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Submonolayer epitaxy with impurities: Kinetic Monte Carlo simulations
and rate-equation analysis
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The effect of impurities on epitaxial growth in the submonolayer regime is studied using kinetic Monte
Carlo simulations of a two-species solid-on-solid growth model. Both species are mobile, and attractive
interactions among adatoms and between adatoms and impurities are incorporated. Impurities can be codepos-
ited with the growing material or predeposited prior to growth. The activated exchange of impurities and
adatoms is identified as the key kinetic process in the formation of a growth morphology in which the
impurities decorate the island edges. The dependence of the island density on flux and coverage is studied in
detail. The impurities strongly increase the island density without appreciably changing its power-law depen-
dence on flux, apart from a saturation of the flux dependence at high fluxes and low coverages. A simple
analytic theory taking into account only the dependence of the adatom diffusion constant on impurity coverage
is shown to provide a semiquantitative agreement with many features observed in the simulations.
ot
a
ia

th

le

b
e

ou
po

f t
fl

di
t

th
e
w
irl
to
h

n

o
to
e
r

odel
ry

er
m-
ro-
g a

,
ef-
d by
ex-
ges
for

d
ing
uch
ex-
ants
a

nd
os-
la-

d

I. INTRODUCTION

Recent progress in the fabrication of atomically smo
interfaces by molecular-beam epitaxy has led to an incre
ing appreciation of the dramatic, detrimental, or benefic
effects that small amounts of impurities may have on
morphology of growing films. Adsorbates acting assurfac-
tants can stabilize layer-by-layer growth of metal1–6 and
semiconductor7,8 surfaces. On the other hand, for the simp
case of Pt~111! homoepitaxy, it was recently shown9 that
minute coverages of CO strongly increase the step-edge
riers for interlayer transport, thus enhancing thre
dimensional mound growth.10 The effect of additional sur-
face species on growth and nucleation is also of obvi
importance in more complex, technologically relevant de
sition techniques such as chemical vapor deposition.11 In ei-
ther case the detailed atomistic kinetics and energetics o
interaction between adsorbate and deposited material in
ence the growth mode to a degree which makes it very
ficult to formulate general rules for large classes of grow
systems.

As a first step toward an improved understanding of
generic effects of impurities on epitaxial growth, in th
present paper we introduce a minimal model which,
hope, is simple enough to extract some insights of fa
general validity, and yet possesses sufficient flexibility
include most physically relevant microscopic features. T
model is based on the standard solid-on-solid descriptio
the growth of a simple cubic crystal.12,13 The impurities are
represented by a second particle species, which can be c
posited with the growing material or predeposited prior
growth. Impurities diffuse and interact attractively with th
deposit atoms~adatoms!, but they do not attract each othe
PRB 620163-1829/2000/62~4!/2889~10!/$15.00
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and hence do not nucleate islands. The details of the m
are described in Sec. II. A brief account of some prelimina
results was given in an earlier communication.14

Despite its simplicity, the model contains a large numb
of parameters: impurity and growth fluxes, substrate te
perature, and energy barriers for half a dozen kinetic p
cesses. To focus our efforts, we concentrate on modelin
situation in which the impuritiesdecoratethe island edges
forming a monatomic chain along the island perimeter. Pr
erential adsorption of impurities at step edges is suggeste
bond-counting arguments, and has often been invoked to
plain the strong effect of submonolayer adsorbate covera
on growth behavior, e.g., through a change of the barrier
interlayer transport.1,9,15

It will be shown in Sec. III that the growth of decorate
islands requires, in addition to a suitable choice of bind
energies, the possibility of impurity-adatom exchange. S
a process, which is a two-dimensional analog of the
change mechanism responsible for the floating of surfact
in multilayer growth,6 was recently demonstrated to play
crucial role in the submonolayer homoepitaxy of Si~001! in
the presence of hydrogen.16

In Sec. IV the influence of the adsorbates on the isla
density is investigated, both for codeposited and predep
ited impurities. In the absence of impurities the scaling re
tion

N;~F/D !x ~1!

between island densityN, deposition fluxF, and adatom dif-
fusion coefficient D has been well establishe
theoretically,17–19 numerically,19–23 and experimentally.24 In
two dimensions, rate-equation analysis17–21 yields the ex-
pression
2889 ©2000 The American Physical Society
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x5
i *

i * 12
~2!

for the exponentx in terms of the sizei * of the largest
unstable cluster.

There are several conceivable mechanisms by which
tractive impurities25 could alter relationship~1!. First, impu-
rities may act as nucleation centers, thus effectivelydecreas-
ing i* and thereforex; in the extreme case of immobil
adatom traps, the limit of spontaneous nucleation withi *
5x50 would be realized.23,26Second, impurities decoratin
the island edges may induce energy barriers to attachm
Kandel27 showed that, provided these barriers are sufficien
strong, the exponentx in Eq. ~1! is increasedsuch that Eq.
~2! is replaced byx52i * /( i * 13). Both mechanisms imply
an increase of the island density compared to the case of
homoepitaxy. Third, impurities could facilitate the breaki
of small clusters, thus effectively increasing the critic
nucleus size and decreasing the island density.28,29

Our simulations indicate that none of these three mec
nisms are operative under the conditions used in our mo
The addition of impurities is found to increase the isla
density in all cases, but the scaling ofN with the flux F
remains unaffected within the accuracy of the simulation.
analysis of the relevant microscopic processes14 reveals that,
within our model, even completely decorated island edges
not provide efficient barriers to attachment, and therefore
scenario of Kandel27 does not apply.

