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Domain growth and surface roughening in Monte Carlo simulations ofA gBg 5 film growth
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Using Monte Carlo simulations of a simple model &§ 5B, 5 film growth in 2+1 dimensions, we have
calculated domain size, long-range order in each ldyemd 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 dom&f(Kizhows a linear dependence on
the layer numbet for small | and saturates aftdg~L?R with domain growth exponerzg=2.02. In the
asymptotic regime, the final morphology of the film is determined by the Laplacian #&h in the con-
tinuum growth equation with roughness exponémstO and dynamic exponeizt= 2.
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PACS numbe(s): 68.55—-a, 05.40+j, 64.60.Cn, 05.70.Ln

I. INTRODUCTION is related to the surface roughening process during film
growth. Recent experiments provided valuable information
There have been tremendous efforts made to understar@dout the relationship between nonequilibrium surface mor-
growth-induced surface roughening and the underlyingohology and ordering; in gBe,_, [13] it is related to a
mechanisms of thin film growth by experiments and simula-Stranski-Krastanov growth mode, and in Galfp®] it is
tions [1,2]. From the point of view of simulation, simple linked to large steps formed by step bunching. A kinetic
discrete models of homoepitaxial film growth have beenmean field calculatiofil5,16 [studying quasi-layer-by-layer
used most often, primarily to study intermediate- and long-growth and three-dimension#8D) growth due to infinite
time behavior of surface fluctuations, structure factors, an@tep barriers at the step edgi#so shows that the morphol-
height-height correlations. Phenomenological continuunPgy of the films affects the evolution of the LRO. The scal-
growth equations have been also derived from symmetry aing result of surface roughness in the growth of $Geg, on
guments and analyzed by renormalization group methods dsi [17] indicates that at large length scales surface morphol-
numerical calculations; however, detailed mechanisms ofgy shows Edwards-WilkinsofEW) [18] behavior.
AB;_, film growth and the consequences of surface rough- In this paper we report the results of the surface-induced
ening processes are less well understood. Several grougemain growth and the growth-induced surface roughening
have recently reported experimental observations of atomitor a simple model of binary alloy films grown by molecular-
ordering in alloy films of Si_,Ge, [3], Al,Ga,_,As [4], beam epitaxy(MBE) simulations. First of all, we mention
Galn;_,As [5], Galn,_.P [6,7], etc., grown by epitaxial that we do not attempt to include full complexity but deal
techniques. The degree of long-range order observed in th&ith a rather simple model which will exhibit essential fea-
experiments is strongly affected by the properties of materitures of the system. In Sec. Il we provide the background
als used and epitaxial conditions like surface temperaturécluding the dynamic scaling theories of domain growth and
[3,8], growth rate[9], etc. surface roughening, and then we introduce our model and
The observed ordering in Si,Ge, alloys[3] and at Si/Ge method in Sec. lll. In Sec. IV the evolution and scaling be-
interfaces[10] is related to a kinetic growth process due to haviors of domain size and LRO are presented as a function
stresses at the growing surface and is then buried as the filng§ a layer numbet after the LRO reaches its steady state.
grow. The growth of Ggdn;_,P alloys on GaAs substrates We present and discuss the scaling results of the interfacial
[6] shows that ordered domains start from the substrate arifidth and the corresponding structure factor in Sec. IV. Fi-
broaden as the films grow. Experiments indicate that orderdally, in Sec. V we conclude.
ing takes place near the surface exposed to the incoming
particle-beam flux and show that the presence of long-range
order(LRO) is mainly due to surface phenomena and cannot Il. BACKGROUND
be explained by bulk or equilibrium properties. The ordering
is a metastable state which is irreversibly destroyed by an-
nealing although it is sustained up to a rather high tempera- The formation of ordered domains, clusters, and droplets
ture if bulk diffusion is negligiblg3]. at early and late times has been a hot topic in nonequilibrium
One interesting question is how atomic ordering in metal-statistical physics. A theoretical description of pattern forma-
lic alloys [11,12 and compound semiconductd®-5,8,1Q  tion for the case of a nonconserved order param®&&OP

