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Deposition, diffusion, and aggregation on Leath percolations: A model for nanostructure growth
on nonuniform substrates
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Deposition, diffusion, and aggregatidbDA) on percolation substrates were investigated by computer
simulations. The nonuniform degree of the substrate is described by the occupied propabifitywhich the
percolation is generateg.takes values in the rangg<p<1, wherep, is the threshold of percolation. The
blocked sites in percolation represent the defects in the substrates. The interactions between defects and
deposited particles are involved by introducing the sticking coeffigeRor inert defects=0), the defects
hinder the deposited particles from diffusing in the substratep decreases from 1 to,, the morphology of
the aggregates varies from the DDA pattern on uniform substrates to the few-and-zigzag-branch pattern. For
active defectsg#0), the defects play a role in absorbing the deposited particles also. With the redugtion of
from 1 to p., the pattern of aggregates changes from DDA on uniform substrates to a site-percolation-like
pattern(for s=1) or a dispersed-small-island orior 0<<s<<1) on critical percolation substrates. A rapid
increase of the fractal dimensidd; of aggregates appears in tibg—p curve, which corresponds to the
transition of morphologies from a pattern dominated by defects to one controlled by diffusion. Moreover, our
simulations show that the Honda-Toyoki-Matsushita relation is reasonable for growth controlled by defect-
hindering diffusion in fractional spaces.
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[. INTRODUCTION ters, where the occupied probabilitystands for the degree
of nonuniformity of the substrate and the blocked sites in
Knowledge of atomic behavior on surfaces is importantpercolation represent defecfs!®'? Leath has presented a
for the production of good quantity thin films. The study of method to produce single percolation clusters which are gen-
nucleation and growth at early stages of deposition can preerated in the same way as epidemic spreadfii§”* When
vide crucial information in this regard? Diffusion and reac- the probabilityp>pe, the cluster will grow infinitely:>*®
tion are the major microscopic processes that govern théhe cluster of é_eath percolation can be regarded as nonuni-
nucleation and growth of monolayéts’ For a long time, ~Orm substraté. _ o
there exist three models of nonequilibrium growth: !N this paper, we simulated deposition, diffusion, and ag-
percolationt®!! diffusion-limited aggregation(DLA),1-13 gregation in Leath percolation and investigated the influence
and cluster-cluster aggregati(mCA).11'14’15The percolation of defects in the substrates on the structure of the nanoclus-

model implies that the deposited particles do not diffuse am?ar. These results will be helpful in understanding the forma-

" e ion of clusters on nonuniform substrates in thin-film-growth
more atfter deposition. In fact, not only diffusion but also rocesses, such as vapor deposition, molecular-beam epitax
aggregation take place after deposition. In the DLA modeIp ' P P ' praxy,

. . o . d so on.

the particles are deposited one by one, so it is only suitable
for the case of very low flux for monolayer growtfi.in the
CCA model, the particles are put onto the substrate all at
once; therefore the CCA model cannot describe the process The present model is similar to the original DDA dfe
of continual injection of particles in the deposition except for considering the interaction between deposited par-
process** ticles and defects of the substrate. The Monte Caig&)

Jenseret al. proposed a model of deposition, diffusion, method was used in the simulations. The procedure of the
and aggregatiorfDDA) to describe submonolayer deposi- simulation consists of two parts: producing Leath percolation
tion, i.e., nanostructure growth, on a two-dimensiotzd) substrates and generating DDA clusters on the Leath perco-
uniform surface® In the model, particles are deposited at alation substrates.
certain flux. They continue to diffuse after deposition on the The percolation substrate is produced on a 2D square lat-
surface, and become immobile once they stick to othetice by the Leath methotf:**?°In the first step, all the lattice
particles'®!” The morphology of the monolayer depends onunits are empty, except that the origin is occupied. Then, the
the particle flux, the diffusion constant, and the time of thenearest neighbor sites of the origin are either occupied with
process. To our knowledge, most previous simulations on probability p or blocked with probability +-p. The blocked
epitaxial growth were performed on uniform and flat sub-sites represent defect#&gain, the empty nearest neighbors of
strates, but many actual substrates are not uniform due teccupied sites are occupied with probabilftyor blocked
local oxidation, pollution, and other factors. Therefore thewith probability 1—p. In each step, a new shell is added to
investigation of DDA on nonuniform substrates is important.the cluster. Repeating the process, the expected single perco-
Nonuniform substrates can be described by percolation cludation cluster can be obtaingébr p>p.) or it cannot con-