In view of Eq. ~1!, an increase of the island density
fixed x suggests that the main effect of the impurities is
reduce the mobilityD of adatoms. The reduction of the ad
tom mobility has been identified as the most importa
mechanism contributing to the surfactant action of Sb
Ag.3,4,30DecreasingD reduces the island size and favors t
growth of ramified, rather than compact, islands. Both effe
enhance interlayer transport, since the adatoms landing in
second layer have more opportunities to descend, and
promote layer-by-layer growth. In our model the island s
decreases, but the island shapes remain compact, becau
edge decoration facilitates edge diffusion~see Sec. III!.

For an analytic description of the relation between imp
rity coverage, adatom mobility and island density, in Sec
we develop a simple rate-equation approach which prov
a semiquantitative explanation for many~though not all! fea-
tures observed in the simulations. Some conclusions
open questions are formulated in Sec. VI.

II. MODEL

The growth model employed in this work was briefly d
scribed in an earlier paper.14 It is a solid-on-solid model with
two surface speciesA andB, whereA particles correspond to
the growing material, andB particles represent the impur
ties. The simulation starts on a flat substrate composed
of A atoms. The basic microscopic processes are depos
and migration; desorption is not allowed. Two depositi
modes are considered:~i! simultaneous deposition~codepo-
sition! of both species, and~ii ! a predepositionof a certain
impurity coverage prior to growth. In the case of codepo
tion the fluxesFA andFB of the two species may differ.

The migration of a surface atom is modeled as
t-
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nearest-neighbor hopping process with the rateRD
5k0 exp(2ED /kBT), wherek051013 Hz is an adatom vibra-
tion frequency,ED is the hopping barrier,T is the substrate
temperature, andkB is Boltzmann’s constant. The hoppin
barrier is the sum of a term from the substrateEsub and a
contribution from each lateral nearest neighborEn . Both
contributions depend on the local composition: For ea
term we have the four possibilitiesAA, AB, BA, and BB.
The hopping barrier of an atomX ~of type A or B) is then31

ED
X5 (

Y5A,B
~n0

YEsub
XY1n1

XYEn
XY!, ~3!

whereEsub
XY is the hopping barrier for a freeX adatom on a

substrate atomY, n0
Y is equal to 1 if a substrate atom is o

type Y, and is zero otherwise;n1
XY is the number of nearest

neighborX-Y pairs; andEn
XY is the corresponding contribu

tion to the barrier~symmetric inX and Y). Lateral interac-
tions between impurity atoms are neglected (En

BB50).
In the simulations reported in this paper we usedEsub

AA

50.8 eV,Esub
AB50.1 eV,Esub

BA51.0 eV, andEsub
BB50.1 eV, and

the substrate temperatureT5500 K. The low values ofEsub
AB

and Esub
BB ensure that atoms deposited on top of an impu

instantaneously descend to the substrate. Growth and im
rity fluxes were varied in the interval ranging from 0.0002
ML/s to 0.25 ML/s. The system sizes ranged from 3
3300 to 5003500. The nearest-neighbor couplingEn

AA be-
tweenA atoms controls22 the size of the critical nucleusi * . It
may be stronger (En

AA.En
AB) or weaker (En

AA,En
AB) than

the coupling to the impurities. In equilibrium at low temper
tures, the former case leads to the formation of islands c
posed inside mainly ofA atoms, withB atoms bounded nea
the edges, while in the latter case it is energetically m
favorable whenB atoms are inside the islands.

However, our simulations show that growth leads to
termixing of A and B atoms in both cases,En

AA.En
AB and

En
AA,En

AB . Thus the energetic bias favoring segregation
not sufficient to obtain configurations with impurities most
at island edges~decorated islands!. To achieve this, we have
to introduce an additional thermally activated process, wh
allows anA atom approaching an island to exchange with
impurity covering the island edge. A similar process w
introduced previously16 in the context of homoepitaxy on
Si~001! with predeposited hydrogen. In that work, anA atom
was allowed to exchange with an impurity provided theA
atom was not bonded to anotherA atom at a nearest-neighbo
site. In our case this modification turned out not to be su
cient, since impurities were still found to be progressive
trapped inside islands during growth. We therefore also
low the exchange of anA atom with an impurity when it has
a singlebond to anotherA atom in a nearest-neighbor pos
tion. Using this rule, which is analogous to the exchan
process invoked in the case of three-dimensional gro
with surfactants,8,32 we obtain well-decorated islands wit
impurities floating on the island edges during growth@Figs.
1~b! and 1~c!#; see Sec. III.

