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Atomic-scale three-dimensional kinetic Monte Carlo simulation of organometallic vapor-phase
epitaxy of ordered films
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We present an atomistic three-dimensional method for simulating growth of ordered films during organo-
metallic vapor-phase epitaxy~OMVPE!. Epitaxial film evolution during growth is studied under typical
OMVPE reactor conditions by using a kinetic Monte Carlo technique that incorporates important surface
chemical reactions occurring in the reactor. The reactor model consists of a temperature-dependent deposition
reaction and a surface etching reaction that depends on the local atomic environment. As a representative
ordered film, we study the evolution of anAB film on a CsCl lattice. The growth of the epitaxial film is
simulated on homoepitaxial, elemental, and disordered substrates with$011% and $001% orientations. Under
typical OMVPE conditions, single-crystal homoepitaxial films are observed on homoepitaxial substrates. On
elemental and disordered substrate, the film morphology showed domains of opposite orientations separated by
antiphase boundaries. In all cases, the growth rate shows an Arrhenius dependence on temperature. Film
quality as characterized by the short-range order decreases with increasing temperature. Surface roughness of
the epitaxial films corresponds to a staggered surface consisting of a few~2–3! monolayers.
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INTRODUCTION

Organometallic vapor-phase epitaxy~OMVPE! is exten-
sively used to produce high-quality epitaxial films of com
pound semiconductors, ferroelectrics, superconductors,
magnetic materials for a wide range of technological appli
tions.1 The properties~resistivity, band-gap energy, dielectr
permittivity, superconductivity, etc.! of OVMPE films can
vary dramatically with reactor conditions. Thus, our abil
to tailor film properties for particular applications depen
on our ability to predict the relationships between reac
conditions, film structure, and film properties. This will ser
both as guidance for designing film growth protocols and
control strategies for high-quality epitaxial film growth. On
difficulty in developing this predictive understanding
OMVPE is our inability to directly observe the evolving film
structure during growth with atomic resolution. At the sam
time, theoretical analyses of the OMVPE process is hinde
by the complexity of the chemical reactions~i.e., large num-
ber of species, complex precursor molecules, uncertain
netic pathways, etc.! in the gas phase, in the boundary lay
and on the surface of the growing film. Molecular simu
tions provide one mechanism for accessing the evolv
structure during film growth and provide a means for sort
out atomistic growth mechanisms, predicting growth rat
and establishing the difficult link between reactor conditio
and film structure.

Two main approaches are available for simulating the fi
growth at the molecular level: namely, molecular dynam
~MD! and kinetic Monte Carlo~kMC! methods. Molecular-
dynamics methods are extremely powerful and can be u
0163-1829/2001/63~16!/165411~11!/$20.00 63 1654
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to predict all of the chemical reactions and dynamics occ
ring on the growth surface provided that a sufficiently rob
description of the atomic interactions is available~typically
this is only possible using quantum mechanically based
scriptions!. Standard molecular dynamics implementatio
are capable of following the evolution of the structure ov
times ranging from fs to ns. While new methods are be
developed to increase this time scale~e.g., Ref. 2!, this limi-
tation is severe given growth rates that typically do not e
ceed 1 nm/sec in OMVPE of compounds. Kinetic Mon
Carlo methods can be used to study growth phenomena
both larger length and considerably longer time scales.
the other hand, kMC methods replace the true atomic s
dynamics with statistically equivalent kinetics, provided th
the relative rates of all important dynamical phenomena
available. In principle, such rates can be determined fr
quantum-mechanical calculations, MD simulations, and
periment. Kinetic Monte Carlo methods have been succe
fully applied to the growth of single component films such
diamond via chemical vapor deposition~CVD! ~Refs. 3–5!
and silicon via pulsed laser deposition and molecular be
epitaxy ~MBE!.6

Most epitaxial films of commercial interest produced
OMVPE are multicomponent compound semiconducto7

(Al xGa12xAs, GaxIn12xAs, GaxIn12xP, etc.!, superconduc-
tors8 (YBa2Cu3O72x ,La22xSrxO4), or ferroelectric oxides9

(BaTiO3, SrTiO3, PbZrO3, etc.!. As the name implies, a
least one of the depositing species in OMVPE is introduc
into the reactor in the form of an organometallic precurs
Reactions in the vapor phase or on the surface lead to
©2001 The American Physical Society11-1
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deposition of metallic or molecular species. The surface s
cies may diffuse along the surface, desorb back to the va
or further react to produce an elemental cation or anion
the compound itself. Thus reactions between the vapor
surface or on the surface and surface transport can all
important roles in determining the structure and characte
tics of the epitaxial film. Different growth regimes are po
sible, depending on the thermodynamic and kinetic para
eters that dictate reaction rates, reaction mechanisms,
transport phenomena. Kinetic Monte Carlo methods prov
ideal vehicles to examine the interplay between these t
modynamic and kinetic phenomena.

