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A theoretical model for reaction limited aggregation~RLA! is introduced to study the effect of a monolayer
of surfactant on the formation of two-dimensional islands in heteroepitaxial and homoepitaxial growth. In this
model the basic atomic processes are considered as follows. A stable island consists of the adatoms that have
exchanged positions with the surfactant atoms beneath them. Movable active adatoms may~a! diffuse on the
surfactant terrace,~b! exchange positions with the surfactant atoms beneath them and become island seeds
~seed exchange!, or ~c! stick to stable islands and become stuck but still active adatoms. The rate-limiting step
for the formation of a stable island is the seed exchange. Furthermore, a stuck but still active adatom must
overcome a sizable potential-energy barrier to exchange positions with the surfactant atom beneath it and
become a member of the stable island~aided exchange!. The seed exchange process can occur with an adatom
or collectively with an addimer. In the case of dimer exchange, the diffusing adatoms on the surfactant terrace
can meet and~after exchanging! form stable dimers, which can then become island seeds. Systematic kinetic
Monte Carlo simulations and rate-equation analysis of the model are carried out. The key finding of these
simulations is that a counterintuitive fractal-to-compact island shape transition can be induced either byin-
creasingdeposition flux or bydecreasinggrowth temperature. This major qualitative conclusion is valid for
both the monomer and the dimer seed exchanges and for two different substrate lattices~square and triangular,
respectively!, although there are some quantitative differences in the flux and temperature dependence of the
island density. The shape transition observed is contrary to the prediction of the classic diffusion-limited
aggregation~DLA ! theory, but in excellent qualitative agreement with recent experiments. In rationalizing the
main finding, it is crucial to realize that the adatoms stuck to a stable island edge are still active and are
surrounded by the surfactant atoms. Therefore, these stuck atoms cannot capture incoming adatoms before they
join the island through aided exchange. As a result, an incoming adatom must on average hit the island many
times before it finally finds a free edge site to stick to. This search is effectively equivalent to edge diffusion
in DLA theory. The stuck adatoms thus act as shields which prevent other mobile adatoms from sticking to the
stable islands. This shielding effect, determined by the aided exchange barrier and the density of the mobile
adatoms, plays an essential role in inducing the above shape transition in surfactant-mediated epitaxial growth.
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I. INTRODUCTION

In heteroepitaxial growth the presence of strain of
leads to three-dimensional~3D! growth, resulting in the for-
mation of rough films. An important development in tryin
to overcome this fundamental obstacle was reported in 1
when Copelet al.1 demonstrated that the use of a monolay
of As can induce layer-by-layer growth of Ge on Si at mu
higher Ge coverage. This remarkable behavior was terme
the surfactant effect. Since then, many surfactants have
successfully used to modify the growth modes during
moepitaxial and heteroepitaxial growth in both metal2–4 and
semiconductor5–7 systems, and a large number of experime
tal and theoretical studies have been devoted to underst
ing the fundamental mechanisms involved in surfact
PRB 610163-1829/2000/61~19!/13212~11!/$15.00
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action.8 However, most of these studies, eith
experimental2–7,9 or theoretical,10–16 have concentrated on
how the surfactant changes the growth mode from 3D
layer-by-layer~LBL ! or Frank–van der Merwe growth. Little
effort has been made to understand the pattern formatio
the two-dimensional~2D! islands formed in the early stage
of surfactant mediated growth, although it is believed th
the morphology and the distribution of the 2D islands form
at submonolayer coverage have a significant influence on
growth mode in the multilayer regime.

The scanning tunneling microscopy~STM! is a powerful
method to characterize such islands at the atomic scale.
ing this technique, it has been established that islands
come more fractal-like when the growth temperature is
creased at a given deposition flux, or when the deposi
13 212 ©2000 The American Physical Society
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PRB 61 13 213REACTION LIMITED AGGREGATION IN SURFACTANT- . . .
flux is increased at a given growth temperature.17–22This can
be explained by the classic ‘‘hit-stick-relax’’ scenario of th
diffusion-limited aggregation~DLA ! theory.23 During real
growth, the deposited adatoms are randomly and cont
ously deposited on the surface, and an adatom reachin
island will attempt to relax locally in order to find an ene
getically more favorable configuration. If the adatoms ha
sufficient time to relax locally along the island edges, a co
pact island will be obtained, otherwise a fractal island will
formed. The transition from a fractal to a compact isla
therefore occurs when the degree of local relaxation
creases~either through an increase in the growth temperat
or through a decrease in the deposition flux!.24–26