In principle, the rate of the exchange process could
pend on the number of nearest-neighbor bonds~0 or 1! of the
A atom. We observed that the difference of both rates is
crucial provided both processes are active. The rates of th
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PRB 62 2891SUBMONOLAYER EPITAXY WITH IMPURITIES: . . .
processes are taken askex5k0 exp(2Eex/kBT), where Eex
are the corresponding activation barriers. For both proce
there is a maximum activation barrier above which the de
rated geometry is not observed. In the following, the barri
for both types of exchange are for simplicity set to be equ

III. ISLAND MORPHOLOGY

In Fig. 1 we show examples of typical configurations w
the same partial coverage of both speciesuA5uB50.1 ML
~i.e., the total coverageu5uA1uB50.2 ML! obtained by
codeposition of adatoms and impurities with fluxesFA5FB
50.004 ML/s. Figures 1~a!, 1~b!, and 1~c! illustrate the ef-
fect of varying the relation betweenEn

AA and En
AB for En

AA

50.3 eV. Several features can be identified. First, the isl
density increases withEn

AB . This can be explained by th
observation@cf. Fig. 1~c! for En

AB50.4 eV# that, for larger
En

AB , free A atoms start to be captured by impurities, a
many small islands containing impurities and a fewA atoms
appear on the surface in addition to already existing de
rated islands. These small islands act as nucleation ce
that lead to an increase of the island density. For largeEn

AB ,
almost all impurities will capture anA adatom for a certain
time. As we argue in Sec. V, this effect causes a reductio
adatom mobility by the impurities.

Whereas the island density increases, the density of
impurities decreases with increasingEn

AB due to~i! the stron-
ger A-B bond favoring the binding of impurities at islan
edges, and~ii ! the increase of the island density that leads

FIG. 1. Examples of configurations for the total coverageu
50.2 ML obtained by simultaneous deposition with fluxFA5FB

50.004 ML/s,En
AA50.3 eV, and different energy barriersEn

AB and
Eex: ~a! En

AB50.1 eV,Eex51 eV; ~b! En
AB50.2 eV,Eex51 eV; ~c!

En
AB50.4 eV, Eex51 eV; and~d! En

AB50.2 eV, Eex52 eV. We
show only 50350 sections of larger simulation boxes.
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smaller islands with more perimeter sites.~Note that we do
not obtain decorated islands for simultaneous depositio
very large fluxes or at very early stages of growth, sin
there are not enough impurities available to cover all per
eter sites.!

The degree of edge decoration also strongly depends
the value ofEn

AB . Edge decoration is not observed for sm
En

AB50.1 eV, it is only partial forEn
AB50.2 eV, and it be-

comes perfect forEn
AB50.4 eV ~cf. Fig. 1!. Hence, in order

to obtain decorated islands, the barrierEn
AB has to be larger

than a minimal value. A simple detailed balance argume14

shows that the fractionf 0 of uncovered edge sites is given b

f 05~11uBeEn
AB/kBT!21, ~4!

and thus atT5500 K a barrier ofEn
AB>0.2 eV is required.

As we shall see in Sec. V, the conditionf 0!1 also implies
that the diffusion ofA atoms is slowed down considerably b
the impurities.

Another important parameter determining decoration
island edges is the exchange barrierEex that was in our simu-
lations varied from 0.8 to 2 eV. For a small value ofEex,
impurities are driven toward island edges, whereas for la
Eex, the exchange process is not active and impurities
often incorporated inside the islands. The impurities w
observed to be floating on the island edges for smallEex,
both forEn

AA.En
AB @Fig. 1~b!# and forEn

AA,En
AB @Fig. 1~c!#.

Figure 1~d! shows a configuration forEex52 eV in the case
En

AA.En
AB . The surface morphology is similar to the on

observed forEn
AA,En

AB ~not shown!, where quite a regular
checkerboard structure is produced with almost no free
purities on the surface. Thus in order to obtain decora
islands,Eex has to be lower than a threshold value which
the present case is about 1.2 eV.

A further remarkable feature of the configurations d
played in Figs. 1~b! and 1~c! is that the compact square is
land shape is maintained as the island density increase
fact, careful inspection shows that the kink density on
well decorated edges issmaller than when the decoration i
incomplete. This reflects theenhancement of edge diffusio
by the impurities: The energy barrier for an adatom mov
along the decorated step edge within the impurity layer isEex
which, under the conditions of Figs. 1~b! and 1~c!, is smaller
than both the barrierEsub

AA1En
AA for diffusion along an un-

covered step and the barrierEsub
AA1En

AB for edge diffusion on
the outside of the impurity layer. Clearly this is true only
the exchange of singly bondedA atoms is allowed, which
underlines the importance of this type of exchange proce

IV. ISLAND DENSITY SCALING

A. Simultaneous growth

In Sec. III, we qualitatively described the growth mo
phology for one fixed value of the deposition flux. Here w
present results for the behavior of the island densityN as a
function of flux F and coverageu, and discuss its depen
dence on the kinetic parameters. Results for each set of
rameters were obtained by averaging over several inde
dent simulation runs.
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In the presence of impurities, islands are composed
both A and B atoms. The definition of the island size b
comes ambiguous. We can either define the size of an is
as the number ofA atoms in a connected cluster ofA atoms
forming the island, or measure the island size counting
total number of atoms of both types. Here we use the form
possibility, which is appropriate for growth with impuritie
segregating on the edges of the islands, and allows a d
comparison with growth without impurities. However, visu
inspection of configurations showed that, forEex.1.2, there
exist islands containing several mutually disconnected c
ters of A atoms. Hence our definition cannot be appli
straightforwardly for largeEex. In the following, we restrict
ourselves to situations where the intermixing inside the
lands is negligible. Simulations for larger values ofEex indi-
cate that the flux dependence of the island density flat
@the exponentx in Eq. ~1! decreases#, but due to the ambi-
guity in the definition of the island density in presence
intermixing, we did not attempt to assess the physical s
nificance of this observation.

