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Molecular beam epitaxy in the presence of phase separation
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Experiments have shown that phase separation during the growth of solid films by molecular beam epitaxy
(MBE) is a phenomenon seen in a variety of systems. We study a MBE process where two types of particles
are deposited simultaneously, and where the interatomic potential energy leads to phase separation. From a
microscopic point of view, we describe the system with a solid-on-solid model augmented by an Ising model
to represent the phase separation. Monte Carlo simulations of this model show that for low deposition rates, a
lamellar pattern emerges in the bulk, with a modulation parallel to the growth plane. We show how the
temperature and the deposition rate can be used to tailor the wavelength of the modulation. The effects of the
phase separation on the surface morphology create a modulation consisting of steps or grooves at the interface
between surface domains, which can be seen in the height-height correlation function and in the surface width.
The temperature dependence of the surface width at fixed deposition rate is also presented.
[S0163-182697)09104-3

I. INTRODUCTION Experimentally, phase separation during crystal growth
can be divided into three categorie4) lateral phase sepa-
Molecular beam epitaxy¥MBE) is a process by which ration, seen in the substrate pldim(i) vertical phase sepa-
particles are deposited on a surface through a directed beamation, where the modulation is along the growth direcfidn,
Technologically, MBE is an important procedure used in theand (iii) vertical phase separation where the concentration
growth of thin solid films. Examples of applications include modulation is parallel to the growth plafdn their paper,
photovoltaic devices, optoelectronic microsensors, insulatoMcDevitt et al* studied phase separation in;InGa,As
layers, and Bragg reflectotsThe MBE growth technique is epilayers grown by MBE (with a growth rate of 1
based on the fact that surface diffusion is an activated proam/houn and found that two-dimensional phase separation
cess. Particles diffuse on the surface and overcome potentiatcurs in the growth plane, leading to a concentration modu-
energy barriers with  probability proportional to lated structure. In the temperature range 670-780 K, they
exp(—AE/kgT). To successfully grow flat epilayers, the tem- found that the wavelength of the modulation increases with
peraturel has to be high, such that atoms have a large probincreasing temperature, which they explained with the sur-
ability of finding the minimum energy configuration. How- face diffusion of As atoms. In another stutign, Se, Mg,
ever, this process is hindered by the incoming flux ofand ZnS were deposited simultaneously at temperatures
particles. For example, a particle that is not in a minimumaround 530 K to grow thin layergabout 1 um thick) of
energy state can be covered by an incoming particle. Thel00 Zn,_,Mg,Se; ,S, or Zn Se, _,S,. In these systems,
implication of this nonequilibrium growth is that the surface phase separation is seen in tvertica) [011] direction oc-
reaches a steady state where the width is saturated but tlearring mostly forx>0.2, and it is observed that the free
surface is not at equilibrium. Experimentally then, it is pref- surface has a modulation of the order of 400 A, comparable
erable to have high temperature, slow deposition processe the bulk concentration modulation.
While the simplest way to grow a layer with MBE is to  Theoretically, MBE in the presence of phase separation is
deposit one type of particléfor example, Si on j it has a challenging problem because it combines two unsolved
now become necessary to grow more complex films made afonequilibrium processes: the steady-state reaching MBE
different atoms. The usage that one wants to make of thgrowth and the equilibrium reaching phase separation. In
epilayer dictates the growth conditions. This is because mulparticular, we shall show that the scaling behavior of ho-
ticomponent crystals exhibit phase transformations with temmoepitaxy is only partially carried over to heteroepitaxy, and
perature. For exampfepulk equilibrium studies show that that the combination of the two nonequilibrium processes
Si;_,Ge, is homogeneous at high temperatures but it phasenay lead to metastable states in the bulk.
separates below a certain critical point. On the other hand, Among the theoretical methods to study MBE is to pro-
(GaAs ; _,Ge,, always unmixes below the melting point of pose a microscopic Hamiltonian and numerically simulate
the mixture. The dynamical process of phase separation cahe system using a Monte Carlo algorithm. This approach is
be understood in terms of quenching experiments. There, aseful because it permits us to focus on certain microscopic
mixture of two species is suddenly quenched from the homointeractions, and see their effect on the surface growth. Re-
geneous phase to a state in the coexistence region of thwently, Siegert and Plischkéave simulated MBE using a
phase diagram. Because of a thermodynamic instability, dosolid-on-solid(SOS model that allows the surface to relax.
mains will form and grow in time, leading eventually to In order to simulate MBE with phase separation, we have
complete phase separation. The approach to this state is usused a SOS model augmented by an Ising model to describe
ally referred to as spinodal decomposition and is a honequithe phase separation. The dynamics at the surface and in the
librium dynamical phenomenon. bulk are chosen to satisfy detailed balance in the absence of
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deposition. As a first step, we have investigated our model ilbrackets denote an average over independent initial condi-
1+1 dimensions, relevant to experimental systems where thgons. The surface structure factor follows a simple scaling
strain is highly anisotropic, and phase separation occurs onfform,

