lattice representation. ) ] ] ] )

In this paper we present a program devised for the simu- FIG. 1. Trlangula_r lattice(a) of Q|menS|on 55 showing the
lation of thin-film nucleation and growth on amorphous sub-method US?d to assign .the Coord'nates 10 the S(wssymbo.hc
strates. In order to limit the effects of anisotropy we have/€Presentation of a parncle hop, with the neighbors affecting the
chosen to map the adsorption sites on a triangular Iatticgcwatlon energy indicated by the numbers 1-5.
since it exhibits the higher degree of rotational symmetry. In ) . ) . )
addition, the activation energy associated to adatom hops [9r- This results in the requirement of a high computational
calculated by an algorithm that does not require a detaile§ficiency, which was achieved as a result of the simplicity
knowledge of the strongly lattice-dependent interactions off the algorithm for activation energy evaluation and the
the adatoms with the substrate and the neighbors but stifflimination of the waste of time due to null transitions by
allows one to distinguish the basic phenomena by whicHneans of the method presented by Bowler and Hbanl
nucleation, diffusion, and reshaping of the clusters occur. IN€ir work on surface diffusion. _ _ _
practice only two possible interactions with the neighbors, 1he aim of the program is to provide a tool for investi-
corresponding tdi) separation from one or more atoms, and gatlng the effects of the various elementary processes on the
(i) motion along lines of atoms, are considered. In this Way1‘|nal structure of the_|slan.ds._ In _partlcular, simulated micro-
two values of energies, representative of atom departur@raphs and cluster-S|ze distributions are created fqr different
from clusters and diffusion along the cluster edges, resped?@rameter settings and substrate temperatures in order to
tively, are sufficient for characterizing the dependence of th&tUdy the role of cluster edge diffusion and adatom reevapo-
activation energy on the environment of the hopping particle/ation in determining the typical rounded shape of the clus-
The algorithm is described in detail in Sec. Ill, where the!€rs, observed in ultrathin metal films deposited onto amor-
effects of anisotropy on the diffusion of atoms along clustefPhous sub;trates. The behavior of the perco_latlon probability
edges are also pointed out. Although anisotropy is clearlf#S & function of coverage and temperature is also presented,
unavoidable in a lattice representation, its effects on th&€€king correspondence with experimental data and simula-
simulated micrographs created by our program are much ledions available in the literature.
relevant than those obtained by models specifically oriented
to crystalline substrate$. The simulations are strictly two- Il. MODEL OF SURFACE DIFFUSION
dimensional, therefore only the submonolayer stage of AND FILM GROWTH
growth can be represented. Island misorientation, typical of
films grown onto amorphous substrates, is also not included Three basic phenomena are conside(édadsorption of
in our simulations. This limitation leads to the concealmentparticles onto the substrate from the vapor phasgdiffu-
of grain boundary formation following coalescence of is-sion of particles on the substrate surface, &iid reevapo-
lands with different orientations. ration from the substrate.

The program has been optimized for handling large arrays The substrate is modeled as a two-dimensional array of
of sites(up to 10001000, at high coverages: this involves sites placed along a triangular lattice of lattice constant
a heavy computational load, especially for high temperaturehe criterion used to map the sites is shown for &%
where the rate of diffusion and reevaporation transitions insample in Fig. a), where the hexagonal Wigner-Seitz cells
creases. Furthermore, in order to get more reliable statistica¥ith their coordinates are drawn. The samples arélsfN
data, we averaged the results of 10—20 simulations peitype, corresponding to rectangles with dimensions
formed with different seeds for the random number generaaNx aNy/3/2.
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Periodic boundary conditions were applied to the four ex-of them is randomly chosen, according to these probabilities.
tremes of the samples to reduce discontinuity. As a reglt: Finally a transition is randomly chosen within the selected
a particle can move across one extreme and appear at tseblist with uniform probability over the whole sublist.
opposite one(ii) particles placed at two opposite sides of the If the selected transition is a deposition evégtoup |
sample can be part of the same cluster. transition) than a new particle is placed on the lattice at a site