Several kMC simulations have been performed to inv
tigate the growth of two component films. Blueet al.10 simu-
lated the MBE growth of Co/Cu~100! alloy films.11 Gallivan
et al.12 examined the OMVPE deposition of YBCO in th
spiral growth mode under nonsteady state conditions
which they described the entire YBCO unit cell as t
growth species. Kinetic Monte Carlo simulations have a
been used to study growth induced domain coarsening
surface roughening phenomena of a genericA0.5B0.5 film
during molecular beam epitaxy.13 All of these simulations
were based on a solid-on-solid~SOS! ~Ref. 14! description
of the film structure. The SOS model is a (211)-
dimensional model in which the surface of the film is
single valued value function of the coordinates in the pla
of the substrateh(x,y). This reduced dimensional constru
tion does not allow for incorporated vacancies in the film
complex surface morphologies. These implementations
the SOS model focused on the growth surface and did
track the film structure below the surface. In multicompon
films, the key structural characteristics of the film are t
degree of ordering and the incorporation of defects~vacan-
cies, stacking faults, antisite defects!. Solid-on-solid model
descriptions are also incapable of describing the type
multiatomic-plane ordering that is fundamental to the grow
of compound films~e.g., c-oriented YBCO has a six meta
plane repeat sequence: Cu-Ba-Cu-Y-Cu-Ba, where we h
omitted the oxygen atoms!. A truly three-dimensional mode
is necessary to describe all of these important issues in
growth of multicomponent films by OMVPE.

In this paper, we present a three-dimensional, atomi
simulation method for the growth of ordered films und
typical OMVPE conditions, building on our earlier work o
diamond CVD.3 The goal of this paper is the development
a simulation model capable of describing the full physi
complexity of the growth of compound films. The simul
tions are based on a relatively simple set of reactions re
senting the deposition and etching of two speciesA and B.
The reaction kinetics are sensitive to the local environm
and the thermodynamic parameters are chosen to favor c
pound formation. We examine the evolution of the fil
structure as a function of substrate temperature, reactor p
sure, partial pressures of precursors, and substrate type
resultant microstructures are analyzed to determine dom
structure, short-range order, and surface roughness.

MODEL

As a representative multicomponent system, we con
ered an orderedAB alloy with the B2 ~CsCl! crystal struc-
16541
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ture, which can be viewed as two interpenetrating sim
cubic sublattices~arbitrarily labeled asa and b, below!
which, in a perfect CsCl crystal, are occupied exclusively
two different types of atoms. If atom typesA and B are
identical, then this lattice becomes body centered cubic.
simulation cell consists of a three-dimensional lattice
atomic sites in space. Periodic boundary conditions are
posed in the plane of the film~i.e., in thex andy directions!.
At the beginning of each simulation, the substrate is c
structed by occupying the lowest atomic planes by the s
strate atoms up to a thickness of one unit cell. Several ty
of substrates are considered:~i! the same as theAB B2 film,
~ii ! single atomic type~pureA or B in a body centered cubic
structure!, and~iii ! a randomAB solid solution alloy~equalA
andB concentration and body centered cubic!. The first case
corresponds to homoepitaxial growth, while the latter two
zero misfit, heteroepitaxial growth. The initial substrate
teracts with a gas phase containing the organometallic
cursors, leading to the deposition of atomic species.

In order to represent the deposition of the atomic spec
we employ a simple kinetic model that incorporates irreve
ible temperature-dependent adsorption reactions and rev
ible etching reactions:

AX1~g!→A~s!1gas-products, ~1!

AX2~g!↔A~s!1X2~g!, ~2!

BY1~g!→B~s!1gas-products, ~3!

BY2~g!↔B~s!1Y2 . ~4!

In this simple model,AX1 and BY1 are the organometallic
precursor in the chemical reactor andX2 and Y2 are the
by-products of their dissociation. In the deposition
BaTiO3, for example,A, B, AX1 , andBY1 may be barium
oxide, titanium oxide, barium tetraglyme, and titanium is
propoxide, respectively. Reactions~1! and ~3! are dissocia-
tion reactions for the precursorsAX1 andBY1 . The reverse
of reactions~2! and ~4! represent the etching of deposite
species from the surface. The kinetic parameters and
typical partial pressures of gases in the reactor employe
the simulation are given in Table I. As a matter of conv
nience, we use reduced units for energy~«!, volume (V),
temperature («/kB), pressure («/V), and time~t!.

Using this data, the forward and reverse reaction rate c
stants (kf andkr) are computed as follows:

kf5ATn expS 2
E

TD , ~5a!

kr5ATn exp~2DS!expS DH2E

T D , ~5b!

whereE is the kinetic barrier for the reaction,T is the tem-
perature, andkB is the Boltzmann constant.DH andDS are
the enthalpy and entropy change of the reaction at equ
rium. DH is taken as the binding energyDHb for the atomic
species, which is calculated as follows:
1-2
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TABLE I. Reaction rate parameters for the growth of the ordered AB films.A8 is in units of§/t, E and
DH and are in units of«, DS is in units of kB , Pi in units of «/§, partial pressures of the precursors a
variables.

Reaction A8 E DH DS Pi

~1! AX1(g)→A(s)1products 1.031015 15.0 DHb 0.0 PAX1

~2! AX2(g)↔A(s)1X2(g) 231015 1.0 DHb 0.0 PAX2
,PX2

~3! BY1(g)→B(s)1products 1.031015 15.0 DHb 0.0 PBY1

~4! BY(g)↔B(s)1Y2(g) 2.031015 15.0 DHb 0.0 PBY2
,PY2
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DHb5nAA«AA1nAB«AB for atomic speciesA,
~6a!

DHb5nBB«BB1nAB«AB for atomic speciesB.
~6b!