These earlier studies on the 2D pattern formation, ho
ever, have focused on the epitaxial growth of systems w
out a surfactant. The presence of a surfactant obviou
modifies the microscopic growth processes involved.
semiconductor systems, a full monolayer of surfactant is
ten used. For example, group V or VI elements have b
used as surfactant in Si/Si~111! or Ge/Si~111! growth.6 The
use of a monolayer of surfactant passivates the substrate
enhances the adatom diffusion on the surfactant layer.
cause of the weak bonding between the deposited ada
and the surfactant layer, the exchange of an adatom wi
surfactant atom is exothermic and will therefore easily ta
place.27–30 These changes will affect the 2D island patte
formation at submonolayer coverage in surfactant-media
epitaxial growth. The 2D island pattern formation
surfactant-mediated epitaxial growth has only been stud
experimentally very recently. In particular, the effect of a
monolayer as the surfactant in Ge growth on a Si~111! sub-
strate has been studied systematically by Hwanget al.31,32

and Changet al.33 They discovered a nucleation and grow
behavior, which is in clear contradiction with traditional o
servations and expectations: they observed that large fra
islands were formed at low flux or high temperature, wh
small compact islands were formed at high flux or low te
perature. Michelyet al.34 also observed a compact-to-fract
transition of Pt islands on Pt~111! when decreasing the depo
sition flux, this transition being possibly caused by the pr
ence of the CO impurities.35,36 In other experiments of Sb
induced growth ofC60 films on NaCl~100!,37 a compact-
fractal-compact transition was observed by increasing
temperature. The mechanism of such transitions is not
clear.

In a recent paper,38 we proposed a simple model to e
plain this transition which includes only three basic ene
barriers: one against the diffusion of mobile adatoms on
surfactant terrace, one against the place exchange of m
adatoms with their underneath surfactant atoms~seeding!,
and one against the aided place exchange of stuck ada
with their underneath surfactant atoms. In the frame of t
simple model, our kinetic Monte Carlo~KMC! simulations
on a square lattice showed that fractal islands are forme
low deposition flux or high temperature and a transition
compact islands takes place when increasing the flux or
creasing the temperature. This is completely contrary to
prediction of classic DLA theory,23–25 but is in excellent
qualitative agreement with the experimental observation
Refs. 31 and 33. We also predicted that the temperature
pendence of the island density exhibits a minimum at
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temperature where the island shape transition takes pl
We showed that the flux dependence of the island den
can be separated into three different regimes: a weakly
pendent regime, a scaling regime, and a saturated reg
We further rationalized the main finding through the realiz
tion that the island shape transition and the island den
evolution are controlled by the shielding effect of the stu
adatoms on mobile adatoms. This effect prevents other
coming adatoms from joining the stable islands through
same sites. Because the creation of a seed for nucleation
stable island and the subsequent growth are both exch
~or equivalently, reaction! limited, the formation of the stable
islands are in the reaction limited aggregation~RLA! regime.

In this paper we systematically extend our previous stu
to a triangular lattice in order to to compare our results
rectly with those of the experiments.31–33 We also note that
the present investigation of the effect of a different substr
geometry is interesting scientifically in its own right. W
also take into account the binding energy between the a
toms in the islands formed on the surfactant layer. This bi
ing energy only hinders the diffusion process on the surf
tant layer. The fractal-to-compact shape transitions are
observed when the deposition flux increases or when
growth temperature decreases. We furthermore obtain
characteristic dependence of the island density as a func
of temperature~T! and the deposition flux (F). The same
results are obtained qualitatively when we vary the ba
potential-energy parameters of the model. We further st
the case when dimers are stable on the surfactant terrace
to the existence of a binding energy, and when only th
dimers can exchange with the surfactant atoms to bec
island seeds. Our KMC simulations on the square latt
show that the same fractal-to-compact island shape trans
takes place, even if the temperature and flux dependenc
the island density differ from the case of the monomer s
exchange. We also carry out a rate-equation analysis of
model in both the fractal and the compact island limits
the case where the island seeds only consist of monomer
the fractal island limit, we derive a zero flux exponent,
constant coverage exponent, and an ascending temper
dependence. In the compact island limit, no analytical so
tion can be derived, and the rate equations are solved
merically. Besides other results consistent with the KM
simulations, we obtain a maximum at low temperature in
temperature dependence of island density.

The outline of this paper is as follows. We describe
Sec. II the basic assumptions of the reaction~exchange! lim-
ited aggregation model. In Sec. III we show the KMC resu
concerning the island evolution with the temperature and
deposition flux. The rate-equation analysis is then presen
in Sec. IV. The results obtained are discussed and comp
with experimental ones in Sec. V. Finally, a summary
given in Sec. VI.

II. THE REACTION „EXCHANGE … LIMITED
AGGREGATION MODEL

As in Ref. 38, we start with an ideally flat substrateA and
a complete monolayer of surfactant atomsSon the substrate
AdatomsB are randomly deposited on the surfactant terra
The caseAÞB corresponds to heteroepitaxial growth, whi
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13 214 PRB 61JING WU, BANG-GUI LIU, ZHENYU ZHANG, AND E. G. WANG
that atA5B corresponds to homoepitaxial growth. We d
fine three kinds ofB atoms: the mobile active adatoms, th
stuck active adatoms, and the dead adatoms. The activ
oms are those remaining on the surfactant terrace, while
dead atoms are those that have exchanged positions
their underneath surfactant atoms. A stable island consis
dead atoms. Movable active adatoms may~a! diffuse on the
surfactant terrace,~b! exchange positions with the surfacta
atoms beneath them by overcoming a large energy ba
and become island seeds~seed exchange!, or ~c! stick to
stable islands. A stuck adatom is still active. It must ov
come another sizable barrier to exchange positions with
surfactant atom beneath it and become a member of th
land ~aided exchange!. We make use of the nameaided ex-
changebecause this exchange is assisted by the dead a
of the island to which the stuck adatoms are sticking. W
denote the diffusion barrier, the seed exchange barrier,
the aided exchange barrier byVd , Vse, andVae(,Vse), re-
spectively.