At any step of the simulation, the program compiles a listchosen randomly with uniform probability over the whole
of all the possible transitions of the system. The transitionsample. If the chosen site is already occupied then a random
can be divided into three groups, corresponding to the threwalk is performed until an empty site is reached, since only

basic processes listed above. two-dimensional simulations are currently available by the
Group | includes a single transition, namely, the arrival ofprogram.
one particle at the substrate. The rate of this transitignjs At each step the time is increased by the transition time

equal to the total number of particles arriving on the sub-ét, given by the inverse of the sum of the rates of all the
strate per unit time. It is convenient to relaigto the quan- transitions. The latter is calculated by summing up the rates
tity R=r,/N?, which gives the number of impinging par- of all the sublists, obtaining foft the expression

ticles per site and unit time.

The transitions of group Il are all the allowed jumps of -1
5t= 2| rsi

4

particles to their six nearest-neighboring sites. Only hops to
vacant sites are allowed. Each one of the transitions of group
Il consists of the jump of only one particle ata time. The rate At the beginning of the simulation all the lattice sites are
rij Of the transition operated by particle in sit¢ jumping  arked as empty.

to sitek,| is defined by the expression

—Ejju IIl. DETERMINATION OF THE ACTIVATION ENERGY
Fijki =T o€X KT | 1) OF SURFACE DIFFUSION AND REEVAPORATION

Any given particle in the lattice can virtually cause seven

a factor related to the vibrational frequency of the particle.?:;\'/gac}:gg;g'O_rll’h'ée'ré?;sprgp%r:gsixtgﬁ;rﬁg;g'zzt'?glztaegd to
Following the indications of Ref. 21 we neglect the depen- P '

dence ofr in the neighborhood of the diffusing particle. The activation .baffiers through Eqgl) and (2.)' . .
activation energy is determined by taking into account thqqe;rhfeagt'\;ﬁgofgren?ﬁgy for reevaporation is calculated as in
occupancy of the nearest neighbors of the diffusing particle.”™ y

Group 1l includes all the transitions resulting from re-
evaporation of a single particle at a time. This is accom-

plished by removing the particle from the lattice. Clearly the (&) . o
L : : whereEg”’ and Eg are, respectively, the binding energy of
number of transitions in gr i [ to th | number S - B . X ;
umber of transitions in group il is equal to the total numbe the particle with the substrate and with adjacent particles and

of particles in the sample. The rate of group Ill transitions is”_ . . . .
given by an expression similar to E.): Irtlgellf the number of filled nearest neighbors of the particle

p( _ <e)) As far as hopping is concerned, the five neighbors affect-
_ (e
=ry ex

whereE;; is the activation energy of the transition angiis

Ei(je): ES+ n;;Eg, (5)

(e

i i (2 ing the transitior{see Fig. 1b)] are not treated in the same

kT way but their position with respect to the hopping direction
is taken into account. The activation energy is defined as a

fivati : i di letelv det sum of contributions, one of whiclgg, is fixed and due to
activation energy tor reevaporation and IS compietely aelery, o o tion with the substrate, the others derive from the in-

minEd by the occupancy of the nearest neighbqrs of the Pataraction with filled neighborsEg is the diffusion activation
ticle. The algorithm used to calculate the activation energy "]anergy of free particles, i.e., particles with no filled neigh-
Egs.(1) and(2) is described in the next section. bors ’ ’

Each transition Is representeq by a “?CO“’ Of. the .I'St; the In order to understand the algorithm it is useful to start by
records include all the information required to identify the considering a case with only one filled neighbor. If we put

transition, i.e., type |, Il, or lll, initial position of the particle the particle in sites 2. 3. and KEi b)1. then the ho
(for types Il and Il only, hopping direction(for type I resuil)ts in a broken bénd and ﬁeg ac]iiv)g\'tion energy isp the
only), and rate. binding energy between particles, equaEgin Eq. (5). On

AL this p.o"’?t a transition S chose_n and applied to thethe other hand, a particle in site 1 or 5 gives a contribution
sample. This is done following the time-dependent Monte,