1. Flux dependence

Figure 2 shows the island densityN as a function of the
adatom fluxFA for several coveragesu and different energy
barriersEn

AB andEex ~inset!. The energy barrierEn
AA50.3 eV

is fixed, and the impurities and adatoms are codeposited
the same fluxFB5FA . For comparison we also show da
for homoepitaxial growth without impurities at two cove
agesu50.05 and 0.1 ML. We can see that forEn

AB50.2 eV
andEex51 eV, the island density is quite close to the cor
sponding value in homoepitaxy. With increasing interact
energy between adatoms and impurities, the island den

FIG. 2. Averaged island density as a function of fluxFA for
several values of the total coverageu5uA1uB and different energy
barriers:En

AB50.2 eV, open symbols;En
AB50.4 eV, filled symbols.

The adatom interaction energyEn
AA50.3 eV and the exchange ba

rier Eex51 eV are fixed, and the impurity fluxFB5FA . The be-
havior in the absence of impurities~homoepitaxy,FB50! is shown
for comparison. Inset: The effect of the exchange barrierEex on the
island density at a coverageu50.2 ML. Circles represent the dat
from the main figure forEex51 eV, and squares the correspondi
data forEex51.2 eV.
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dramatically increases, but the exponentx in the power law
relation ~1! between flux and the island density remai
nearly unchanged. For example, we findx'0.54 for En

AB

50.2, x'0.45 forEn
AB50.4, andx'0.54 for homoepitaxial

growth, which means that the effective critical nucleus size
i * '2 in this range of parameters. According to Kande
rate-equation theory,27 the scaling exponent should then b
comex'0.8 in the presence of strong barriers to attachme
In our model this is not observed, because the bonding of
adatoms to the impurity-covered edges keeps them nea
edge long enough for an exchange to occur.14,33

The inset of Fig. 2 shows that the island density is furth
increased if the exchange barrierEex is set to a larger value
Eex51.2 eV. The data forEex51.2 eV andEn

AB50.4 indi-
cate a slight decrease of the exponentx.

Figure 3 shows results obtained by varying the ra
FB /FA of impurity to adatom flux. In one set of simulation
using En

AB50.2 eV, the impurity flux was kept constant
FB50.016 ML/s, while the adatom fluxFA was varied. For
large fluxesFA.FB , the island density is seen to approa
the data obtained for homoepitaxy, indicating that the imp
rities have no effect, while for small fluxesFA,FB the flux

dependence is described by an effective power lawN;FA
x8

with x8'0.36,x. An interpretation of this behavior will be
given at the end of Sec. V B 2.

In the second set of simulations shown in Fig. 3, whi
were carried out usingEn

AB50.4 eV, both fluxes were varied
keeping the ratioFB /FA52 constant. This is seen to furthe
increase the island density without changing the flux dep
dence. In this sense, an increase in the coverage of impur
~by increasingFB) is equivalent to increasing their effective
ness through an increase of the bond energyEn

AB . A quanti-
tative formulation of this statement will be given in Sec. V

2. Coverage dependence

A noteworthy feature in comparison with homoepitaxy
a stronger coverage dependence of the island density. Th

FIG. 3. Dependence of the island density on the fluxFA at
constantFB50.016 ML/s~open squares!, compared with the situa-
tion FB5FA ~open diamonds!, and with homoepitaxy~pluses!,
En

AB50.2 eV. Inset: The flux dependence at two constant ratios
fluxes FB /FA52 ~filled squares! and FB /FA51 ~filled triangles!.
En

AB50.4 eV compared with homoepitaxy~pluses!.
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seen in Fig. 2 for both weak (En
AB50.2 eV! and strong

(En
AB50.4 eV! interactions with impurities, but it is more

pronounced for strong interaction, in particular at larg
fluxes. We followed the coverage dependence in more de
for a fixed flux, and in addition to the island density we al
measured the density of free adatomsn. The results obtained
at a medium fluxFA50.004 ML/s are compared with ho
moepitaxy in Fig. 4. Both in impure growth and in homoep
taxy the island density shows an initial regime of rapid
crease followed by a ‘‘saturation’’ regime in which
increases much more slowly with coverage. However,
residual coverage dependence in the saturation regim
stronger in the presence of impurities, and furthermore
onset of the saturation regime is delayed as the interac
between adatoms and impurities increases. A quantitative
scription of this effect will be provided in Sec. V B 2.

The density of adatoms exhibits a completely differe
behavior as compared to homoepitaxy. We observe tha
growth with impurities, the adatom density is comparable
the island density up to the coverageuA50.1 ML, whereas
in homoepitaxy the adatom density rapidly decreases a
reaching a maximum at the beginning of the saturation
gime ~cf. Sec. V A!. Other surprising features are the powe
law increasen;uA

0.75 observed over almost two decades
the case of strongly interacting impurities, and the weak
cillations of the adatom density for coveragesuA.0.01 ~cf.
Fig. 4!. We will return to the behavior of the adatom dens
in Sec. V B 2.