In Ref. 38, we limited the seed exchange to active mo
mers and our KMC simulations to growth on substrates w
square geometry. In this paper we first extend our KM
simulations to growth on substrates with triangular geo
etry. We then extend to the case where addimers are the
entities via collective place exchange with two surfactant
oms. The scientific motivation for considering addimer e
change is twofold. First, in many semiconductor system
dimer is an elemental building block and can migra
collectively.39 The other motivation is to check how the co
sideration of dimer exchange will change the scaling ex
nents in the temperature and flux dependence of the is
density, as suggested in the experimental studies.31–33

A. The monomer seed exchange

We start with an ideally flat triangular lattice of materialA
covered with a complete layer of surfactantS. Atoms of ma-
terial B are deposited onto the surfactant layer at a giv
deposition rate. A mobile adatom may~1! diffuse on the
surfactant terrace@Fig. 1~a!#, ~2! hit and stick to an island o
dead atoms, or~3! die directly by exchanging positions wit
the surfactant atom beneath it and form an island seed@Fig.

FIG. 1. Demonstration of the three elementary processes in
case of the monomer seed exchange:~a! diffusion of a free adatom
on the surfactant terrace;~b! exchange of an adatom with the su
factant atom beneath it;~c! exchange of a stuck adatom with th
surfactant atom beneath it, aided by the nearest dead atoms.
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1~b!#. An adatom stuck to a stable island of dead atoms
mains active for quite a long time, but it finally exchang
positions with the surfactant atom beneath it with a larg
rate than the seed exchange rate@Fig. 1~c!#. An energy bar-
rier Vd must be overcome for an adatom to hop successf
from one site of the lattice to a neighboring site. A lar
energy barrierVse must be overcome for the exchange of
isolated adatom with the surfactant atom beneath it. D
nearest-neighbor atoms help the place exchange of the s
adatoms and the surfactant atoms, and the energy ba
against this exchange process isVae . The stuck adatoms ac
as shields and prevent other mobile adatoms from stickin
the dead atoms at the same sites. Islands formed on the
factant terrace can still dissociate. According to the definit
of classical nucleation theory, there are two critical isla
sizes:i * 5` andi * 50 for the upper layer of active adatom
and the lower layer of dead atoms, respectively. Over all,
model is consistent with the fact that the binding ener
betweenA and B is typically much larger than the bindin
energy betweenA andSor B andS. The effect of the binding
energyVb between the adatoms is also investigated.

The elementary rates of the three processes: diffus
seed exchange, and aided exchange, are defined byRd

5n exp(2Vd /kT), Rse5n exp(2Vse/kT), and Rae

5n exp(2Vae/kT), respectively. The constantn is the at-
tempt frequency, and we neglect the possibility of havi
different attempt frequencies for the different processes.
hopping rate of a mobile adatom from a sitei to its neigh-
boring site already occupied by another adatom is zero.
bonding of an adatom at sitei with adatoms in its neares
neighboring sites hinders its hopping. The hopping rate
therefore reduced toRd exp(2nbVb /kT) if the adatom hasnb
active adatoms as its nearest neighbors.

The four barriers satisfy the inequality chainVb!Vd
,Vae,Vse. Vb has to satisfy the condition that even for
mobile adatom with the maximum number of neighbo
~three on a square lattice and five on a triangular lattice!, the
barrier for an adatom to detach from an island on the sur
tant layer is still much lower than the exchange barriers.Vd
is the smallest among the remaining three barriers beca
adatom diffusion is often significantly enhanced due to
passivation of the substrate by the surfactant layer.Vse is the
largest, making the formation of a nucleation center the ra
limiting process. A consequence of the second inequa
(Vd,Vae) is the existence of an effective repulsive wall su
rounding the seed atom or an island of dead atoms.
existence of such a repulsive potential to the incoming a
toms due to the presence of the surfactant atoms surroun
an island has been proposed previously, and its effect on
island density has been explored very recently.12,13 Here for
simplicity, the in-plane mobility of theB atoms underneath
the surfactant layer is considered to be negligible. We a
ignore the reversal exchange process in which aB-type atom
resurfaces to the top of the surfactant layer, which means
we consider the case where aB atom strongly favors the
underneath site. When aB atom hops to a site which hasnd
deadB-type nearest neighbors, it remains stuck there unt
exchanges down with the ratendRae . This rate is used to
emphasize the effect ofB-type neighbors on the exchang
process without introducing additional parameters.
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B. The dimer seed exchange