A. Domain growth
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is known as modeRA [19]. This is described by a Langevin W2(L,t) ~L2F(&(t)IL), @)
equation for a one-component order parameter figldt),
where{ is the roughness exponent agt) ~t*? is the lat-
IP(r.Y) ——T oF + (1) (1) eral correlation length which is described by the dynamic
Jt Sy(r,t) o exponentz. The scaling functionf(x)~x? for x<1 and
approaches a constant for- 1. The structure factor

with mobility I and a coarse-grained free enekgwhich is
a functional of the local order parameter and has the _ /b no
Ginzburg-Landau form Sk =(h(k,Hh(=k.D), ©

« with h(k,t)=(1/L)Z,[h(r,t)—(h)]e"*", has a scaling
sz dr{V( W)+ ?O(Vz,//)z}, (2)  form in the long-wavelength limit

=k~ Yf(k?
with V() =3ro?+ fugy* in which ug>0, r,<0, and Sk =kTHIA), 10
ko(>0) is a constant related to the range of interaction. In ayith y=2¢+d’, whered’ is the substrate dimension. The
single disordered phas¥( ) has a stable, single-well struc- scaling functionf(x)~const forx>1 and, in the case of
ture with V() =3rq® (rs>0), and in the two-phase re- x<i1, f(x)~x for y=z and f(x)~x"% for y<z [24]. The
gion (r,<0), V() has a double-well structure. In E(L),  dynamic exponent can be determined from data collapse
no(r,t) is the stochastic white noise assumed tosbeorre-  onto the scaling function
lated in both space and time:

<770(r,t)>20, . . . . .

The continuum Langevin equation with conservation of
(mo(r,t) mo(r’,t"))=2kgTT 8(r—r") 8(t—t"). ®) the total number of particles is described in terms of surface
diffusion currentj(r,t) and nonconserved random noise

Theoretical solutions to Eq1) and experiments for the #(r,t):
NCOP[20,21] show that the average domain or droplet size

R increases as a function of timdike ah(r,t)

ot

f(k%t)=k”S, (K, t). (11)

=—V-j(r,t)+ n(r,t), (12

R(t)~tY2, (4
where the noise is assumed to satisfy(r,t))=0 and
The structure factoS(k,t) is the Fourier transform of the (n(r,t) n(r’ t,)>:2D5d'(r_r,)5(t_t,) with the diffusion

order ~ parameter  correlation  function C(r,t)  coefficientD. If j=—»Vh, one obtains a linear Langevin
=(¢(r.)¢(01)), wherey(r.t) is the local order parameter, oqyationgh/at=1V2h+ 7, which has been solved exactly

and [18] and yields¢=0 andz=2 in d’=2. It has been sug-
ested that the hyperscaling relatidb
Sk, 1) = (9K, D) i — K, 1) 9 yP 9 ]

z=27+d’ (13
=R(t)TS(kR(1)) (5)
holds for any growth model described by EG2).
in d dimensions, wheré& is a wave number an8(kR(t)) is
a scaling function. Note that for the NCOP one can define a [ll. MODEL AND METHOD
characteristic length scatg whereC(rq,t)=C(0,t)/2 [22],

or the mean square domain size can be simply defined as The simplest situation in heteroepitaxial film growth is

when two different species\(andB) are present and-type

N 2 material grows on a substrate of matefahs in the growth

2 dz(r,t)} > (6) of Ge on a Si substrate. Depending on the interfacial free
r energies and the lattice mismatch between the substrate and
. ) ) incoming particles, there are three possible modes of het-
with total number of particles, which corresponds to the groepitaxial growth[26]: Frank—van der Merwe(FM),

1
RA(t)= <N

k=0 peak ofS(k,t), i.e., S(0}) [23]. Volmer-Weber(VW), and Stranski-Krastano(SK). How-
ever, here we neglect the effect of the lattice mismatch to
B. Surface roughening simplify our model, so that the morphology of a growing

The surface roughening of the nonequilibrium growth offilm is entirely determineq by the interfacial free energies.
thin films is usually characterized by the mean square fluc- !N Molecular-beam epitaxy, particles are randomly depos-
tuation ited at a given rateK), in units of monolayers per second