in a preferred plane. We are aware of one previous Monte

Carlo study of phase separation during film growtfirhe Ss(k,t) =k~ "s(k*), 3

authors presented results of simulations l2dimensions | i the exponents obeying a hyperscaling relatienz and

without fluctuations of the free surface, and with diffusion being equal to 2. Thus during MBE growth, a unique length
occurring in a thin surface layer. This leads to phase sepa, ' ’

) . o cale,£¢, emerges and obeys the power law
rated microstructures, with a saturated domain size propor-
tional to F~%3, whereF is the deposition rate. Our study E~tle, (4)
extends this work by including and studying the fluctuations _ _ ] )
of the free surface. We also recover the regifie’® and ~ The width of the interfaceWw, defined through the relation

identify a new regime where the domain size is proportional

_ g L\—d _
to F~ Y at smaller deposition rates. W2(L t)=(—) S ([h(r.t) -y =a'S syk.t)
Our paper is divided as follows. In Sec. Il we describe the ’ a r < ’ ) K '
model and details of the simulation procedure. In Sec. Il we )

present the results of our Monte Carlo simulations while Sec(a is the lattice constant), thus follows a power law in time
IV summarizes our findings and gives an outlook for they, s with 28= (y—d)/z until saturation is reached, be-

future. yond which the saturated width behaves \&&s-L¢ with
(=% for d=1 and (=0 for d=2. Prior to saturation,

1. MODEL W~ £6~t42 which leads to the relatiog={/z. The three
relations among the exponents lead/tas one independent

During MBE, evaporation of particles is negligible, and exponent. The above scaling forms imply that the correlation
the surface relaxation proceeds through diffusion of materigf;nction scales as

along the surface, due to the large surface diffusion coeffi-
cient. Typically, overhangs and incorporation of vacancies in G(r,t)=([h(r,t)—h(0;) 1) =r2g(r/ &(1)). (6)
the bulk are neglected, and MBE is modeled by SOS models.

The investigations of various SOS models have shown thdfurthermore it was found that the value ois independent
both in 1+1 and 2+1 dimensions, the simplest realistic dis- of the deposition rate and of the presence of an equilibrium

crete model Hamiltonian for MBE of a single type of atom is "oUghening transition. ,
The above scaling relations and exponents can be repro-

1 duced from the Edwards-WilkinsofEW) equatior?
— i n
Hsos=5 Esos<i2j> [hi—h;|", ) oh=vV2h+ F+ 7, %

whereh; is the discrete height at siieand the sum is over whereF is the deposition rate angh, its nonconserved fluc-

nearest-neighbor site€¢os>0). The exponent is related tuations with second momebt. Indeed, the structure factor

- 0 . . _ D) . . .
to the so-called Schwoebel barriéfson a vicinal surface of IS Ss(k,t) =D/vk*(1—e” "), which gves in the steady
large terraces separated by steps, particles diffusing on a teftate and in +1 dimensionsV=(D/») L™ _
race will be repelled from the downward step, because they N the case of heteroepitaxy, one needs to include in the
have to jump over a potential barrier. This barrier is due to amodel the interactions between d!ffgrent atomic species. '_I'he
decrease of the coordination number as the particle pass&€énplest model capable of describing phase separation in a
from the upper terrace to the lower terrace. Tirel model  binary alloy is the Ising model
possesses a negative Schwoebel effect producing downhill 1
curre_nts and realistic sgrface properties. The casé h'as a Hising= — _Elsng a0, (8)
special symmetry and is not expected to be realistic, while 2 ()
for n=4 there is a positive Schwoebel effect that causes 1 ore o, is a variable equal to=1 for an A or B atom,