Here,ni j is the total number of bonds going from speciesi to
nearest neighbors of speciesj ~note nAB5nBA). Thus, the
enthalpy and, hence, the rate of the etching reaction dep
on the local environment of the deposited species.

In order to get a feel for the values of the paramet
employed~Table I!, we can set«51 kcal/mole, such that a
temperature of 1«/kB corresponds to 503.48 K. In th
present simulations, we set«AA5«BB52« and 25« «AB
210«. With this value of«, the cohesive energy of pureA or
pure B ~bcc! is 8 kcal/mole and that of theB2 AB alloy is
between 40 and 80 kcal/mole~i.e., ordering is strongly ther
modynamically favored!. The unit of volumeV is a3, where
a is the lattice parameter (a50.283 nm) and the unit of time
t51 sec. The other parameters are scaled appropriately

For reactions involving gas phase reactants, the reac
rate is obtained by multiplying the reaction rate constants
the ideal partial molar volume of the gas phase reactant

r 5
Pi

RT
k, ~7!

wherePi is the partial pressure of gas phase componenti. Pi
and T are inputs to the model. The partial pressures of
gas phase componenti may be thus expressed asPi5ci P,
whereci is the mole fraction of reactanti gas in the chambe
andP is the total reactor pressure.

The rates of the reactions occurring at each surface
are taken as input for the kinetic Monte Carlo~kMC! algo-
rithm. The probability that a particular reaction will occu
next is proportional to the rate of that reaction. Given t
rates of all the reactions at all surface sites, the kMC al
rithm selects both a surface site and reaction and adjusts
simulation clock according to the total rate that any react
will occur. More formally, we write the probability of occur
rence for each event~site and reaction! as the ratio of its
reaction rate to the sum of all the reaction rates in
simulation. At each simulation step, eventm is selected
according to

( i 51
m21r i

( i 51
M r i

,z1,
( i 51

m r i

( i 51
M r i

, ~8!
16541
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wherez1 is a random number chosen between@0,1!, M is the
total number of events that could occur anywhere in
simulation cell at that instant, andr i is the reaction rate of
event i. The occupancies of the selected sites~A, B, or
empty! is changed in accordance with the selected reac
and the event list is updated for this site and its neighbo
This procedure is then repeated in the next Monte Ca
~MC! step. At each simulation step, the time increment
variable and stochastic, and is calculated as follows:

dt5
2 ln~z2!

( i 51
M r i

, ~9!

where z2 is a random number between~0,1# and dt is the
time increment. The use of a variable time increment allo
the algorithm to be flexible in consideration of reactions th
occur on widely disparate time scales.15 When the event list
contains fast reactions~large reaction rates!, the denominator
in Eq. ~9! is large and the time increment is small. Whe
only slow reactions are possible, the denominator in Eq.~9!
is small, and the simulation clock is incremented by a la
value. This algorithm is similar to theN-fold way
method,16,17 which has been shown to yield statistical
equivalent results to the more traditional~Metropolis18! fixed
time step algorithm. The present algorithm is more flexib
while handling events that occur with widely disparate rat
as in cases involving diverse chemical reactions—such a
OMVPE.

A schematic illustration of the initial few steps in th
evolution of a very small fragment of the film is shown
Fig. 1. The growth is occurring on a flat homoepitaxial$011%
oriented surface, where light circles indicateA atoms and
dark circles representB atoms. Initially, the equiatomic$011%
plane @Fig. 1~a!# has N surface sites (N532 here!. Four
deposition reactions@the forward reactions from Eqs.~1!–
~4!# are possible at each site, and each surface atom ca
etched@the reverse reactions from Eqs.~2! and~4!#, thus 5N
events are possible at the first kMC step~deposited atoms are
indicated by a1 sign in the figure!. The kMC algorithm
selects an event, according to Eq.~8!, and the occupancies o
the sites change according to this choice. Figures 1~b! and
1~c! show two of the possible events that can occur. If t
event that leads to the deposition of theA atom@as shown in
Fig. 1~b!# is chosen, there are 4(N11) adsorption reactions
@forward reactions in Eqs.~1!–~4!# and N etching reactions
@reverse of Eqs.~2! and ~4!# possible~in the event list! for
the next kMC step. In general, if an adsorbedA atom on an
1-3
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C. S. DEO AND D. J. SROLOVITZ PHYSICAL REVIEW B63 165411
otherwise flat surface has 2B neighbors, the binding energ
DHb has a very large negative value, thus the rate for etch
is very low, and the etching event has low probability
being selected by the kMC algorithm in the next kMC ste
If the depositedA atom has 2A neighbors the binding is
weak, and the etching rate is very high and will likely b
selected in the next kMC step. If such an etching reactio
selected, the system reverts to the initially flat surface@Fig.
1~d!#. If an adsorption reaction on another site is selec
rather than an etching reaction, the system progresses to
of the configurations shown in Figs. 1~e!–1~g!. Whichever
event occurs next, the occupancies of the sites are chang
reflect the execution of this step, and the event list is re
culated to serve as input to the next kMC step.