(ML/s), on an initially flat substrate maintained with a fixed
w2(t)={(h(r,t)—{(h(t)))?), (7)  temperature T), and then diffuse around the surface or
evaporate from the surface. In our MBE simulations, we con-
whereh(r,t) is the height at lateral positianand timet and  sider a simple solid-on-solid model in which the substrate is
(h(t))=(1/L?)=h(r,t) with a lateral system siz&. The aLXL square lattice with periodic boundary conditions. Va-
mean square fluctuation has a scaling form cancies and overhangs are not allowed. Evaporation from the
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surface is prohibited by assuming that our epitaxial temperainside the bulk must be recorded. After the LRO reaches its

ture is not high enough for such evaporation. The depositiomsymptotic value, we have turned off the flux and quenched

rate of A-type particles isxF, while for B it is (1—x)F, the system. The quenched order and the mean square

wherex is the concentration oA particles. We have used an quenched order are defined as

A-type substrate to mimic the growth of;SiGe, on Si and

depositedA and B particles with equal probability; i.e., we 1

restrict ourselves ta=0.5. M= < N
A patrticle is randomly chosen for diffusion with an at-

tempt frequency D ,=80/site s) after random deposition of 1 N 2

A and B particles according to flu¥ and concentratiom. |\/|2(|):< = (—1)r0'(|’7|):| > (17)

Each particle can diffuse on the surface with probabifty N%

We consider the hopping probability of breaking bonds be-

i : ; : whereN=L? and o(r,l) can be 1(or —1) if an A (or B)
tween nearest-neighbor sites. The hopping probabiky)( atom occupies the site because of the assumption of no over-

N
Z (—1>*a<r,l>‘>, (16)

's given by hang and no vacancy. The quenched omi{t) has been
Py=exd —E(A,B)/kgT], (14) calculated up to the maximum layer numbgrfor which the
layer is entirely filled.
where a site-dependent activation enekgfA,B) is deter- Since we assume that bulk diffusion is negligible, all the
mined by the local configurations of bonding between thepast history of the surface, LRO and SRO fluctuations, along
nearest  neighbors, i.e., E(A,B)=naaJaatNeelee  the growth directiorf001] and in each layer are recorded in

+naglag, Wherenya, Ngg, andnag are the number of the bulk. The height-height and atom-atom correlations in-
A-A, B-B, and A-B pairs with nearest neighbors, respec-crease as films grow and finally saturate after the deposition
tively. Jaa, Jgg, andJp are effective bond energies be- of certain number of layers in a finite size system. In that
tween A-A, B-B, and A-B with (Jaa,Jgg,Jdag)=(—J, sense, one may regard the layer numbas time, and thus
—J,J), andJ>0. An A-(B-) type particle tends to make a the domain size at the layer numbdanay be defined as the
bond with aB-(A-) type particle due to “antiferromagnetic- k=0 peak of structure factds(k,l), i.e., S(0J). The struc-
like” effective interactions. ture factor is defined as
After breaking the bonds, a particle at thib site diffuses N
Py . i - 1
to a nearest-neighbdth site with probability Stk = NE exlik- (=) (r.) g 1)), (18)
Po(i—k)=exd —Ex(A,B)/kgT], (15) rr!

where (r,1)=(—1)"o(r,l). In analogy to Eq(6), we de-

where E,(A,B) is the binding energy available at tteh nfljne the mean square domain size as

