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Ordering and Roughening during the Epitaxial Growth of Alloys
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A kinetic mean field is used to study the interplay between compositional ordering and su
roughening during the epitaxial growth of a model lattice-matched binary alloy. Assuming that o
is favored thermodynamically at the free surface only, the evolution of long range order and
range order is shown to depend nontrivially on the morphology of the film as determined by depo
conditions and the presence of energy barriers to atomic migration at surface step edges. A
interpretation of the results is offered that accords well with existing experimental data.

PACS numbers: 64.60.Cn, 68.55.–a, 81.10.Aj
th
on
ts
o
to
ha
ion
ca
ly

to
a
nt
s

se

ro
i

se
I-
to
la
c

st
t

ro
ar

e

in
c
ti

eld
o
te
on
e

ye
oy

t
m

e
ers,
ed

ry
ted
1].
or-

e.
tion
ub-
ed
il-

s
nge
la-

er

or

we
re
ub-
ng
oc-
n-
ral

gg-
r-

ol-
ill

in
er
m.
he-

sed
Growth-induced surface roughening and grow
induced alloy ordering separately have attracted c
siderable attention from the community of physicis
fascinated by epitaxial processes. Growth-induced
dering refers to the fact that epitaxial semiconduc
alloys often exhibit long range order despite the fact t
the corresponding bulk alloys favor phase separat
Growth-induced roughening refers to the morphologi
deviations from a flat surface profile that occur inevitab
during epitaxial growth. Both effects are known
depend sensitively on growth conditions and substr
orientation. But, to our knowledge, only two rece
experiments [1,2] and no theory have been addres
explicitly to the interplay between roughening proces
and long range ordering processes.

A decade of intense study has been devoted to the p
lem of manipulating the degree of order in epitaxial sem
conductor alloys. Experiment and theory have focu
on the SixGe12x system [3] and especially the group II
V ternary alloys [4]. The observed ordering is known
be thermodynamically unstable in the bulk. But calcu
tions show that ordering can be favored by local surfa
energetics, e.g., reconstructions of the flat surfaces or
edges. The consensus is that order is established in
near surface region and then “frozen-in” as growth p
ceeds. Interestingly, the same thermodynamic scen
has been predicted [5] for Ni3Pts001d although, to our
knowledge, no epitaxial growth experiments have be
attempted for this system.

The past decade has also been witness to a susta
effort devoted to identifying the causes and consequen
of surface roughening during epitaxial growth. Stochas
models have been popular lately [6], but mean fi
theories [7] are quite adequate to describe the m
commonly observed types of surface roughening: s
bunching [8] and three-dimensional (3D) island formati
associated with either misfit strain relief [9] or th
presence of relatively high energy barriers to interla
atomic migration at step edges [10]. In the two all
ordering experiments noted earlier, roughening due
the strain relief [1] and step bunching [2] mechanis
0031-9007y96y76(12)y2097(4)$10.00
-
-

r-
r
t
.
l

te

ed
s

b-
-
d

-
e
ep
he
-
io

n

ed
es
c

st
p

r

o
s

individually were operative. In the present work, w
focus on roughening associated with step edge barri
and thus restrict ourselves to the growth of lattice-match
alloys on nominally flat substrates.

Our analysis generalizes a kinetic mean field theo
of the antiferromagnetic spin-one Ising model presen
some years ago by Saito and Müller-Krumbhaar [1
These authors examined the propagation of long range
der (LRO) for a solid crystallizing from the vapor phas
Surface diffusion was not considered and the propaga
of short range order (SRO) was not addressed. A s
sequent variation of this theory examined SRO induc
by surface diffusion but entirely neglected the possib
ity of LRO [12]. Most recently, Monte Carlo simulation
of alloy growth have appeared that include step-excha
processes to induce order [13]. Unfortunately, the simu
tion algorithm used excluded the possibility of multilay
surface roughness.

The model system studied here is a simple cubicAB al-
loy growing in the (001) direction with nearest neighb
interactionseAA, eBB, and eAB chosen to favor rocksalt-
type order. No change in the qualitative features
report is expected for crystal lattices that support mo
complex ordered structures so long as the constituent s
lattices are interpenetrating. During growth, overha
structures are forbidden so that no bulk vacancies can
cur. Bulk diffusion is thereby arrested, and the aforeme
tioned phenomenon of kinetic freezing arises in a natu
way. If we assign an integer labelj to each crystal plane
of N sites that grows parallel to the substrate, a Bra
Williams theory [11] would suffice for the present pu
poses if the coverage in each layerus jd and LRO in each
layerhs jd were adequate to describe the surface morph
ogy and state of order of the growing crystal. But, as w
become apparent, a quantitative measure of the SRO
each layerss jd and the step edge density in each lay
ss jd is essential for a correct description of the proble
For this reason, we adopt a layer-resolved, kinetic Bet
Peierls approximation [14].