3. Next-nearest-neighbor interaction

A modification of the model in which the barrier for dif
fusion EB

X contains an additional contribution from each la
eral next-nearest neighbor of the opposite type was also s
ied. This implies that a termn2

ABEnn
AB is added to the right

hand side of Eq.~3!. Heren2
AB is the number of next-neares

neighbors of the type opposite to the atom under consi
ation, andEnn

AB is the corresponding contribution to the ac

FIG. 4. Density of islands~solid lines! and free adatoms~dashed
lines! as a function of coverageuA for homoepitaxy~no symbols!
and for two different energy barriersEn

AB50.2 eV ~diamonds! and
En

AB50.4 eV ~circles!. Adatoms and impurities are codeposited
the same flux,FA5FB50.004 ML/s.
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vation barrier. We do not consider next-nearest-neigh
contributions from pairs of particles of the same type. F
simplicity, the new parameterEnn

AB is set equal toEn
AB .

Our motivation for introducing the additional term is
desire to study an improvement in the decoration of isla
edges by impurities, and the resulting decrease of the f
tion f 0 of uncovered edge sites. The additional interact
also enhances the probability of nucleation around impuri
because the number of sites at which an adatom can be
tured is considerably higher. The configuration shown in F
5~a! demonstrates that now we obtain almost perfect dec
tion also forEn

AB5Enn
AB50.1 eV. Figure 5~b! illustrates the

nucleation of small islands.
For En

AB5Enn
AB50.1 eV, the island density is nearly th

same as for homoepitaxy for all fluxes studied, and deco
tion is perfect provided there is sufficient amount of impu
ties available. This shows that in the presence of ne
nearest-neighbor interactions the decorated edges are
unable to block the attachment of adatoms efficiently. F
larger values ofEn

AB5Enn
AB , the additional interaction cause

an increase of the island density and adecreaseof the scal-
ing exponentx. For example, the effective value forEn

AB

5Enn
AB50.2 eV is x'0.42, and forEn

AB5Enn
AB50.4 eV it

drops tox'0.3. This suggests that the nucleation of sm
islands described above effectively lowers the sizei * of the
critical nucleus.

B. Predeposition of impurities

We performed simulations with predeposition of impu
ties for the same set of parameters as for codeposition
order to obtain a morphology with island edges decorated
impurities, we need an appropriate value ofEex. Complete
decoration also requires a sufficient amount of impurit
available on the surface. The data presented are for a pr
posited coverageuB50.1 ML. Examples of morphologies
for En

AB50.2 eV andEn
AB50.4 eV are shown in Fig. 6, and

look qualitatively similar to Figs. 1~b! and 1~c!.
The FA dependence of the island density is compa

with the results for codeposition in Fig. 7. The island den
ties in the predeposition regime are slightly higher than

t

FIG. 5. Examples of configurations for the total coverageu
50.2 ML obtained by simultaneous deposition with fluxesFA

5FB50.004 ML/s, En
AA50.3 eV, andEex51 eV in a modified

model with next-nearest-neighbor interaction:~a! En
AB5Enn

AB50.1
eV and~b! En

AB5Enn
AB50.4 eV. We show only 50350 sections of

larger simulation boxes.
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codeposition. This is qualitatively plausible, since the pre
posited impurities are present on the surface throughout
deposition process, and hence their effect on growth ac
mulates over time. The corresponding curves are shifted
factor independent of the flux. The slope remains the sam
for codeposition. The difference from codeposition is th
there is no appreciable coverage dependence foruA larger
than 0.05 ML, except at larger fluxes in the case of stron
interacting impurities.

The detailed coverage dependence for a fixed flux
shown in Fig. 8. We see that the behavior of both the isla
density and the adatom density is qualitatively similar
homoepitaxy. The island density saturates, and at the s
time the adatom density starts to decrease. The impur
only cause a shift of the crossover to the saturation regim
a higher coverage, the shift being larger for stronger inter
tion between adatoms and impurities. We shall return to
effect in Sec. V B 1.

FIG. 6. Examples of configurations deposited with fluxFA

50.004 ML/s at a coverageuA50.1 ML after predeposition ofuB

50.1, using parametersEn
AA50.3 eV, Eex51 eV, ~a! En

AB5Enn
AB

50.2 eV, and~b! En
AB5Enn

AB50.4 eV. We show only 50350 sec-
tions of larger simulation boxes.

