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Kinetics of Cupt-type ordered phase formation in III-V semiconductor alloys
during (001) epitaxial growth due to step How
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In the present work, we carried out Monte Carlo simulations in order to investigate the eft'ects of sur-
face steps on CuPt-type ordering in III-V semiconductor alloys grown on a slightly inclined (001) sub-

strate, on the basis of an Ising-like crystal growth model. Two types of surface steps were considered:
one is the surface step along the [110]direction (the [110]step), and the other is the surface step along
the [110]direction (the [110]step). The former and the latter have a preference for unlike- aud like-atom
pairs along the step edge, respectively. Flows of the [110]step leave CuPt-ordered domains of (111)and
(111)variants with low degree of order. The domains elongate perpendicular to the growth direction of
the crystal. After flows of the [110]step, on the other hand, only one variant is formed and large ordered
domains grow from the interface with a substrate up to the top surface of the layer. The features of
domain structure, such as the selection of variants and the morphology of the antiphase domains, are in

good agreement with the previous experimental results obtained by transmission electron microscopy. It
was found that (001) interplane interactions, which contribute to the ordering along the growth direc-
tion, play an important role for the di6'erence of microstructures depending on the type of surface step.
We also discuss the microstructure of the epilayer obtained by the motion of both surface steps on the
surface layers.

I. INTRODUCTION

A variety of techniques of epitaxial growth are current-
ly employed to obtain high quality semiconductor films.
In thin films of III-V semiconductor alloys grown by such
techniques, some interesting phenomena which cannot be
observed in bulk alloys have been reported. Although
most bulk III-V semiconductor alloys ( A

& „8)C have a
tendency toward phase separation in AC and BC, some
ordered structures have been found in epilayers of the al-
loys grown by vapor phase epitaxy, such as molecular-
beam epitaxy or organometalhc vapor phase epitaxy. '

Since the appearance of ordered phases inAuences materi-
al properties, such as the magnitude of band-gap ener-

gy and electron mobility, it is important to make the
mechanism of the ordering clear. Moreover, it is interest-
ing that a CuPt-type ordered structure, which had been
confirmed in only a few bulk systems, ' '" has often been
observed in many epitaxial layers. In the present work,
we focus on the process of CuPt-type ordering in the epi-
taxial layers of III-V semiconductor alloys.

Srivastava, Martins, and Zunger' and Ferreira, Wei,
and Zunger' carried out first-principles calculations to
search for the most stable atomic configuration in III-V
alloys and the equilibrium phase diagrams. They conclud-
ed that the bulk alloys have an equilibrium state of phase
separation, and that the CuPt-type structure has the
highest internal energy. On the other hand, it was exper-
imentally confirmed that only (ill) and (111) variants
out of the four possible CuPt variants are formed in the
epilayer. These theoretical and experimental results indi-
cate that the appearance of the ordered phase cannot be

explained as a bulk phenomenon, and Gomyo, Suzuki,
and Iijima have also discussed the importance of the sur-
face during the crystal growth in their early manuscript.
Note that the four equivalent [111] variants of CuPt
structure in the bulk state divide into two classes in the
presence of a surface: (ill) and (111),called the CuPt„
variant; and (111) and (111), the CuPt~ variant. Cao
and co-workers' ' investigated the effect of growth rates
on Cupt-type ordering in Ga& „In„P,and showed that
the high growth rates suppress the ordering. Their result
suggests that the ordering requires diffusion of atoms on
the top surfaces. Further, Gomyo, Suzuki, and Iijima
pointed out that the atomic steps on an inclined surface
play an important role in the formation of the ordered
structure. Transmission electron microscope (TEM) ob-
servations have revealed that the substrate orientation
significantly affects CuPt-type ordering in Ga& In P,
GaAs, P„and InAs, P, (Ref. 6) epilayers: when
the (001) substrate is slightly inclined toward the [110]
direction, the well-developed ordered domains, which
consist of only one CuPt~ variant out of the four possible
CuPt variants, grow from the substrate into the surface
layer. If the substrate is inclined toward the [110]direc-
tion, on the other hand, (111)and (111)variants with a
low degree of order coexist, and the CuPt domains
elongate perpendicular to the growth direction. A theory
for the ordering mechanism which can explain these
domain structures remains an open question.