The evolution of a film fragment with a$001% oriented
surface is shown in Fig. 2. The film evolves in a mann
similar to the evolution of the$001% oriented film in Fig. 1.
The flat $001% surface has alternately pureA and pureB
layers~unlike the$001% oriented surface in Fig. 1!. For the
fragment of film shown in Fig. 2~a!, 5N reaction events are
possible. In general, an atom on a flat terrace is bonde
four neighbors in the surface below. Thus anA atom on a flat
terrace@Fig. 2~b!# is strongly bound if its local environmen
contains 4B atoms. Etching of such an atom@Fig. 2~d!# will
occur at a much lower reaction rate compared to the dep
tion of another atom@Figs. 2~e! and 2~f!#. Thus deposition of
another atomA will occur much more likely on thisB sur-
face during the next kMC step. Figures 1 and 2 demonst
that although the local bonding is different on the two s
faces, the deposition rates are equal. On the other hand
etching rate of a deposited atom is very sensitive to the lo
bonding environment@see Eqs.~5! and ~6!#.

The preceding examples considered the evolution of
film structure by the chemisorption or etching of atoms fro
solid surface sites. An atom is completely incorporated i
the film once all of its neighboring sites are occupied

FIG. 1. Evolution of a fragment of orderedAB film on a ho-
moepitaxial substrate of$011% orientation. Light circles indicateA
atoms and dark circles indicateB atoms. The atoms marked with1
are deposited atoms. Initially, the flat substrate~a! can undergo
adsorption of anA atom~b! or adsorption ofB atom~c!. Evolution
from ~b! occurs by etching of the adsorbedA atom ~d!, adsorption
of anotherA atom ~e!, or adsorption of aB atom ~f!,~g!. In plane
bonding on the surface with$011% orientation leads to the formatio
of nuclei of A-B atom pairs~g! on the surface.
16541
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either A or B atoms. It is possible that an empty site~or
vacancy! will be incorporated into the growing film if all of
the neighbors of this site become occupied such that this
no longer has access to the gaseous environment. This va
site will remain in the film unless one or more of its fille
neighbor sites is etched away.

The present model does not include diffusional events
the growing film surface. While such events are clearly i
portant during the OVMPE in many systems they are omit
from the present model in order to simplify interpretation
the results and to focus on the chemical reaction steps
are occurring on the surface during growth. The pres
model is easily extended to include surface diffusion. Ho
ever, doing so would necessitate the introduction of a la
number of additional parameters in the present model. Th
parameters are generally unknown both in the quantita
sense and relative to the other physical parameters in
simulation.

FILM STRUCTURE

Growth on ˆ011‰ oriented homoepitaxial substrates

Figure 3 shows the evolution of the surface morpholo
during the homoepitaxial growth of a$011% oriented film at a
low temperature (T51«/kb). This film was grown with
«AB525« in a reactor at a total pressure of 1026 «/V, with
a gas phase environment ofCi50.5, 0.5, 0.05, or 0.05 mole
fraction wherei 5AX1 , BY1 , X2 , or Y2 , respectively, and
with negligible traces of gaseousAX2 andBY2 . Each atomic
layer consists of 2048 atomic sites and the~homoepitaxial!
substrate was two layers thick. Several distinct single ato
height islands are first nucleated~see below! on the substrate
These islands grow in-plane by the addition of atoms to
step edges. Before the first layer is complete, additional
lands nucleate on the surface of this layer, starting the sec
layer. As the deposition proceeds, growth continues on 2
layers simultaneously. The resultant structure consists

FIG. 2. Evolution of a fragment of orderedAB film on a ho-
moepitaxial substrate of$001% orientation. Initially, the flat substrate
~a! can undergo adsorption of anA atom~b! or adsorption ofB atom
~c!. Evolution from ~b! occurs by etching of the adsorbedA atom
~d!, adsorption of anotherA atom~e!, or adsorption of aB atom~f!.
There is no in plane bonding on surfaces with$001% orientation.
1-4



h
xi

ed
d
e
.

s
do
th

d
on

t
h

is
u
ig
e
e

be

leus
ut

th

h
rs

e,

a
ace.
bed

f
g

ble
will
ts
pre-
he

-
s in
e

ap-
row

e
not

This

ith

ATOMIC-SCALE THREE-DIMENSIONAL KINETIC . . . PHYSICAL REVIEW B63 165411
well-defined terraces, bound by kinked steps. This growt
nearly layer-by-layer, with a typical terrace size of appro
mately 15 atomic diameters.

On a flat, ordered$011% substrate or surface, an adsorb
atom has either two like or two unlike neighbors. If an a
sorbedA atom has twoA neighbors, the magnitude of th
binding energyDHb is small and the rate of etching is high
If the A atom has twoB neighbors, the rate of etching i
much smaller. In either case, a single atom on a terrace
not constitute a stable nucleus and is easily etched off
surface. An isolated atom on the surface can be stabilize
the deposition of another atom of the opposite type into
of its nearest neighbor~in-plane! sites. Since the first atom
has a very short residence time on the surface, if it is no
a proper homoepitaxial site~i.e., a proper site is one in whic
the neighbors below are of the opposite type!, the rate of
formation of two atom nuclei with the proper orientation
much greater than for phase shifted nuclei. This is beca
the atoms in a properly oriented nucleus have three ne
bors of opposite type. This two atom pair is further stabiliz
by addition of more neighboring atoms of the proper typ
An atom adsorbed on the next layer is more likely to

FIG. 3. Growth of a film on a large homoepitaxial substrate w
$011% orientation at temperature of 1«/kB , with «AB525«, reactor
pressure of 1026 «/V, and a gas phase environmentCi50.5, 0.5,
0.05, or 0.05 mole fraction wherei 5AX1 , BY1 , X2 , or Y2 , re-
spectively, and with negligible traces of gaseousAX2 and BY2 .
The A atoms are shown in black and the B atoms in white.
16541
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etched than an atom adsorbed onto the edge of a nuc
~step edge!. Thus, in plane growth is more favored than o
of plane growth on a homoepitaxial$011% substrate under
typical growth conditions. This constitutes a step-grow
mechanism.