instabilities and the formation of large pyramidlike struc- respectively, and the sum is over nearest-neighbor pairs. On
tures. For these reasons, we have chosen to model the surfagg, o 4irensional square lattice, the Ising model has a phase

reIaxaupn in our problem witm=1. In this case/lsosiS  yansjtion between a high temperature homogeneous phase

proportional to the number .of bro_kgn bonds at the surfac%nd a low temperature two-phase region around
and rt]hus has a S|mpf)lehphy5|callokr]|g|n. . h . Tc~2.26(Esing/Kg), kg being Boltzmann's constant. The

1+1i (ed Erg)pe;]'gszf 1 t((;s: g])oc(ij?me‘:]‘\sl% r?se’f)n T\%C:]'tzd (g:rtlo : ynamical evolution of such a system after a quench from a

: . y . high temperature to a temperature beldwis governed by

S|mqlat|ons? Most of the surface structural propertles can bean initial instability and the development of domains, of lo-

obtained from the surface structure factor, defined as cal order parameter corresponding to that of the two coexist-

N . ing phases, with average size growing as a power law in time
S(k,t)=(h(k,t)h(—k,t)), (2)  with an exponent.®**®For MBE, we suppose that the con-

L L centration of each atomic type falling on the surface is con-

Whereﬁ(k,t): L9235 [h(r,t)—h]e'k" with h the average Stant in time, and because of conservation of material,
value of h(r,t), L the linear system size, and the angular(hLd)‘lESystengF const. A coarse-grained description of
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FIG. 1. Monte Carlo moves allowed in the simulations. Pro-
cesses 1, 3, and 4 are surface diffusions, while process 2 is a bulk
exchange.

the phase separation in the Ising model in terms of a con
tinuous variablep(r) proportional to the local concentration
difference of the two species is the Cahn-Hilliard equatfon:

hp=MV3(— ¢+ >~ V2¢) + 7, 9

with M the mobility and», a conserved thermal noise re- E ; ;

lated toM through a fluctuation-dissipation relation. I 2 sk o

We postulate the full Hamiltonian for MBE with phase = by * 5 -
separation to be i;:: T ¥
- il # T

H=Hsost Hising- (10

; ; . FIG. 2. Top 50 layers after deposition of 200 layers for
Ther re thr rameter ntering in r model:
ere_are Ihree parameters entering our- model, T, o £ 1 andT— (@ 0.2,(b) 0.5,(c) 1.0, (d) 1.6. Only a
Eising/Esos: KsT/Esps, and the deposition raté. In the . >ing ; :
following, we have setEgos to 1 and shall refer to partial section of size 100 of tHe=200 system is shown.

kg T/EsosasT, while lengths are rescaled by the lattice con- _ _
stanta. Ny /ng~exp(—E./kgT). In our simulations, we have kept the

In the simulations, we start with a one-dimensional flat@tio Ny/ns=0.01 fixed. The deposition rafe in time units

interface of sizeL, and the space above the substrate is di°f Monte Carlo steps i&=1/ns.
vided in a square lattice with lattice constant 1. A sitei

from 1 toL is chosen randomly, and a particle is deposited at IIl. RESULTS
hi+1. In the case of a *“critical” deposition, i.e., ) .
S qysten?”i =0, we choose the type of the freshly landed atom We have simulated our model for systems of size
randomly to be+ 1. Then, we randomly visit all of the atoms L =200, for various values of the Ising and SOS interactions
that have been deposited. If the atom lies on the surface, it @1d Wwith different deposition rates and temperatures. If
allowed to hop to a nearest-neighbor site on the surfece e(oj,0) represents the interaction energy between nearest-

responding to processes 1, 3, and 4 in Figwith a transi- neighbor atoms andj, and if we identify a vacancy with
tion rate o=0, the energies in our model ares(1,1)=

e(—1,-1)=—Esing, &(1,-1)=e(—~1,1)=Epng, and
AH; £(*1,0)=Egps. In the case wherggj,g>2Egps, processes
Wiﬂ:exi{ - T) (1) 3 (detachment from islandsand 4 of Fig. 1 will spontane-