Il. MODEL AND METHOD
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tinue to grow (for p<p.).1%?° p, is the critical occupied

probability. For the 2D square latticg,~0.593 In the @ gg: I )

present simulations, the occupied probabifityakes values w ;"1{ & A T

in the rangep.<p<1. “;?*mw 5 };é% *5* < ?%‘%:‘ “””Mt
After the percolation substrates are obtained, we start gen| ..~ %% ,;;_& P * o : @‘3’%

erating DDA clusters on the percolation substrates. The i, %\g P Sl e el i

simulation method used is similar to that of Refs. 16 and 17, 2 AT Yo t S q\%’% 7

but it is performed on percolation substrates. In the presen ”% ‘ hr?‘ Yg’;% i

method, particles are deposited gradually onto the substrat &fr J B v ;gi

with a constant fluxr. The deposited particles diffuse on the t

percolation cluster before they meet other particles or © a

blocked sitegdefects in the percolation substrates. They can .
walk on occupied sites only, and cannot reach the blockec "@‘C““ %%gi‘
ones(defects. Once they meet other particles, they become g*% w }’j;,%,,

immobile and aggregate. What will happen when a depositec % e ﬁ%‘;‘é %@‘ﬂ%&% £

particle is close to a defect? A defect can make the local % ,%%

lattice deforming and charge transferring in its vicinity, so % e %ﬁ& ?%@’
the defect can become a trap for the external particles. Thus ﬁﬁﬁ ﬁﬁ‘ -

we consider thathere exist short-range attractive interac- ”ﬁﬁb

tions between the deposited particles and defddiss inter-
action is represented by a sticking coefficisfit>?3just like
that in the model of reaction-limited aggregatf@nivhen a FIG. 1. Morphologies of the clusters formed by deposition, dif-

particle hits the defects, it becomes immobile with probabil-fusion, and aggregation in Leath percolation with various occupied
ity s, or continues to diffuse with probability-1s. The stick-  probabilitiesp at sticking coefficiens=0. p=0.593(a), 0.62 (b),

ing coefficientsis related to the temperature and interactions0.70(c), and 1(d).

between the defects and deposited particles.

creases too. Whemexceeds a certain valiabout 0.75, the
morphology of aggregates becomes close to that of DDA
clusters on uniform substrates; angif 1, the pattern looks
Numerical simulations are performed on a finite squargust like it [see Fig. 1d)]. The evolution of the morphology
lattice of 400< 400 by the MC method. The length of the of aggregates due to variation pfis not difficult to under-
square particles is chosen to be the unit of length. We focustand. In the case that~p., the number of blocked sites
attention on the influence of the defects on cluster formatioridefects in the substrate is very large and close to the critical
on the substrate, so a small flux of particles is taken. In th&/alue. The defects prevent deposited particles from diffusing
simulations, we take the fluk/D=0.5X10"°, whereD is  and forming branches. This results in asymmetric and non-
the diffusion constant anD ! is proportional to the typical uniform aggregates, as well as a decrease in the number of
time between two hops. This flux corresponds to injecting @ranches. In addition, the branches have to grow around
particle onto the substrate everka0° MC time steps. those defects, so they appear to be zigzag. Witicreasing,
the number of defects decreases, so the deposited particles
can diffuse with less limitation. As a result, the number of
branches increases and the patterns gradually become uni-
The difference between deposition, diffusion, and aggreform. In the case thgp=1, the Leath percolation substrate
gation on a nonuniform substrate and on a uniform onegeduces to the compact Eden “pie” with dimension oftRe
comes from the defects in the nonuniform substrate. Therepace dimensiort? There are very few defects in the Eden
are two effects of defects on aggregates. One is that théie,” so the aggregates can grow freely just like those on a
defects make the substrate incomplete and they hinder treompletely uniform substrate. Therefore, the patterns are
deposited particles from diffusing in the substrate. Anothewvery similar to the DDA pattern on uniform substrates.
effect is that the defects absorb the deposited particles. Now we study the effect of the absorption between de-
First, we investigated the characteristics of aggregates duects and deposited particles on morphologies of aggregates.
to the effect of defects on the diffusion of deposited patrticlesin this case, the defects are activee{0) and the interaction
In this case, the defects are ineg=0), i.e., there is no between defects and deposited particles should be taken into
attractive interaction between the defects and the depositezbnsideration. Figure 2 shows the morphologies=at 0™ *
particles. Figure 1 shows the morphologies of clusters conwith variousp. It is found that wherm is large(say,p>0.9
sisting of the deposited particles with various occupied probfor s=10"%) the sticking coefficiens has little effect on the
abilities p. Whenp~p., the aggregates appear nonuniform morphology. In this case the morphology is always like the
and asymmetrical. There are only a few branches in an ag2DA pattern on uniform substrates. But for smallsay, p
gregate and these branches look zigzag, as shown in Fig:0.7 fors=10"4), s has a great influence on the pattern of
1(a). As the probabilityp increases, the aggregates change taaggregates. Even a very small valuesafan result in a great
uniform ones gradually, and the number of branches inehange of morphology. Whemis close top., the deposited

