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Influence of small-cluster mobility on the island formation in molecular beam epitaxy

Sang Bub Lee and Bikash C. Gupta
Department of Physics, Kyungpook National University, Taegu, 702-701 Korea

~Received 5 April 2000!

We study by Monte Carlo simulation submonolayer thin film growth during molecular beam epitaxy. We
carry out a variety of simulations, both with and without inclusion of the small-cluster mobility and the
detachment of one-bond adatoms from island edges, using the solid-on-solid model with the full excluded
volume of adatoms. We find that the small-cluster mobility appears to influence the scaling relation of the
island density and the scaling functions of the island size distributions. The scaling exponentx defined by the
island densityN via N;Fx, F being the deposition flux, is found to vary, as the substrate temperature
increases, fromx5

1
3 to x5

2
5 if the detachment of adatoms is disallowed and to a value beyond2

5 if detach-
ment is allowed. It appears from these results that there exists an intermediate region in which rate equation
analysis with small-cluster mobility is adequate before the onset ofi .1 behavior. We also study the influences
of edge diffusion, small-cluster mobility, and adatom detachment on the scaling function.
-
rit
in
da

ti

re
e

d
n

ion

an
d

ich
ile
ca
to
a
io
o

d
rfu
ss
In

the
f

y
e
ues
lec-
er-

wl-
the
ant

of

the
and
in
of

nd
en

f
ath-

na-

size
nce
ed
-
sis
po-
I. INTRODUCTION

Molecular beam epitaxy~MBE! is an important techno
logical process for fabricating nanostructures of high-pu
crystals.1–3 The fundamental physical processes in MBE
volve nucleation by two or more atoms, aggregation of a
toms on island edges, and coalescence of two or more
lands. These processes lead to the formation of a distribu
of islands with various sizes.

At low temperature, adatoms diffuse slowly~with low
hopping rate! on a substrate, and clusters of two or mo
atoms are immobile and become stable. The diffusion rat
adatoms~monomers! depends on the temperature viaD
5D0 exp(2Ed1 /kBT), Ed1 being the diffusion barrier for a
monomer andD0 the free hopping rate per atom. An islan
grows in a similar way as diffusion-limited aggregatio
~DLA ! and shows a fractal nature with a fractal dimens
similar to that of DLA, i.e.,dF.1.7.4–6 As the temperature
increases, monomers diffuse with a higher hopping rate
adatoms on an island edge slip along the edge, yielding e
diffusion. When an adatom arrives at a kink site at wh
more lateral bonds can be formed, it will become immob
It is known that such edge diffusion yields a geometri
phase transition of the island morphology from fractal
compact structures. For such submonolayer nucleation
growth of islands during deposition, the power-law behav
of the island density with deposition flux and the scaling
the island size distributions are of primary interest.

Classical rate equation analysis and the more recent
velopment of dynamic scaling ideas have provided powe
tools for understanding the growth and aggregation proce
in terms of the evolution of the cluster size distribution.
the early stage of deposition, the density of islandsN in-
creases as7

N;~D/F !2x exp@bEi /~ i 12!#, ~1!

for fixed coverageu (5Ft, F being the deposition flux!,
whereb51/kBT andx5 i /( i 12).8 The critical island sizei
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is the size of clusters one atom smaller than the size of
smallest stable islands andEi is the dissociation energy o
clusters of sizei.

The exponentx may be determined experimentally b
studying the variation ofN as a function of the substrat
temperature and the deposition flux, using various techniq
such as scanning tunneling microscopy, transmission e
tron microscopy, and high-resolution diffraction and scatt
ing. Oncex is known, the prefactorD0 and the diffusion
barrier Ed1 can be determined from the constantN(D/F)x

for various values of the substrate temperature. Thus, kno
edge of the scaling behavior of the island density and
island size distribution enables one to determine import
physical quantities in epitaxial growth. A typical value ofD0
for metal-on-metal deposition is known to be of the order
1013 ~hops per atom per second!.