site, and particles hop up no more than one lattice consta
The hop is carried out depending on the magnitude of a R2(1)=NMZ(1). (19)
random numberRN) generated such that<ORN<ZPp,
which is proportional to the probability of hopping to the The domain sizeR(l) is also related to the domain growth
site. Therefore a particle prefers to move to a site whichexponentzy, at late times,
provides the greatest binding energy. The homoepitaxial ver-
sion of this method has been used in other paf2r$ By R(I)~12R, (20
using this simulational model and method for binary alloy
film growth, we hope to capture the essential features of thbased on the self-similar behavior of the domain growth.
nonequilibrium behavior of domain growth and surface
roughening; however, we do not expect this simple model to IV. RESULTS
provide a quantitative description of a physical alloy film.
Simulations have been carried out for20=<200 with
the different number of layers grown depending on the sys- The results of domain growth of our model are consistent
tem sizeL using IBM RS6000 and Pentium workstations. with Allen-Cahn theory30] for the NCOP. According to the
The growth is repeated with different random number andheory, the normal velocity of a curved antiphase boundary
results are averaged to reduce the statistical errors; for eXAPB) is linearly proportional to the mean curvature. The
ample, 800 different runs have been averaged fe80. We  motion of the APB evolves in such a way as to reduce the
have used a uniform random number generator based on tlervature in order to minimize surface tension by bulk dif-
linear congruential metho28]. All the length scales have fusion. In the case of domain growth by MBE, the pattern of
been measured in the unit of a lattice constre.g., system ordered domains and antiphase boundaries at early time af-
sizeL=L/a. fects the morphology of growing films and the average size
To see the evolution of the LRO and the domain size, weof ordered clusters. The layer number dependence of the mo-
have relied on a lattice gas model for a binary alloy. Thetion of the APB shows nontrivial behavior due to the surface
model can be described in terms of a spin-1 Ising modefoughening and competition between ordering and disorder-
[29]. If the r site at a layer numbdris occupied by ai\(B) ing by thermal fluctuations.
atom at timet, theno(r,I)=1 (—1). Otherwise, the site is Figure 1 shows a series of snapshots of ordered domains
empty ando(r,I)=0. There are many spin updatings due toand antiphase boundaries in four different layers. The first
the deposition and diffusion; so all the spin configurationdayer, shown in Fig. @), is relatively disordered com-

A. Results for domain growth
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FIG. 1. A series of snapshots of ordered domains and antiphase
boundaries in four different layeds=1 (a), 50(b), 100 (c), and
600 (d) for a system sizé& =80, kgT/J=1.0, and a deposition rate
F=1 ML/s. A white (black square is arA(B) adatom in the
layer.

pared to other layers, due in large part to the homogeneous
A-type substrate. The density of APB’s near the substrate is
much larger than near the surface. IAbecomes large, the
APB'’s straighten out or even disappear, and finally the sys-
tem reaches its steady state after a layer nurhbat which

LRO saturates. It is worth noting that the circular APB’s @ ©
seen in Fig. (b) are eliminated in Fig. (£) by the coarsening , , )
kinetics. FIG. 3. lllustration of two planes and vertical cross sections of a

As illustrated in Fig. 1, a partially ordered layer acts as a'™ after deposition of 800 layers fdr=280, ksT/J=1.0, andF

template for further ordering in the next layer. At early =1 MLis. (3 lllustration of two planes fok. =80 used forb)—(e).

.(b) xz plane showing the first 80 layer&) xz plane showing 724
stages, small ordered clusters are formed by energy den5|{\|$805_ (d) yz plane showing the first 80 layerée) yz plane

showing 724<|<805. A white(black square is ai\(B) adatom in

0.52 the layer.

0.51 o -oB - fluctuations, i.e., SRO fluctuatiof81], which develop LRO
domains and begin to coalesce and finally fill the first layer
as the film grows. The nucleation of small ordered clusters
may occur on top of the growing domains, so that an ordered
layer produces more ordering in the next layer. This behavior
is consistent with the results of kinetic mean field theory
[16].
At this stage, the nonlinear ternx¢/2)(V )? in the free
, , , energy density described in Eq2) is large andV()
10 20 30 40 ~ 1roy? for a large system size. The effect of the substrate
! and the strong nonlinear term lead to a transient behavior up
FIG. 2. Layer dependence of the concentratiansf A andB (0 |=20. We can clearly see the transient behavior in Fig. 2

adatoms for quenched films after the deposition of 100 layers foshOwing the concentration of A andB adatoms as a func-
L=80,ksT/J=1.0, andF=1 ML/s: the concentrationsof Aand  tion of layer numbet. The density oB adatoms in the first