Carlo method of Ref. 21. Briefly, the transitions are arrangecgL related to the saddle point of the interatomic potential

. . ; . etween the initial and final position.
in sublists according to their rate. The occurrence frequency For more than one filled site in the neighborhood, the
r; of sublisti is given by the product X

program adds up the contributions of the single sites with the
&) following two exceptions(a) if site 1 is filled, then the con-
tribution of site 2 is discardedb) if site 5 is filled, then the
wherer; andn; are the individual rate and total number of contribution of site 4 is discarded.
the transitions in sublist A probability proportional to their Figure 2 illustrates the activation energies for a few sig-
occurrence frequency is then assigned to the sublists and oméicant cases: in Figs.(8—2(c) the single contributions can

As in Eq. (1), r? is considered as a constaff{ is the

lsi=nif,
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lines or departure of particles from clustg¢fg. 3(b)]. Ac-
O‘ O‘ ‘o tually, this holds true only for the three symmetrical direc-
ooa ooa ooa tions equivalent to that of Fig.(8). In all the other cases, due
to discretization, migration along lines of filled sites involves
O‘ ‘o ‘o also steps with activation energy including g contribu-

tion. The worst case is shown in Figic where for one step

a) E;+3E, b) E¢+2E,+E, ¢) E+E,+2E, in every two the activation energy includgs .
The algorithm is represented by the following formula,

which gives the diffusion activation energy as a function of
‘o oo the occupancies; —cs of sites 1-5 in Fig. (b):
ooooa o°°o° Eijkl:ES+(CS+C_SC4+C_1C2)EB+(C].+ C5)E|_, (6)

where the occupanay; of a given site is defined as 0 if the
d) E;+E, e) E+E,+2E, f) E+E +2E, site is empty a_md 1 if it is filled and; = 1—c; -
In order to improve the computational efficiency, a cata-
log including the transition rates for all the possible environ-
FIG. 2. Some examples of activation energy calculation. For thenents of a particle is compiled at the beginning of the simu-
environments shown ie)—(c) the contribution of the single neigh-  |ation using Eqs(1), (2), (5), and(6). The catalog is made up
bors are simply summed up while this does not apply to examplegy -6 records, each one representing a configuration of the
(@~(®). neighbors; the records include seven fields in which the rates
of the possible transitiondopping to the six neighbors and
reevaporationare stored. Transitions consisting of hopping

: . to a filled neighbor are not allowed and are marked by setting
The consequence of excepti@ and(b), which are sym- e yelated rate in the catalog to a negative number.

metrical, is that a particle moving along a line of filled sites During the simulation, every time the program needs to

as shown in Fig. @) experiences an activation barrier equal iy the transitions associated to a particle and to calculate
to E +Es. Ideally, in a perfectly isotropic model, this heir rates, it takes these data from the catalog without per-
should happen for lines of any direction, thus permitting ON&orming floating point operations. The correspondence be-
to relate the energf, to the activation barrier for particle yeen ‘the configurations of the neighbors and their related
migration along the perimeter of large regularly shaped clusecorgs has been studied to further speed up the simulations:
ters. In this ideal model, the ener@y, related to the sepa- he records are indexed according to a number whose binary
ration of two particles, affects only defect creation in perfectdigits are the occupancies of the ordered nearest neighbors.

be simply added up while in Figs(®-2(f) this does not
apply owing to the exceptions listed above.

IV. RESULTS

In this section we describe the results of a series of simu-
lated depositions operated on 40800 substrates. The ex-
perimental conditions are represented by nine physical quan-
tities: the four energie€g, EY, Eg, E,, the three rates
ro, 1, R, the temperaturd@, and the deposition timg . It
can be easily shown that this set is redundant and can be
reduced to an equivalent set of seven dimensionless param-
eters consisting of the dimensionless temperature
T/To=kgT/Eg the dimensionless timgyry, and the ratios
EQ/Es, Eg/Es, EL/Eg, rPIrg, andR/ry,.