During the aggregation process, on the other hand,
island density remains nearly constant, while the mean isl
size increases. The self-similar island size distribution
time during such processes yields the density of islands
sizes, Ns , scaling as

Ns;
t

S2
f ~s/S!, ~2!

whereS andt are, respectively, the mean size of islands a
the evolution time. This dynamic scaling relation has be
used by Family and Meakin9 to study the size distribution o
droplets of liquid and has now become the standard m
ematical tool for the study of growing surfaces.9–11 A great
deal of effort has also been devoted to the study of the a
lytical form of the scaling functions.11–14

As the temperature increases further, clusters of small
such as dimers and trimers begin to diffuse. The influe
of small-cluster mobility has recently been investigat
with a rather simple model of ‘‘point’’ islands or ‘‘zero
size’’ islands.15,16Classical mean-field rate equation analy
allows us to predict that the island density scales with de
sition flux F as17
7545 ©2000 The American Physical Society
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N;~F/D !2/5exp@b~Ed11Ed2!/5# ~3!

if each monomer hops with the rateD5D0e2bEd1 and each
dimer with D25D0e2bEd2, but trimers and larger cluster
are immobile.

At sufficiently high temperature, where adatom deta
ment becomes operative from the island edges, dimers
dissociate into two monomers before they diffuse large d
tances, implying that monomer diffusion dominates dim
mobility. The scaling relation in Eq.~1! thus holds for some
i .1 and the exponentx increases fromx5 1

3 to x5 1
2 or

even larger. Earlier work15,16focused on whether or not ther
is an intermediate region in which the scaling relation in E
~3! holds before such a transition occurs. Liu, Bonig, a
Metiu15 argued that mobilities of small clusters significan
affect the island density before the transition fromi 51 be-
havior to i 52 behavior occurs. They emphasized that
modified scaling relation in Eq.~3! should be considered in
the analysis of experimental data. On the other hand, Ba
et al.16 claimed that dimer hopping dominating dissociati
is not sufficient to guarantee such a scaling region before
onset ofi .1 behavior. In both studies, however, it was a
sumed that two monomers on the same site form a dim
Although the authors claim that such an assumption is v
in the submonolayer regime ofu<0.15, we argue that the
model is not appropriate to simulate epitaxial growth for t
coverages used.

In this work, we study, by kinetic Monte Carlo simulatio
based on the solid-on-solid model, the influences of sm
cluster mobility and adatom detachment on island formati
using the full excluded volume of adatoms. We focus on
density profiles of monomers and islands, on the scaling
ponentx characterizing the island density versus the dep
tion flux for various substrate temperatures, and on the s
ing function of the island size distributions. We carry ou
variety of simulations both with and without dimer and t
mer mobilities and adatom detachment and calculate the
sities of monomers and islands versus the coverage and
deposition flux. The island size distribution and scaling fun
tion are also calculated.

This paper is organized as follows. In Sec. II, we revie
the rate equation analyses with and without small-clus
mobility and present the scaling relations of the monom
and dimer densities. In Sec. III, we present the details of
simulation procedure, and in Sec. IV, we present the res
and discussion. The summary and conclusions are prese
in Sec. V.

II. RATE EQUATION ANALYSIS RECONSIDERED

Ignoring small-cluster mobility and dissociation of ad
toms, the rate equations of the monomer densityN1(t) and
the density of islands of sizes, Ns(t), can be written as

dN1

dt
5F22K1N1

22(
s>2

KsN1Ns , ~4!

dNs

dt
5N1~Ks21Ns212KsNs!, ~5!

in the early stage of deposition, whereKs corresponds to the
cross section for the capture of monomers by islands of
-
ay
-
r

.
d

e

lt

e
-
r.

