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Domain growth and surface roughening in Monte Carlo simulations ofA0.5B0.5 film growth

Y. Shim and D. P. Landau
Center for Simulational Physics, University of Georgia, Athens, Georgia 30602

S. Pal
104 Davey Laboratory, Department of Physics, The Pennsylvania State University, University Park, Pennsylvania, 16802

~Received 23 June 1998!

Using Monte Carlo simulations of a simple model ofA0.5B0.5 film growth in 211 dimensions, we have
calculated domain size, long-range order in each layerl, and surface fluctuations to examine the dynamic
relation between surface-induced domain growth and growth-induced surface roughening. At early stages,
small clusters of ordered domains grow due to short-range order fluctuations and then coalesce. A partially
ordered layer acts as a template for further ordering in the next layer. At late times specific patterns of the
domains emerge by coarsening processes. The mean square domain sizeR2( l ) shows a linear dependence on
the layer numberl for small l and saturates afterl s;LzR with domain growth exponentzR52.02. In the
asymptotic regime, the final morphology of the film is determined by the Laplacian termn¹2h in the con-
tinuum growth equation with roughness exponentz50 and dynamic exponentz52.
@S1063-651X~98!05512-3#

PACS number~s!: 68.55.2a, 05.40.1j, 64.60.Cn, 05.70.Ln
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I. INTRODUCTION

There have been tremendous efforts made to unders
growth-induced surface roughening and the underly
mechanisms of thin film growth by experiments and simu
tions @1,2#. From the point of view of simulation, simpl
discrete models of homoepitaxial film growth have be
used most often, primarily to study intermediate- and lon
time behavior of surface fluctuations, structure factors,
height-height correlations. Phenomenological continu
growth equations have been also derived from symmetry
guments and analyzed by renormalization group method
numerical calculations; however, detailed mechanisms
AxB12x film growth and the consequences of surface rou
ening processes are less well understood. Several gr
have recently reported experimental observations of ato
ordering in alloy films of Si12xGex @3#, AlxGa12xAs @4#,
GaxIn12xAs @5#, GaxIn12xP @6,7#, etc., grown by epitaxial
techniques. The degree of long-range order observed in
experiments is strongly affected by the properties of mat
als used and epitaxial conditions like surface tempera
@3,8#, growth rate@9#, etc.

The observed ordering in Si12xGex alloys@3# and at Si/Ge
interfaces@10# is related to a kinetic growth process due
stresses at the growing surface and is then buried as the
grow. The growth of GaxIn12xP alloys on GaAs substrate
@6# shows that ordered domains start from the substrate
broaden as the films grow. Experiments indicate that ord
ing takes place near the surface exposed to the incom
particle-beam flux and show that the presence of long-ra
order~LRO! is mainly due to surface phenomena and can
be explained by bulk or equilibrium properties. The orderi
is a metastable state which is irreversibly destroyed by
nealing although it is sustained up to a rather high temp
ture if bulk diffusion is negligible@3#.

One interesting question is how atomic ordering in me
lic alloys @11,12# and compound semiconductors@3–5,8,10#
PRE 581063-651X/98/58~6!/7571~9!/$15.00
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is related to the surface roughening process during fi
growth. Recent experiments provided valuable informat
about the relationship between nonequilibrium surface m
phology and ordering; in SixGe12x @13# it is related to a
Stranski-Krastanov growth mode, and in GaInP@14# it is
linked to large steps formed by step bunching. A kine
mean field calculation@15,16# @studying quasi-layer-by-laye
growth and three-dimensional~3D! growth due to infinite
step barriers at the step edge# also shows that the morpho
ogy of the films affects the evolution of the LRO. The sca
ing result of surface roughness in the growth of Si12xGex on
Si @17# indicates that at large length scales surface morph
ogy shows Edwards-Wilkinson~EW! @18# behavior.