) o ] . ously occur because they lower the energy, thereby creating
where’H is the Hamiltonian of Eq(10). This choice for the  yery rough surfaces. With our choice for the Hamiltonian
transition rates ensures that detailed balance is satisfied if tf(gnd largeE,qing), Process 4 will always reduce the energy,
deposition rate is set to zefdf the atom lies in the bulk, we independently of the depth of the groove, leading to colum-
randomly choose a nearest-neighbor site and attempt to exzr structures.
change the two atoms, as process 2 of Fig. 1 illustratés
choice for the bulk dynamics conserves the volume fragtion
We do not allow exchanges between surface and bulk atoms,
and assume periodic boundary conditions alongxthirec- Figure 2 shows the top 50 layers after deposition of 200
tion. The deposition rat& is controlled by the number of layers for temperatures below the critical temperature, with
sweeps through the surface after each deposition. To mod#éie deposition rate fixed at,=100. We found that if we set
the difference in the diffusion constant on the surface and inhe bulk diffusion to zero, the same kind of lamellar patterns
the bulk, the number of diffusion attemptMonte Carlo appear, implying that the phase separation occurs at the sur-
steps$ per deposition event for atoms on the surface is set tdace. For temperatures above the critical temperature, the at-
ng, while for atoms in the bulk it i;n,. For no<ng the  oms are homogeneously mixed, in agreement with annealing
surface diffusion coefficient is larger than the bulk diffusion experiments.Below T., the atoms form domains at the sur-
coefficient. IfE, is the extra activation energy for an atom in face that are buried as the film grows. New deposited atoms
the bulk as compared to an atom at the surface, then the ratthen diffuse on top of the surface, which now contains con-

A. Effects of temperature
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centration gradients, and will tend to stay on top of lamellae 0.6
that minimize the bonding energy. Iteration of this idea pro-
duces stripes that extend from the substrate to the free sur-
face. When the bulk interfaces are straight, they do not decay
and are metastablelln fact, ¢=tanh{/\2) is a one-
dimensional steady-state solution of Ef) without thermal 02}
noisd. For the lamellar bulk configurations where the con- >
centration interfaces are rough, reducing the temperature af- (50
ter the deposition process would quench in the morphology.

On the other hand, this roughness could be decreased by the
local straightening of the interfaces by the chemical potential 02
gradients as time proceeds, leading to flat interfaces. Which
of these two processes is useful in practice depends on the

0.4 I,

=04 1 L L

application. For example, in Ref. 17, it has been shown that “o 10 " 20 30 40

the interface roughness in semiconductor superlattices leads X

to quantum phase-coherent backscattering which localizes

the electrons and increases the magnetoresistance. FIG. 3. Bulk correlation function in the direction parallel to the

As Fig. 2 illustrates, the pattern wavelength dependgyrowth plane for the parameters of Fig. 2.
strongly on the temperature. At low temperatures, the diffu-
sion length is small, and the atoms sample the surface onlyhe interface velocityand hence\) is proportional to the
locally and stick. For example, =0, a move occurs only surface tension and the diffusion coefficient. The surface ten-
if AH < 0, i.e., attachment to islands, downward jumps, orsion is constant at low temperatures and decreases towards
diffusion on a flat surface. This creates small domains, andero as the critical point is approached, while the diffusion
an interconnected bulk domain structure. At the top surfacegoefficient should have an Arrhenius form. These two effects
steps form at the domain boundaries, and sometimes arrangenspire to give a maximum in(T). In addition, the shape
themselves in step trairf&ig. 2a)]. As the temperature is Of this curve shows a shoulder aroufiek 0.6, which can be
increased two effects come into play. First, the increase imssociated with the behavior of the surface width, which we
the diffusion length causes the lamellar thicknessfo in-  discuss next.
crease. Second, surface atoms acquire enough thermal en-We find that the width has a nonmonotonic temperature
ergy to overcome the energy barriers at the surface domaidependence, as shown in Fig. 5. As the temperature is in-
boundaries, and diffuse to the top of stripes of opposite concreased from zero, the widtsolid circleg decreases linearly
centration, leading to a larger bulk miscibility than that of thewith T, reaches a minimum, and then starts to increase as
equilibrium mixture. We stress that at low temperatures al>. This minimum occurs around the same temperature
newly deposited atom diffuses to the nearest favorablavhere\(T) has a shoulder in Fig. 4. For comparison, we
lamellae and stays confined to the top of this stripe. Theshow in Fig. 5 the width\Wso9 when only one kind of atom
diffusion length is then only of the order af. Because the is deposited. In contrast to heteroepitady/gos increases
one-component model leads to self-affine surfaces, the facoughly asT for T>0.6. Our understanding of the tempera-
that the atoms are confined within does not drastically ture dependence of the interface width is as follows: at low
affect the value of the surface width, except for corrections atemperatures, atoms form thin lamellae, and the energy bar-
surface domain boundaries. riers at theA-B interfaces keep the atoms on top of a favor-