id

ll-
,

e
x-
i-
l-

n-
the
-

r
r
r

lts
ted

e

s, i.e., the rate of adsorption of monomers by islands. It
clear thatKs is proportional to the diffusion constant o
monomers and the surface area of islands of sizes, i.e., Ks
;Dsp, with p51/df for fractal islands of fractal dimension
df andp51/2 for compact islands. Dividing both equation
by F and taking a sum over all islands, one can recast
equations in terms of the coverage:

dN1

du
5122RN1

22R(
s>2

spN1Ns , ~6!

dN

du
5RN1

2 ~7!

with R5D/F. The solution of these equations is known to
readily obtained, for the point island model ofp50, asN1
;u and N;Ru3 at early time, andN1;R22/3u21/3 and N
;R21/3u1/3 at late time, and, for the compact island mod
asN1;R23/4u21/2 andN;R21/2(ln u) at late time.11

For processes including dimer mobilities, the rate eq
tions are modified as

dN1

dt
5F2KDN1N2K~D1D2!N1N222KDN1

2

.F2KDN1N, ~8!

dN2

dt
5KDN1

22K~D1D2!N1N22KD2N2N22KD2N2
2

.KDN1
22KD2N2N, ~9!

dNs

dt
5KDN1~Ns212Ns!1KD2N2~Ns222Ns!

.KDN1~Ns212Ns!, ~s>3!, ~10!

where we assumedD@D2 andN1 ,N2!N at high tempera-
ture, where small-cluster mobility is expected to be imp
tant. UsingN5(s>3Ns and the steady-state conditions
dN1 /dt.dN2 /dt.0, one obtains Eq.~3! for island density
and

N1;~F/D !3/5exp@2b~Ed224Ed1!/5!], ~11!

N2;~F/D !4/5exp@2b~Ed11Ed2!/5# ~12!

for monomer and dimer densities.

III. MONTE CARLO SIMULATION

In the usual kinetic Monte Carlo simulations, adatoms
deposited with a fluxF ~atoms per second per area! on a flat
substrate of a square lattice and diffuse along any one of
coordinate directions at each step until they encounter
other adatom or an island. An adatom deposited on top o
existing island is also assumed to diffuse, with the sa
diffusion rate as a monomer on the substrate, until it enco
ters another adatom or a step edge. It may also hop dow
a lower layer by normal diffusion. Such a walker, howev
is not considered to be a monomer, but is rather assume
a member of the underlying island. In this procedure, sin
our primary interest is to investigate island formation in t
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FIG. 1. Typical contour diagrams of the su
face morphologies for the selected values of te
perature and coverage.
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early stage of deposition with a coverage less than 0.2 mo
layer ~ML !, we ignore the Ernlich-Schwoebel barriers f
interlayer transport at step edges. Despite this approxima
we believe that our model can be applied to higher covera
than those of earlier works.

Small clusters such as dimers and trimers are also
sumed to diffuse with a hopping rate depending on the te
perature and diffusion barriers. When an adatom on a s
strate encounters another adatom, the two atoms for
dimer. When an adatom encounters an island of sizes, it
sticks on the island yielding an island of sizes11. Similarly,
when a dimer encounters an island of sizes, the island size
becomess12. Atoms attached to island edges with one l
eral bond may be dissociated from the islands~as well as
diffusing along the edges of islands! and become diffusing
monomers~i.e., walkers! at the cost of the dissociation en
ergy of dimers.

At each simulation step, one of the following transitio
processes is selected:~a! depositionof adatoms on a site o
the L3L square lattice with fluxF, ~b! diffusionof a mono-
mer with the hopping rateD5D0e2Ed1 /kBT ~hops per second
per adatom!, ~c! edge diffusionof adatoms on an island edg
with the hopping rateDe5D0e2Ee /kBT, Ee being the poten-
tial barrier for edge diffusion,~d! adatom detachmentfrom
an island with the rateDdis5D0e2Edis /kBT, Edis being the
dissociation barrier,~e! diffusion of dimerswith the hopping
rate D25D0e2Ed2 /kBT, and ~f! diffusion of trimerswith the
hopping rateD35D0e2Ed3 /kBT.

