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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 epitax{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 akB film on a CsCI lattice. The growth of the epitaxial film is
simulated on homoepitaxial, elemental, and disordered substrated04&ith 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 @8 monolayers.
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INTRODUCTION to predict all of the chemical reactions and dynamics occur-
ring on the growth surface provided that a sufficiently robust

Organometallic vapor-phase epitat®MVPE) is exten-  description of the atomic interactions is availakigpically
sively used to produce high-quality epitaxial films of com- this is only possible using quantum mechanically based de
pound semiconductors, ferroelectrics, superconductors, angtriptions. Standard molecular dynamics implementations
magnetic materials for a wide range of technological applicaare capable of following the evolution of the structure over
tions? The propertiesresistivity, band-gap energy, dielectric times ranging from fs to ns. While new methods are being

permittivity, superconductivity, etc.of OVMPE films can  geveloped to increase this time scédeg., Ref. 2, this limi-
vary dramatically with reactor conditions. Thus, our ability {5tion is severe given growth rates that typically do not ex-
to tailor film properties for particular applications depends.qeq 1 nm/sec in OMVPE of compounds. Kinetic Monte
on our abilit.y to predict the rglationships betvv'een' reactol 41 methods can be used to study growth phenomena on
Eg?ﬁggni’i;'ggc‘cgr%?ggiar?i?] ﬂl;irl]rr?ror%?/vtmrfs.r(-)rtr(l)lgo\?g”z;]?jr\t/r? both larger length and considerably longer time scales. On
control s%rategies for highgquagfity ep?taxial fﬁm growth OneeiEhe oth_er ha_nd, kMC. methods_ replace_ the_ true ato_mlc scale

: dynamics with statistically equivalent kinetics, provided that

difficulty in developing this predictive understanding of th lati ¢ falli ant d ical oh
OMVPE is our inability to directly observe the evolving film € relative rates of all important dynamical phenomena are
available. In principle, such rates can be determined from

structure during growth with atomic resolution. At the same . . . ;
time, theoretical analyses of the OMVPE process is hindereguantum-mechanical calculations, MD simulations, and ex-
by the complexity of the chemical reactiofie., large num-  Periment. Kinetic Monte Carlo methods have been success-

ber of species, complex precursor molecules, uncertain kitully applied to the growth of single component films such as
netic pathways, ettin the gas phase, in the boundary layer, diamond via chemical vapor depositi¢6VD) (Refs. 3—3
and on the surface of the growing film. Molecular simula-and silicon via pulsed laser deposition and molecular beam
tions provide one mechanism for accessing the evolvin@lﬁiitaxy(MBE)-6
structure during film growth and provide a means for sorting Most epitaxial films of commercial interest produced by
out atomistic growth mechanisms, predicting growth ratesOMVPE are multicomponent compound semicondudtors
and establishing the difficult link between reactor conditions(Al,Ga& —,As, Ggln;_,As, Ggln; P, etc), superconduc-
and film structure. tord (YBa,CwO;_y,La, Sr0,), or ferroelectric oxides
Two main approaches are available for simulating the film(BaTiO;, SrTiO;, PbZrQ;, etc). As the name implies, at
growth at the molecular level: namely, molecular dynamicdeast one of the depositing species in OMVPE is introduced
(MD) and kinetic Monte CarldkMC) methods. Molecular- into the reactor in the form of an organometallic precursor.
dynamics methods are extremely powerful and can be usedeactions in the vapor phase or on the surface lead to the
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deposition of metallic or molecular species. The surface spaure, which can be viewed as two interpenetrating simple
cies may diffuse along the surface, desorb back to the vapocubic sublattices(arbitrarily labeled asa and B, below

or further react to produce an elemental cation or anion owhich, in a perfect CsCl crystal, are occupied exclusively by
the compound itself. Thus reactions between the vapor angvo different types of atoms. If atom types and B are
surface or on the surface and surface transport can all plagentical, then this lattice becomes body centered cubic. The
important roles in determining the structure and characterissimylation cell consists of a three-dimensional lattice of
tics of the epitaxial film. Different growth regimes are pos- gtomic sites in space. Periodic boundary conditions are im-

sible, depending on the thermodynamic and kinetic paramposed in the plane of the filifi.e., in thex andy directions.
eters that dictate reaction rates, reaction mechanisms, a the beginning of each simulation, the substrate is con-

transport 'phenomena. _Kinetic Monte Carlo methods prOVidestructed by occupying the lowest atomic planes by the sub-
ideal vehicles to examine the interplay between these thers'trate atoms up to a thickness of one unit cell. Several types

modynamic and kinetic phenomena. . N .
Several kMC simulations have been performed to inves—Of substrates are considerdg:the same as thaB B2 film,

tigate the growth of two component films. Bleeal *° simu- (ii) single ato”?.i.c typdpureA or B jn a quy centered cubic
lated the MBE growth of Co/C(100) alloy films ! Gallivan structure, and(iii ) a randomAB solid solution alloy(equalA

et al’? examined the OMVPE deposition of YBCO in the andB concentration and body centered cybithe first case
spiral growth mode under nonsteady state conditions iff°rresponds to homoepitaxial growth, while the latter two to
which they described the entire YBCO unit cell as thezero misfit, heteroepitaxial growth. The initial substrate in-
growth species. Kinetic Monte Carlo simulations have alsderacts with a gas phase containing the organometallic pre-
been used to study growth induced domain coarsening arfeHrsors, leading to the deposition of atomic species.