Recent studies of submonolayer growth on se
conductor40 and metal surfaces41,42 have suggested that, a
low temperatures, the adatom density on the surface is
high that the stable nucleus is no longer an isolated atom
rather a dimer. It has also been reported that these dimers
exchange positions with the surfactant atoms underneath
become a nucleation center in the surfactant-media
growth.43 Because the weak bonds betweenA and S atoms
and betweenB andS ones are replaced by the strong bon
betweenA andB without breaking the strongB-B bonds, the
collective exchange of theB-type dimers is energetically fa
vorable. To examine the effect of such collective motion,
carry out KMC simulations with dimers as stable nucl
When two adatoms meet on the surfactant terrace, they f
a dimer without needing to overcome any barrier@Fig. 2~a!#.
The dimer formed is stable, since the energy barrier aga
dissociation is high. Once this dimer exchanges with surf
tant atoms, it dies and becomes an island seed@Fig. 2~b!#.
Subsequently arriving single adatoms stick to the seed,
finally exchange with the surfactant atoms beneath them,
coming a part of the stable island@Fig. 2~c!#. The relative
ordering between the diffusion barrierVd , the seed exchang
barrierVse, and the aided exchange barrierVae is the same
as in the case of monomer exchange. The only differenc
that theB-B binding energy within a dimer is considered
be much higher than the binding energy between adatom
an island formed on the surfactant terrace.

III. KMC SIMULATIONS

A. The case of the monomer seed exchange

KMC simulations are carried out on a 2003200 triangu-
lar lattice. The simulation parameters are as follows. A sm
diffusion barrierVd50.59 eV is chosen, reflecting that ad
toms quickly diffuse on the surfactant terrace. The barrier
the seed exchange and the aided exchange processes a
equal toVse50.90 eV andVae50.82 eV, respectively. An-
other set of barriers (Vd ,Vse,Vae)5(0.53,0.88,0.79 eV! is

FIG. 2. Demonstration of the microscopic processes in the c
of the dimer seed exchange.~a! Encounter of two active free ada
toms on the surfactant terrace and formation of a dimer with
overcoming any additional energy barrier.~b! Exchange of a dimer
with the two surfactant atoms beneath it.~c! Exchange of a stuck
single adatom with the surfactant atom beneath it, aided by
nearest dead dimer or island.
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also used for comparison. We vary the growth temperat
from 285 to 425 K, and the deposition flux from 0.0001
0.04 ML/s. No binding energy between the B adatoms
considered in this first part. The temperature dependenc
the island shape obtained withF50.005 ML/s andu50.1
ML is shown in Fig. 3. It can be seen on Fig. 3~a!, which
represents the island pattern at 425 K, that the islands
typically fractal-like. When the temperature is decreased
320 K, and then to 310 K, the islands become more comp
as shown on Figs. 3~b! and 3~c!, respectively. Figure 3~d! is
obtained at 285 K, and the islands are completely comp
This evolution is in good agreement with the results of t
experiments of Refs. 31–33. A transition temperature
tween fractal and compact islands can be defined, an
situated in this case between 310 and 320 K. Figure 4 sh
an interesting nonmonotonic dependence of the island d
sity with the temperature. It can be seen that the minimum
the curve is located around the temperature for which
compact-to-fractal transition in island morphology has be
observed. The descending part of the curve correspond
compact islands, while the ascending part correspond
fractal-like islands.

We know in our case, the rate-limiting process for t
nucleation of a stable island is the diving of an adatom i
the sublayer; therefore, our system is always in the excha

se

t

e

FIG. 3. Island shapes obtained on a triangular lattice in
monomer seed exchange case for a deposition flux equal to 0
ML/s, a 0.1 ML coverage, and with zero binding energy in t
islands on the surfactant terrace, at different temperatures:~a! 425
K, ~b! 320 K, ~c! 310 K, and~d! 285 K.

FIG. 4. Temperature dependence of the island density on a
angular lattice in the monomer seed exchange case at 0.005 M
deposition flux, 0.1 ML coverage, and with a zero binding ener
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prominent region. When the temperature is low, a stable s
atom in the surfactant layer may not necessarily grow int
stable island because of the effective shielding of the inco
ing adatoms but those seeds which mange to grow into
lands will grow even faster as their sizes increase. The
crease in island density with temperature is caused by
increased mobility of the adatoms in searching for such
lands. On the other hand, after the transition temperature
shielding effects are very weak, and every seed atom is lik
to grow into a stable island. The island density increase w
temperature reflects the enhanced rate in creating such s

The flux dependence of the island shape obtained at
K and for a coverageu50.1 ML is shown in Fig. 5. Figures
5~a!–5~d! represent the islands obtained with the flux eq
to 0.0001, 0.0005, 0.0025, and 0.04 ML/s, respectively. T
island shape transition from large fractal islands to sm
compact islands when the deposition flux increases can
clearly seen. This is again in good agreement with the res
of the experiments of Refs. 31–33. Figure 6 shows the
dependence of the stable island density,Ns , obtained atT
5300 K andu50.1 ML. It can be seen that the island de
sity increases rapidly at small deposition flux, and becom
nearly saturated at large flux. To quantify the dependen
we plot in the insert the evolution of the density as a funct
of the logarithm of the flux. This curve can be divided in

FIG. 5. Island shapes obtained on a triangular lattice in
monomer seed exchange case at 300 K, 0.1 ML coverage, and
a zero binding energy, for different deposition flux:~a! 0.0001
ML/s, ~b! 0.0005 ML/s,~c! 0.0025 ML/s, and~d! 0.04 ML/s.