B adatoms in a layer numbel are defined asx,(l) layer is a little larger than that oA adatoms; however, it
=(1/2N)Z,[o(r,1)+1] and xg(1)=1—xa(l). Errors in the indi- oOscillates around 0.5 as the film grows because the total
vidual points are smaller than the symbol size. number of particles is conserved; i.g, andxg of adatoms

0.50 | |

XA(l) H XB(I)

0.49 -

0.48
0
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FIG. 4. Mean square domain sif(l) as a function of the
layer number for 40<L=<80, kgT/J=1.0, andF=1 ML/s. Er- 10°

rors in the individual points are comparable to the symbol size. The =

dotted line is a linear fit,R%(1)=R?(0)+A(T)l, with R?(0) s

=17.1, and the rate constafit=3.78. The inset shows the satura- 10" J

tion of R2(l) after the layer number,(L) as a function ofL. The ;

solid line in the inset is a power-law fit(L)~L?r, with the dy- %

namic exponenzg=2.02 10°

deposited at each time step are the same. After the transient !

behavior (=20) indicated by the arrowka(l)~xg(l), i.e., FIG. 5. (@) The long-range order parameter(L,l) as a func-
(I/N)Z,a(r,1)~0 in each layer. tion of the layer numbel for 20<L<80, kgT/J=1.0, andF

Figures 3b)—3(e) show vertical cross sections of films =1 ML/s. (b) The saturated LROM(L,) as a function of the
after deposition of 800 layers. Figurefbgand 3d) are the inverse system size U/ In the thermodynamic limit,M(L
sections for &1=<80 along thexz- andyz planes illustrated ~—%,%)~0.663+0.015 forkgT/J=1.0 andF=1 ML/s. The inset
in Fig. 3@a), respectively. The rough surface can be seen inn (b) shows LRO at the layer numbés1. The solid line in the
Figs. 3c) and 3e) in both planes. As shown in Figs(i8 and  inset is a power-law fit(L,1)~L~*%*%for 20<L<200.(c) A
3(c), the ordered domain size grow and the streaks of APB'@uantity LIM(L,1)—M(L,1)] as a function ofl for the same pa-
extend vertically from the substrate to the surface. Some dgffTeters as above. The transient behavior persists up to the layer
the APB's are eliminated by the coarsening process. Unlikddicated by the arrow(c) indirectly implies thalR"(l) is a correct
the curved APB'’s in a plane perpendicular to the growthScallng quantity.
direction shown in Figs. (&), 1(b), and 1c), the shape of The exponentzy obtained agrees well with the asymptotic
APB's along the growth directions is almost linear. Thesepehavior ofR(l) given in Eq.(22).
are in good agreement with experimefs7,9 and simula- Figure a) explains the behavior of the LRO as a func-
tions of CuPt type of orderinf32,33. tion of I. We have also found that the LRO depends sensi-

Figure 4 shows the mean square domain §12¢) as a tively on epitaxial parameters like deposition conditions and
function of a layer numbelrfor 40<L<80. The dotted line intrinsic properties like activation energies. Figuréb)s
in Fig. 4 is a linear fit forL =80 after the initial transient shows the steady-state nonequilibrium LRI®{) as a func-
behavior (=20) tion of 1L. In the thermodynamic Iimit,M(L—ln(;os,oc)

208 2 =0.663 and the LRO in the first layeW] (L,1)~L™ >, as

RA(D=RA(0)+AMI, (1) shown in the inset of Fig. (). Note that the equilibrium
. LRO (Mg of the two-dimensional Ising model is approxi-
v_vhere A(T) is a tezmperature-dependent _rate constant. Th?mately 0.98 forkgT/J=1.0. The discrepancy betwedr,,
linear behavior oR“(I) agrees very well with the results of angM ., may result from the intrinsic nonequilibrium behav-
a NCOP domain coarsening by order-disorder phase transjg, of growth by MBE. Figure &) indirectly implies that
tions[12,3 if one regardd as timet. HereR?(l) saturates R2(|) is a correct scaling quantity. As the film grows, the
after I(L) due to finite size effects and the inset in Fig. 4 gyrface becomes rough and the saturated interfacial wiglth
shows thatl (L)~L*® with domain growth exponentz giverges so that the surface roughening is closely related to
=2.02+0.30, where we have uséd=40 for the power-law  the magnitude of the LRO. From the resultsM{L,) and
fit. For largel, Eq. (21) can be approximated by M(L,1), we have obtaineM (L,%)—M(L,1)=a—b/L with

a=0.663 ando=4.57.
R%(0)