Ill. RESULTS AND DISCUSSION

A. Morphology
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FIG. 3. Fractal dimensio®; of the aggregates in Leath perco-

lation as a function of occupied probabilipywith various sticking
coefficientss. s=0 (open triangles 10 * (full circles), 10" 2 (open

circles, and 1(full square$. The solid lines are guides to the eye.

FIG. 2. Morphologies of the clusters formed by deposition, dif-
fusion, and aggregation in Leath percolation with various occupiedhe fractal dimensions of branched structures and islands by
probabilitiesp at sticking coefficiens=10"*. p=0.593(a), 0.62  the box-counting methotf. For a low occupied fraction, ap-
(b), 0.70(c), and 1(d). parent fractal behavior was observed between physically rel-

evant cutoffs. The lower cutoff, is presented by the length

particles form a pattern consisting of many very small is-of particles. The upper cutoff; is given by the average gap
lands somewhat like site percolation in percolation space, asetween adjacent particlés.
shown in Fig. 2a). This pattern fos=10"* is very different Figure 3 plots the simulation results for the fractal dimen-
from that for s=0 [see Fig. 1a)]. With increasingp, the  sion of aggregates as a function of the occupied probalpility
small aggregates become a little larger. The above results afer several sticking coefficients It shows that, whep=1,
reasonable. For large the number of defects is very few, so the fractal dimensiorD;~1.65, which is the value for the
the variation ofs has little effect on the formation of a mono- DDA model on a uniform substrate. The reason is that the
layer on the substrate. When-p.., there exist many defects substrate withp=1 is identified with a 2D plate. Because
in the substrate. These defects not only prevent the particldnere are no defects, this value Df is independent os.
from diffusing, but also absorb the deposited particles tadOnce a defect exist§.e., p<1), the fractal dimension de-
form small islands. Therefore, the defects partly play the rolereases with increasing sticking coefficient for a system with
of a nucleus for aggregates. Thus the patterns appear to kgentical occupied probability. This behavior can be ex-
sparse and somewhat like site percolation, evenisfsmall  plained intuitively as follows. The larger the sticking coeffi-
(in the present cass=10%). cient is, the stronger is the absorptivity between the defect

From the above, we can draw the following conclusions.and deposited particle. Therefore, the deposited particles
For s=0 (inert defecty, the growth process of aggregates is cannot diffuse to a distance and they form the small-island-
controlled by diffusion. The defects influence the morphol-pattern for nonzero sticking coefficiefgee Figs. @)—2(c)],
ogy of aggregates by hindering diffusion of deposited parinstead of the zigzag-branch-pattern fe=0 [see Figs.
ticles. As long as the defects are not mamy>0.75), the  1(a)—1(c)]. With enhancement of the absorptivity of the de-
change of pattern due to variation pfis small. But fors  fect, the growth of the branch pattern is hindered more seri-
#0 (active defects the absorption between defects and de-ously. As a result, the fractal dimension of the pattern is
posited particles greatly enhances the influence of defects oeduced with increasing Whenp~p,, there exist a large
the morphologies of aggregates. Therefore, the depositeaumber of defects in the substrate. In this cédedecreases
particles tend to be absorbed by defects and form many smailom 1.43 to 1.08 witts increasing from O to 1. The former
islands. Whermp~p,, ass increases from 0 to 1, the mor- is the value of the DDA pattern in the case of inert defects
phology of aggregates changes from the few-and-zigzagand the latter is that of the site-percolation-like pattern grow-
branch structure to the dispersed-small-island pattern, aniig on the critical percolation substrate. Figure 3 also shows
then to the site-percolation-like one. that the rapid rise oD; occurs atp~0.65 (for s=0) and
0.95 (for s=1). This fact indicates that the stronger the ab-
sorptivity between the defect and deposited particle, the
larger is the influence of defects on morphologies of aggre-

The geometric properties of morphologies of aggregategates, for systems with the same occupied probability. The
can be described by the fractal dimension. We calculated occupied probabilityp at whichD; rises rapidly corresponds

B. Fractal dimension of aggregates

235403-3



TAN, ZOU, HUANG, AND JIN PHYSICAL REVIEW B 65 235403

J " T " J " T TABLE |. Comparison between the fractal dimensibp of ag-
gregates obtained by the simulations mﬁi by the Honda-Toyoki-
Matsushita relation for a set of occupied probabilifiéa the range
from p. to 1. ds is the fractal dimension of a nonuniform substrate
andd,, is that of the trajectory of particle diffusion. The sticking
coefficients=0.