FIG. 6. Deposition flux dependence of the island density o
triangular lattice in the monomer seed exchange case at 300 K
a 0.1 ML coverage, with a zero binding energy in the islands on
surfactant terrace.
ed
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three regimes: the low-flux fractal regime, where the dep
dence is very weak; the intermediate-flux regime, wher
scaling law,Ns;Fb with b50.22, can be defined; and th
high-flux compact regime, where the island density has s
rated.

We next add a binding energy between the B adatoms
have only one active nearest-neighbor adatom, and set
binding energy (Vb) to 0.04 eV. We then carry out KMC
simulations as previously. Figures 7 and 8 show the n
temperature dependence of the island shape and of the is
density obtained withF50.005 ML/s andu50.1 ML. They
are very similar to those obtained without the binding e
ergy. The island shape transition from large fractal islands
small compact islands when the temperature decreases
be clearly seen. The difference is that the minimum of
island density as a function of the temperature is located
approximately 320 K. There is no detectable shift in t
minimum temperature. Figures 9 and 10 show the new fl
dependence of the island shape and of the island densi
300 K and for a 0.1 ML coverage. Again, these results
very similar to the previous ones: we can clearly see
island shape transition from large fractal islands to sm
compact islands when the deposition flux increases, and
island density exhibits the same three regimes as a func
of the logarithm of the deposition flux. The scaling expone

e
ith

a
nd
e

FIG. 7. Island shapes obtained on a triangular lattice in
monomer seed exchange case at 0.005 ML/s deposition flux an
ML coverage for different temperatures:~a! 425 K, ~b! 320 K, ~c!
310 K, and~d! 285 K. The binding energyVb is set to 0.04 eV.

FIG. 8. Temperature dependence of the island density on a
angular lattice in the monomer seed exchange case at 0.005 M
deposition flux and 0.1 ML coverage. The binding energyVb is set
to 0.04 eV.
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in the intermediate-flux regime is in this case equal to 0.40
is larger than the previous scaling exponent 0.22 in the c
of the zero binding energy. The binding energy hinders
mobility of the adatoms on the surfactant terrace. As a res
more seed exchanges take place and more new islands
on the surfactant terrace, leading to higher island density

B. The case of the dimer seed exchange

In this case, the KMC simulations are carried out on
square lattice. We are interested here in the quantita
changes in the temperature and flux dependence of the is
density. As in the previous paper38 and in Sec. III A, the
diffusion, seed exchange, and aided exchange barriers ar
to (Vd ,Vse,Vae)5(0.59,0.90,0.82 eV!, respectively. We
vary the growth temperature from 285 to 425 K, and t
deposition flux from 0.0001 to 0.04 ML/s. TheB-B binding
energy in a dimer is set equal to 0.13 eV, and the detachm
energy of an adatom bonded to an island through one ada
is 0.02 eV.

Figure 11 shows the simulated island patterns and t
flux evolution as a function of the deposition flux at 300
and for a coverage of 0.1 ML. As in the monomer se
exchange case, a transition from large fractal islands to s
compact islands is observed when the deposition flux

FIG. 9. Island shapes obtained on a triangular lattice in
monomer seed exchange case at 300 K and 0.1 ML coverag
different deposition flux:~a! 0.0001 ML/s, ~b! 0.0005 ML/s, ~c!
0.002 ML/s, and~d! 0.04 ML/s. The binding energy in the island
on the surfactant layer is set to 0.04 eV.

FIG. 10. Deposition flux dependence of the island density o
triangular lattice in the monomer seed exchange case at 300 K
0.1 ML coverage of 0.1 ML. The binding energyVb in the islands
on the surfactant layer is set as 0.04 eV.
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creases. We have plotted in Fig. 12 the flux dependenc
the island density at 300 K and for a 0.1 ML coverage. Ag
the curve as a function of the logarithm of the flux can
divided into three regimes, and the scaling exponent in
intermediate-flux regime is in this case equal to 0.48. T
exponent is larger than the one we obtained in the mono
seed exchange case (b50.40),38 but still much smaller than
the exponent 1.76 found in experiments.31

Figure 13 shows the simulated island patterns and t
temperature evolution for a 0.005 ML/s deposition flux a
0.1 ML coverage. As previously, the islands formed chan
from fractal-like to compact when the temperature decrea
We represented on Fig. 14 the temperature dependence o
island density. It can be seen that the island density decre
monotonically when the temperature increases, and that t
is no minimum at the compact-to-fractal transition tempe
ture ~315 K!. Here the temperature dependence of the isla
density can be interpreted qualitatively as follows: at hi
temperatures, the kinetic energy of the thermal motion
large enough to break theB-B bonds within the dimers
formed on the surfactant terrace, so that there are less a
dimers on the surfactant terrace. The probability of format
of an island seed is therefore small. On the other hand, at
temperatures, the dimers are more stable, so that more a
dimers exist on the surfactant terrace, and the probability
forming a nucleation seed is therefore larger.