surface roughening phenomena of a genéjaB, s film In order to represent the deposition of the atomic species,
during molecular beam epitaﬁg},All of these simulations we employ a simple kinetic model that incorporates irrevers-
were based on a solid-on-soli809 (Ref. 14 description ible temperature-dependent adsorption reactions and revers-

of the film structure. The SOS model is a 4)- ible etching reactions:

dimensional model in which the surface of the film is a

single valued value function of the coordinates in the plane AX;(g)—A(s)+gas-products, @
of the substratdé(x,y). This reduced dimensional construc-

tion does not allow for incorporated vacancies in the film or AX,(g)—=A(S)+X5(9), 2
complex surface morphologies. These implementations of

the SOS model focused on the growth surface and did not BY,(g)— B(s)+gas-products, 3
track the film structure below the surface. In multicomponent

films, the key structural characteristics of the film are the BY,(g)«B(s)+Y,. (4

degree of ordering and the incorporation of defdetscan-

cies, stacking faults, antisite defectSolid-on-solid model In this simple modelAX; andBY, are the organometallic

descriptions are also incapable of describing the type oprecursor in the chemical reactor aXg and Y, are the

multiatomic-plane ordering that is fundamental to the growthby-products of their dissociation. In the deposition of

of compound films(e.g., c-oriented YBCO has a six metal BaTiO;, for example,A, B, AX;, andBY; may be barium

plane repeat sequence: Cu-Ba-Cu-Y-Cu-Ba, where we hawexide, titanium oxide, barium tetraglyme, and titanium iso-

omitted the oxygen atomsA truly three-dimensional model propoxide, respectively. Reactioiis) and (3) are dissocia-

is necessary to describe all of these important issues in thgon reactions for the precursofsX; andBY;. The reverse

growth of multicomponent films by OMVPE. of reactions(2) and (4) represent the etching of deposited
In this paper, we present a three-dimensional, atomistiepecies from the surface. The kinetic parameters and the

simulation method for the growth of ordered films undertypical partial pressures of gases in the reactor employed in

typical OMVPE conditions, building on our earlier work on the simulation are given in Table I. As a matter of conve-

diamond CVD? The goal of this paper is the development of nience, we use reduced units for energy, volume (),

a simulation model capable of describing the full physicaltemperature £/kg), pressure £/V), and time(7).

complexity of the growth of compound films. The simula-  Using this data, the forward and reverse reaction rate con-

tions are based on a relatively simple set of reactions represtants k; andk,) are computed as follows:

senting the deposition and etching of two spedeand B.

The reaction kinetics are sensitive to the local environment

and the thermodynamic parameters are chosen to favor com- ki=AT" ex;{ - ?) ’ (58

pound formation. We examine the evolution of the film

structure as a function of substrate temperature, reactor pres-

sure, partial pressures of precursors, and substrate type. The k,=AT" exp(—As)exp(

resultant microstructures are analyzed to determine domain

structure, short-range order, and surface roughness.

T

, (5b)

whereE is the kinetic barrier for the reactiof, is the tem-

perature, andkg is the Boltzmann constanAH andAS are

the enthalpy and entropy change of the reaction at equilib-
As a representative multicomponent system, we considrium. AH is taken as the binding energyH, for the atomic

ered an orderedB alloy with the B2 (CsCl) crystal struc- species, which is calculated as follows:

MODEL
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TABLE |. Reaction rate parameters for the growth of the ordered AB filixisis in units ofs/7, E and
AH and are in units ok, AS is in units ofkg, P; in units of e/s, partial pressures of the precursors are

variables.
Reaction A’ E AH AS P.
) AX;(g)—A(s) + products 1.x10% 15.0 AH, 0.0 Pax,
2 AX,(g) —A(S) + Xa(9) 2X101° 1.0 AH, 0.0 Pax,Px,
©) BY,(g)— B(s)+ products 1.x10'° 15.0 AH, 0.0 Pav,
4 BY(9)«—B(s)+Y,(Q) 2.0x 10% 15.0 AH, 0.0 Pey,: Py,
AHp=nNppean+Napeag  fOr atomic speciesA, where(, is a random number chosen betw¢@rl), M is the

(6a)  total number of events that could occur anywhere in the
simulation cell at that instant, and is the reaction rate of
AH,=nNggepp+Nageag fOr atomic speciesB. eventi. The occupancies of the selected sitéds B, or
(6b)  empty is changed in accordance with the selected reaction
and the event list is updated for this site and its neighbors.
Here,n;; is the total number of bonds going from spediés  This procedure is then repeated in the next Monte Carlo
nearest neighbors of speciggnote nag=nga). Thus, the (MC) step. At each simulation step, the time increment is

enthalpy and, hence, the rate of the etching reaction depenggriable and stochastic, and is calculated as follows:
on the local environment of the deposited species.