Clusters of size larger than 3 are assumed to be immo
throughout the simulation, although they may be dissocia
to smaller clusters by adatom detachment and become
bile. The transition probabilities are proportional toF,
N1D0e2Ed1 /kBT, NeD0e2Ee /kBT, NdisD0e2Edis /kBT,
N2D0e2Ed2 /kBT, andN3D0e2Ed3 /kBT, whereN1 , Ne , Ndis ,
N2, andN3 are the numbers of transition candidates per
for each transition. The list of transition candidates was k
and updated throughout the simulations. The normali
transition probabilities can thus be readily obtained from
transition rates and the numbers of candidates for each
sition.

The typical size of system we use in our simulations
o-
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L51000 for all cases, except for calculations of the scal
function in Eq.~2!, for which L5512 is used. Simulations
are carried out irreversibly until the desired coverage
achieved. Once the desired coverage is reached, the cl
size distributions are calculated using the well-known clus
labeling algorithm.18 The monomer densityN1, the dimer
density N2, the island densityN5(s>3Ns , and the mean
island sizeS5(s>3sNs /(s>3Ns are then readily determine
from the knowledge ofNs .

IV. RESULTS

In most of our simulations, we use a prefactor of t
diffusion constantD051013 and a deposition rateF0 be-
tween 1025 and an order of 10 depending on the substr
temperature, which varies between 160 and 360 K. The t
sition barriers used areEd150.4 eV, Edis50.72 eV, Ee
5Ed250.5 eV, andEd350.55 eV, which are reasonable fo
metal-on-metal epitaxy such as Al/Al~111!,19 Pt/Pt~100!,20

and Fe/Cu~111!.21 Typical contour diagrams of the islan
morphologies for selected temperatures and coverages
shown in Fig. 1. For simulations without dissociation
small-cluster mobility~corresponding to the cases ofEdis
5` or Ed25Ed35`), we eliminate the corresponding pro
cesses from the simulation procedure.

In order to investigate the influence of dimer mobility, w
calculate the monomer and island densities versus the co
age and the deposition flux for the following three mode
~i! only monomers diffuse,~ii ! monomers and dimers diffus
but adatom detachment is not allowed, and~iii ! monomers
and dimers diffuse and adatom detachment is allowed. In
three cases, edge diffusion is always allowed unless ot
wise stated explicitly. We also carry out additional simu
tions with trimer mobility.

A. Monomer and island densities versus coverage

In order to observe the influence of small-cluster mobil
on the monomer and island densities, we plot in Fig. 2N1
and N against the coverage, for two typical values of t
substrate temperature,T5240 K andT5300 K. The solid
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lines are the data from the model~i!, the dashed lines from
~ii !, and the dotted lines from~iii !. The upper sets are forT
5240 K and the lower sets forT5300 K. Although the
correct definition ofN should beN5(s>3Ns for ~ii ! and
~iii !, we useN5(s>2Ns for all models to enable us to di
rectly compare the results of~ii ! and ~iii ! with those of~i!.
~Note, however, that inclusion of dimers does not affect
result appreciably except in the low-coverage regime.!

For the low temperature ofT5240 K, the data for~ii ! and
~iii ! ~dashed and dotted lines! overlap one another, implying
that adatom detachment is not so important as to influe
the monomer and island densities. This is expected beca
at low temperature, the thermal activation energy is so sm
that adatom detachment may not be operative. Howeve
relatively high temperature, i.e., atT5300 K, the deviation
of the two curves is appreciable for bothN1 andN, implying
that adatom detachment significantly affects the island d
sity. Such differences may possibly alter the scaling beha
of the island density versus the deposition flux.