FIG. 12. Deposition flux dependence of the island density o
2003200 square lattice in the dimer seed exchange case at 30
and 0.1 ML coverage.

e
for

a
nd

FIG. 11. Island shapes obtained on a 2003200 square lattice in
the dimer seed exchange case at 300 K and 0.1 ML coverage
different deposition flux:~a! 0.0001 ML/s, ~b! 0.0005 ML/s, ~c!
0.0015 ML/s, and~d! 0.02 ML/s.
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IV. RATE-EQUATION ANALYSIS

As shown above, KMC simulation can directly produ
island shape and density. But, a large variation of mo
parameters is not possible because of limited comp
power. Rate-equation analysis is a powerful tool in this
pect. We shall do a rate-equation analysis of the above m
in the case of the monomer seed exchange. In this appr
we introduce the island perimeterLd and calculate the are
of an island asSd5pLd

q , wherep is a constant andq is the
dimensionality of the island.24,25 For compact islands,q is
equal to 2, while for fractal islandsq is the fractal dimension
and is therefore between 1 and 2. In the low-coverage lim
we consider the following rate equations:

d

dt
na5Fu~ t02t !2adna2cabna~NsLd2gnb!, ~1!

d

dt
nb52aenb1cabna~NsLd2gnb!, ~2!

d

dt
Ns5adna , ~3!

wherena is the density of the mobile active atoms,nb is the
density of the stuck active atoms,ab , ad , andae are coef-

FIG. 13. Island shapes obtained on a 2003200 square lattice in
the dimer seed exchange case at 0.005 ML/s deposition flux an
ML coverage for different temperatures:~a! 425 K, ~b! 320 K, ~c!
310 K, and~d! 285 K.

FIG. 14. Temperature dependence of the island density o
2003200 square lattice in the dimer seed exchange case at 0
ML/s deposition flux and 0.1 ML coverage.
l
er
-
el
ch

t,

ficients which in first approximation can be chosen as
ratesRd , Rse, andRae , respectively,c is the capture con-
stant, andg the geometry factor. We have introduced the s
function u(t02t), wheret0 is the time at which the deposi
tion is ended, to take into account the fact that the ST
imaging is typically done a few hours after the end of t
deposition.31,33 The parametersp, q, c, andg are dependen
on the lattice geometry.

In Eq. ~1!, the term containingF describes the adatom
deposition, the second term reflects the exchange of posit
between a mobile adatom and the surfactant atom benea
and the creation of a seed, and the last term describes
capture of a mobile adatom by a stable island. This atom
then stuck to the island, but is still active so that it cann
capture other mobile adatoms. In Eq.~2!, the ae term de-
scribes the exchange of stuck but still active adatoms w
surfactant atoms.

Let Na be the total density of active atoms:Na5na
1nb . The density of dead atomsNd can be expressed in
term of Na : Nd5Fts2Na , wherets is the smaller oft and
t0. Because the average island sizeSd is defined bySd
5Nd /Ns , the perimeterLd can be expressed as follows:

Ld5S Fts2na2nb

pNs
D 1/q

. ~4!

The mobile adatom densityna , the total active adatom den
sity Na , and the stable island densityNs can be obtained
from Eqs.~1! to ~4!.

At low flux or high temperature, i.e., in the fractal regim
very few adatoms remain active at the end of the deposit
The island shape is then mainly determined by thet,t0
region. After a certain deposition time, the island growth
in the steady growth regime, and a steady-state approxi
tion can be used for Na , as done in previous
studies.12,13,8,15,24,25In those studies, the active adatom de
sity was taken to be a constant after the growth entered
regime of steady growth. But, for the surfactant-media
growth, the constant term, the leading term, is not accu
enough to describe the active adatom density; a further t
is necessary for a more realistic description of it in the c
of the surfactant-mediated growth. Therefore, we choose
use the quasi-steady-state approximation, where the ev
tion of Na is described as follows:

Na5c11c2t2m, ~5!

wherec1 , c2, andm are constants to be determined. Subs
tuting Na into Eqs.~1! to ~4!, we obtainc15F/ae and the
asymptotic behavior of the stable island densityNs :

Ns5c3u (q21)/~2q21)FexpS 2
Vse2Vd

kT D Gq/(2q21)

, ~6!

wherec3 is a constant independent of temperature, covera
or flux. A scaling law of the island density can then be d
rived: Ns;$exp@2(Vse2Vd)/kT#%nTFnFu nu, wherenT5q/(2q
21), nF50, andnu5(q21)/(2q21). The zero flux expo-
nent nF is consistent with the results of our KMC simula
tions. The constantq can only be easily determined from th
island shape in the limit of very low flux or very high tem
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perature, because in this case we are in the ideal fracta
gime. The geometry factorg is irrelevant in this regime.