The wavelength of the bulk pattern is an important quan-able stripe(i.e., same type This creates steps at the lamellar
tity to measure as a function of the temperature. In order to
calculate the thickness of the stripes, we have computed the 25
concentration structure fact&, (k) =L~ Yoo _) in the di-
rection parallel to the growth plane, 25 sites below the aver-
age steady-state height. The peakdpnk) represents the .
modulation period. A measure of the lamellar thickness, .
can be obtained from twice the first zero of the correlation *
function G,(x)=L " !=,S,(k)coskx). Figure 3 shows the < .

. . . . 15

correlation function for the temperatures of Fig. 2. The peri-
odic structure is apparent in the oscillations of the correlation i
function about zero, and as the temperature is increased, spa- .
tial correlations extend further along the direction parallel to or G
the growth plane. o

The temperature dependence)ofs plotted in Fig. 4. As
a general trend) increases at low temperatures, reaches a %00 05 10 15 2.0 25
maximum, and decreases Bgis approached. This behavior T
can be explained by considering the motion of interfaces
between ordered domains on the surface. The steady-state FIG. 4. Lamellar thickness as a function of temperature for
wavelength is related to the velocity of the moving interfacesn,=100. The vertical dashed line corresponds to the critical tem-
times the typical time scale between monolayer completionperature for the Ising model on a square lattice.
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FIG. 5. Temperature dependence of the surface width. The solid FIG. 6. Scaling function for the surface correlation function for
circles are for MBE with phase separation, while the open square€mperatures above and below the width minimum. The inset is the
scaling function for single-component MBE.

correspond to single-component MBE.

interfaces and gives rise to a width larger th&lgos. Since When the system size is large and the lattice constant is
the number of interfaces decreases with temperature, tigmall, the surface width becom¥é~(AkgT/\VAyr)'2 In
width also decreases, and does so faster Wiggs. With the  the homoepitaxial casey is constant, and the temperature
assumption that the system is composed of pure lamellae @fependence is buried inandA. In the case of heteroepit-
thickness\, the average size of the steps can be evaluate@xy with phase separation, we expect the temperature depen-
from h;=hP%%+ Ah§, ,,/a, Wheren is an index labeling the dence ofy and A to remain roughly the same, while ac-
location of the surface domain interfaces. This givesduires a temperature dependence due to the diffusion effect
Ah= N(W?2=W2,9%2 and from our data points, we find discussed earlier. Becaugedecreases with temperature, the
that Ah is of order 1 and decreases in the range QR < overall effect is to cause the width to increase faster than in
0.6. There are two possible explanations for this: either th&0moepitaxy. _ _
size of the steps is temperature dependent, or the effect on The shape of the surface can be described by computing
the neighbor sites that we have neglected has to be taken intg€ Surface correlation functioB(r) as defined in Eq(6).
account(this is more important when is smal). At high ~ AS Fig. 6 indicates, the correlation function is qualitatively
temperatures, the atoms can jump over the potential enerdjfférent for temperatures above and Pf'OW the minimum in
barriers at the surface-B interfaces, leading to a mixing at (€ surface width. For large distances, G(r) for T=1.0

the top of these stripes, thereby decreasing the surface tefifd T=1.6 decays as -, consistent with the behavior of
sion and thus causing the width to increase rapidly wign e one-component SOS modee inset However, at
Fig. 4. This enhanced diffusion @t>0.6 is also responsible Small distances, these two functions are not constant. The
for the sudden increase af with T. The high temperature TU€ height-height correlation is equal tM—Gs(r), which
behavior can be explained in terms of a continuous equatiof’®ans that the height loses correlation faster Tor0.6.