Recently, we proposed an Ising-like model for the
layer-by-layer growth of III-V semiconductor alloys, in
which pair wise interactions between the first- and
second-nearest-neighboring atoms were taken into ac-
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count, and calculated the phase diagrams of the ground-
state structures as a function of the interactions. ' The
result suggests that the CuPt-type ordered phase, which
is unstable in bulk alloys, can be formed easily on the top
surface layers during the growth. Using the model, we
carried out a Monte Carlo simulation to investigate the
CuPt ordering at finite temperatures. ' Features of the
Fourier power spectra of the atomic arrangements ob-
tained by the simulation, such as the presence of wavy
diffuse streaks and the dependence of the intensity max-
imum position in the streak upon the growth rate' and
temperature, were in complete agreement with those of
transmission electron-diffraction patterns. These results
all demonstrate that our model is quite useful for discuss-
ing the ordering mechanism and phase state in epitaxial
layers.

In the present work, our growth model is applied to
the surface-step-How process to interpret a CuPt-type or-
dered microstructure in an epilayer grown on an off-angle
substrate. The kinetics of the ordered phase formation is
discussed in terms of the atomic pairwise interactions.
We also present characteristics of the microstructures ob-
tained by the Monte Carlo simulation and by TEM obser-
vation.

II. MODEL AND SIMULATION METHODS

A. Ising-like model for step-by-step growth

Figure 1 shows a (001) surface with an atomic step of
an (Ao ~Bc~)'"C alloy with a zinc-blende structure.
Open and closed circles denote atomic sites of III and V

elements, respectively. Atoms of 3 and B elements at the
step edge [marked by s in Fig. 1(b)] are assumed to in-
teract with their first- and second-neighbor atoms in the
fcc sublattice, as indicated in Figs. 1(a) and 1(b). Here
V's are pairwise interaction parameters defined in the
same way as in our previous work. ' In this system, like-
atom pairs are preferred when the parameter is positive,
and unlike-atom pairs when it is negative. From an ex-
perimental observation for Ga& In P alloys grown on
(001) substrates, ' it is found that unlike-atom pairs, i.e.,
Ga-In, are formed along the [110] direction, and like-
atom pairs, i.e., Ga-Ga or In-In, are arranged along the
[110]direction. In the present work, therefore, we adopt
VIh (0 and Vih )0, so that the [110]- and [110]-step
edges, respectively, have a tendency toward forming
unlike- and like-atom pairs along the step edge. It should
be noted that the value for V„ofthe s-p atom pair is
different from that of the s-q pair, since the p atom is
covered with an upper atomic layer of the III elements
but the q atom is not. Hereafter, we designate the interac-
tions as V&, I and V&„„,as shown in Fig. 1(b). Only the
atoms at the step edge undergo rearrangements, follow-
ing a standard Monte Carlo algorithm' of spin-Hip dy-
namics. The configuration of atoms freezes after the next
atomic line is deposited. The number of the sites of A or
8 atoms on a surface is 64X 64, and the epitaxial layer is
assumed to grow by repeating the above procedure.

We considered two types of straight surface steps, as
shown in Fig. 2. One is the [110]-step flow to the [110]
direction (the [110]-step flow), and the other is the [110]-
step flow to the [110] direction (the [110]-step flow).
The [110] and [110] steps are introduced on the (001)
substrate slightly inclined toward the [110] and [1 10]
directions, respectively. In our model, the anisotropy of

II

II
II

gf

II
II

II
II

I I
II
II

II
IIr~I

II
II

II
II

\ p

II
II

II

= l'1101

(b)

+I

II
Il

Ir
II
II

II
II

I
II
II

II ~~ ri

Step

0

edge

+(110)-step
flow

= t110]
(001)