A first series of experiments was performed by varying
the deposition temperature and the final fractional area cov-
erages. The estimation of the parametegsEg andE, /Eg
requires the availability of data such as those reported by
Voter in Ref. 18 for rhodium. To our knowledge, similar data
for metals commonly used to grow island thin filfssch as
gold, copper, and platinunare not available in the literature.

In practice we have assigned the value 0.E§JEg, which

FIG. 3. Three significant cases of motion of atoms tied to the'S relat(?d to se_pargtlon of pa_mdes' and O'ZE'LO/,ES’ In-

border of large clusterga) Diffusion along a straight line charac- VoIved in the diffusion of particles along the perimeter of a

terized by the minimum activation barriefp) hops resulting in ~ cluster. The choiceEg/Es=0.5 was made in conformity
particle departure from the cluster surfadeft) or creation of a  With the work of Voter; on the other hand, from the same
defect in a perfect linéright); (c) motion along a line involving also  Work, a negative value foE, /Eg can be extrapolated. The
steps affected by a contribution to the activation energy due t€onsequence is that free particles are less mobile than par-
broken bonds. ticles attached to the border of a cluster. We believe that this
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is not the case of films grown onto amorphous substrates,
which, especially for noble metals, exhibit an adhesion to the
substrate smaller than cohesion. ThereféyéEg was given

a value significantly lower thakg/Eg but still positive.

In this first series of simulations reevaporation has been
inhibited by lettingr{?/r,=0. The deposition timegr, is
fixed to 10°. Fractional coverages in the range 0167 are
obtained by varying the deposition ral®r, in the range
(1.5-7)x 101 The effect of reevaporation is investigated
by means of dedicated simulations described at the end of
this section.

LTRSS
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B g

Figure 4 shows 100100 portions of samples character- x=0.15
ized by different fractional area coverage and substrate depo- 37 % * -\ b ars (o gy
sition temperature. At the lowest temperature, surface diffu- 3’,‘3“?‘{.; S
sion of particles and clusters is inhibited and the samples are "::r 1Ty ",p‘_-:};\ﬁ
very similar to random site percolation networkRSPN Pyt g v
such as those reported bynSauer in Ref. 11. As the tem- % ‘;“A-:,a";'* T
perature is raised, surface diffusion of single particles causes 5:_' ,}é 52‘ ,1;‘_.‘ £ 44 Y
particle grouping into islands. It can be observed that the 4*”"?;‘,‘:..'. TJ.,H‘;';A,
higher the temperature, the larger the islands. Also the island  * wr? R RS Mt
shape changes with the temperature. At the two intermediate =~ ™" - SORRCE D
temperature of Fig. 4, “dendritic” island growth occurs, in T/T.=0.034
conformity with the results of Amar, Family, and Lafon- o -
cerning the simulation of molecular-beam-epitaxy deposi- X x=0.15 .
tions with a model that allows only free monomers to dif- ;sf'uﬂ"z_f_*i *&M A
fuse. In our model, when the temperature is high enough to Pl A \r\"'k"i
activate particle diffusion along the cluster perimeters, the ¥ .;“ ’\.‘) ;. e
islands become more regularly shaped. ;‘3 ?’, dry X YI ¥

Observing that the transition from a dendritic isla() gt g € *-‘?'-(“4-

to a rounded islandRI) occurs at the absolute temperature ¥ 3"-‘( ~ Y
T,=0.04x T(=0.04x E5/kg (see Fig. 4 and referring to the ¥ '“l';c aaad
activation energy of diffusion reported by Venables, Spiller,

and Hanbuoken?® it can be found thafl, should vary over s

the interval 37—200 K. This is consistent with transmission T/T0=O.037

electron microscope observations of thin film grown at a x=0.15 x=0.56

substrate temperature greater than or equal to room "4 s .

temperaturd;>132324yhich are characterized by a RI struc-  § - " - "“‘i."