In order to get a feel for the values of the parameters |
employed(Table ), we can set =1 kcal/mole, such that a dt= L(Q) 9)
temperature of a/kg corresponds to 503.48 K. In the Eileri
present simulations, we set\,=cgg=—¢ and —5e g,
—10e. With this value ofe, the cohesive energy of pufeor  where /, is a random number betwed0,1] and dt is the
pure B (bco is 8 kcal/mole and that of thB2 AB alloy is  time increment. The use of a variable time increment allows
between 40 and 80 kcal/molee., ordering is strongly ther- the algorithm to be flexible in consideration of reactions that
modynamically favored The unit of volumeV is a®, where  occur on widely disparate time scaf€sWhen the event list
ais the lattice parametea= 0.283 nm) and the unit of time contains fast reactionarge reaction ratgsthe denominator
=1 sec. The other parameters are scaled appropriately. in Eq. (9) is large and the time increment is small. When
For reactions involving gas phase reactants, the reactiopnly slow reactions are possible, the denominator in (Ex.
rate is obtained by multiplying the reaction rate constants bys small, and the simulation clock is incremented by a large
the ideal partial molar volume of the gas phase reactants value. This algorithm is similar to theN-fold way

method*®!” which has been shown to yield statistically
P; equivalent results to the more traditioribletropolis'®) fixed
r= R_Tk’ ™ time step algorithm. The present algorithm is more flexible

while handling events that occur with widely disparate rates,
whereP; is the partial pressure of gas phase compongdt ~ as in cases involving diverse chemical reactions—such as in
and T are inputs to the model. The partial pressures of theOMVPE.

gas phase componenmay be thus expressed Bs=c;P, A schematic illustration of the initial few steps in the
whereg; is the mole fraction of reactangas in the chamber €volution of a very small fragment of the film is shown in
andP is the total reactor pressure. Fig. 1. The growth is occurring on a flat homoepitaXi@il 1}

The rates of the reactions occurring at each surface siteriented surface, where light circles indicateatoms and
are taken as input for the kinetic Monte CaflVIC) algo-  dark circles represei atoms. Initially, the equiatomif011}
rithm. The probability that a particular reaction will occur plane [Fig. 1(@] has N surface sites N=32 herg. Four
next is proportional to the rate of that reaction. Given thedeposition reaction§the forward reactions from Eq$l)—
rates of all the reactions at all surface sites, the kMC algot4)] are possible at each site, and each surface atom can be
rithm selects both a surface site and reaction and adjusts tigichedthe reverse reactions from Ed&) and(4)], thus N
simulation clock according to the total rate that any reactiorevents are possible at the first kMC steleposited atoms are
will occur. More formally, we write the probability of occur- indicated by a+ sign in the figurg The kMC algorithm
rence for each eversite and reactionas the ratio of its Selects an event, according to E8), and the occupancies of
reaction rate to the sum of all the reaction rates in thdhe sites change according to this choice. Figurés and
simulation. At each simulation step, event is selected 1(c) show two of the possible events that can occur. If the

according to event that leads to the deposition of thatom[as shown in
Fig. 1(b)] is chosen, there are M+ 1) adsorption reactions
sm-1p sm o [forward reactions in Eq91)—(4)] and N etching reactions
',\;1 < M’l L (8)  [reverse of Eqs(2) and (4)] possible(in the event lisk for
Zizafi 22l the next kMC step. In general, if an adsorb&@tom on an
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FIG. 2. Evolution of a fragment of ordere@B film on a ho-
moepitaxial substrate 001} orientation. Initially, the flat substrate
(a) can undergo adsorption of @natom(b) or adsorption o8 atom
(c). Evolution from(b) occurs by etching of the adsorbédatom
(d), adsorption of anothek atom(e), or adsorption of 8 atom(f).
There is no in plane bonding on surfaces WiBi®1 orientation.

FIG. 1. Evolution of a fragment of ordere@B film on a ho-
moepitaxial substrate dD11} orientation. Light circles indicaté
atoms and dark circles indicaBeatoms. The atoms marked with
are deposited atoms. Initially, the flat substréd can undergo
adsorption of arA atom(b) or adsorption oB atom(c). Evolution
from (b) occurs by etching of the adsorbédatom (d), adsorption
of anotherA atom (e), or adsorption of &8 atom (f),(g). In plane
bonding on the surface witf®11} orientation leads to the formation e€ither A or B atoms. It is possible that an empty siter
of nuclei of A-B atom pairs(g) on the surface. vacancy will be incorporated into the growing film if all of
the neighbors of this site become occupied such that this site
no longer has access to the gaseous environment. This vacant
dite will remain in the film unless one or more of its filled
neighbor sites is etched away.

otherwise flat surface hasRneighbors, the binding energy

AH, has a very large negative value, thus the rate for etchin
is very low, and the etching event has low probability of
being selected by the kMC algorithm in the next kMC step.