The influence of dimer mobility alone is not as simple
that of the detachment of adatoms. At a very early stage
the deposition, the deviation of the lines is not significa
This is because the dimers will rarely encounter an island
the low-coverage regime. However, as the coverage
creases, the diffusing dimers readily encounter islands
aggregate with them or yield coalescence of two or m
islands, resulting in a decrease inN even at the low tempera
ture of T5240 K. A close look enables one to observe t
difference between the plots for the two models~i! and ~ii !
~solid and dashed lines! in Fig. 2. Such an influence is eve
more pronounced at high temperature, i.e., atT5300 K,
where dimers diffuse sufficiently rapidly to encounter t
existing islands before dissociation takes place. On the o
hand, if detachment of adatoms from the island edges is

FIG. 2. Monomer and island densities versus the coverage
selected values of the substrate temperature. The upper sets a
T5240 K and the lower sets forT5300 K, and the solid lines are
for model~i!, the dashed lines for~ii !, and the dotted lines for~iii !.
The density profile is divided into four different regions, indicat
asL ~low-coverage regime!, I ~intermediate regime!, A ~aggregation
regime!, andC ~coalescence regime!, details of which are describe
in the text.
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lowed, the island density is found to decrease more sign
cantly whereas the monomer density increases.

The dynamical behavior ofN1 andN can be divided into
four regimes, as in previous work:11,12,22a low-coverage re-
gime ~marked asL) corresponding to increasing monom
and island densities, an intermediate regime~I! in which the
monomer density decreases while the island density still
creases, an aggregation regime~A! in which the island den-
sity is nearly constant, and a coalescence regime~C! where
the island density sharply decreases due to coalescenc
the early stage of growth, i.e., in the low-coverage regim
the monomer and island densities are found to increase
lowing a power law asN1;u0.94 andN;u2.6. The power for
the island density is slightly smaller than that predicted
the rate equation. Since the island density in the early st
of deposition, obtained without small-cluster mobility,
known to agree fairly well with the rate equation predictio
we believe that the discrepancy is due to small-cluster m
bility. In the aggregation regime, on the other hand, since
monomers and dimers aggregate with the existing islan
the size of islands increases in time, while the number
islands remains constant. Thus, the distribution of island s
is self-similar in time and the dynamic scaling relation in E
~2! is expected to hold. Such a scaling relation will be d
cussed in detail below.

B. Monomer and island densities versus deposition flux

We calculateN1 , N2, and N versus the deposition flux
for various values of the substrate temperature ranging f
T5180 K to as high asT5360 K, for the models~ii ! and
~iii !. The power-law behavior ofN enables us to test whethe
or not the scaling relation in Eq.~3! holds before the onset o
i 52 behavior, for whichx5 1

2 is expected.
Figure 3 showsN at the fixed coverage ofu50.15 ML

versus deposition flux, obtained from the models~ii ! ~upper
plot! and ~iii ! ~lower plot!, described earlier in this section
Since clusters of size larger than 1 cannot dissociate in~ii !,
the island density is defined asN5(s>2Ns . At low tempera-
ture, i.e., atT5180 K, the slope of the plot isx.0.33 ~not
shown!, which is about 10% larger than that in earlier wo
by Liu, Bonig, and Metiu15 and Barteltet al.16 We believe
that this discrepancy is due to the excluded-volume effect
adatoms. In the earlier work, two atoms on the same site
assumed to form a dimer, whereas, in the present model,
atoms on neighboring sites are assumed to form a dim
Thus, the island density obtained in the earlier work m
have been underestimated by neglecting the nuclea
events occurring between two monomers on neighbor
sites. Our result is, however, consistent withx5 i /( i 12) for
i 51, implying that the dimer mobility is indeed unimporta
at low temperature, as we expect. It should be noted that
exponent x would be x52i /(d1df12i ).0.35 ~for df
51.7 andi 51) if the islands grew fractally; however, sinc
D/F is small at low temperature, the islands do not appea
yield fractal structure, as we can see from the morphology
Fig. 1. As the substrate temperature increases, the slop
creases. ForT5240 K, the estimate isx.0.37 and, at suf-
ficiently high temperatures such asT>280 K, the estimate of
x is nearly constant and close to 0.39. Although this value
slightly smaller than that predicted by the scaling relation

or
for
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Eq. ~3!, we believe it to be a good indication of the existen
of the scaling regime of Eq.~3!. It should be noted, however
that our estimate is larger by about 10% than that given
Ref. 15, presumably for the same reason as discussed be