The details of this approximation have been discus
thoroughly in the literature [15]. Briefly,us jd is the
© 1996 The American Physical Society 2097
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number density of atoms in layerj, hs jd is the difference
in the number densities ofA atoms on the two sublattices
of layer j, and ss jd and ss jd are the number densities
of AB and atom-vacancy nearest neighbor pairs in lay
j. Internal consistency of the theory mandates that the
four observables be supplemented by eight other rela
densities (whose physical meaning is less transparent)
each incomplete layer. A state vectorXstd is then defined
so that the statistical averages of these variables consti
the components of the vectorxstd ­ XstdyN. The time
evolution of each componentxkstd obeys

d
dt

xkstd ­
X
D

Dk

X
p[D

nfpjxstdgnspde2EspdykBT , (1)

whereD is a vector of integers that specifies the chan
X ! X 1 D in the state of the system associated wi
each allowed Arrhenius-type kinetic process. The com
binatoric factornfpjxstdg is the Bethe-Peierls estimate o
the number density of sites with local arrangements of t
atomic speciesp compatible withD given that the system
average is fixed atxstd. The sum overp indicates that
several local atomic arrangements are generally consis
with a given value ofD [16].

For a deposition event, the energy barrierEspd ­
0, nspd is the mean arrival rate of atoms to the surfac
and the two components ofp respectively label the
number ofA atoms andB atoms in the first coordination
shell around the site onto which deposition occurs. F
a surface diffusion event,p is a four-component vector
since the coordination shells of both the initial and fin
sites of the diffusing atom are involved,nspd is an
attempt frequency, and we follow Ref. [14] and rece
Monte Carlo simulations of epitaxial growth [17] by using
the initial state energy of the local configuration as
bond-breaking estimate of the diffusion barrierEspd. In
particular, each nearest neighbor of an atom about
execute a surface diffusion jump makes a contribution
jeAAj, jeBBj, or jeABj to the energy barrier so that both
site coordination and chemical effects are included.

This paper reports results for an equiatomic allo
The common deposition rate forA and B atoms is
denotedF. For simplicity only, we chooseeAA ­ eBB

and a single attempt frequency so that theintralayer
surface diffusion rate for an isolatedA atom bonded to
an A atom immediately below itself is identical to the
corresponding quantity for an isolatedB atom bonded
to a B atom immediately below itself. Their common
diffusion constant is denotedD. We consider two
morphological scenarios: (i) quasi-layer-by-layer grow
obtained by equating the rates of interlayer and intralay
diffusion for a given initial state, and (ii) step-barrier
induced 3D growth obtained by setting the releva
interlayer diffusion attempt frequencies to zero. In a
cases, the initial condition is a flat substrate with
specified degree of LRO. Gear’s method [18] for sti
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differential equations is used to propagate the nonlin
system defined by (1) forward in time.

We begin with the quasilayer growth scenario [7
where the computed time evolution of the total st
densitys ­

P
j ss jd, i.e., the surface roughness, exhib

undamped monolayer period oscillations with minima a
maxima that decrease asDyF increases. Figure 1 show
the corresponding frozen-in, layer-averaged LRO a
SRO for the case of deposition onto a perfectly orde
alloy substrate. The initial order cannot be maintain
unlessDyF is very large. Instead, the amount of LR
and SRO in each layer decreases as growth proceeds
a finite asymptotic value is reached. The latter is fix
by the deposition conditions (DyF) and the bond energy
parameters, since it reflects the amount of order t
can be established by surface diffusion and detachm
and attachment processes in the time needed to dep
one monolayer. Note that the LRO approaches zero
the smallestDyF shown while the accompanying SRO
approaches a nonzero constant. We interpret this resu
the mean-field signature that antiphase boundaries (A
are present in layerj since the SRO has been normalize
so that a nonzero value indicates an excess ofAB andBA
nearest neighbor pairs compared toAA andBB pairs.

The trend seen in Fig. 1 can be understood as follo
A deposited atom either diffuses to a step or encoun
another deposited atom. In either case, the occupied
may not be favored energetically, i.e., propagate ord
If DyF is large enough, the atom has sufficient time
sample other sites and seek an energy minimum be
it is frozen by the arrival of another atom onto itse
The substrate acts as a template so that all island

FIG. 1. The frozen-in LRO (open symbols) and SR
(filled symbols) in the first 100 layers of quasi-layer-b
layer growth for DyF ­ 1.0 3 105 snd, 1.1 3 105 shd, and
2.0 3 105 ssd. The substrate is fully ordered. The materi
parameters areeAB ­ 20.5 eV, eAA ­ eBB ­ 20.3 eV, and
kT ­ 0.09.
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a layer (and subsequent layers) order in the same w
But asDyF decreases, the step density increases wit
concomitant increase in the number of “mistakes” (anAA
or BB pair) that form. Since the time available for th
system to rearrange itself also decreases asDyF decreases,
the number density of mistakes that freeze to yield APB
is inversely related to the normalized SRO. A zero va
for LRO indicates that APB’s separate domain variants
equal population.