[110~-step flo~

(110)
[1101

FIG. 1. Pairwise interactions between the first- and second-
nearest-neighboring atoms in the fcc sublattice. (a) (001) and (b)
{110)views. Open circles refer to group-III element sites in the
top surface, and closed and dashed circles to group-V element
sites in the underlying plane and group-III element sites in the
next underlying plane, respectively. A surface step runs parallel
to the [110]direction. s: atoms at the step edge. p and q: inter-
layer first nearest partner atoms of s atoms.
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FIG. 2. Direction of surface step flows considered in this
study. (a) [110] step moving in the [110]direction (the [110]-
step flow). (h) [110]step in the [110]direction (the [110]-step
flow).
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the steps, e.g., the difference in How-rate between the two
step Aows and the curvature of surface steps during the
crystal growth, ' is not taken into account.

B. Treatment of surface-atom reconstmction

Surface-atom reconstruction is believed to have a large
effect on ordering in III-V semiconductor alloys. Actual-
ly, Murgatroyd, Norman, and Booker observed the ex-
istence of reconstruction on (001) surfaces in molecular-
beam-epitaxy-grown GaAs& Sb alloys, using in situ
reAection high-energy electron diffraction. Some investi-
gators ' built models in which the role of surface
reconstruction for CuPt-type ordering is taken into ac-
count. However, the ordering under consideration is sub-
stitutional ordering, and then the change in internal ener-
gy associated with an exchange of atomic species is essen-
tial. Therefore, the choice of atomic species to be paired
is controlled by the energy change whether the surface is
reconstructed or not. Insofar as a pairwise approxima-
tion is acceptable, our model is still valid for the case
where the surface is reconstructed, provided that ap-
propriate energy parameters are used. According to the
first-principles calculation, the absolute values of the
pairwise interactions in the reconstructed structure are
much larger than those in the unreconstructed one. The
values used in our simulation were determined so that the
ordering temperature would become comparable to the
experimental one. Therefore, the present expression im-
plicitly involves the effect of reconstruction. The interac-
tion parameters used were Via & 0 Vlh = —0.8 V
V2I,

= —0.5V&&, and V2, = —0.3V&&. The growth tem-
perature was T = V» /k~. The time interval was 6~=20
MCS (Monte Carlo step).

III. RESULTS OF MONTE CARLO SIMULATIONS
AND TEM OBSERVATIONS

A. Crystal growth with the [110]-step flow

As stated in Sec. II, the value of V&, &
is different from

that of V„„.Our preliminary calculation confirmed that
the asymmetry of interactions V,„with respect to the po-
sition of the step edge, V&,„—V&„,=AVi„determines
which variant of the two CuPtz types appears; in (110)
Fourier transforms of the atomic arrangement obtained
through the [110]-step fipw, sharp superlattice spots of
1/21/2 1/2 type arise in the case when AV„(0,and
those of 1/21/21/2 type in the case when b, V„)0.
This indicates that only one variant of CuPt~ type is
formed in the crystal grown by the [110]-step fiow. Ac-
cording to previous experimental studies, it has been
found that the (111)variant appears when the [110]step
flows to the [110]direction. This variant selection coin-
cides with the case of 6 V&, & 0, showing that the absolute
value of V&„should be larger than that of V» in III-V
semiconductor alloys.

Figure 3 shows a (110) projection of the atomic
configuration for b. V,„&0. Here the open and closed cir-
cles denote A and 8 atoms, respectively. Semiclosed cir-
cles indicate that the atom columns contain A and 8
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FIG. 3. A (110) projection of the atomic arrangement ob-
tained by the [110]-step flow. Open, closed, and semiclosed cir-
cles denote that the atomic columns are 3 atom rich, B atom
rich, and an equal mixture of A and 8 atoms, respectively.
Solid lines indicate antiphase boundaries existing in the epi-
layer. The interaction parameters are V„„=O.9 V]z and
V), ) =0.5 V)I, (6V), = V)„,—V), ) & 0}.