If the depositedA atom has 2A neighbors the binding is h The pr_esefr:t mOdfl doevswr:_(l)t 'nCIl:]de dlfftUSIOHa| Ievelnts_ on
weak, and the etching rate is very high and will likely be € growing film surtace. lié such events are clearly im-

selected in the next kMC step. If such an etching reaction i€°rant during the OVMPE in many systems they are omitted

selected, the system reverts to the initially flat surfiig. from the present model in order to smpln‘y mterpretatlon of

1(d)]. If an adsorption reaction on another site is selectedhe results_and to focus on the chgmlcal reaction steps that

rather than an etching reaction, the system progresses to ofie occurring on the surface during growth. The present

of the configurations shown in Figs(el—1(g). Whichever model is easily extended to mclude sgrface dlf_fusmn. How-

event occurs next, the occupancies of the sites are changed@¥er, doing so would necessitate the introduction of a large

reflect the execution of this step, and the event list is recallumber of additional parameters in the present model. These

culated to serve as input to the next kMC step. parameters are .generally unknown bgth in the quantitative
The evolution of a film fragment with 01} oriented  S€nse and relative to the other physical parameters in the

surface is shown in Fig. 2. The film evolves in a mannerSimulation.

similar to the evolution of th¢001} oriented film in Fig. 1.

The flat {001 surface has alternately pu and pureB

layers (unlike the{001} oriented surface in Fig.)1For the FILM STRUCTURE

fragment of film shown in Fig. @), 5N reaction events are

. . Growth on {011} oriented homoepitaxial substrates
possible. In general, an atom on a flat terrace is bonded to {013 P

four neighbors in the surface below. ThusAltomonaflat ~ Figure 3 shows the evolution of the surface morphology
terrace[Fig. 2(b)] is strongly bound if its local environment during the homoepitaxial growth of{@11} oriented film at a
contains 4B atoms. Etching of such an atdig. 2(d)] will ~ low temperature T=1e/kg). This film was grown with

occur at a much lower reaction rate compared to the deposéag= — 5S¢ in a reactor at a total pressure of F&/V, with
tion of another atoniFigs. 2e) and 2f)]. Thus deposition of a gas phase environment Gf=0.5, 0.5, 0.05, or 0.05 mole
another atomA will occur much more likely on thid sur-  fraction wherei=AX;, BY;, X;, orY,, respectively, and
face during the next kMC step. Figures 1 and 2 demonstrateith negligible traces of gaseoésX, andBY,. Each atomic
that although the local bonding is different on the two sur-layer consists of 2048 atomic sites and themoepitaxial
faces, the deposition rates are equal. On the other hand, tisgbstrate was two layers thick. Several distinct single atomic
etching rate of a deposited atom is very sensitive to the locateight islands are first nucleatésee belowon the substrate.
bonding environmenftsee Eqs(5) and(6)]. These islands grow in-plane by the addition of atoms to the
The preceding examples considered the evolution of thetep edges. Before the first layer is complete, additional is-
film structure by the chemisorption or etching of atoms fromlands nucleate on the surface of this layer, starting the second
solid surface sites. An atom is completely incorporated intdayer. As the deposition proceeds, growth continues on 2—3
the film once all of its neighboring sites are occupied bylayers simultaneously. The resultant structure consists of
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etched than an atom adsorbed onto the edge of a nucleus
(step edge Thus, in plane growth is more favored than out
of plane growth on a homoepitaxi#d11} substrate under
typical growth conditions. This constitutes a step-growth
mechanism.

Growth on {001} oriented homoepitaxial substrates

Figure 4 shows the homoepitaxial growth ofGDL} ori-
ented film under the same conditions as in Fidi.8., as in
the {011} substrate described abgvén this substrate orien-
tation, the film is composed of alternating layers of pére
and pureB. The surface of the growing film shows both
terraceqthe terrace size at late times is 20 atomic diameters
as well as some isolated atoms. As on {041} oriented
film, this surface is relatively flaito within approximately
three monolayejs Atoms on the wrong sublattice are rare,
i.e., ordering is preserved during growth.

FIG. 3. Growth of a film on a large homoepitaxial substrate with ~ On homoepitaxia{001} substrates, an adsorbed atom on a
{011} orientation at temperature ok1kg, with e 5= —5¢, reactor ~ flat, ordered terrace has four bonds to atoms in the terrace.
pressure of 10° ¢/V, and a gas phase environmét=0.5, 0.5, These atoms can either be all like or all unlike the adsorbed
0.05, or 0.05 mole fraction wherie=AX;, BY;, X,, or Y,, re-  atom. If an adsorbed atom has fouA neighbors, the mag-
spectively, and with negligible traces of gased\x, andBY,. nitude of the binding energiH, is small, and the rate of
The A atoms are shown in black and the B atoms in white. etching is high. If it has fouB neighbors, the rate of etching

is much lower since the binding is strofige., AH, is large
well-defined terraces, bound by kinked steps. This growth isnd negative There are no in-plane bonds in &01} ori-
nearly layer-by-layer, with a typical terrace size of approxi-ented film, such that growth at a step is no more favorable
mately 15 atomic diameters. than growth on a terrace. However, an adsorbed atom will

On a flat, ordered011} substrate or surface, an adsorbedonly remain on the surface for a long time if all four of its
atom has either two like or two unlike neighbors. If an ad-nearest neighbor sites in the terrace are occupied. This pre-
sorbedA atom has twoA neighbors, the magnitude of the vents the film from getting very rough, but also keeps the
binding energyAH,, is small and the rate of etching is high. terrace size relatively small.