ture. Dendritic island growth can be observed at low sub- ‘ & " T *

strate temperature or in systems with higher activation ener- . % " - T s ot 4

gies of diffusion, such as homoepitaxial thin filfsThe 4 4 af s

calculation of the effective deposition rate corresponding to = & s

the parameteR/r requires the knowledge of the attempt T " ‘e &» ‘ f ”

frequencyry: values of this quantity reported in the review - ? ap 9 4 i

paper by Venables, Spiller, and Hamken® range from ‘e ’

1.5x10" sec ! to 3.6x10" sec ’. Letting ro=10" /T =0.04 T/T.=0.04

sec !, in conformity with Ref. 20, the resulting fluR of _0 ’ oV
x=0.15 x=0.56

impinging atoms is in the interval (1-57)x10 * atom
sec Isite"!. Considering that the time required for the
completion of a monolayer is equal B *, and assuming an FIG. 4. Results of simulated depositions performed at different
average spacing between successive monolayers of 0.4 ngubstrate temperature and final fractional coverages. The rate of
the effective deposition rates represented by our simulationgevaporation is set to zero. The figure showsX 000 portions of
fall in the range (4 17)x10 2 nm min~ %, depending on 400x400 samples; the coverage)(and normalized temperature
the selected final coverage These values are of the same (T/T,) are indicated for each sample.
order as those reported in Ref. 24 for ion-beam deposition of
Au, Cu, Pt, and Ni at room temperature, resulting in filmster was defined as the longest line connecting two points of
with a rounded island microstructure. No dendritic growth atthe cluster itself. For each coverage-temperature combination
similar deposition rates was also observed in Ref. 25 for Sihe distributions are averaged over ten samples, created using
deposited by molecular beam epitaxy onto silicon crystallingifferent seeds for the random number generator.
substrates at a temperature of 683 K. Samples created at low temperat@RSPN structureex-

The island diameter distribution is shown in Fig. 5 for hibit monotonic distributions while for higher temperature a
various coverages and temperatures. The diameter of a clugeak in the curves can be observed. This is consistent with
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. T or clusters. It should be noted that, in our model, switching
from one regime to the other is a simple consequence of
increasing the substrate temperature; furthermore, no addi-
tional hypothesis is needed to characterize cluster diffusion
and coalescence, as both phenomena are due to the diffusion
of single particles.

Single-peaked distributions were found in several experi-
mental work$*2°-28 although the reported cluster density
generally vanishes at the smallest cluster sizes. The discrep-
ancy with the simulated distributions shown in Fig. 5 can be
the result of the difficulty of detecting islands made up of
very few atoms as suggested in Ref. 29.

The onset of a peak in the distribution is the consequence
of the growth of large islands by incorporation of small mo-
bile clusters impinging on their border In fact, as the tem-
perature increases, the concentration of small clusters drops,
while that of large clusters increases.

Figure 6 shows the percolation probabil®y as a func-
tion of the deposition temperature for three different cover-
ages. The graphs represent the behavioPgfcalculated
following two different definitions, applicable to finite
lattices®° the first, indicated with I1Qinfinite clustey is the
ratio of the number of sites belonging to the infinite cluster
(i.e., larger than the substrat the total number of filled
sites; the second, indicated with C&bnducting pathis the
fraction of samples that exhibit a path of filled sites between

NUMBER OF
CLUSTERS PER SITE

NUMBER OF
CLUSTERS PER SITE

E the right and left side of the substrate.
5 & In all the three cases of Fig.B falls to zero at the upper
g o limit of the temperature interval. This is clearly the result of
=& the reduction of island branching visible in Fig. 4. A less
2 % obvious result is the presence of a temperature interval in
3 which the probability of creating a percolating sample is

maximum. This behavior is emphasizedxat 0.45 (see Fig.
6), where Py is strictly zero except for a small interval
aroundT/Ty=0.037. The cause is probably the activation of
diffusion on the edge of the island&ctivation energy,