Growth on ˆ001‰ oriented homoepitaxial substrates

Figure 4 shows the homoepitaxial growth of a$001% ori-
ented film under the same conditions as in Fig. 3~i.e., as in
the $011% substrate described above!. In this substrate orien-
tation, the film is composed of alternating layers of pureA
and pureB. The surface of the growing film shows bot
terraces~the terrace size at late times is 20 atomic diamete!
as well as some isolated atoms. As on the$011% oriented
film, this surface is relatively flat~to within approximately
three monolayers!. Atoms on the wrong sublattice are rar
i.e., ordering is preserved during growth.

On homoepitaxial$001% substrates, an adsorbed atom on
flat, ordered terrace has four bonds to atoms in the terr
These atoms can either be all like or all unlike the adsor
atom. If an adsorbedA atom has fourA neighbors, the mag-
nitude of the binding energyDHb is small, and the rate o
etching is high. If it has fourB neighbors, the rate of etchin
is much lower since the binding is strong~i.e., DHb is large
and negative!. There are no in-plane bonds in an$001% ori-
ented film, such that growth at a step is no more favora
than growth on a terrace. However, an adsorbed atom
only remain on the surface for a long time if all four of i
nearest neighbor sites in the terrace are occupied. This
vents the film from getting very rough, but also keeps t
terrace size relatively small.

Growth on ˆ011‰ oriented elemental substrates

Epitaxial growth on an$011% oriented, elemental sub
strates is shown in Fig. 5 under the same conditions a
Figs. 3 and 4. Both thea andb sublattices of the substrat
are occupied byA atoms. As the film grows, islands form
both with A atoms on thea sublattice and withA atoms on
the b sublattice. The average steady-state terrace size is
proximately 10 atomic diameters. When these islands g
together, antiphase boundaries~APB’s! form. A plan-view
section of the film @Fig. 5~c!# shows that the antiphas
boundaries are highly curved and the domain shapes are
compact. Examination of the sides of the model@Fig. 5~b!#
show that the domain size increases as the film thickens.
-
FIG. 4. Evolution of the film on a large ho
moepitaxial substrate with$001% orientation un-
der the same conditions as in Fig. 3.
1-5
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evolution is rapid near the substrate and the walls of
APB’s become increasingly vertical far from the substra
This ‘‘domain pinching’’ effect results in relatively large do
mains. Experimental observations of the structure of epita
ally grown films of binary alloys show a similar evolution o
the domain structure,7,19,20with typical cross sections exhib
iting domains that are nearly parabolic. Landauet al.13 re-

FIG. 5. Evolution of the film on a large,$011% oriented, elemen-
tal substrate at temperature of 1«/kB , with «AB525«, under the
same reactor conditions as in Fig. 3.~a! and~b! show the film at two
different stages of growth and~c! is a slice of the film parallel to the
substrate at a film thickness of 8a. The shading of the atoms wa
chosen to highlight the two domain orientations: black and li
gray atoms areA atoms and the white and dark gray atoms areB
atoms.
16541
e
.

i-

ported similar APB’s and coarsening during kMC simul
tions of MBE growth ofA0.5B0.5 films.

Initially an adsorbedA atom on the pureA substrate is
etched more rapidly than an adsorbedB atom, although any
isolated atom on the flat substrate is easily etched. As in
case of growth on homoepitaxial substrates, islands of tw
more atoms are more stable than a single atom on the
strate or on a terrace. This favors growth by a step mec
nism, as discussed above. Since there is no preference fo
phase of the individual islands on the substrate, the isla
are commonly out-of-phase with respect to each othe
giving rise to APB’s. The APB structure coarsens as the fi
thickens because atoms are etched from the surface m
slowly the larger number of unlike neighbors they have. A
oms can find more such neighbors on the outer surface
curved APB than on the inner surface. This is simply t
Gibbs-Thompson effect.21 Therefore, the coarsening of th
APB structure is controlled by capillarity~i.e., APB energet-
ics and curvature!.

Growth on ˆ011‰ oriented disordered substrates

Epitaxial growth on an$011% oriented, but disordered sub
strates is shown in Fig. 6 under the same conditions a
Figs. 3–5. Thea andb sublattices of the substrate are ra
domly occupied byA andB atoms~with equal probability!.
In this case, the local neighbor environment of the adsor
A andB atoms on the substrate can be homoepitaxial,A-rich
or B-rich. Thus, nuclei of both phase form on the substra
The resultant islands grow together producing APB’s. T
average steady-state terrace size is about 10 atomic d
eters. The domain size increases with increasing film thi
ness. The initial domain size in the disordered substrate c
~Fig. 6! is smaller than in the elemental substrate case~Fig.
5! at the same film thickness. This is likely associated w
the large densities of locally homoepitaxial atomic arran
ments ~of both phases! on the disordered substrate whic
provides easy nucleation of both domains, while in the
emental substrate case nucleation of domains of either p
is considerably slower~allowing more time for selective
etching from island edges!.