M oA

R(1)~ JA(T)I*2

. (22) B. Temperature dependence of the domain size

In Fig. 6 we have compared the relaxation kinetics of
Equation (22) indicates that for large. and |, R(1)~I*?2"  S(0/) for two different ranges off, 0.5<kgT/J<2.0 and
similar to Eq.(4), R(t)~t'? for the NCOP domain growth. 3.85<kgT/J<4. The temperature dependence Rf(t) in



7576 Y. SHIM, D. P. LANDAU, AND S. PAL PRE 58
2000 T gt -\.tl: S <3 - JER i
o 385 e T e RRERE ' o]
wo| {53 STk R R b B R
1500 - % 100 - OOOQZZZZAAMAMAA .1_ o | - =i & =y i l_:ll. ™ ::., -:'I =, ] E
i FE e kel of I NT T
- 00 100 l] _: ;n:-_h_'_. .":. :‘:’f.l'r 1 ‘;:.n.q.'lq_ ; _H .ﬁ
5: 1000 r ) looowggmgmwmﬁngtg@nm e _- -.....’1" 5 =R . i |
[ 530?;':' oo ] NS A .-_'.-' = . _l [ Ny 3 f y " r'" .:l' -‘1 ”
8 K I s R T T LB e
S e AL Rl e 4
500 [ OQCSEFDD AAAA”A"A - = o : i .f—‘ e F ] i, T' *L = 1,
o ® ®)
QQQIQGBQJCOISOOBQBG _ _ _
: ) B T = E “'. 7Y 'I'_-._ h
0 100 200 300 P ._“.i r ,.H\H tjh i
] L '-“‘-“\-.:I1 T P_ . P g .‘. ]
A - | - '\r'_‘. -1 T ,‘l_.._ ¥
FIG. 6. Temperature dependence of the structure f8¢0/) 2 g | o | ﬂ:-" i ..\g
for L=40, 0.5<kgT/J<2.0, andF=1 ML/s. The dotted lines are L oN g . TRTy R e
linear fits after the layer numbée=20. The inset show§(0/) at vt f_‘_ 1, r Ll A
high temperatureskgT/J=3.85, 3.9, and 4.0 foL=40 andF -:E{; W "-: Fle, Ll.- ; ‘—:"“h.. -
=1 ML/s. Errors in the individual points are comparable to the & =" =& L = Y by, L
symbol size. e s Y -.L}"'“.j ,":, A
i " -lh.l T it 1# T e L .
L& . 2 1 A- .!' ¥ 5 s - |-

order-disorder phase transitions can be obtained from

R%(T,t) =S(0t)/ y5(T) [23], where y((T) is the equilib-
rium value of LRO. Because of the practical difficulties of
defining ¢ T), we simply plottedS(0,l) as a function ot

FIG. 8. A series of top views of surfaces of growing films at
four different timet=10 (a), 100(b), 500 (c), and 2000(d) for
L=80, kgT/J=1, andF=1 ML/s. The interfacial widthw(L,t)

instead ofR?(l). The dotted lines in Fig. 6 are linear fits to saturates approximately after time=1200 for L=80. A lighter

data forl=20, i.e., after the transient behavior. A slow re- color represents a higher height compared to a dark color for a

laxation of LRO toward a steady state occurs at low temperaower height.
ture in contrast to a fast relaxation at high temperature. How-

ever, the slope of the dotted line, defined B§T), at
kgT/J=23.85 is smaller than that &z T/J=2.0. This result
indicates the presence of a maximum slope at temperatu
Tm- Note that the saturation value §(0,l) atkgT/J=2.0is
approximately 10 times as great as thatS¢0,l) at kgT/J
=3.9.

10

° %E |

~1.21

-

z

.