FIG. 7. Comparison of averaged island densities as a functio
flux FA for codeposition~circles! and predeposition~triangles!, for
different energy barriers:En

AB50.2 eV, open symbols;En
AB50.4

eV, filled symbols. The predeposited coverage isuB50.1 ML. The
adatom interaction energyEn

AA50.3 eV and the exchange barrie
Eex51 eV are fixed. The behavior for homoepitaxy is shown
comparison.
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V. RATE-EQUATION THEORY

In this section, we develop a simple rate-equation
proach to explain, at least qualitatively, the main impur
effects on the island density which were presented in S
IV. Our basic assumption is that the impurities affect t
growth processonly by slowing down the diffusion of ada
toms. To obtain a simple analytic expression for the effecti
adatom diffusion coefficientD̄(uB) in the presence of an
impurity coverageuB , we further replace the~mobile! impu-
rities by static traps with binding energyEn

AB . Then standard
results for diffusion in random media yield34

D̄~uB!5
D

12uB1uBeEn
AB/kBT

[
D

11uBf
, ~5!

whereD5k0e2Esub
AA/kBT is the diffusion coefficient of a single

adatom on the clean substrate, and the abbreviation

f5eEn
AB/kBT21 ~6!

has been introduced.
The first conclusion that can be drawn from Eq.~5! is that

predeposited impurities,uB5const, significantly affect the
adatom diffusion only ifuB@1/f. In the case of codeposi
tion, uB5FBt, andD̄ becomes time or coverage depende
It is then useful to rewrite Eq.~5! in terms of the coverageuA
of A atoms as

D̄5
D

11uA /u*
, ~7!

with the characteristic coverage

u* 5
FA

FB
f21. ~8!

of

FIG. 8. Densities of islands~solid lines! and free adatoms
~dashed lines! as a function of coverageuA for homoepitaxy~no
symbols!, and for predeposition with two different energy barrie
En

AB50.2 eV~diamonds! andEn
AB50.4 eV~circles!. The flux of the

adatoms isFA50.004 ML/s, and the predeposited coverage of i
purities isuB50.1 ML.
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For coveragesuA>u* the impurities begin to significantly
affect the adatom mobility. Expression~8! quantifies the
statement made above in Sec. IV A 1 that an increase of
flux ratio FB /FA in codeposition is equivalent to an increa
of theA-B binding energyEn

AB . For FA5FB andT5500 K,
we haveu* '0.01 for En

AB50.2 eV andu* '1024 for En
AB

50.4 eV. In the following, these two sets of parameters w
be referred to as the cases of weak and strong impuri
respectively.

A. Pure growth

We proceed by combining Eq.~5! with the simplest ana-
lytic model of nucleation, consisting of two coupled ra
equations for the island densityN and the adatom densityn.
In the absence of impurities, the equations for a critical
land sizei * 51 read17,18,20

dn

dt
5FA24Dn~2n1N!, ~9!

dN

dt
54Dn2. ~10!

The main features of the solution of Eqs.~9! and~10! with
initial condition n5N50 can be described as follows~see
the paper by Tang20 for a lucid presentation!: In the early-
time regimethe adatom density increases linearly by depo
tion, n'FAt5uA , and accordingly the island density grow
as

N'~4/3!~D/FA!uA
3 . ~11!

In the late-time regimethe adatoms are mainly captured b
preexisting islands. This implies thatn'FA /DN!N and the
island density grows more slowly, as

N'~FA/12D !1/3uA
1/3, ~12!

while the adatom density decreases asn;uA
21/3. The transi-

tion between the two regimes occurs at a coverage

u1;~FA /D !1/2. ~13!

Keeping the coverage fixed while increasing the flux the
fore takes the system from the late-time regime, whereN
;F1/3, into the early-time regime withN;F21, with a
maximum in the island density attained at a critical fluxFc

;Du2.
To generalize these estimates to the casei * .1, we re-

place the nucleation equation~10! by17,18

dN

dt
;Dni* 11. ~14!

Then the early-time behavior becomesN;(D/F)uA
i* 12 ,

while in the late-time regime

N;~FA /D ! i* /( i* 12)uA
1/(i* 12) , ~15!

in agreement with expression~2! for the scaling exponentx.
The transition coverageu1 is estimated by matching the tw
behaviors, which yields
he

l
s,

-

i-

-

u1;~FA /D !2/(i* 13). ~16!

For i * 51 the coverage dependence of the densities
islands and adatoms observed in microscopic simulation
in accordance with the rate-equation theory.20,21 In the re-
versible casei * .1, the simple rate equations are quanti
tively inappropriate, though the key qualitative features—
existence of an early-time regime of a rapid increase of
island density, followed by a ‘‘precoalescence saturation
gime’’ with little change inN—remain.22

B. Impure growth

1. Predeposition

The effect of predeposited impurities is obtained simp
by replacingD by the constant expression~5! for D̄ in Eqs.
~15! and ~16!. Consequently the island density in the lat
time regime increases by a factor (11uBf) i* /( i* 12), which
is independent of flux orA coverage, and the onset of sat
ration is delayed by a factor (11uBf)2/(i* 13). This is in
qualitative agreement with the coverage dependence of
sities of islands and adatoms displayed in Fig. 8, wh
shows the same overall behavior as in the homoepita
case, only shifted to larger coverages and higher densi
Quantitatively, the numerically observed increase in the
land density is consistent with the factor (11uBf) i* /( i* 12)

if the size of the critical nucleus is set toi * 51. On the other
hand, if the critical nucleus size is assumed to bei * 52, as
suggested by the numerical value ofx, then the theory is
seen to overestimate the increase in the island density
underestimate the delay of the onset of saturation.