GROWTH RATES

The variation of film growth rates with temperature
shown in Fig. 7 for deposition onto a homoepitaxial$011%
oriented substrates for several different values of theA-B
bond strength («AB525«, «AB526«, «AB527«). Addi-
tional simulations were performed on homoepitaxial,
emental, and disordered$001% and$011% substrates. The plots
for these additional cases are very nearly indistinguisha
from that in Fig. 7. In all cases, the simulations were p
formed at reactor pressure of 1026«/V, with a gas phase
environment ofCi50.5, 0.5, 0.05, or 0.05 mole fractio
wherei 5AX1 , BY1 , X2 , or Y2 , respectively, and with neg
ligible traces of gaseousAX2 and BY2 . The growth rateR
shows an Arrhenius dependence on temperature,

R5A expS 2
h

kBTD , ~10!

t
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where A and h are constants. The growth rates are ve
nearly independent of substrate type of substrate orienta
The growth rate increases very slowly with increasingA-B
bond strength. Similarly, the growth rates increase with
creasing partial pressure of the reactantsAX1 and BY1 , as
expected based on the explicit pressure dependence o
reaction rates in Eq.~7!. For the values of the activatio
energies chosen above, the growth is reaction rate lim
rather than reactant flux limited, as often occurs. Reac
flux controlled growth could be recovered by changing

FIG. 6. Growth of the film on a large,$001% oriented, elementa
substrate at a temperature of 1«/kB , with «AB525«, under the
same reactor conditions as in Fig. 3.~a! and~b! show the evolution
of the film at two different stages of growth and~c! is a slice of the
film parallel to the substrate at a film thickness of 8a.
16541
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parameters in Eqs.~1! and ~3!.
The values of the parametersA andh were extracted from

the slopes of the curves in Fig. 7. These data~averaged
over all six cases! suggest that the activation energyh
515.660.4« and the pre-exponential factorA59.94
60.373106a/t and are very nearly independent of substr
type and bond strength. This activation energy is very cl
to the activation energy for the decomposition of the prec
sors@i.e., Eqs.~1! and~3!#, E515.0«. This demonstrates tha
the growth kinetics in this OMVPF model are dominated
the rates at which the precursors decompose on the sur

SURFACE ROUGHNESS

The surface roughnessd is plotted as a function of film
height~h! for different values of the bonding parameter«AB
~Fig. 8! at T51«/kB and for different values of the tempera
ture ~Fig. 9! at fixed«AB(525«) for homoepitaxial growth
on $011% and$001% substrates. In all cases, simulations we
performed for a reactor pressure of 1026«/V and a gas phase
environment ofCi50.5, 0.5, 0.05, or 0.05 mole fractio
where i 5AX1 , BY1 , or X2 , or Y2 , respectively, and with
negligible traces of gaseousAX2 andBY2 . Similar plots for
growth on the elemental and disordered substrates w
nearly indistinguishable. The roughnessd is defined here as
the standard deviation of the film height~root mean square
deviation!

d25
1

N (
i 51

N

~hi2h̄!2, ~11!

wherehi is the shortest distance between the substrate
surface sitei,h̄ is surface height averaged over allN surface
sites.

The roughness initially shows a rapid increase with fi
height before asymptotically approaching a steady state.
steady-state roughness lies between 0.5a and 0.8a for $011%
oriented films. The steady-state roughness lies betw

FIG. 7. Growth rate as a function of the inverse temperature
different values of«AB with a reactor pressure of 1026 «/V for the
same conditions as in Fig. 3. These simulations were performe
a $011% oriented, homoepitaxial substrate.
1-7
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FIG. 8. Surface roughness as
function of the average film heigh
for different values of«AB at a
temperature of 1«/kB , with the
reactor pressure of 1026 «/V for
the same conditions as in Fig. 3
These simulations were performe
on ~a! $011% oriented, homoepi-
taxial substrates and~b! $001% ori-
ented, homoepitaxial substrate
Vertical error bars indicate stan
dard deviation about the mean
while horizontal error bars indi-
cate the standard deviation of th
data in each bin over four simula
tions.
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0.35a and 0.5a for $001% oriented films. For both film orien-
tations, this roughness is close to a single interplanar spa
~i.e., one monolayer!. This spacing isa/& for $011% anda/2
for $001%. Figures 8 and 9 show that there is very litt
change upon changing either theA-B bond strength or tem
perature within the ranges examined here. One exceptio
the bond strength dependence of the roughness of the$011%
oriented films on homoepitaxial substrates. In this case,
steady-state roughness clearly increases with increasing«AB
@Fig. 8~a!#.

The initial quick rise ind with increasing thickness is
associated with nucleation and island growth on an initia
perfectly flat substrate. The roughness begins to asymp
after approximately one monolayer, where nucleation o
flat surface ceases~the initial terrace sizes are very small!.