B(T)

10

Iz
-

05 1.0 15
(ks T/J)

0.0 2.0 25

FIG. 7. The temperature dependence of the sIBHE) for L
=40, 0.5skgT/J=<3.65, andF=1 ML/s. The dotted line is a
least-squares fit wittB(T)~exp(—gksT) and s~1.21) for tem-
perature range 06kgT/J<2.2. The vertical line is at the inverse

As the temperature increases, the saturated value of the
LRO decreases, and finally converges to a finite nonzero

Falue due to finite size effects. These can be understood in

terms of thermal competition between mobility and sponta-
neous ordering. Another important factor which we need to
consider is the temperature dependence of surface roughen-
ing. Experiments show that at low temperatures the surface
of a growing film becomes rough indicating high surface free
energy. For higher flux, the lack of diffusion makes the sur-
face rough and produces less ordering inside the[8[mnWe

have also observed less ordering for high flux. This result
suggests that the decrease in surface diffusion length makes
it difficult for adatoms to overcome energy barriers and hop
over the rough surface to find a locally stable state to form a
ordered cluster.

Figure 7 shows the temperature dependencB(df) for
0.5<kgT/J<4. It is difficult to measure theB(T) for
kgT/J>4.0 due to the very fast relaxation. The vertical line
in Fig. 7 is at the inverse critical temperatUré;(3D)] of
the three-dimensional simple-cubic Ising model. The slope
B(T) shows a simple Arrhenius behavior exig{kgT), with
s=1.21] for 0.8<kgT/J=<2.2. At low temperature, the pro-
cess may not reach the region of the domain coarsening
driven by the interfacial free energg(T) has a maximum at
keTm/J=2.2, and there is no significant changeBiT) for
temperatures between 2.1 and 2.4. As the temperature in-
creases abovkgT/J=3.0 and approachéek;(3D), a sharp
decrease iB(T) occurs. The results imply that the kinetics

critical temperature of the three-dimensional simple cubic Isingof the domain growth in this model is indeed a three-

model[kgT.(3D)/J~4.510.

dimensional process.
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FIG. 9. The steady-state structure fac®tk,) as a function FIG. 10. The scaling functiof(k’) =k”S;(k,t) as a function of

of wave numberk for kgT/J=1.0 and F=1 ML/s. In long- the scaled timek? with y=2z=2.0 for severalk modes,kgT/J
wavelength limit,S,(k,)~k~2, and for largek modes, there isa =1.0, andF=1 ML/s. The dotted line is a guide line with slope
crossover toy=4. The inset shows that the saturated mean square 1.

width ws(L)~In(L) and implies;=0. firm the result, and this would require a huge amount of

_ computer resources. A detailed error analy3F shows that
C. Results for surface roughening the error inf(k%),

In Fig. 8 we show the effect of kinetic ordering and 2 2
APB'’s on the surface roughening. Curved dark lines indicate oo~ Sf(k’t)[ It ) + T )
lower height and imply the presence of APB’s on the sur- " Si(k,) | | Si(k,b) Si(k,»)
face. The growth of films around the dark lines is relatively. . . .
suppressed because of the high surface free energy of thesf(k’t? IS unC(Z)rreIated with§,(k,), and the error in the
APB, s0 that ordering and relatively higher heights are found¢aed timer=k, o, ~[In(K|ok*, wheres, o.., ando,
between the APB's. Since the saturation timef w(L,t) is &€ errors iS5 (k.t), Si(k,), andz, respectively.
slightly larger than that of domain growth, the number and . Th_e continuum growth equation which can de§crlbe the
shapes of APB's on the surface do not change even after tHnN€tic roughening of our mod¢B6] at late stages is given
saturation of the interfacial widttv(L,t). Those results im- Y
ply that the kinetic ordering and the motion of APB’s are oh
coupled to the surface roughening during growth. —=vV2h—kV3h+ 5(r,t). (23