In this paper we report the results of the surface-indu
domain growth and the growth-induced surface roughen
for a simple model of binary alloy films grown by molecula
beam epitaxy~MBE! simulations. First of all, we mention
that we do not attempt to include full complexity but de
with a rather simple model which will exhibit essential fe
tures of the system. In Sec. II we provide the backgrou
including the dynamic scaling theories of domain growth a
surface roughening, and then we introduce our model
method in Sec. III. In Sec. IV the evolution and scaling b
haviors of domain size and LRO are presented as a func
of a layer numberl after the LRO reaches its steady sta
We present and discuss the scaling results of the interfa
width and the corresponding structure factor in Sec. IV.
nally, in Sec. V we conclude.

II. BACKGROUND

A. Domain growth

The formation of ordered domains, clusters, and drop
at early and late times has been a hot topic in nonequilibr
statistical physics. A theoretical description of pattern form
tion for the case of a nonconserved order parameter~NCOP!
7571 © 1998 The American Physical Society
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is known as modelA @19#. This is described by a Langevi
equation for a one-component order parameter fieldc(r ,t),

]c~r ,t !

]t
52G

dF

dc~r ,t !
1h0~r ,t !, ~1!

with mobility G and a coarse-grained free energyF which is
a functional of the local order parameter and has
Ginzburg-Landau form

F5E dr FV~c!1
k0

2
~¹c!2G , ~2!

with V(c)5 1
2 r 0c21 1

4 u0c4 in which u0.0, r 0,0, and
k0(.0) is a constant related to the range of interaction. I
single disordered phase,V(c) has a stable, single-well struc
ture with V(c). 1

2 r sc
2 (r s.0), and in the two-phase re

gion (r o,0), V(c) has a double-well structure. In Eq.~1!,
h0(r ,t) is the stochastic white noise assumed to bed corre-
lated in both space and time:

^h0~r ,t !&50,

^h0~r ,t !h0~r 8,t8!&52kBTGd~r2r 8!d~ t2t8!. ~3!

Theoretical solutions to Eq.~1! and experiments for the
NCOP@20,21# show that the average domain or droplet s
R increases as a function of timet like

R~ t !;t1/2. ~4!

The structure factorS(k,t) is the Fourier transform of the
order parameter correlation function C(r ,t)
5^c(r ,t)c(0,t)&, wherec(r ,t) is the local order paramete
and

S~k,t !5^c~k,t !c~2k,t !&

5R~ t !dS̃„kR~ t !… ~5!

in d dimensions, wherek is a wave number andS̃„kR(t)… is
a scaling function. Note that for the NCOP one can defin
characteristic length scaler 0 whereC(r 0 ,t)5C(0,t)/2 @22#,
or the mean square domain size can be simply defined a

R2~ t !5K 1

NF(
r

N

c~r ,t !G2L , ~6!

with total number of particles,N, which corresponds to the
k50 peak ofS(k,t), i.e., S(0,t) @23#.

B. Surface roughening

The surface roughening of the nonequilibrium growth
thin films is usually characterized by the mean square fl
tuation

w2~ t !5^„h~r ,t !2^h~ t !&…2&, ~7!

whereh(r ,t) is the height at lateral positionr and timet and
^h(t)&5(1/L2)( rh(r ,t) with a lateral system sizeL. The
mean square fluctuation has a scaling form
e

a

a

f
-

w2~L,t !;L2z f̃ „j~ t !/L…, ~8!

wherez is the roughness exponent andj(t);t1/z is the lat-
eral correlation length which is described by the dynam
exponentz. The scaling functionf̃ (x);x2z for x!1 and
approaches a constant forx@1. The structure factor

Sr~k,t !5^ĥ~k,t !ĥ~2k,t !&, ~9!

with ĥ(k,t)5(1/L)( r@h(r ,t)2^h&#e2 ik•r, has a scaling
form in the long-wavelength limit

Sr~k,t !5k2g f ~kzt !, ~10!

with g52z1d8, whered8 is the substrate dimension. Th
scaling functionf (x);const for x@1 and, in the case o
x!1, f (x);x for g>z and f (x);xg/z for g<z @24#. The
dynamic exponentz can be determined from data collap
onto the scaling function

f ~kzt !5kgSr~k,t !. ~11!