We turn now to the case of infinite barriers to interlay
mass transport [7]. This situation where deposited ato
are confined to the terraces upon which they land is w
understood to yield Poisson roughness associated with
formation of 3D “wedding-cake” structures [6,10]. Th
is reflected in our calculations by a monotonic increase
the total step density as deposition proceeds for all val
of DyF. Figure 2(a) shows the corresponding frozen-
layer-averaged LRO and SRO for the case of deposit
onto a perfectly ordered alloy substrate. Both long a
short range order decrease slowly at first until, witho
warning, the LRO drops to zero and the SRO drops t
nonzero value. The latter doesnot approach a constan
asymptotic value as before but instead declines tow
zero for as long as we followed its evolution. Larg
values of DyF do not change this scenario; the dro
occurs at larger film thickness, and the amount of resid
SRO increases.

The initial slow decrease in LRO and SRO in Fig. 2(
corresponds to the buildup of APB density as befo
But the ever increasing surface roughness in this c
results in an ever decreasing mean terrace length wi
the uppermost incomplete layers. The mean ada
migration distance decreases concomitantly so that
site sampling and compositional rearrangement proce
needed to maintain long range order become less and
correlated within a given layer. The LRO collapses wh
the maximum roughness within these layers reache
(DyF-dependent) critical value beyond which the repair
nascent APB’s by surface diffusion becomes impossib
The template effect noted above guarantees that the o
of this phenomenon in a single layer is sufficient
propagate the effect to all higher layers. Calculations w
a finite step edge barrier reveal that the abruptness of
loss of order lessens when the barrier height decrease

An interesting feedback between the state of compo
tional order and the evolving crystal morphology is show
in Fig. 2(b). We plot here the value of the step density
each layer at the moment when it achieves itsmaximum
value. Unlike the total step density, the monotonic i
crease of this quantity stalls immediately after the loss
LRO if DyF is large enough [cf. Fig. 2(a)]. Disorderin
evidently induces the system to smoothen. To gain insi
into this curious phenomenon, we calculated the evolut
of roughness and order beginning with a completelydis-
ordered substrate forDyF ­ 5 3 105 (filled symbols).
LRO never develops in this situation, and the maximu
y.
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FIG. 2. (a) The frozen-in LRO (open) and SRO (filled) i
the first 200 layers of step-barrier-induced 3D growth f
DyF ­ 1.0 3 105 shd, 5.0 3 105 ssd, and1.0 3 106 snd on
an ordered substrate. (b) The maximum step density in a la
under the same growth conditions as in (a) andDyF ­ 5.0 3
105 sdd on a disordered substrate. The material parameters
the same as in Fig. 1.

roughness issmaller for the disordered system until the
originally ordered material loses order. The coinciden
of the two curves beyond that point demonstrates that,
fixed deposition conditions, a unique state of roughness
associated with the compositionally disordered stateinde-
pendentof the previous history of the sample.

A simple bond-breaking calculation shows that ato
detachment from a step edge occurs more slowly wh
the layer immediately below is disordered rather than o
dered. This shows up as smoothening in Fig. 2(b), sin
single adatoms contribute substantially to the state
maximum step density. For a finite step barrier, this a
gument can be replaced by an equivalent macroscopic
gument that recalls that order prevails at the free surfa
in equilibrium. Any kinetically induced state of disorde
2099
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therefore possesses a higher surface free energy (su
tension) which then smoothens relatively more rapidly
capillarity. Both pictures are consistent with our observ
tion that the magnitude of the roughness drop associa
with the loss of order increases asDyF increases.

The most direct test of our predictions would be
“archaeology” experiment that reveals the degree of or
in a film as a function of depth from the free surfac
Unfortunately, the only experiment of this kind of whic
we are aware was performed for a film of GaInP grow
under conditions where significant bulk diffusion occurre
thus obscuring the effects we find [19]. We encoura
similar experiments for films grown with lower value
of DyF. Otherwise, our results are in qualitative acco
with existing experimental studies that correlate surfa
morphology with compositional ordering. The notio
that a minimum average terrace width is required
support ordered regions is explicit in the discussion
Jessonet al. [1] of their Z-contrast electron microscop
results for a strain-roughened SiGe alloy grown on Si(00
Similarly, the atomic force microscopy results reported
Stringfellowet al. [2] include a strong correlation betwee
the separation between step bunches on the surface
GaInP alloy grown onto vicinal GaAs(001) substrates a
the separation between APB’s in the film as determin
by transmission electron microscopy. It puzzled the
authors that the APB density actually exceeded the bu
density for the smallest misorientations studied. This
not surprising in the present view since wedding-cake-ty
roughness may be expected in the large regions betw
bunches.
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