As mentioned in Sec. V A, the island density at fixed co
erageuA shows a maximum at a critical fluxFc, which is
determined by setting the saturation coverage equal touA .
For predeposited impurities withuBf@1 this is given by

FA
c ;~D/fuB!uA

( i* 13)/2. ~17!

Further discussion of predeposition in relation to codepo
tion will be provided below.

2. Codeposition

In the case of codeposition the situation is richer due
the coverage dependence ofD̄. First, the casesu1,u* and
u1.u* have to be distinguished. In the first case the imp
rities only affect the late-time regime. ForuA@u* we can
approximate Eq.~7! by D̄'Du* /uA . Inserting this into the
nucleation equation~14! and settingn'F/D̄N, we obtain
the expression

N'~FA /Du* ! i* /( i* 12)~uA!( i* 11)/(i* 12), ~18!

which replaces Eq.~15! in the pure case. It can be seen th
the scaling ofN with flux FA remains the same, i.e., th
exponentx is not affected. The impurities increase the isla
density by a factor (uA /u* ) i* /( i* 12) which, in contrast to the
case of predeposition, is coverage dependent. This is q
tatively consistent with the residual coverage dependenc
the island density seen in Fig. 2, which is nearly absent in
corresponding predeposition data in Fig. 7. In quantitat
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terms, however, the coverage dependence in Eq.~18! is
much stronger than what is observed in the simulations.
dependence of Eq.~18! on u* shows that increasing the rati
FB /FA at constantFA and uA will also increase the island
density, in accordance with the simulation data shown in F
3.

Noting that for codeposition uB5(FB /FA)uA
5uA /(fu* ), Eq. ~18! can be rewritten as N

'(FAuBf/D) i* /( i* 12)uA
1/(i* 12) , which is identical to the ex-

pression for predeposition withuBf@1. A more careful cal-
culation shows that the island density for predeposition
ceeds that for codeposition by a constant factori *
11)1/(i* 12), if systems of the same impurity coverageuB are
compared. This is qualitatively consistent with Fig. 7, thou
the simulation data indicate that the factor is larger for we
impurities than for strong ones.

A surprising consequence of the rate equations w
coverage-dependent diffusion is that the adatom densityin-
creaseswith coverage in the late-time regime. This follow
from balancing the deposition term on the right-hand side
Eq. ~9! against the island capture term 4D̄Nn
'4D(u* /uA)Nn, which yields

n;~FA /Du* !2/(i* 12)uA
1/(i* 12) . ~19!

In fact, whenu1,u* , the adatom density is a nonmonoton
function of coverage: It increases asn;uA for uA,u1, de-

creases asn;uA
21/(i* 12) for u1,uA,u* , and increases

again according to Eq.~19! for uA.u* . This is illustrated in
Fig. 9, which is reminiscent of the simulation data for t
adatom density in Fig. 4. However, in contrast to the sim

FIG. 9. Time evolution of the adatom~open symbols and the
dashed line! and island~full symbols and the solid line! densities
obtained from a numerical solution of the rate equations fori *
51 @Eqs. ~9! and ~10!# with a coverage-dependent diffusion co
stant@Eq. ~5!#. The parameters were chosen for comparison with
simulation data in Fig. 4: fluxesFA5FB50.004 ML/s, D
5(k0/4)exp(2Esub

AA/kBT)'2.153104 s21, En
AB50.2 eV ~dia-

monds!, and En
AB50.4 eV ~circles!. The agreement between th

homoepitaxial island density~solid line! and the adatom density fo
weak impurities~open circles! is coincidental.
e

.

-
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lations, the late-time adatom density given by Eq.~19! is
small compared to the island density@Eq. ~18!#, and neither
the intermediate scaling regimen;(uA)0.75 nor the oscilla-
tions ofn seen in Fig. 4 are reproduced by the rate equatio

Here and in the following figures we show results o
tained by numerical integration of the rate equations~9! and
~10! for i * 51, with D replaced byD̄. This is sufficient for a
qualitative comparison, and relieves us of the necessity
explicitly treat the growth dynamics of the intermediate u
stable clusters. On the other hand, the choice ofi * 51 im-
plies that a quantitative comparison between simulations
rate-equation results should not be attempted.

Next consider the caseu1.u* . For coverages in the
early-time regime which satisfyuA@u* , we set D̄
'Du* /uA and obtain, usingn'uA , the early-time behavior

N;(Du* /FA)uA
i* 11 . The onset of the saturation regim

then occurs at a coverage

ũ1;~FA /Du* !2/(i* 11), ~20!

which exceeds the corresponding expression~16! for the
pure system by a factor (u1 /u* )2/(i* 11). Thus both prede-
posited and codeposited impurities delay the onset of
saturation regime.

The critical flux at which the island density attains
maximum is now given by

FB
c ;~D/f!uA

( i* 11)/2, ~21!

which is seen to become identical to the predeposition
pression ~17! by setting uB5(FB /FA)uA . A quantitative
evaluation using the parameters of the simulations sh
that the critical flux is beyond the range of simulated flux
for the case of weak impurities, while it should be observa
for strong impurities. This is illustrated in Fig. 10. It there
fore appears natural to identify the saturation of the flux

e

FIG. 10. Rate-equation predictions for the flux dependence
the island density in the case of codeposition withFA5FB at a total
coverageu50.1 ML. The parameters were chosen as in Fig. 9. F
comparison with Fig. 7, data for predeposition withuB5uA50.05
ML/s in the case of strong impurities are shown as well.
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pendence of the island density found in the simulations~see
Figs. 2 and 7! with the maximum predicted by the rate equ
tions, although it should be emphasized that the simulati
show no clear evidence of a decrease ofN beyond the pla-
teau.