The variation of the roughness of the$011% oriented film
on a homoepitaxial substrate withA-B bond strength can be
understood in terms of the competition between step gro
and nucleation on terraces. As described above, this
tends to grow predominantly by a step growth mechani
However, increasing theA-B bond strength increases the st
bility of A-B nuclei on $011% terraces. Since the growth o
new islands on$011% terraces increases film roughness,
creasingA-B bond strength should lead to rougher surfac
as seen in the simulation data in Fig. 8~a!. This effect is
missing in the$001% oriented films@Fig. 8~b!#. This is be-
cause the step growth mechanism does not operate durin
growth of $001% oriented films. The lack of variation of th
16541
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y
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m
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asymptotic surface roughness of the$011% films grown on
elemental or disordered substrates~not shown! with the A-B
bond strength must be associated with the presence of
tiphase boundaries. The terrace sizes are much smaller w
APB’s are present than when they are absent~cf. see Figs. 3,
5, and 6!. Since the formation of nuclei on ideal$011% ter-
races becomes geometrically less likely with decreasing
race size, the contribution to roughening associated with
additional stability of the nuclei on$011% terraces with in-
creasing A-B bond strength is much less relevant wh
APB’s are present. This decreased terrace size with incre
APB density washes out theA-B bond strength effect.

Figure 9 shows that the effect of temperature on fi
roughness is negligible for films grown on all substrate typ
and orientations examined. Since changing tempera
modifies all of the reaction rates differently~depending on
the values of the activation energies andDH), this tempera-
ture independence of the roughness is surprising—espec
in the case of$011% oriented films on homoepitaxial sub
strates~for the reason described above!. However, since the
activation energy for deposition and the values ofDH asso-
ciated with formation of anA-B pair are very similar@see
Table I and Eqs.~5! and~6!#, changing the temperature doe
little to the relative stability ofA-B pairs. Hence, changing
temperature does little to bias the competition betwe
nucleation on terraces and step growth, resulting in ne
temperature independent roughness.
a
t
-

-

FIG. 9. Surface roughness as
function of the average film heigh
for three different values of tem
perature with«AB525«, reactor
pressure of 1026 «/V for the same
conditions as in Fig. 3. These
simulations were performed on~a!
$011% oriented, homoepitaxial sub
strates and~b! $001% oriented, ho-
moepitaxial substrates.
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FIG. 10. Cowley short range
order parameter,s as a function
of the inverse of temperature fo
different values of«AB with the
reactor pressure of 1026 «/V for
the same reactor conditions as
Fig. 3. The simulations were per
formed on ~a! a $011% oriented,
homoepitaxial substrate,~b! a
$001% oriented, homoepitaxial sub
strates,~c! a $011% oriented, el-
emental substrate,~d! a $001% ori-
ented, elemental substrate,~e! a
$011% oriented, disordered sub
strate, and~f! a $001% oriented,
disordered substrate. Error ba
represent standard deviation ov
eight simulations at each tempera
ture.
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SHORT-RANGE ORDER

The short-range order evolves during growth. A conv
nient measure of the short-range order parameter for
CsCl lattice is that due to Cowley22,23

s52
PAA2nA

12nA
, ~12!

wherePAA is the fraction of the nearest neighbor sites of
A atom that are occupied byA atoms~averaged over allA
atoms!, andnA is the atomic fraction ofA atoms in the entire
film. With this definition, s51 for the perfectly ordered
CsCl lattice,s521 for the phase separated system, ands
50 for a random solid solution of equal numbers ofA andB
atoms. If the number ofA and B atoms are unequal, th
magnitude of the extreme values ofa are reduced. For the
16541
-
e

parameters used in these simulations, the perfect cry
order-disorder transition temperature isTc5m«* /kB ~within
a second moment approximation,24 where «* 5(«AA

1«BB)/22«AB and m is a numerical constant that depen
on lattice type (m53.41 for the lattice used here!. For «AB

525«, 26«, and 27«, Tc513.7«/kB , 17.1«/kB , and
20.5«/kB , respectively.

Figure 10 shows the short range order parameter ve
the growth temperature for six different substrates and th
values of the bonding parameter«AB . This figure shows that
the crystal is disordered at much lower~roughly one order of
magnitude! temperature than expected based upon bulk th
modynamics. This is, in part, due to our approximation th
the bulk is a frozen history of the growth surface. Noneth
less, this large difference is a clear indication that kinetic a
equilibrium ordering are much different. One reason for t
1-9
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FIG. 11. Evolution of average
domain size of films grown on el-
emental and disordered substrat
for different values of«AB at a
temperature of 1«/kB , with the
reactor pressure of 1026 «/V for
the same reactor conditions as
Fig. 3. The simulations were per
formed on~a! a $011% oriented, el-
emental substrate and~b! a $011%
oriented, disordered substrat
Both axes are plotted to logarith
mic scale.
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difference is that atoms on the surface have fewer bonds
do those within the bulk. However, this effect alone cou
not explain more than a factor of two change inTc . The
difference between the kineticTc and its equilibrium value is
attributable to the magnitude of the barriers for the chem
reactions. If the barrier for diffusion is low~not examined
here!, we expect that the kineticTc will be significantly
closer to the equilibrium surfaceTc .

The growth on homoepitaxial substrates@Figs. 10~a! and
10~b!# produced perfectly ordered homoepitaxial films at lo
temperatures (T!Tc). As the temperature is increased, t
films become increasingly disordered~all films in Fig. 10 are
grown to a thickness of 32 atomic planes!. This may be
attributed to the fact that the difference between the dep
tion rates at ‘‘right’’ and ‘‘wrong’’ sites decreases with in
creasing temperature@see Eqs.~1! and ~3!#. Similarly, the
rate of etching is less site-selective at higher temperat
@see Eqs.~2! and~4!#. The order-disorder transformation o
curs at higher temperatures with increasingu«ABu. This is not
surprising since larger values of2«AB imply larger driving
forces for ordering.