The continuum Langevin equation with conservation
the total number of particles is described in terms of surf
diffusion current j (r ,t) and nonconserved random nois
h(r ,t):

]h~r ,t !

]t
52“• j ~r ,t !1h~r ,t !, ~12!

where the noise is assumed to satisfy^h(r ,t)&50 and

^h(r ,t)h(r 8,t8)&52Ddd8(r2r 8)d(t2t8) with the diffusion
coefficient D. If j52n“h, one obtains a linear Langevi
equation]h/]t5n¹2h1h, which has been solved exactl
@18# and yieldsz50 and z52 in d852. It has been sug-
gested that the hyperscaling relation@25#

z52z1d8 ~13!

holds for any growth model described by Eq.~12!.

III. MODEL AND METHOD

The simplest situation in heteroepitaxial film growth
when two different species (A andB) are present andA-type
material grows on a substrate of materialB as in the growth
of Ge on a Si substrate. Depending on the interfacial f
energies and the lattice mismatch between the substrate
incoming particles, there are three possible modes of
eroepitaxial growth @26#: Frank–van der Merwe~FM!,
Volmer-Weber~VW!, and Stranski-Krastanov~SK!. How-
ever, here we neglect the effect of the lattice mismatch
simplify our model, so that the morphology of a growin
film is entirely determined by the interfacial free energies

In molecular-beam epitaxy, particles are randomly dep
ited at a given rate (F), in units of monolayers per secon
~ML/s!, on an initially flat substrate maintained with a fixe
temperature (T), and then diffuse around the surface
evaporate from the surface. In our MBE simulations, we c
sider a simple solid-on-solid model in which the substrate
a L3L square lattice with periodic boundary conditions. V
cancies and overhangs are not allowed. Evaporation from
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surface is prohibited by assuming that our epitaxial tempe
ture is not high enough for such evaporation. The deposi
rate of A-type particles isxF, while for B it is (12x)F,
wherex is the concentration ofA particles. We have used a
A-type substrate to mimic the growth of Si12xGex on Si and
depositedA and B particles with equal probability; i.e., we
restrict ourselves tox50.5.

A particle is randomly chosen for diffusion with an a
tempt frequency (D0580/site s) after random deposition o
A and B particles according to fluxF and concentrationx.
Each particle can diffuse on the surface with probabilityP.
We consider the hopping probability of breaking bonds
tween nearest-neighbor sites. The hopping probability (PH)
is given by

PH5exp@2E~A,B!/kBT#, ~14!

where a site-dependent activation energyE(A,B) is deter-
mined by the local configurations of bonding between
nearest neighbors, i.e., E(A,B)5nAAJAA1nBBJBB
1nABJAB , where nAA , nBB , and nAB are the number of
A-A, B-B, and A-B pairs with nearest neighbors, respe
tively. JAA , JBB , and JAB are effective bond energies be
tween A-A, B-B, and A-B with (JAA ,JBB ,JAB)5(2J,
2J,J), andJ.0. An A-(B-) type particle tends to make
bond with aB-(A-) type particle due to ‘‘antiferromagnetic
like’’ effective interactions.

After breaking the bonds, a particle at thei th site diffuses
to a nearest-neighborkth site with probability

PD~ i→k!5exp@2Ek~A,B!/kBT#, ~15!

where Ek(A,B) is the binding energy available at thekth
site, and particles hop up no more than one lattice cons
The hop is carried out depending on the magnitude o
random number~RN! generated such that 0,RN,(PD ,
which is proportional to the probability of hopping to th
site. Therefore a particle prefers to move to a site wh
provides the greatest binding energy. The homoepitaxial
sion of this method has been used in other papers@27#. By
using this simulational model and method for binary all
film growth, we hope to capture the essential features of
nonequilibrium behavior of domain growth and surfa
roughening; however, we do not expect this simple mode
provide a quantitative description of a physical alloy film.

Simulations have been carried out for 20<L<200 with
the different number of layers grown depending on the s
tem sizeL using IBM RS6000 and Pentium workstation
The growth is repeated with different random number a
results are averaged to reduce the statistical errors; for
ample, 800 different runs have been averaged forL580. We
have used a uniform random number generator based on
linear congruential method@28#. All the length scales have
been measured in the unit of a lattice constanta, e.g., system
sizeL[L/a.