Finally, we address the effect of changing the adatom fl
FA while keeping the impurity fluxFB constant. At fixeduA
this implies a crossover fromuA!u* for FA@FBfuA to
uA@u* for FA!FBfuA . In the high flux regime the island
densityN is unaffected by the impurities, while in the low
flux regime N;(FA /D)x(uA /u* )x;(FBf/D)x becomes
independentof FA , sinceu* ;FA . This is illustrated in Fig.
11, which should be compared to Fig. 3. The behavior
qualitatively similar, however instead of a plateau at lo
fluxes the Monte Carlo simulations show a second sca

regimeN;FA
x8 with a nonzero exponentx8,x.

3. Effect of edge decoration

In the formulation of the rate equations we have assum
that all deposited impurities contribute to the impurity co
erage in expression~5! for the effective diffusion coefficient
thus neglecting the fact that a certain fraction of impurities
bound at the island edges. This assumption is self-consis
only if the densityne of edge sites, as predicted by the ra
equations, is small compared to the deposited coverageuB of
impurities at all times.

For compact islands the density of edge sites is of
order ofNAA, whereA;(uA2n)/N is the area of an island
and hence

ne;AN~uA2n!. ~22!

FIG. 11. This figure illustrates the rate-equation prediction
codeposition with a constant impurity fluxFB50.016 ML/s ~solid
line!, and should be compared to Fig. 3. The predictions for the c
FA5FB ~dashed line! and for homoepitaxy~dotted line! are also
shown.En

AB50.2 eV; other parameters were chosen as in Fig
Inset: the rate equation prediction for codeposition with cons
flux ratio FB /FA52 ~long-dashed line! compared to the caseFA

5FB ~dashed line! and to homoepitaxy~dotted line!, En
AB50.4 eV.
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In the saturation regimen, N!uA; thus ne;AuAN. In the
early-time regimen'uA to leading order, and the density o
edge sites is determined by the next-to-leading correct
Analysis of the rate equations shows thatne;N both for
uA,u* and for uA.u* , which implies that the island size
does not increase with coverage in this regime.

Using the estimates forne , the importance of the impu
rities bound at the edges can be worked out for spec
cases. Since evidentlyne!uA always, asufficientcondition
for the irrelevance of edge decoration is thatuB.uA at all
times. This is true for predeposited impurities up to a cov
ageuA5uB , and for codeposition withFA<FB . Among the
situations treated earlier in this section, the only case wh
corrections due to edge decoration may be expected is d
sition at fixed impurity fluxFB in the transition regionFB
<FA<FBfuA ~see Fig. 11!. For fluxesFA.FBfuA the im-
purities were seen to be irrelevant even if the full impur
coverage contributes to slowing down the adatoms. Since
edge decoration decreases the impurity concentration on
terraces, it is likely that its only effect will be to shift th
point where the island density becomes equal to its homo
taxial value toward smaller deposition fluxes.

VI. CONCLUSIONS

A brief glance at the results presented in this paper m
lead to disappointment: No dramatic change of the expon
x has been found, contrary to expectations in any of
modifications of the simulation model.33 However, upon
closer inspection, our work reveals several nontrivial featu
that should not be overlooked in the large amount of num
cal data.

~i! We have established that a perfect decoration of isl
edges in our model requires a process of adatom excha
that is completely analogous to the exchange discussed
surfactant-mediated growth of semiconductors.32 A feature
worth remembering is theenhancement of diffusion of ada
toms along island edgesvia the exchange process with im
purities attached to these edges. This mechanism of smo
ing on a one-dimensional substrate provides anot
perspective and possible interpretation of the smooth gro
on a two-dimensional substrate in the presence of a sur
tant. Smoothing of island shapes should be experiment
verifiable and may have practical implications.

Given the fact that size and shape of islands~including the
number of kinks at island edges! in the submonolayer regime
of growth determine the developing surface morphology~cf.
most of the experimental papers cited below, and in parti
lar Ref. 10!, a possibility to controlboth of them by adding
impurities seems very attractive.

~ii ! From a theoretical perspective, we have been able
obtain insight into ~and even semiquantitative agreeme
with! the simulation results, using rather simple ra
equation theory. The surprising resistance to change of
exponentx can be understood within this theory, as well
other features of the simulations, such as the strikingly d
ferent behavior of the adatom density during impure grow
with codeposition as compared to the case of homoepita

Our research also leads to questions. One would like
understand better the details of behavior observed, in part
lar the oscillations of the adatom density seen in simulati
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~Fig. 8!. Another open question concerns ‘‘monovalent’’ im
purities that can bond to island edges but do not bond
adatoms approaching these edges, and which there
should bring about an efficient passivation of the isla
boundaries. Preliminary simulations suggest that this ef
alone does not bring about any significant change in
value of the exponentx.
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