If the A atom has twoB neighbors, the rate of etching is
much smaller. In either case, a single atom on a terrace does
not constitute a stable nucleus and is easily etched off the
surface. An isolated atom on the surface can be stabilized by Epitaxial growth on an{011} oriented, elemental sub-
the deposition of another atom of the opposite type into onatrates is shown in Fig. 5 under the same conditions as in
of its nearest neighba(in-plane sites. Since the first atom Figs. 3 and 4. Both ther and 8 sublattices of the substrate
has a very short residence time on the surface, if it is not irare occupied byA atoms. As the film grows, islands form

a proper homoepitaxial sitée., a proper site is one in which both with A atoms on thex sublattice and withA atoms on

the neighbors below are of the opposite typthe rate of the B sublattice. The average steady-state terrace size is ap-
formation of two atom nuclei with the proper orientation is proximately 10 atomic diameters. When these islands grow
much greater than for phase shifted nuclei. This is becaus®gether, antiphase boundariésPB’s) form. A plan-view

the atoms in a properly oriented nucleus have three neighsection of the film[Fig. 5(c)] shows that the antiphase
bors of opposite type. This two atom pair is further stabilizedboundaries are highly curved and the domain shapes are not
by addition of more neighboring atoms of the proper type.compact. Examination of the sides of the moffely. 5b)]

An atom adsorbed on the next layer is more likely to beshow that the domain size increases as the film thickens. This

Growth on {011} oriented elemental substrates

FIG. 4. Evolution of the film on a large ho-
moepitaxial substrate witfi001} orientation un-
der the same conditions as in Fig. 3.
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ported similar APB’s and coarsening during kMC simula-
tions of MBE growth ofAj 5B 5 films.

Initially an adsorbedA atom on the puréA substrate is
etched more rapidly than an adsort®@tom, although any
isolated atom on the flat substrate is easily etched. As in the
case of growth on homoepitaxial substrates, islands of two or
more atoms are more stable than a single atom on the sub-
strate or on a terrace. This favors growth by a step mecha-
nism, as discussed above. Since there is no preference for the
phase of the individual islands on the substrate, the islands
are commonly out-of-phase with respect to each other—
giving rise to APB’s. The APB structure coarsens as the film
thickens because atoms are etched from the surface more
slowly the larger number of unlike neighbors they have. At-
oms can find more such neighbors on the outer surface of a
curved APB than on the inner surface. This is simply the
Gibbs-Thompson effeét Therefore, the coarsening of the
APB structure is controlled by capillarity.e., APB energet-
ics and curvature
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Growth on {011} oriented disordered substrates
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Epitaxial growth on ag011} oriented, but disordered sub-
strates is shown in Fig. 6 under the same conditions as in
Figs. 3—5. Thex and B sublattices of the substrate are ran-
domly occupied byA and B atoms(with equal probability.

In this case, the local neighbor environment of the adsorbed
A andB atoms on the substrate can be homoepitaXialich

or B-rich. Thus, nuclei of both phase form on the substrate.
The resultant islands grow together producing APB’s. The
average steady-state terrace size is about 10 atomic diam-
eters. The domain size increases with increasing film thick-
ness. The initial domain size in the disordered substrate case
(Fig. 6) is smaller than in the elemental substrate d&se.

5) at the same film thickness. This is likely associated with
the large densities of locally homoepitaxial atomic arrange-
ments (of both phasgson the disordered substrate which
provides easy nucleation of both domains, while in the el-
emental substrate case nucleation of domains of either phase
is considerably slowefallowing more time for selective
etching from island edges
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GROWTH RATES

FIG. 5. Evolution of the film on a larg¢011; oriented, elemen- The variation of film growth rates with temperature is
tal substrate at temperature of/kg, with e,5=—5e, under the  shown in Fig. 7 for deposition onto a homoepitaxjall1}

same reactor conditions as in Fig.(8 and(b) show the fim attwo  griented substrates for several different values of ARB
different stages of growth ar(@) is a slice of the film parallel to the bond strength ,g= —5¢, eag= —6¢, eag= —7¢). Addi-
substrate at a film thickness o8 The shading of the atoms was tional simulations were

chosen to highlight the two domain orientations: black and light
gray atoms aré\ atoms and the white and dark gray atoms Bre
atoms.

performed on homoepitaxial, el-
emental, and disorderg@01; and{011} substrates. The plots
for these additional cases are very nearly indistinguishable
from that in Fig. 7. In all cases, the simulations were per-
formed at reactor pressure of 1%:/V, with a gas phase
evolution is rapid near the substrate and the walls of thenvironment ofC;=0.5, 0.5, 0.05, or 0.05 mole fraction
APB’s become increasingly vertical far from the substratewherei=AX,, BY;, X,, orY,, respectively, and with neg-
This “domain pinching” effect results in relatively large do- ligible traces of gaseousX, andBY,. The growth rateR
mains. Experimental observations of the structure of epitaxishows an Arrhenius dependence on temperature,

ally grown films of binary alloys show a similar evolution of

the domain structuré®?°with typical cross sections exhib- R—Aex;{ o

iting domains that are nearly parabolic. Landetual® re- kgT)" (10
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FIG. 7. Growth rate as a function of the inverse temperature for
different values ok g With a reactor pressure of 18 ¢/V for the

same conditions as in Fig. 3. These simulations were performed on
a {011} oriented, homoepitaxial substrate.
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parameters in Eqgl) and (3).