We also carried out additional simulations allowing bo
dimer mobility and trimer mobility but without allowing de
tachment, and obtained results basically similar to those
sented in the upper plot of Fig. 3, suggesting that inclusion
the dimer mobility alone is sufficient to investigate the infl
ence of small-cluster mobility~see Fig. 4!.

FIG. 3. The island density versus deposition flux on a log-
plot for various values of the substrate temperature. The upper
is the simulation data for model~ii ! and the lower plot for~iii !.

FIG. 4. Estimates of the scaling powerx for various values of
the substrate temperature, for three different models of simulat
n
re.

e-
f

In the lower plot of Fig. 3, since each dimer may b
dissociated into two monomers, the island density is given
N5(s>3Ns . ~Note that dimers are not considered to
stable islands in this case; however, we find that inclusion
dimers in the calculation ofN does not affect the result ap
preciably.! At low temperature, i.e., atT5180 K, the slope
was estimated to be close to13 . This implies that monomer
diffusion dominates dimer diffusion and adatom detachme
as we expect at low temperature. As the substrate temp
ture increases, such as forT5240 K and T5280 K, the
estimates of the slope increase. ForT>280 K, the estimate
of x is continuously increasing beyond 0.4, unlike the ca
for ~ii !, though the rate of increase becomes smaller,
shown in Fig. 4. This observation is apparently differe
from the analytical prediction of Eq.~3!, suggesting that the
scaling regime of Eq.~3! does not exist for model~iii !. Since
we allowed adatom detachment from the island edges,
Monte Carlo model is distinct from the analytical mod
from which the rate equation is derived, particularly at hi
temperature. In the rate equation analysis, once the nu
ation or aggregation event occurs, adatoms are assume
to be detached from the islands. Thus, we believe that a m
elaborate theory is necessary to explain the present M
Carlo data.

Figure 5 shows the monomer and dimer densities au
50.15 ML plotted against the deposition flux; the upper p
is the monomer density and the lower plot the dimer dens
The scaling exponentsgm , defined by Nm;Fgm for m
51,2, are calculated for various values of the substrate t

lot

n.

FIG. 5. The monomer density~top! and dimer density~bottom!
plotted on a log-log scale for various values of the substrate t
perature, obtained for model~iii !.
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7550 PRB 62SANG BUB LEE AND BIKASH C. GUPTA
perature and the results were plotted in Fig. 6.@Note that the
dimer density was calculated only for model~iii ! for which
the detachment of adatoms is operative.# For the models
without adatom detachment, the estimates ofg1 for T,280
K are slightly larger than the rate equation prediction in E
~11!, and, forT>280 K, the results are nearly constant a
close to 3

5 . This observation is consistent with the earli
observation forx that the scaling relation derived by ra
equation analysis is valid forT>280 K. On the other hand
for the model with adatom detachment, the estimate ofg1
decreases, though rather slowly, below3

5 , implying that the
agreement with Eq.~11! is poor. This is also consistent wit
the observation forx that the intermediate scaling regio
may not exist for this model. It might be interesting to po
out that the estimates ofx cross the convergence value
2
5 in the intermediate scaling region of Eq.~3! at a tempera-
ture of about 280 K, and, for this temperature, the estima
of bothg1 andg2 are also similar to those predicted by Eq
~11! and ~12!, i.e., g15 3

5 and g25 4
5 , respectively. We be-

lieve that this consistency justifies our simulation data.