»
T
1

p 0593 062 065 070 080 090 1.00

log <R2(t)>
P

ds 1.89 194 196 198 199 199 2.00
dy 2.73 243 227 218 208 204 201
D¢ 1.43 152 156 160 162 163 1.65
2r 7 DY 1.45 154 159 162 164 166 1.67

2 4 6 8 which are in accordance with the previous theoretical results
1Og t thatd,,~3d¢/2 andd;~91/481° At p=1, the Leath perco-
lation reduces to the Eden “pie,” with the result that the
FIG. 4. The log-log plots of the mean square end-to-end disfandom walk is very similar to Brownian motion. In this
tances(R(t)) of diffusing particles to time step for defect-  case,d,~2, which is very close to the expected value for
hindering diffusion in Leath percolation with various occupied Brownian motion ¢,,=2).> On the other hand, the fractal
probabilitiesp. From top to bottomp was taken as 1, 0.70, and dimensiondg of Leath percolation substrates can be obtained
0.593, respectively. by the box-counting methott:?® After both d, and d,, are
obtained, the fractal dimensioﬁﬁ{' of the aggregates grown
to the transition of morphology from the pattern dominatedon Leath percolation substrates can be calculated based on

by defects to that dominated by diffusion. Eqg. (1). Table | lists the results fod,,, ds, andD; by MC
simulations, and that de?‘ by Eq.(1). It can be seen from
C. Honda-Toyoki-Matsushita relation for fractal dimension this table that the fractal dimensiobs from the MC simu-

lations are very close tB} from the HTM relation. There-
by the adsorption of defects. But fa&=0, the growth is fore, we can draw the conclusion that the HTM relation is

controlled by defect-hindering diffusianFor the case of still reasonable for the description of growth controlled by
growth controlled by pure diffusion, based on mean fielgdefect-hindering diffusion on substrates with fractal dimen-

theory, Hondaet al. presented a relationship connecting theS'0"nS:

fractal dimensiorD; of aggregates witllg andd,, (Refs. 19 For the cass+ 0, the growth is greatly influenced by the
and 26 adsorption of defects. During growth, adsorption terminates

the normal diffusion process of particles, and results in a
Df:(d§+dw— 1)/(dg+dy,—1). (1) random sparse distribution of particles, i.e., the dispersed-
small-islands structure. Correspondingly; decreases rap-
In Eq. (1), dg is the fractal dimension of the space in which idly. The HTM relation cannot describe the fractal dimension
the particles aggregate, amf, is the fractal dimension of of the aggregates formed by the growth process of adsorp-
particle motion in the space. Expressi@h is named the tion.
Honda-Toyoki-Matsushit@dHTM) relation. This relation has

In this work, the growth process for largas dominated

been confirmed numerically to be correct only for some spe- IV. CONCLUSION
cial cases, e.g., growth controlled by pure diffusion, and bal- _ -~ o
listic motion in uniform space¥ls the HTM relation still The difference between deposition, diffusion, and aggre-

app]icab|e for aggregation controlled by defect_hindering gati_on in uniform substrates and that in nonuniform ones is
diffusion (s=0) on substrates with fractional dimensiéhs ~ attributed to the effects of defects on DDA. Those effects
To answer the above question, we studied the behavior dfclude the defects hindering deposited particle from diffu-

defect-hindering diffusion on Leath percolation substratesSion and absorbing them. As the nonuniformity of substrates
The fractal dimensiord,, of the particle diffusion can be and the strength of interaction between the defects and de-

obtained from the scaling relatitfht* posited particles vary, we get various patterns including site-
percolation-like, few-and-zigzag-branch, dispersed-small-
<R2(t)>~t2/dw, 2) island, and the original DDA clusters. These results may be

useful in describing vapor deposition, molecular-beam epi-
where(R(t)) is the mean square end-to-end distance of theaxy, and similar experiments on nonuniform substrates.
diffusing particle andt stands for the MC time step. We
simulated the random walks of Leath percolation through the
rangep.<p<1. Log-log plots of(R?(t)) vst are shown in
Fig. 4. It can be seen that, there is a stable scaling relation of This work was supported by the National Natural Science
(R%(t)) to t. Whenp~p,, we getd,,=2.73 andds=1.89, Foundation of China.
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