The values of the parameteksand » were extracted from
the slopes of the curves in Fig. 7. These déseraged
over all six caséssuggest that the activation energy
=15.6-0.4¢ and the pre-exponential factoA=9.94
+0.37x 10Pa/r and are very nearly independent of substrate
type and bond strength. This activation energy is very close
to the activation energy for the decomposition of the precur-
sors[i.e., Egs(1) and(3)], E=15.C. This demonstrates that
the growth kinetics in this OMVPF model are dominated by
the rates at which the precursors decompose on the surface.
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SURFACE ROUGHNESS

)000000000000000¢

0000000000000 00¢

The surface roughnes$is plotted as a function of film
height(h) for different values of the bonding parameteys
(Fig. 8 at T=1e/kg and for different values of the tempera-
ture (Fig. 9) at fixede pg(= —5¢) for homoepitaxial growth
on {011} and{001} substrates. In all cases, simulations were
performed for a reactor pressure of f@/V and a gas phase
environment ofC;=0.5, 0.5, 0.05, or 0.05 mole fraction
wherei=AX;, BY;, or X,, orY,, respectively, and with
negligible traces of gaseoudsX, andBY,. Similar plots for
growth on the elemental and disordered substrates were
nearly indistinguishable. The roughnesss defined here as
the standard deviation of the film heigrtbot mean square
deviation
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FIG. 6. Growth of the film on a larggD01} oriented, elemental
substrate at a temperature of/kg, with epxg=—5¢, under the
same reactor conditions as in Fig.(8) and(b) show the evolution
of the film at two different stages of growth afg) is a slice of the
film parallel to the substrate at a film thickness @f. 8

where A and » are constants. The growth rates are very
nearly independent of substrate type of substrate orientation.
The growth rate increases very slowly with increasidp
bond Strength_ S|m||ar|y, the growth rates increase with in_Where hi is tﬂe shortest distance between the substrate and
creasing partial pressure of the reactafds; andBY,;, as  surface sita,h is surface height averaged over Blisurface
expected based on the explicit pressure dependence of tsées.

reaction rates in Eq(7). For the values of the activation The roughness initially shows a rapid increase with film
energies chosen above, the growth is reaction rate limitetieight before asymptotically approaching a steady state. The
rather than reactant flux limited, as often occurs. Reactardteady-state roughness lies betweera@Bd 0.& for {011}

flux controlled growth could be recovered by changing theoriented films. The steady-state roughness lies between

1 N
=y 2 (=), (1)
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FIG. 8. Surface roughness as a
function of the average film height
for different values ofe g at a
temperature of #/kg, with the
reactor pressure of I6 &/V for
the same conditions as in Fig. 3.
These simulations were performed
on (a) {011 oriented, homoepi-
taxial substrates andb) {001} ori-
ented, homoepitaxial substrates.
Vertical error bars indicate stan-
dard deviation about the mean,
while horizontal error bars indi-
0 T E— 1 cate the standard deviation of the

h (a) data in each bin over four simula-
tions.

0.3% and 0.%& for {001} oriented films. For both film orien- asymptotic surface roughness of tf@l1} films grown on
tations, this roughness is close to a single interplanar spacirglemental or disordered substratast shown with the A-B

(i.e., one monolaygr This spacing i®/v2 for {011} anda/2  bond strength must be associated with the presence of an-
for {001. Figures 8 and 9 show that there is very little tiphase boundaries. The terrace sizes are much smaller when
change upon changing either theB bond strength or tem- APB'’s are present than when they are abgehtsee Figs. 3,
perature within the ranges examined here. One exception i and 6. Since the formation of nuclei on idefd11} ter-

the bond strength dependence of the roughness of0h#  races becomes geometrically less likely with decreasing ter-
oriented films on homoepltaX|aI_ substrates._ln _thls case, thesce size, the contribution to roughening associated with the
steady-state roughness clearly increases with increasing  aqditional stability of the nuclei o011} terraces with in-

[Fig. 8a)]. creasing A-B bond strength is much less relevant when

Th? initial 'QUICk rse in a W'th Increasing th|ckne§s' IS APB's are present. This decreased terrace size with increased
associated with nucleation and island growth on an initially PB density washes out th&-B bond strength effect

perfectly flat substrate. The roughness begins to asymptote Fiqure 9 shows that the effect of temperature on film
after approximately one monolayer, where nucleation on a 9 . o : P
flat surface ceasdshe initial terrace sizes are very small roughness is negligible for films grown on all substrate types