To see the evolution of the LRO and the domain size,
have relied on a lattice gas model for a binary alloy. T
model can be described in terms of a spin-1 Ising mo
@29#. If the r site at a layer numberl is occupied by anA(B)
atom at timet, thens(r ,l )51 (21). Otherwise, the site is
empty ands(r ,l )50. There are many spin updatings due
the deposition and diffusion; so all the spin configuratio
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inside the bulk must be recorded. After the LRO reaches
asymptotic value, we have turned off the flux and quench
the system. The quenched order and the mean sq
quenched order are defined as

M ~ l !5K 1

NU(r

N

~21!rs~r ,l !U L , ~16!

M2~ l !5K F 1

N(
r

N

~21!rs~r ,l !G2L , ~17!

whereN5L2 and s(r ,l ) can be 1~or 21) if an A ~or B)
atom occupies the site because of the assumption of no o
hang and no vacancy. The quenched orderM ( l ) has been
calculated up to the maximum layer numberl m for which the
layer is entirely filled.

Since we assume that bulk diffusion is negligible, all t
past history of the surface, LRO and SRO fluctuations, alo
the growth direction@001# and in each layer are recorded
the bulk. The height-height and atom-atom correlations
crease as films grow and finally saturate after the deposi
of certain number of layers in a finite size system. In th
sense, one may regard the layer numberl as time, and thus
the domain size at the layer numberl may be defined as the
k50 peak of structure factorS(k,l ), i.e., S(0,l ). The struc-
ture factor is defined as

S~k,l !5
1

N(
r,r 8

N

exp@ ik•„r2r 8…#^c~r ,l !c~r 8,l !&, ~18!

wherec(r ,l )5(21)rs(r ,l ). In analogy to Eq.~6!, we de-
fine the mean square domain size as

R2~ l !5NM2~ l !. ~19!

The domain sizeR( l ) is also related to the domain growt
exponentzR at late times,

R~ l !; l 1/zR, ~20!

based on the self-similar behavior of the domain growth.

IV. RESULTS

A. Results for domain growth

The results of domain growth of our model are consist
with Allen-Cahn theory@30# for the NCOP. According to the
theory, the normal velocity of a curved antiphase bound
~APB! is linearly proportional to the mean curvature. Th
motion of the APB evolves in such a way as to reduce
curvature in order to minimize surface tension by bulk d
fusion. In the case of domain growth by MBE, the pattern
ordered domains and antiphase boundaries at early time
fects the morphology of growing films and the average s
of ordered clusters. The layer number dependence of the
tion of the APB shows nontrivial behavior due to the surfa
roughening and competition between ordering and disord
ing by thermal fluctuations.

Figure 1 shows a series of snapshots of ordered dom
and antiphase boundaries in four different layers. The fi
layer, shown in Fig. 1~a!, is relatively disordered com
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pared to other layers, due in large part to the homogene
A-type substrate. The density of APB’s near the substrat
much larger than near the surface. Asl becomes large, the
APB’s straighten out or even disappear, and finally the s
tem reaches its steady state after a layer numberl s at which
LRO saturates. It is worth noting that the circular APB
seen in Fig. 1~b! are eliminated in Fig. 1~c! by the coarsening
kinetics.

As illustrated in Fig. 1, a partially ordered layer acts a
template for further ordering in the next layer. At ear
stages, small ordered clusters are formed by energy de

FIG. 2. Layer dependence of the concentrationsx of A and B
adatoms for quenched films after the deposition of 100 layers
L580,kBT/J51.0, andF51 ML/s: the concentrationsx of A and
B adatoms in a layer numberl are defined as xA( l )
5(1/2N)( r@s(r ,l )11# and xB( l )512xA( l ). Errors in the indi-
vidual points are smaller than the symbol size.