Since the mean square widih?(t)=(1/L?)2,S(k,t), ot
w(t) contains less information than the structure factorHere »V2h in Eq. (23) is a LaplacianEW) term and«V*h
Si(k,t) itself [24]. Thus more detailed information of grow- s related to the surface diffusion. As a test of whether a
ing films can be obtained from the structure factor. For smalhonlinear term is present or not, we have calculated the
k modes and correlation lengtf(t)<1/k, the growth of skewness which is defined a§3(t)=<(h—(h>)3)/<(h
Si(k,t)~t is uncorrelated with other modes. As the film —(h))2)32 Nonzero skewness implies that up-down sym-
grows, the correlation lengtf(t) becomes larger and finally metry is broken and a nonlinear term is present. We have
Si(k,t) saturates aftek>1/£(t). The divergence 08, (k,t)  obtained the skewnesS$;=—0.06+0.01 for L=80 in the
in the long-wavelength limit is responsible for thatwf(t)  asymptotic regime, meaning that the magnitude of the non-
whenL—o. Figure 9 shows that the steady-state structurginear term is very small. Our data show that the skewness
factorS;(k,2) ~k™? with y=2 in the long-wavelength limit becomes smaller with increasing substrate sizeand we
and the saturated mean square interfacial Widti(L) believe that it is likely to be zero fdr=. If this is correct,
~In(L), implying {=0. For largek modes, it seems that then the presence of any nonlinear term in E2B) is ex-
there is a crossover tg=4, meaning that surface diffusion cluded in an asymptotic growth equation.
is the main relaxation process at small length sc2és34]. The Laplacian term in Eq23) dominates at large length
The behavior ofw?(L) agrees with the experimental results scales and determines the final morphology of films in con-
of surface roughening in §i,Ge, film growth on Si at large  trast to that at small length scales, where the surface diffu-
length scale$17]. The dynamic exponerz=2.00+0.15 is sion term dominates, leading twﬁ(L)~L2. The above
obtained from the data collapse onto the scaling functioriLangevin equation without the nonlinear Kardar-Parisi-
f(k*t) in Eq. (11) for severalk modes shown in Fig. 10. Zhang (KPZ) term (\/2)(Vh)? [37] may also explain the

The exponents obtained obey the hyperscaling relatiosurface roughening in Si,Ge, film growth on Si[17]; how-
z=2{¢+d’' [25] and indicate the growth exponefilz=0 at  ever, the skewness actually found for Si-Ge films is nonzero,
late stages. However, we have difficulty obtainitz di-  which may arise from the desorption or vacancieser-
rectly fromw(t) due to the initial transient behavior. Simu- hang$ at late times. The asymptotic behavior \Mﬁ(L)
lations using a much larger system slzare needed to con- shown in Fig. 9 is consistent with the above theoretical de-

1/2
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scription in which the final stage of surface morphology isgible. Since the magnitude of the long-range order increases
determined by the EW term, leading to the scaling behavioas the layer number increases, our results for the domain
w2(L)=(D/27mv)In(L) [18,38. growth are similar to that of the case of a nonconserved order

At this moment, theoretical continuum equations avail-parameter. The temperature dependence of the peak of the
able for the growth by MBE are based on homoepitaxial filmstructure factor shows that the domain growth is indeed a
growth. Thus the effect of substrate and inhomogeneous irthree-dimensional process. There is a temperature that results
teractions between different kinds of particles on the surfacén a maximum of the peak because of the competition be-
roughening is less clear. Further studies are needed to préween the mobility and spontaneous ordering. Because of the
duce a better understanding of the binary mixture filmsurface roughening, we find less ordering compared to the
growth. case of the two-dimensional Ising model.

The presence of the antiphase boundaries on the surface
V. CONCLUSION indicates a correlation between the domain growth and the
surface roughening. The Laplacian term in the continuum

In this paper we have considered multilayeysBos film  growth equation determines the final morphology of films in
growth onA[001] by molecular-beam epitaxy simulations. the asymptotic regime. More extensive studies are needed to
This study encompassed both growth-induced domain coarsmderstand the coupling between growth-induced pattern for-
ening and noise-induced surface roughening. Our model inmation and surface roughening.
cludes the essential feature of molecular-beam epitaxy; i.e.,
we ha\_/e aQopted the random deposition of particles and sur- ACKNOWLEDGMENTS
face diffusion.
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