The variation of the roughness of thel1} oriented film and orientations examined. Since changing temperature

on a homoepitaxial substrate witeB bond strength can be Modifies all of the reaction rates differentiglepending on
understood in terms of the competition between step growtf1® vValues of the activation energies akH), this tempera--
and nucleation on terraces. As described above, this filnfiré independence of the roughness is surprising—especially
tends to grow predominantly by a step growth mechanismin the case of011 oriented films on homoepitaxial sub-
However, increasing tha-B bond strength increases the sta- strates(for the reason described abgvelowever, since the
bility of A-B nuclei on{011} terraces. Since the growth of activation energy for deposition and the valuesi¢i asso-
new islands or{011} terraces increases film roughness, in-ciated with formation of arA-B pair are very similafsee
creasingA-B bond strength should lead to rougher surfaces;Table | and Eqgs(5) and(6)], changing the temperature does
as seen in the simulation data in FigaB This effect is little to the relative stability ofA-B pairs. Hence, changing
missing in the{001 oriented films[Fig. 8b)]. This is be- temperature does little to bias the competition between
cause the step growth mechanism does not operate during thecleation on terraces and step growth, resulting in nearly
growth of {001} oriented films. The lack of variation of the temperature independent roughness.

@

FIG. 9. Surface roughness as a
function of the average film height
for three different values of tem-
perature withe 5= —5e, reactor
pressure of 10° ¢/V for the same
conditions as in Fig. 3. These
simulations were performed dn)
{011} oriented, homoepitaxial sub-
strates andb) {001} oriented, ho-
moepitaxial substrates.

. T Y W}
20 =
h(a)
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FIG. 10. Cowley short range
order parameterg as a function
of the inverse of temperature for
different values ofe g with the
reactor pressure of 16 &/V for
the same reactor conditions as in
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 substratéd) a {001} ori-
ented, elemental substraté) a
{011 oriented, disordered sub-

r3 s TS 3 03 e s 2 strate, and(f) a {001 oriented,
T (e/ky) T (eks) disordered substrate. Error bars
represent standard deviation over
1p eight simulations at each tempera-
ture.
U)
osp
osfp
©
04f
0.2fp
%.8 172 175 5 %.8 172 176 5
T (ehky) T (ehky)
SHORT-RANGE ORDER parameters used in these simulations, the perfect crystal

i " N -
The short-range order evolves during growth. A conve-order disorder transition temperaturelis= ue* /kg (within

H H * —
nient measure of the short-range order parameter for th@ second moment approximatigh, where &* =(zax

CsCl lattice is that due to Cowlé?y” +epp)/2—eag and u is a numerical constant that depends
on lattice type fu=3.41 for the lattice used hereFor e g
Paa—nNa =—D5g, —6g, and —7e, T,=13.7/kg, 17.1e/kg, and
A - (120 20.5/kg, respectively.

Figure 10 shows the short range order parameter versus
whereP,, is the fraction of the nearest neighbor sites of anthe growth temperature for six different substrates and three
A atom that are occupied b& atoms(averaged over alA  values of the bonding parametesg . This figure shows that
atomg, andn, is the atomic fraction oA atoms in the entire the crystal is disordered at much loweoughly one order of
film. With this definition, =1 for the perfectly ordered magnitude temperature than expected based upon bulk ther-
CsCl lattice,c=—1 for the phase separated system, and modynamics. This is, in part, due to our approximation that
=0 for a random solid solution of equal numbersfoandB  the bulk is a frozen history of the growth surface. Nonethe-
atoms. If the number ofA and B atoms are unequal, the less, this large difference is a clear indication that kinetic and
magnitude of the extreme values afare reduced. For the equilibrium ordering are much different. One reason for this
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Sp €A
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FIG. 11. Evolution of average
domain size of films grown on el-
emental and disordered substrates
for different values ofe,g at a
temperature of &/kg, with the
reactor pressure of 16 &/V for
the same reactor conditions as in
Fig. 3. The simulations were per-
formed on(a) a {011} oriented, el-
emental substrate ant) a {011}
oriented, disordered substrate.
] 1 L e ] . R T T T Both axes are plotted to logarith-

i = mic scale.

d domain

difference is that atoms on the surface have fewer bonds thasrossed is counte®. This number is averaged over 64 par-
do those within the bulk. However, this effect alone couldallel lines and the average domain stg.iniS given by the

not explain more than a factor of two changeTp. The  dimension of the sample in ti@11] direction divided byN.
difference between the klneﬁﬁ\c and its eqU|||br|L|m value is The domain size in F|g 11 increases in a nonlinear man-

attributable to the magnitude of the barriers for the chemicaher with film thickness. This dependence is well fit by a
reactions. If the barrier for diffusion is lownot examined power law of the form

herg, we expect that the kinetid. will be significantly
closer to the equilibrium surfacg. . dgomair= aW‘, (13)