that includes both the EW term and the surface tension conlhis is in agreement with the previous statement that thermal
tribution: fluctuations become important in this regime. Because the

interface width is of order 1, the effects of the domain inter-

dth=vV?h+AyV*h+ net 7y (12 faces on the surface shape are not apparent in the surface
orrelation function or the structure factor, although at low
emperatures, extra steps are obviously seen in the configu-
rations, and at high temperatures, grooves and steps are more
often seen at those interfaces. To clarify this, we simulated
Ij[]r&e system at large values &igng. As Fig. 7 illustrates,
grooved states are now more apparent in the configurations.

with 7. a conserved thermal noise with second momen
(X, D) (X', 1"))y=—2AkgTV25(x—x")8(t—t"), and
7nc @ Nonconserved beam noise of strenBthin this equa-
tion, A is a kinetic coefficient and is the surface stiffness.
The steady-state structure factor can be easily calculated, a

is given by In the case wherg& = 1.9, grooves are found to occur at
D+ AK?kgT the surface domain interfaces, with a saturated depth of 3—4
Ss(k)= VKZE A KT (13 atoms, while the other surface featufesughnespare one

atom high. ForEsn,=4, it becomes energetically favorable
which reduces t&y(k) = AkgT(v+A yk?) ~* in the limit of  under certain conditions for the system to incorporate vacan-
small D and largeT. From this expression, we obtain the cies between stripes of opposite concentration, creating very
surface width thin and deep crevices. Such large modulations of the surface
are now visible in the surface structure factbig. 7). The

W2= AkgT arctar( . /ﬂz_w —arctar( . /ﬂﬁ) _ peak atq=0 represents the usual fluctuations that lead to
VAyv v a v L self-affine surfacegthat is, of the EW form, while the peak

(14 at g+ 0 represents the surface modulation. Note that as time
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(b)

5

S, (k.

(d)

FIG. 7. Time evolution of the surface structure factor for
Eising=4. Curves from bottom to top correspond to time20, 30,
40, 60, and 100 monolayers. The peakgatO is typical of ho- i
moepitaxy, while the peak at nonzemp represents the surface
modulation. In the inset, the top configuration is typical of this *
regime, whereas the bottom configuration shows grooves as see
whenEging=1.9.

FIG. 8. Typical configurations fol=1.2 andns= (a) 1, (b)
100, (c) 400, (d) 1000. The top 50 layers and only a partial section

increases, the divergence @t 0 overwhelms the modula- of size 100 of theL =200 system is shown.
tion peak. As discussed earlier, when the Ising interaction is
not as large, the surface saturates rapidly, and the peak in tlebtained by coarse-graining the microscopic discrete height,
surface structure factor is not as clear. The extreme roughand the local concentration of the two species is represented
ness of the surface for lardgg;,g has been seen experimen- by the continuous order parameteéi(r). The dynamical
tally during codeposition of Al-Ge thin film¥ In particular, ~equation describing the order parameter at the surface,
phase separation is found at the surface and in the bulk, witih(x,h(x)), is given by®
the Al domains forming large mounds of height 0.2%n. o
Whether such defor_mat|0ns of the surface_ are due to the —=MSV§[—¢+¢3—V2¢]+¢>(¢0—¢)+ Do
effects we are reporting here or due to elastic effects remains ~ Jt s
to be explored. (15

whereMs is the surface mobility. The noisg,_ in Eq. (15)

B. Effects of the deposition rate is nonconserved since it represent the fluctuations of the con-

2

Although the lamellar wavelength can be controlled by 10 . . .
appropriately choosing the temperature, this also leads to
wandering lamellae at low temperatures or rough lamellar
interfaces at high temperatures. One can alternatively control
the pattern wavelength by varying the deposition rate. Quali- .
tatively, the effects of the deposition rate are shown in Fig. 8, e
from which it is clear that a decrease in the deposition rate << e
(F=1/ny) increases., since the atoms have a longer time to
sample the surface before being covered. Also, at larger
rates, the surface roughness increases. In Fig. 9, we plot the i
lamellar thickness as a function of the deposition rate at fixed
temperature. Our data are well described\byF ~* (where
F~1/ng) with x=1/3 for low deposition rates, and=1/4 - L =
for moderate deposition rates. FonZ# 0.1, the bulk con- 1/n
sists of an interconnected structure, suggesting a critical

growth rate above which the film is homogeneous. FIG. 9. Thickness of the lamellae as a function of the deposition