In the compact and intermediate regimes, both thet,t0
andt.t0 regions must be considered. The growth is neve
a steady growth state, making it impossible to obtain an a
lytical solution of the rate equations. We therefore look
numeric solutions, and replace the derivative of a funct
y(t) by the finite differential as follows:

dy~ t !

dt
5

y~ t1Dt !2y~ t !

Dt
, ~7!

where Dt is the time increment. Since we are consideri
compact islands, we takeq52. p is then equal to 1 for a
square island, and top/4 for a circular island. We choos
p50.8 since our islands are more similar to circles. Th
only two parameters (c and g) need to be determined, an
we obtain them through comparison with the KMC simu
tions. We choosec50.5 andg50.2 to reproduce approxi
mately the saturated island density and the scaling expo
of the island density flux dependence at 300 K and 0.1
coverage.

The upper part of Fig. 15 shows the temperature dep
dence of the compact island density at 0.1 ML coverage
flux equal to 0.005, 0.009, and 0.04 ML/s. For flux equal
0.005 ML/s, the island density exhibits a minimum atTn
5310 K, as well as a maximum atTx5280 K. This latter
temperature was not accessed in the KMC simulation on
square lattice38 although it seems to appear in the KM

FIG. 15. Numeric solutions of the rate equations in the comp
island limit. The upper part shows the temperature dependenc
the island density at 0.1 ML coverage for three flux values: 0.0
ML/s, 0.009 ML/s, and 0.04 ML/s. The lower part shows the fl
dependence of the island density at 300 and 270 K and 0.1
coverage. At 300 K, a scaling law with an exponent 0.41 can
defined in the intermediate flux region. At 270 K, the saturation
the island density in the high flux region is very clear and a sca
law with an exponent 0.63 can be defined.
re-

n
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r
n

n
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nt
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e

simulation on the triangular lattice~Fig. 8!. This maximum
means that the island density decreases with the tempera
decreasing in the very-low-temperature region. This may
explained by the fact that at very low temperature the ra
Rse/Rae decreases exponentially with the temperature
creasing, and that an adatom prefers sticking to an exis
island and then exchanging with a surfactant atom with
rateRae , rather than exchanging directly with the rateRse.
With temperature decreasing, the island density first
creases due to the decreasing seed exchange; then incr
because the increasing shielding effect makes more new
lands appear; and then decreases because the ratioRse/Rae
decreases rapidly. The low-temperature regionT,Tx and
high-temperature regionT.Tn both are dominated by the
seed exchange. The intermediate temperature regionTx,T
,Tn is dominated by the shielding effect. BothTx and Tn
are increasing with flux because the shielding effect
creases with the flux. The difference between the minim
and maximal island densities decreases with flux increas
This may result from the same flux dependence of the
transition temperaturesTx andTn .

The lower part of Fig. 15 shows the flux dependence
the compact island density at 300 and 270 K for a cover
of 0.1 ML. In the high flux region the island density becom
saturated when the flux increases. In the intermediate
region, a scaling law can be defined, and the scaling ex
nent is 0.41 and 0.63 for 300 and 270 K, respectively. T
exponent at 300 K is almost equal to the one obtained in
KMC simulation. In the low flux region the island densit
depends less on the flux, which is consistent with the z
flux exponent obtained in the fractal limit. The coverage d
pendence of the compact island density is divided into th
well-defined scaling regimes, with the scaling exponentsn1 ,
n2, andn3 for the low, intermediate, and high coverage d
mains, respectively. At 300 K and for a flux of 0.005 ML/
n1 is equal to 0.49,n2 to 0.57, andn3 to 0.21. When the flux
increases, then1 andn2 exponents increase, while the hig
coverage exponentn3 decreases.

Summarizing this section, we have carried out ra
equation analysis of the RLA model in both the fractal a
the compact regimes. In the fractal regime, we have obtai
constant scaling exponents independent of the growth par
eters. In the compact regime scaling laws can be define
well, but the scaling exponents depend on the temperat
the flux, the barrier energies, etc. In this regime, the p
deposition time (t.t0) plays an essential role in the growth
and has a big effect on the resultant island density. Thi
completely different from the steady-state growth in the fra
tal regime. For the islands in the intermediate region,q can at
first approximation be set to 2, and the numerical solutio
obtained in the compact island regime can be extended to
intermediate regime.