The degree of short-range order in the films grown
elemental$011% @Fig. 10~c!# and disordered$011% and $001%
surfaces@Figs. 10~e! and 10~f!# at low temperatures is con
siderably lower than for films grown on homoepitaxial su
strates. This is because the short-range order in the vic
of antiphase boundaries is considerably lower than in per
crystals. A large number of islands~of random orientation!
are nucleated on films grown on elemental and disorde
substrates at small thicknesses, leading to a high APB d
sity. $001% films grown on an elemental substrate@Fig. 10~d!#
are nearly perfectly ordered at low temperature, since
film exhibits no antiphase boundaries~the flat growth surface
is elemental!.

DOMAIN SIZE

The linear domain size is plotted as a function of fi
thickness for~011! films grown on elemental and disordere
substrates with several values of theA-B binding energy«AB
~see Fig. 11!. These simulations were performed under t
same conditions as those used to produce Figs. 3–5, ab
The domain size is calculated using the linear interc
method: a@011̄# oriented line is drawn at the desired film
height and the number of times an antiphase domain wa
16541
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crossed is countedQ. This number is averaged over 64 pa
allel lines and the average domain sizeddomainis given by the
dimension of the sample in the@011̄# direction divided byN̄.

The domain size in Fig. 11 increases in a nonlinear m
ner with film thickness. This dependence is well fit by
power law of the form

ddomain5ah̄n, ~13!

where a and n are determined by fitting to the data. Th
resultant fitting parameters are shown in Table II.n is found
to be in the range of 0.09–0.38. Botha andn decrease with
increasingu«ABu.

On $011% oriented film substrates, growth occurs b
means of a step growth mechanism. Depositing atoms
more unlike neighbors at the outer surface of a curved A
than at the inner surface. Thus the rate of etching is slowe
the outer surface of the APB. Therefore, domains bounda
should move toward their center of curvature. This curvat
driven APB evolution leads to domain coarsening duri
film growth. If the APB migration rate was proportional t
its curvature, we should expectn51/2. Sincen,1/2 in all
cases, the boundary velocity must be a sub-linear functio
the boundary curvature. The fact thatn changes with«AB
suggests that the dependence of the boundary velocity
curvature depends on several competing kinetic factors~e.g.,
island nucleation and step migration!.

The number of domains formed at small film thickness
is a function of theA-Bbinding energy«AB ~see the values o
the fitting parametera in Table II!. A strongerA-B bond
leads to more stableA-B pairs on the substrate, independe

TABLE II. Fitting parameters for the power-law dependence
the domain size on film thickness on elemental and disordered

strates with$011% orientationddomain5ah̄n.

Substrate «AB a n

Elemental 25« 1.45 0.35
26« 1.31 0.26
27« 1.12 0.13

Disordered 25« 1.6 0.38
26« 1.47 0.18
27« 1.22 0.09
1-10
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of the phase implied~i.e., A on thea or b sublattice!. In-
creasing the«AB magnitude increases the stability of th
small islands that nucleate on the substrate. Thus the in
domain size on the substrate surface increases with incr
ing «AB . As the strength ofA-B bonds increases, atoms
the ‘‘wrong’’ sites are stabilized by the presence of a fe
unlike atoms. Thus the atoms depositing at the inner sur
of an APB have a low etching rate even with some li
neighbors. Thus the domain coarsening effect decreases
increasingu«ABu.

CONCLUSIONS

Optimization of the production of high quality epitaxia
films by OMVPE techniques, requires both high film grow
rates and low defect densities. The growth rate can be
creased by either increasing the growth temperature or
gas pressure. Of these two, increasing temperature h
much larger effect since it enters the reaction rates within
exponential while the pressure only in the prefactor. Unf
tunately, increasing the temperature increases the defect
centration, as measured by a decrease in the short-rang
der parameter. However, the average domain size~i.e.,
inverse antiphase boundary density! increases with increas
ing temperature because the island nucleation rate decre
.
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with temperature and the rate at which the resultant antiph
boundaries coarsen increases with temperature. Overall
timal growth is a compromise between high growth rates a
high quality. Changing the substrate also modifies the fi
growth. Homoepitaxially grown films are typically better o
dered than those grown on elemental or disordered s
strates. This is largely due to the formation of antiphase
main structures on the nonhomoepitaxial substrates. Gro
on $011% and $001% occur at nearly the same rates and p
duce films of similar roughness and short-range order. T
only exception is that$001% films grown on elemental sub
strates and those grown homoepitaxially are indistingui
able, while this is not the case for$011% growth. This is
because the$001% surfaces of the elemental and homoe
taxial substrates are identical~at the nearest neighbor level!.
The present simulations are highly idealized in many
spects. They do not consider the effects of elastic misfit
heteroepitaxial growth, they do not incorporate diffusion, t
reaction kinetics are assumed, no surface reconstructio
allowed, etc. Of these, the most intrinsic difficulty is obtai
ing realistic reaction kinetic information. First principles ca
culations could provide some of this type of informatio
although such applications are difficult for most OMVP
precursors.
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