The growth on homoepitaxial substrafésgs. 1da) and
10(b)] produced perfectly ordered homoepitaxial films at lowwhere a and n are determined by fitting to the data. The
temperatures{<T,). As the temperature is increased, theresultant fitting parameters are shown in Tablelis found
films become increasingly disorderéll films in Fig. 10 are  to be in the range of 0.09-0.38. Bathandn decrease with
grown to a thickness of 32 atomic plane3his may be increasingeagl|.
attributed to the fact that the difference between the deposi- On {011} oriented film substrates, growth occurs by
tion rates at “right” and “wrong” sites decreases with in- means of a step growth mechanism. Depositing atoms find
creasing temperaturesee Eqs.(1) and (3)]. Similarly, the  more unlike neighbors at the outer surface of a curved APB
rate of etching is less site-selective at higher temperaturethan at the inner surface. Thus the rate of etching is slower at
[see Egs(2) and(4)]. The order-disorder transformation oc- the outer surface of the APB. Therefore, domains boundaries
curs at higher temperatures with increasiagg|. This is not  should move toward their center of curvature. This curvature
surprising since larger values efe g imply larger driving  driven APB evolution leads to domain coarsening during
forces for ordering. film growth. If the APB migration rate was proportional to

The degree of short-range order in the films grown onits curvature, we should expent=1/2. Sincen<1/2 in all
elementa011} [Fig. 10(c)] and disordered011} and{001}  cases, the boundary velocity must be a sub-linear function of
surfaceq Figs. 1@e) and 1@f)] at low temperatures is con- the boundary curvature. The fact thatchanges withe pg
siderably lower than for films grown on homoepitaxial sub-suggests that the dependence of the boundary velocity on
strates. This is because the short-range order in the vicinitgurvature depends on several competing kinetic fadtags,
of antiphase boundaries is considerably lower than in perfedgsland nucleation and step migratjon
crystals. A large number of islandsf random orientation The number of domains formed at small film thicknesses
are nucleated on films grown on elemental and disorderets a function of theA-B binding energy 5 (see the values of
substrates at small thicknesses, leading to a high APB derthe fitting parametesa in Table Il). A strongerA-B bond
sity. {001} films grown on an elemental substrffég. 10d)] leads to more stablA-B pairs on the substrate, independent
are nearly perfectly ordered at low temperature, since this
film exhibits no antiphase boundarighe flat growth surface TABLE Il. Fitting parameters for the power-law dependence of
is elemental the domain size on film thickness on elemental and disordered sub-

strates with{011} orientationd gomgi=ah".

DOMAIN SIZE
Substrate €AB a n

The linear domain size is plotted as a function of film

thickness for(011) films grown on elemental and disordered Elemental —o 1.45 0.35
substrates with several values of theB binding energy ag —6e 131 0.26
(see Fig. 11 These simulations were performed under the —Te 1.12 0.13
same conditions as those used to produce Figs. 3-5, abov§isordered _5g 1.6 0.38
The domain size is calculated using the linear intercept _6e 147 018
method: a[011] oriented line is drawn at the desired film —7e 1.22 0.09

height and the number of times an antiphase domain wall is
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of the phase impliedi.e., A on the @ or 8 sublattice. In-  with temperature and the rate at which the resultant antiphase
creasing thes g magnitude increases the stability of the boundaries coarsen increases with temperature. Overall, op-
small islands that nucleate on the substrate. Thus the initialmal growth is a compromise between high growth rates and
domain size on the substrate surface increases with increasigh quality. Changing the substrate also modifies the film
ing eag. As the strength oA-B bonds increases, atoms at growth. Homoepitaxially grown films are typically better or-
the “wrong” sites are stabilized by the presence of a fewdered than those grown on elemental or disordered sub-
unlike atoms. Thus the atoms depositing at the inner surfacgrates. This is largely due to the formation of antiphase do-
of an APB have a low etching rate even with some likemain structures on the nonhomoepitaxial substrates. Growth
pelghbqrs. Thus the domain coarsening effect decreases wit, {011} and {001 occur at nearly the same rates and pro-
increasing|e ag|- duce films of similar roughness and short-range order. The
only exception is thaf001} films grown on elemental sub-
CONCLUSIONS strates and those grown homoepitaxially are indistinguish-

Optimization of the production of high quality epitaxial able, while this is not the case f¢011} growth. This is
films by OMVPE techniques, requires both high film growth because thd001} surfaces of the elemental and homoepi-
rates and low defect densities. The growth rate can be iffaxial substrates are identic@t the nearest neighbor leyel
creased by either increasing the growth temperature or théhe present simulations are highly idealized in many re-
gas pressure. Of these two, increasing temperature hassgects. They do not consider the effects of elastic misfit on
much larger effect since it enters the reaction rates within aheteroepitaxial growth, they do not incorporate diffusion, the
exponential while the pressure only in the prefactor. Unfor-reaction kinetics are assumed, no surface reconstruction is
tunately, increasing the temperature increases the defect coalowed, etc. Of these, the most intrinsic difficulty is obtain-
centration, as measured by a decrease in the short-range @ng realistic reaction kinetic information. First principles cal-
der parameter. However, the average domain giz=, culations could provide some of this type of information,
inverse antiphase boundary dengiiiycreases with increas- although such applications are difficult for most OMVPE
ing temperature because the island nucleation rate decreag@gcursors.
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