These results can be explained in terms of a coarsgxute atT=1.2. The soliddasheilline has slope-1/4 (— 1/3). The
grained description of the system. The height of the surfac@ertical line represents roughly the transition between the lamellar
is represented by a single-valued continuous varidghe and the disordered regimes.

Disordered

Lamellar
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centration in the beam. The operatBg ensures that the IV. CONCLUSION
diffusion is along the surface and contains nonlinearities in
Vh due to the non-Euclidian nature of the surface. The linea
term in ¢ coupled to the beam concentration deposition rate
®, has been proposed befdfeThis contribution can be ob-

In this paper, we have considered the growth of thin solid
films by molecular beam epitaxy. We considered the growth
of multicomponent films, where the ground-state energy fa-
K . vors phase separation. During the growth process, two phe-
tained as follows: we can writeh(t+At)=¢(1) +RAL, o nena attracted our attention. First, we were interested in
whereR represents the concentration of material falling ong,itace roughening, whereby the beam fluctuations are trans-
the surface per unit timeR can be expanded around the ¢qmeq into fluctuations of the surface height, and typically
average value of the order parametety: R(4)  |eads to self-affine surfaces. Second, the growth of correlated
=R(o) + P(#o—¢). This equation simply states that the jomains due to the nature of the chemical poter(phiase
order parameter has a tendency to flow towa#gs The  geparatiopwas considered. The interplay between these two
coefficient® is proportional to the velocity at which the processes is the central theme of this work. Our Monte Carlo
solid-vacuum interface is growing. _ simulations demonstrated three important aspects seen in ex-
At early times of the deposition, the system is homogeerimental systems: above a critical temperature, the films
neous, and we can therefore expagdaround its mean are homogeneous; the wavelength of the concentration
value, = ¢o+ o9, and neglect_the nqnllnearlFleS due to the modulation increases with temperature; phase separation
surface shape in Eq15). The dispersion relation fof¢ is  goes not occur by bulk diffusion. Furthermore, our data in-
then 0(q) =Msg*(1-3¢5—0?) —d, which is positive in  dicate that the width of the free surface is only slightly larger
the band of wave vectors, when phase separation is present. The characteristics of the
surface were also analyzed using the structure factor and the
5 correlation function. The self-affinity of the surface is de-
g2y a2 a4t 2 stroyed by the concentration gradients, and this was ex-
(1=3¢0) \/(1 340) 4M5 <29 plained by the presence of steps and grooves at the interface
between domains. The evidence for this comes from the be-
) 2y P havior of the interface width as a function of temperature,
< (1=3¢p)+ \ (1-3¢p) _4M_s (160  from the form of the surface correlation function, and by
simulation results at high values of the rakg;nq/Esos.
if This work is a first attempt to explain phase separation
during MBE. The application of our theory and results to
1 222 specific systems requires fine tuning of the parameters in our
d < d = ;Mg(1-360)" (179 models. Also, new insight could be obtained by introducing
additional important effects. Among these, the inclusion of
Hence, for values o below®, there is an instability that  elastic interactiongstress and strajris the next logical step,
causes fluctuations igh to be amplified. The expression for as well as considerations of systems i2dimensions.
the critical deposition ratep., shows that phase separation
will occur if the following conditions are met: first, for depo-
sition rates smaller thash ., second, ify<1/\/3, and third,
if the temperature is such thd g satisfies Eq(17). In the This work was supported by the Natural Sciences and
steady state, Eq15) predicts a periodic solution with wave- Engineering Research Council of Canada. F.L. was sup-
length\ ~® ~ Y3+ O(1) far from the onset of instability, and ported by the Ontario Graduate Scholarships from the Prov-
AN 4=d+0(e*) with €?=d.—~d near the onset of ince of Ontario, and le Fonds pour la Formation de Cher-
instability 1° cheurs et I'Aide’da Recherche de la Province du Qee.
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