E, +Eg), which creates links between large clusters. To our
3 -0.027 : :
107F : knowledge, this phenomenon has no experimental counter-
x=56% part. To break the links, the temperature should be raised
104} 0,03_4',—\:':..‘ i until separation of the particle is also allowédctivation

energy,Eg+Eyg).
In Fig. 7 the IC percolation probability has been plotted as
a function of the fractional area coverage. At the lowest tem-
perature the percolation thresholdis close to 0.5, which is
. its theoretical value for random site percolation in a triangu-
: lar lattice3! At T/T,=0.037 the percolation curve shifts
100 D/a back for the phenomenon of temperature-induced percolation
illustrated in Fig. 6, ak=0.45. If the deposition temperature
FIG. 5. Cluster size distributions for some significant coveragesincreases further, the percolation threshold increases, ap-
The diameter D) is normalized to the lattice constara)( For each ~ proaching 0.7 afl/Ty=0.054, as shown in Fig. 7. As we
coverage the distributions relative to different settings of the subhave seen before, in most thin-film deposition experiments
strate temperature are shown; the normalized temperature is indihe substrate temperature falls in the interval represented by
cated for each curve. The rate of reevaporation is set to zero. ~ T/T;>0.04, and therefore we would expect highvalues.
Actually, while our results are in good agreement with the
the analytical description of the phenomenon reported in theimulations of Amar and Famil, and experimental data
review paper of Venables, Spiller, and Haoken®® in this  reported in the literatur€ x, can assume values consider-
case monotonic distributions are obtained by assuming clusbly higher for low melting point metalgip to 0.82 for In
ter growth occurring by direct impingement of atorfi€., (Ref. 32 and Pb(Ref. 33 on amorphous Sig)|. This is
neglecting surface diffusionwhile single-peaked distribu- probably due to a three-dimensional growth of the clusters
tions result from the assumption that clusters grow by coaeccurring during coaleascence with the result of freeing por-
lescence processes due to surface diffusion of single particlé®ns of substraté?

NUMBER OF
CLUSTERS PER SITE
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0.3 T . : - g y T
1.0 |—0—T771,=0.027 i
Py —a—1IC _
cp Pox) —8— 7/T,=0.037
02 —° 1 P08 —a—1r,=0054 1
0.6 | .
0.1+ .
x =045 04 L .
0.0 - 02| .
0.025 0.030 0.035 0.040
T/T 0.0} .
0 1 1 L 1
; T " 0.0 02 04 0.6 0.8
1.0} = IC . X
P —0—
P 08f Cp ) FIG. 7. Percolation probability, calculated with the infinite clus-
0.6 ter method, plotted as a function of the fractional coverage for three
’ x=05 1 significant normalized temperatures. Note the temperature depen-
0.4t ] dence of the percolation threshold.
0.2l . ing on reevaporation results in particle aggregation into large
round clusters. This is a consequence of &), which im-
0.0t . plies that the larger the number of adjacent particles the
' . ' higher the activation barrier for reevaporation. Although
0.01 0.02 0.03 0.04 Figs. 4 and 8 clearly demonstrate that a transition to a Rl
17 To microstructure can be due to either reevaporation or particle
, . , diffusion along cluster edges, the resulting sample morpholo-
1.0 . gies are different in the two cases as can be evidenced by
P —a—1IC inspection of the diameter distributions. In Fig. 9 the diam-
P 08} —0—CP 1 eter distribution is shown for samples of coverage 0.15 and
0.5. The curves, averaged over sets of ten samples, refer to
0.6 ] three differentE{?)/Eg ratios; forES)/Eg>1.1 the distribu-
04l 1 tions are nearly identical and correspond to depositions with
) negligible reevaporation. A progressive shift towards a
02+ x=0.56 1 monotonic distribution can be observed as a consequence of
the activation of reevaporation. On the other hand, a Rl mi-
0.0t - crostructure obtained through diffusion operated rearrange-
' L ' ment of the clusters is marked by opposite changes in the
0.030 0.035 0.040 0.045 distributions, namely, the onset of a peak as shown in Fig. 5.
T/To This is an important result, which provides a method to iden-

tify the origin of the RI microstructure through the analysis

FIG. 6. Percolation probabilityRp) of 400< 400 samples as a
function of the normalized temperature for three values of coverage
(x). For each covergage the percolation probability calculated with
the infinite cluster(IC) and conducting patiCP) method are
shown.