FIG. 1. A series of snapshots of ordered domains and antip
boundaries in four different layersl51 (a), 50~b!, 100 ~c!, and
600 ~d! for a system sizeL580, kBT/J51.0, and a deposition rat
F51 ML/s. A white ~black! square is anA(B) adatom in the
layer.
us
is

s-

a

ity

fluctuations, i.e., SRO fluctuations@31#, which develop LRO
domains and begin to coalesce and finally fill the first lay
as the film grows. The nucleation of small ordered clust
may occur on top of the growing domains, so that an orde
layer produces more ordering in the next layer. This behav
is consistent with the results of kinetic mean field theo
@16#.

At this stage, the nonlinear term (k0/2)(¹c)2 in the free
energy density described in Eq.~2! is large andV(c)
' 1

2 r 0c2 for a large system sizeL. The effect of the substrate
and the strong nonlinear term lead to a transient behavio
to l .20. We can clearly see the transient behavior in Fig
showing the concentrationx of A andB adatoms as a func
tion of layer numberl. The density ofB adatoms in the first
layer is a little larger than that ofA adatoms; however, it
oscillates around 0.5 as the film grows because the t
number of particles is conserved; i.e.,xA andxB of adatoms

r

FIG. 3. Illustration of two planes and vertical cross sections o
film after deposition of 800 layers forL580, kBT/J51.0, andF
51 ML/s. ~a! Illustration of two planes forL580 used for~b!–~e!.
~b! xz plane showing the first 80 layers.~c! xz plane showing 724
< l<805. ~d! yz plane showing the first 80 layers.~e! yz plane
showing 724< l<805. A white~black! square is anA(B) adatom in
the layer.
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deposited at each time step are the same. After the tran
behavior (l>20) indicated by the arrow,xA( l )'xB( l ), i.e.,
(1/N)( rs(r ,l )'0 in each layer.

Figures 3~b!–3~e! show vertical cross sections of film
after deposition of 800 layers. Figures 3~b! and 3~d! are the
sections for 1< l<80 along thexz- andyz planes illustrated
in Fig. 3~a!, respectively. The rough surface can be seen
Figs. 3~c! and 3~e! in both planes. As shown in Figs. 3~b! and
3~c!, the ordered domain size grow and the streaks of AP
extend vertically from the substrate to the surface. Some
the APB’s are eliminated by the coarsening process. Un
the curved APB’s in a plane perpendicular to the grow
direction shown in Figs. 1~a!, 1~b!, and 1~c!, the shape of
APB’s along the growth directions is almost linear. The
are in good agreement with experiments@6,7,9# and simula-
tions of CuPt type of ordering@32,33#.

Figure 4 shows the mean square domain sizeR2( l ) as a
function of a layer numberl for 40<L<80. The dotted line
in Fig. 4 is a linear fit forL580 after the initial transien
behavior (l>20)

R2~ l !5R2~0!1A~T!l , ~21!

where A(T) is a temperature-dependent rate constant.
linear behavior ofR2( l ) agrees very well with the results o
a NCOP domain coarsening by order-disorder phase tra
tions @12,30# if one regardsl as timet. HereR2( l ) saturates
after l s(L) due to finite size effects and the inset in Fig.
shows thatl s(L);LzR with domain growth exponentzR
52.0260.30, where we have usedL>40 for the power-law
fit. For largel, Eq. ~21! can be approximated by

R~ l !'AA~T!l 1/2S 11
R2~0!

2A~T!l D . ~22!

Equation ~22! indicates that for largeL and l, R( l ); l 1/zR

similar to Eq.~4!, R(t);t1/2 for the NCOP domain growth

FIG. 4. Mean square domain sizeR2( l ) as a function of the
layer numberl for 40<L<80, kBT/J51.0, andF51 ML/s. Er-
rors in the individual points are comparable to the symbol size.
dotted line is a linear fit,R2( l )5R2(0)1A(T) l , with R2(0)
517.1, and the rate constantA53.78. The inset shows the satur
tion of R2( l ) after the layer numberl s(L) as a function ofL. The
solid line in the inset is a power-law fitl s(L);LzR, with the dy-
namic exponentzR52.02
ent

n

’s
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e

e

e
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The exponentzR obtained agrees well with the asymptot
behavior ofR( l ) given in Eq.~22!.