C. Scaling of the island size distribution

The dynamic scaling function defined in Eq.~2! is calcu-
lated for various models, with and without edge diffusio
small-cluster mobility, and adatom detachment, for selec
values of the substrate temperature. In order to observe
influence of adatom diffusion along island edges, we plo
Fig. 7 the scaling function obtained~a! without edge diffu-
sion and~b! with it, for T5240 K,T5280 K, andT5336 K
and forF50.01 ML/s. Detachment of adatoms from islan
edges and small-cluster mobility are not allowed for this p
pose. At low temperature, since adatoms diffuse relativ
short distances before nucleation takes place, the densi
islands becomes large but the mean size of islands is sm
The distribution of island size is expected to be self-sim
in time, implying the dynamic scaling relation in Eq.~2! to
hold. As the temperature increases, the island density
comes smaller whereas the mean island size increases
deed, scaling holds as we can see from Fig. 7~a!; however,
interestingly, the scaling functions for various temperatu

FIG. 6. Estimates of the scaling powers for the monomer
dimer densities, plotted against the substrate temperature. The
bols denote the data for the same simulation models as in Fig.
.
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are not appreciably different from each other within t
range of temperature selected. It should be noted that
quality of data collapse forT5240 K is worse than in the
other two cases. This is because dynamic scaling does
hold for small values of the diffusion-to-deposition rat
D/F, as is widely known. ForT5240 K, the value ofD/F is
about 43106, which is indeed small to expect the scalin
relation to hold. ForT5280 K and 336 K, on the other hand
the values ofD/F are, respectively, 6.43107 and 109, and
the data show reasonably good collapse over the rang
Du50.1 ML or even larger, depending on the cases, thou
we show the plots only for two typical values ofu in the
middle of the aggregation regime. Similar concerns may
valid for all data in the subsequent discussion.

Edge diffusion, on the other hand, results in drama
changes in the scaling function. It seems clear that edge
fusion not only yields a geometrical phase transition fro
fractal to compact islands, but also alters the scaling fu
tion. In Fig. 7~b! the symbols are the simulation data and t
solid lines are the analytical results11 for the scaling function
for, from bottom to top,i 51, i 52, andi 53. For low tem-
perature, i.e., forT5240 K, the scaling function is rathe
similar to that of the analytical prediction fori 51; however,
as the temperature increases, the peak of the scaling fun
increases, indicating that the scaling function depends on

d
m-
.

FIG. 7. The scaling function given in Eq.~2!, obtained from
simulations~a! without edge diffusion and~b! with edge diffusion,
for selected values of the substrate temperature. Small-cluster
bility and detachment are not allowed in either case. The solid li
in ~b! are the analytical predictions for the critical island size f
~from bottom to top! i 51, i 52, andi 53.
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temperature, unlike in the cases without the edge diffus
The scaling function forT5280 K is similar to the analytica
prediction for i 52, while that forT5336 K increases fur-
ther, although it is smaller than that fori 53. This is rather
surprising since the scaling function for compact islands
known to be similar to that for fractal islands.

We surmise that such variation of the scaling function
caused by small-cluster mobility due to edge diffusion. Co
secutive slipping of adatoms along the island edges yie
mobile small clusters such as dimers and trimers. Since
hopping rate of edge diffusion is given byDe
5De2DEe /kBT (DEe5Ee2Ed1), it increases as the temper
ture increases more rapidly than the rate of surface diffus
and, accordingly, the mobility of small clusters by edge d
fusion also increases. At low temperature, such small-clu
mobility is unimportant, yielding a scaling function simila
to that for i 51, as we expect; however, as the temperat
increases, edge diffusion appears to cause mobility of sm
clusters sufficiently large as to alter the scaling functio
The scaling region appears to be rather narrow, implying
the island morphology is self-similar only for a short perio