A second series of simulations was dedicated to studying
the effect of reevaporation on the morphology of the films.
Samples of dimensions 483100 have been generated with
r®ro=1 while the raticE{)/Eg was varied in the range
0.9—2. The normalized temperature was fixed to 0.034, a
value at which surface diffusion alone is not sufficient to
cause the transition to a RI structure. In Fig. 8 the micro-
structure of two samples of fractional coverage equal to 0.15
and 0.5, created witB®®/Es=0.9, is shown. From the com-

x=0.15

of the diameter distribution. As stated above, thin island

x=0.50

FIG. 8. Effect of reevaporation: the figure shows X@DO por-

parison with samples created at the same temperature atidns of 400<400 samples created with the following setting:
similar coveragessee Fig. 4it can be observed that switch- E&=0.9xEg, r{®=r,.
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crostructure of island films when the substrate temperature
and the fractional coverage are varied over a wide interval.

Varying the dimensionless temperatl® Eg and setting
to zero the rate of reevaporation transitions, it has been
shown that samples with three different structures can be
generated: at temperatures low enough to freeze diffusion,
the situation is that of a random site percolating network,
with high density of small island; raising the temperature up
to the activation of single adatom diffusion, larger islands
with a very brancheddendritio shape can be observed; fi-
nally, a further temperature increase activates diffusion along
the border of the clusters and the islands become more regu-
larly shaped. Referring to the values BE (the activation
energy for single adatom diffusipiypically reported in the
literature for metals, the dimensionless temperature at which
the transition to rounded clusters occurs can be related to
absolute temperatures significantly below room temperature.
This is consistent with the micrographs of thin island films
grown on amorphous substrates maintained at a temperature
greater than or equal to room temperature showing clusters
with very regular round shapes. The peaked cluster-size dis-
tribution and high percolation threshold typical of metal film
grown in these conditions have also been predicted by the
simulations. For its two-dimensional structure, the program
is not applicable to the growth of metal films on nonwetting
substrates, as in the case of Pb and In on,Si®which the
clusters consist of droplets with thicknesses of several mono-
layers. The simulation of such systems requires a three-
dimensional model where, in order to take into account the
thickness increase following the coalescence of two islands,
adatoms should be allowed not only to descend terraces, as
in crystalline-substrate oriented models, but also to climb
steps. An extension of our model, aimed to include these
three-dimensional mechanisms is in preparation.

Another process that could be responsible for cluster re-
arrangements towards a round shape is reevaporation of the

films are generally characterized by a peaked diameter di@datom from the substrate, as clearly shown by a series of
tribution and rounded clusters. Following the criterion sug-Simulations performed with a parameter setting such as to
gested by our simulations, it is possible to relate the formafreeze atom diffusion along cluster border and to activate
tion of |arge rounded clusters to the diffusion of partic|es Orreevaporat|0n. HOWeVer, d|fferent effects on the Cluster Size
smaller clusters on the substrate surface, ruling out reevap@listribution can be observed in this case: reevaporation tends
ration. In particular, diffusion of particles along the clusterto produce monotonic size distribution curves, which can be
borders plays a key role, being the mechanism by whicteasily distinguished from the strongly peaked distributions
cluster movement and rearrangement occurs. due to surface diffusion. Comparison with the typical cluster
size distributions, estimated by analysis of transmission elec-
tron micrographs, suggests that the phenomenon responsible
for island aggregation and rounding is atom diffusion along

The program described in this paper has been proven tthe border of the clusters while reevaporation does not play a
be effective in describing the changes occurring in the misignificant role in metal film nucleation and growth.

NUMBER OF CLUSTERS PER SITE

NUMBER OF CLUSTERS PER SITE

FIG. 9. Cluster diameter distributions relative to simulations
performed with the same parameter setting of Fig. 8.
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