Figure 5~a! explains the behavior of the LRO as a fun
tion of l. We have also found that the LRO depends sen
tively on epitaxial parameters like deposition conditions a
intrinsic properties like activation energies. Figure 5~b!
shows the steady-state nonequilibrium LRO (Mne) as a func-
tion of 1/L. In the thermodynamic limit,M (L→`,`)
.0.663 and the LRO in the first layer,M (L,1);L21.03, as
shown in the inset of Fig. 5~b!. Note that the equilibrium
LRO (Meq) of the two-dimensional Ising model is approx
mately 0.98 forkBT/J51.0. The discrepancy betweenMeq
andMne may result from the intrinsic nonequilibrium beha
ior of growth by MBE. Figure 5~c! indirectly implies that
R2( l ) is a correct scaling quantity. As the film grows, th
surface becomes rough and the saturated interfacial widthws
diverges so that the surface roughening is closely relate
the magnitude of the LRO. From the results ofM (L,`) and
M (L,1), we have obtainedM (L,`)2M (L,1)5a2b/L with
a50.663 andb54.57.

B. Temperature dependence of the domain size

In Fig. 6 we have compared the relaxation kinetics
S(0,l ) for two different ranges ofT, 0.5<kBT/J<2.0 and
3.85<kBT/J<4. The temperature dependence ofR2(t) in

e

FIG. 5. ~a! The long-range order parameterM (L,l ) as a func-
tion of the layer numberl for 20<L<80, kBT/J51.0, and F
51 ML/s. ~b! The saturated LROM (L,`) as a function of the
inverse system size 1/L. In the thermodynamic limit,M (L
→`,`)'0.66360.015 forkBT/J51.0 andF51 ML/s. The inset
in ~b! shows LRO at the layer numberl 51. The solid line in the
inset is a power-law fitM (L,1);L21.0360.05 for 20<L<200.~c! A
quantity L@M (L,l )2M (L,1)# as a function ofl for the same pa-
rameters as above. The transient behavior persists up to the
indicated by the arrow.~c! indirectly implies thatR2( l ) is a correct
scaling quantity.
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order-disorder phase transitions can be obtained f
R2(T,t)5S(0,t)/ceq

2 (T) @23#, whereceq(T) is the equilib-
rium value of LRO. Because of the practical difficulties
definingceq(T), we simply plottedS(0,l ) as a function ofl
instead ofR2( l ). The dotted lines in Fig. 6 are linear fits t
data for l>20, i.e., after the transient behavior. A slow r
laxation of LRO toward a steady state occurs at low tempe
ture in contrast to a fast relaxation at high temperature. H
ever, the slope of the dotted line, defined asB(T), at
kBT/J53.85 is smaller than that atkBT/J52.0. This result
indicates the presence of a maximum slope at tempera
Tm . Note that the saturation value ofS(0,l ) at kBT/J52.0 is
approximately 10 times as great as that ofS(0,l ) at kBT/J
53.9.

FIG. 7. The temperature dependence of the slopeB(T) for L
540, 0.5<kBT/J<3.65, andF51 ML/s. The dotted line is a
least-squares fit withB(T);exp(2s/kBT) and s;1.21J for tem-
perature range 0.6<kBT/J<2.2. The vertical line is at the invers
critical temperature of the three-dimensional simple cubic Is
model @kBTc(3D)/J'4.510#.

FIG. 6. Temperature dependence of the structure factorS(0,l )
for L540, 0.5<kBT/J<2.0, andF51 ML/s. The dotted lines are
linear fits after the layer numberl>20. The inset showsS(0,l ) at
high temperatures,kBT/J53.85, 3.9, and 4.0 forL540 and F
51 ML/s. Errors in the individual points are comparable to t
symbol size.
m

a-
-

re

As the temperature increases, the saturated value of
LRO decreases, and finally converges to a finite nonz
value due to finite size effects. These can be understoo
terms of thermal competition between mobility and spon
neous ordering. Another important factor which we need
consider is the temperature dependence of surface roug
ing. Experiments show that at low temperatures the surf
of a growing film becomes rough indicating high surface fr
energy. For higher flux, the lack of diffusion makes the s
face rough and produces less ordering inside the film@9#. We
have also observed less ordering for high flux. This res
suggests that the decrease in surface diffusion length m
it difficult for adatoms to overcome energy barriers and h
over the rough surface to find a locally stable state to form
ordered cluster.