V. DISCUSSION AND CONCLUSION

The KMC simulations described in our previous lette38

and the extended KMC simulations and rate-equation an
sis presented in this paper show that in various case
surfactant-mediated growth fractal islands are obtained
high temperature or low flux, and that compact islands
formed at low temperature or high flux. These results are
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contradiction with the hit-stick-relax scenario of the clas
DLA theory,23,24 where one expects fractal islands at lo
temperature or high flux and compact islands in the oppo
limits. The difference comes from the fact that the limitin
process in the formation of stable islands is diffusion
DLA, while it is the exchange of adatoms with surfacta
atoms in our RLA model. In DLA theory, the island see
have a kinetic origin and stuck adatoms join the stable
lands at once or within a very short relaxing time after th
hit the islands. In our case, the island seeds result from
exchange of adatoms with surfactant atoms and a stuck
tom can remain active and not as part of a stable island f
very long time after hitting the island. Because this adatom
still active and is surrounded by the surfactant atoms, o
incoming adatoms cannot stick to it. Therefore, the effect
island edges, where adatoms can stick, are reduced. S
adatoms thus act as shields in preventing other incom
adatoms from sticking to stable islands through their si
This shielding effect38 is determined by the ratio of a stuc
adatom lifetime to the time interval between two success
hits of incoming adatoms. At very high temperature the stu
adatom lifetime is very short, and at very low flux, the inte
val between two successive hits becomes very long. In th
two cases, the shielding effect is very weak, so that we
tain ideal fractal islands. On the other hand, at low tempe
ture or high flux, the islands are almost completely s
rounded by stuck but still active adatoms, so that
shielding effect is very strong. The probability for incomin
adatoms to successfully stick to an island becomes v
small. Adatoms have to come and go many times bef
finding a free edge site to stick to. This is effectively equiv
lent to the relaxation after the hit-and-stick scenario in DL
theory, and the islands formed are therefore compact.

It can be seen from our simulations that the shield
effect does not change qualitatively when additional facto
such as binding energy between active adatoms on the
factant terrace, different lattice geometry, or possible sim
taneous exchange of several adatoms~dimer!, are consid-
ered. In both the monomer and dimer seed exchange c
the flux dependence of the island density can be divided
three regions. In the low flux region, the flux dependence
very weak, while in the intermediate region, a scaling la
Ns;Fb, can be defined. On a square lattice,b is equal to
0.40 in the case of the monomer seed exchange38 and to 0.48
in the case of the dimer seed exchange. The scaling expo
therefore increases when the possibility of simultaneous
change of several adatoms is included. Furthermore, on
triangular lattice,b is equal to 0.22 if there is no energ
barrier to the detachment of an adatom from an isla
formed on the surfactant terrace, and is greater than 0.2
such a barrier is considered. The scaling exponent there
increases with the binding energy. These trends might en
us to reproduce the larger scaling exponent found in
experiments.31,32 As for the temperature dependence of t
island density, the compact-to-fractal transition happens
approximately the same temperature, about 320 K, in
cases. In the monomer seed exchange case, the island d
curve exhibits a minimum at this transition temperature.
the case of the dimer seed exchange, on the other hand
island density is a nearly monotonically decreasing funct
of the temperature, without a minimum at the compact-
te
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fractal transition temperature. This is due to the fact that
dimers are more stable at low temperature, so that the p
ability of nucleation is larger, which results in the formatio
of a higher number of islands. If we compare the results
our simulation to the experiments of heteroepitaxial grow
whereA5Si, S5Pb, andB5Ge,31,33 it can be seen that ou
model reproduces the main qualitative findings of the exp
ment, namely, the islands formed are small and compac
high deposition flux or low temperature, and are large a
fractal at low deposition flux or high temperature. For a mo
realistic model of surfactant-mediated growth, other elem
tary processes would have to be considered, such as th
laxation of incoming adatoms hitting an island to a site
lower energy, or the motion, with a small but finite probab
ity, of adatoms beneath the surfactant layer. The introduc
of these processes would allow us to reproduce the exp
mental results more accurately. Furthermore, our model
results are also applicable to surfactant-mediated homo
taxial growth.34 Finally, the fractal-to-compact transition
described here are expected to be observed even if the s
islands are formed on the substrate, but are surrounded
sufficiently high coverage of impurity atoms, as long
those impurities effectively hinder the growth of the stab
islands by preventing the incoming adatoms from joini
them.

VI. SUMMARY

We have extended the range of applicability of the RL
model presented in our previous letter to various more re
istic growth systems: We have carried out KMC simulatio
on a triangular lattice and varied the four main parameter
the model. We have also considered additional physical p
cesses, such as the detachment of an adatom trapped
island formed on the surfactant layer, or the possibility
simultaneous exchange of two adatoms~dimer! with surfac-
tant atoms. These lattice and parameter variations, as we
the generalizations beyond the previous model, do
change the key findings of the model: Fractal-to-comp
transition can be induced either by decreasing the gro
temperature or by increasing the deposition flux. Of cour
on a quantitative level, the evolution of the island dens
differs depending on the phenomena considered and the
rameters chosen. There are a maximum and a minimum
the temperature dependence of the island density in
monomer seed exchange case. On the other hand, in the
of the dimer seed exchange, the island density is a mon
nously decreasing function of the temperature in the hi
temperature domain. Furthermore, in all cases, the flux
pendence of the island density can be divided into th
different regions: a weak dependence region at low flux
scaling region at intermediate flux, and a saturation regio
high flux. The scaling exponent in the intermediate region
larger in the dimer seed exchange case than in the mono
seed exchange case, but still smaller than the exponent fo
in experiments.31 Because the stable islands consist of t
dead atoms that have exchanged positions with the surfac
atoms beneath them, the nucleation and the growth of
islands are both exchange limited. In this case, the phys
process controlling the island shape transition is the shi
ing effect of adatoms stuck to stable islands on incom
adatoms.
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