Plotted in Fig. 8 are the scaling functions obtained
allowing dimer mobility ~but without adatom detachment!,
for T5240 K, T5300 K, andT5360 K. ~Note that we
plotted the data for a larger range of coverage compared
Fig. 7, to specify the domain of validity of self-similarity o
the island morphology.! At relatively low temperature,T
5240 K, since the dimers diffuse slowly, monomer diffusi
dominates the dimer mobility and, therefore, the scal
function is similar to that fori 51; however, the scaling
function is enhanced slightly by dimer mobility, compar
with the corresponding data in Fig. 7~b!. Thus it appears tha
the dimer mobility caused by consecutive edge diffusion
already sufficient to influence the scaling function. As t
temperature increases, the rate of dimer hopping increa
For T5300 K, the scaling function is found to be rath
close to~though slightly larger near the peak than! that for
i 52 as shown in the figure, again implying that the mobil
of dimers influences the scaling function. It is interesting t
the scaling function is similar to~or even larger than! that for
i 52, despite that the dissociation of dimers is disallow

FIG. 8. The scaling function given in Eq.~2!, obtained from
simulations for case~ii !, for selected values of the substrate te
perature.
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This is similar to the observation by Lee, Amar, an
Family22 from simulations of epitaxial growth of thin films
with incompatible materials. In their work, the scaling fun
tion was found to vary as the rates of hopping-up a
hopping-down processes increase. Such consecu
hopping-up and hopping-down processes are known to y
mobile dimers and trimers, and such small-cluster mobi
was found to alter the scaling functions. It is interesting
see whether or not the scaling function varies like that foi
53 if the substrate temperature increases further. Howe
our data forT5336 K show that this is not the case, a
shown in Fig. 8. The scaling function is not appreciably d
ferent from that forT5300 K and appears to converge to
certain limiting value.

Figure 9 shows the data when both dimer mobility a
adatom detachment are allowed, for three different value
the substrate temperature. Since each dimer can be dis
ated to two monomers, the present model is similar to t
for i 52. ~Note, however, that, since each trimer may
dissociated to a monomer and a dimer, our model is
rigorously the same as that fori 52.! Indeed, the scaling
function is close to the analytical prediction fori 52. Data
for various values of the temperature appear to collapse o
a single curve, suggesting that the scaling function is
sensitive to the substrate temperature, unlike the case wit
adatom detachment. Thus, both dimer mobility and ada
detachment affect the scaling function significantly ove
wide range of temperature.

V. SUMMARY AND CONCLUSIONS

We have calculated monomer and island densities ve
coverage and deposition flux for epitaxial growth of th
films with and without small-cluster mobility and detac
ment of adatoms, for various values of the substrate temp
ture. We found that the scaling power characterizing the
land density versus the deposition flux increases as
substrate temperature increases. At low temperature,
scaling exponentx was found to be close to13 for all models,
which agrees withx5 i /( i 12) for i 51, suggesting that

FIG. 9. The scaling function in Eq.~2!, obtained from simula-
tions for model~iii !, for selected values of the substrate temperat
and foru50.1 and 0.12. Note that, since dimers can be dissocia
into two monomers, the present model is similar to that fori 52.
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monomer diffusion dominates small-cluster mobility a
adatom detachment. As the temperature increases, the e
nent increases. We found, at sufficiently high temperatu
that the exponent obtained allowing dimer mobility but d
allowing detachment of adatoms yielded a scaling regime
which mobility of small clusters has a non-negligible effe
before the onset ofi 52 behavior. On the other hand, o
allowing adatom detachment, we found that the expon
appears to increase continuously beyondx5 2

5 . Thus, it
seems clear that, in analyzing the experimental data,
should consider the scaling relation in Eq.~3! only when the
dissociation barrier of adatoms is relatively large compa
with the activation energy of small-cluster diffusion.

We also found that small-cluster mobility and adatom d
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nt
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tachment influence the dynamic scaling functions. Assum
that dimers and trimers diffuse and adatoms may be detac
from the island edges, we found that the scaling function
similar to the analytical prediction fori 52, independent of
the temperature. We also found that dimer mobility alo
~without detachment! alters the scaling function fromi 51
behavior toi 52 behavior as the substrate temperature
creases.
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