Figure 7 shows the temperature dependence ofB(T) for
0.5<kBT/J<4. It is difficult to measure theB(T) for
kBT/J.4.0 due to the very fast relaxation. The vertical lin
in Fig. 7 is at the inverse critical temperature@Tc(3D)# of
the three-dimensional simple-cubic Ising model. The slo
B(T) shows a simple Arrhenius behavior exp(2s/kBT), with
s51.21J for 0.8<kBT/J<2.2. At low temperature, the pro
cess may not reach the region of the domain coarsen
driven by the interfacial free energy.B(T) has a maximum at
kBTm /J.2.2, and there is no significant change inB(T) for
temperatures between 2.1 and 2.4. As the temperature
creases abovekBT/J53.0 and approachesTc(3D), a sharp
decrease inB(T) occurs. The results imply that the kinetic
of the domain growth in this model is indeed a thre
dimensional process.

g

FIG. 8. A series of top views of surfaces of growing films
four different timet510 (a), 100~b!, 500 ~c!, and 2000~d! for
L580, kBT/J51, andF51 ML/s. The interfacial widthw(L,t)
saturates approximately after timet51200 for L580. A lighter
color represents a higher height compared to a dark color fo
lower height.
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C. Results for surface roughening

In Fig. 8 we show the effect of kinetic ordering an
APB’s on the surface roughening. Curved dark lines indic
lower height and imply the presence of APB’s on the s
face. The growth of films around the dark lines is relative
suppressed because of the high surface free energy o
APB, so that ordering and relatively higher heights are fou
between the APB’s. Since the saturation timet of w(L,t) is
slightly larger than that of domain growth, the number a
shapes of APB’s on the surface do not change even afte
saturation of the interfacial widthw(L,t). Those results im-
ply that the kinetic ordering and the motion of APB’s a
coupled to the surface roughening during growth.

Since the mean square widthw2(t)5(1/L2)(kSr(k,t),
w(t) contains less information than the structure fac
Sr(k,t) itself @24#. Thus more detailed information of grow
ing films can be obtained from the structure factor. For sm
k modes and correlation lengthj(t),1/k, the growth of
Sr(k,t);t is uncorrelated with other modes. As the fil
grows, the correlation lengthj(t) becomes larger and finall
Sr(k,t) saturates afterk.1/j(t). The divergence ofSr(k,t)
in the long-wavelength limit is responsible for that ofw2(t)
when L→`. Figure 9 shows that the steady-state struct
factorSr(k,`);k2g with g52 in the long-wavelength limit
and the saturated mean square interfacial widthws

2(L)
; ln(L), implying z50. For largek modes, it seems tha
there is a crossover tog54, meaning that surface diffusio
is the main relaxation process at small length scales@25,34#.
The behavior ofws

2(L) agrees with the experimental resu
of surface roughening in Si12xGex film growth on Si at large
length scales@17#. The dynamic exponentz52.0060.15 is
obtained from the data collapse onto the scaling funct
f (kzt) in Eq. ~11! for severalk modes shown in Fig. 10.

The exponents obtained obey the hyperscaling rela
z52z1d8 @25# and indicate the growth exponentz/z50 at
late stages. However, we have difficulty obtainingz/z di-
rectly from w(t) due to the initial transient behavior. Simu
lations using a much larger system sizeL are needed to con

FIG. 9. The steady-state structure factorSr(k,`) as a function
of wave numberk for kBT/J51.0 and F51 ML/s. In long-
wavelength limit,Sr(k,`);k22, and for largek modes, there is a
crossover tog54. The inset shows that the saturated mean squ
width ws

2(L); ln(L) and impliesz50.
e
-

the
d

d
he

r

ll

e

n

n

firm the result, and this would require a huge amount
computer resources. A detailed error analysis@35# shows that
the error inf (kzt),

s f'
Sr~k,t !

Sr~k,`!F S s t

Sr~k,t ! D
2

1S s`

Sr~k,`! D
2G1/2

,

if Sr(k,t) is uncorrelated withSr(k,`), and the error in the
scaled timet5kzt, st'u ln(k)uszk

zt, wheres t , s` , andsz
are errors inSr(k,t), Sr(k,`), andz, respectively.

The continuum growth equation which can describe
kinetic roughening of our model@36# at late stages is given
by

]h

]t
5n¹2h2k¹4h1h~r ,t !. ~23!

Heren¹2h in Eq. ~23! is a Laplacian~EW! term andk¹4h
is related to the surface diffusion. As a test of whethe
nonlinear term is present or not, we have calculated
skewness which is defined asS3(t)5^(h2^h&)3&/^(h
2^h&)2&3/2. Nonzero skewness implies that up-down sy
metry is broken and a nonlinear term is present. We h
obtained the skewnessS3520.0660.01 for L580 in the
asymptotic regime, meaning that the magnitude of the n
linear term is very small. Our data show that the skewn
becomes smaller with increasing substrate sizeL, and we
believe that it is likely to be zero forL5`. If this is correct,
then the presence of any nonlinear term in Eq.~23! is ex-
cluded in an asymptotic growth equation.

The Laplacian term in Eq.~23! dominates at large length
scales and determines the final morphology of films in c
trast to that at small length scales, where the surface di
sion term dominates, leading tows

2(L);L2. The above
Langevin equation without the nonlinear Kardar-Pari
Zhang ~KPZ! term (l/2)(¹h)2 @37# may also explain the
surface roughening in Si12xGex film growth on Si@17#; how-
ever, the skewness actually found for Si-Ge films is nonze
which may arise from the desorption or vacancies~over-
hangs! at late times. The asymptotic behavior ofws

2(L)
shown in Fig. 9 is consistent with the above theoretical

re

FIG. 10. The scaling functionf (kzt)5kgSr(k,t) as a function of
the scaled timekzt with g5z52.0 for severalk modes,kBT/J
51.0, andF51 ML/s. The dotted line is a guide line with slop
51.
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scription in which the final stage of surface morphology
determined by the EW term, leading to the scaling behav
ws

2(L).(D/2pn)ln(L) @18,38#.
At this moment, theoretical continuum equations ava

able for the growth by MBE are based on homoepitaxial fi
growth. Thus the effect of substrate and inhomogeneous
teractions between different kinds of particles on the surf
roughening is less clear. Further studies are needed to
duce a better understanding of the binary mixture fi
growth.

V. CONCLUSION

In this paper we have considered multilayerA0.5B0.5 film
growth onA@001# by molecular-beam epitaxy simulation
This study encompassed both growth-induced domain co
ening and noise-induced surface roughening. Our mode
cludes the essential feature of molecular-beam epitaxy;
we have adopted the random deposition of particles and
face diffusion.

The antiphase boundaries initially induced by the s
strate and the random deposition of a binary mixture
eliminated by the coarsening process, leading to a large
dered domain as films grow when bulk diffusion is neg
J,

,

et
r,

s.
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r.
r

-

n-
e

ro-

rs-
n-
.,
r-

-
e
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gible. Since the magnitude of the long-range order increa
as the layer number increases, our results for the dom
growth are similar to that of the case of a nonconserved o
parameter. The temperature dependence of the peak o
structure factor shows that the domain growth is indee
three-dimensional process. There is a temperature that re
in a maximum of the peak because of the competition
tween the mobility and spontaneous ordering. Because of
surface roughening, we find less ordering compared to
case of the two-dimensional Ising model.

The presence of the antiphase boundaries on the sur
indicates a correlation between the domain growth and
surface roughening. The Laplacian term in the continu
growth equation determines the final morphology of films
the asymptotic regime. More extensive studies are neede
understand the coupling between growth-induced pattern
mation and surface roughening.
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