atoms. In the present simulation, six antiphase boun-
daries (APB's) are inserted into the first layer on purpose,
in order to investigate how the APB s develop during epi-
taxial growth. One can see that open- and closed-circle
rows are alternately arranged along the [111]direction,
showing that CuPt domains are well developed. APB's
generated from the interface with the substrate develop
upward. Most of them are of nonconservative type, and
are almost parallel to the (111)planes, while the rest tend
to be pulled in the direction of the step How. An APB
has a chance to encounter its adjacent APB and form a
hairpin, as indicated by the arrow. Therefore, the density
of APB's in the upper part of an epilayer is smaller than
that near the interface with the substrate due to the self-
annihilation process. The results obtained here excellent-
ly reproduce some features of the microstructure in actu-
al III-V epilayers, though we consider only pairwise in-
teractions between first- and second-neighboring atoms.
Thus our crystal-growth model includes an essential
point for the ordering during the epitaxial growth.

B. Crystal growth with the [110]-.step flow

Figure 4 shows a (110) Fpurier power spectrum of the
atomic arrangement obtained by the [110]-step fiow.
The parameters in the calculations were the same as in
Fig. 3. There exist diffuse streaks passing through
1/21/21/2, and equivalent positions along the growth
direction. It should be noted that in Fig. 4 the streaks
curved toward the fundamental spots are wavy in shape.
The wavy diffuse streaks are actually observed in the
diffraction patterns for Ga, In„Pgrown on a (001) sub-
strate inclined toward the [110]direction. ' ' Intensity
maxima exist in the streaks around 1/21/21/2 and
1/2T/2 1/2 positions, and the result suggests that (111)
and (111) variants with low degrees of order coexist in
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tion, suggesting that the existence of platelike domains
perpendicular to the growth direction.

We have taken dark-field images in order to obtain in-
formation on the ordered domain morphology. The
dark-field images formed using 1/2 1/2 3/2, 1/2 1/2 1/2,
and 001 reflections are shown in Figs. 7(a), 7(b), and 7(c),
respectively. In Figs. 7(a) and 7(b), the sample was in-
clined so as to strongly excite the superlattice spot. Note
that all photographs were obtained from the identical
area in the specimen. Information concerning the (111)
domain is obtained from Fig. 7(a), and that for the (111)
domain from Fig. 7(b). The microstructures of (111)
domains are entirely diff'erent from those of (111) ones.
In Fig. 7(a), bright regions corresponding to the ordered
structure grow from the substrate toward the epilayer
surface, and their shape is similar to that of the coarse
domain. One can also see that the self-annihilation of
APB's occurs particularly at the vicinity of substrate.
The features of the structures coincide with those of epi-
taxial layers obtained though the [110]-step flow in Fig. 3.
More noteworthy is that faint contrasts, which elongate
almost parallel to the substrate, are observed inside the
coarse domains. The contrast shows that platelike (111)
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FIG. 6. (a) (110) and (b) (110) electron diffraction patterns of
a Ga& In P layer grown by organometallic vapor phase epi-
taxy. The misorientation of the GaAs substrate is 2' off in the
[011]direction, thus the substrate includes both [110]and [110]
surface steps. Besides the fundamental lattice spots of the zinc-
blende structure, there are three characteristic reflections in (a).
A: CuPt superstructure spot; B: the reflection due to double
diffraction; and C: the diffuse streak. Note that the 1/2 1/2 1/2
superlattice spot is stronger than the 1/2 1/2 1/2 one.

FIG. 7. Dark-field images of the Ga, In„Player grown on
a (001) CxaAs substrate inclined toward the [011] direction.
Reflections used for forming images are (a) 1/21/2 3/2, (b)
1/2 1/2 1/2, and (c) 001 spots, and information about the (111)
and (111)CuPt domains is obtained from (a) and (b), respective-
ly. All photographs were taken from the same area in the speci-
men. The (111) domains grow from the interface with a sub-
strate up to the top surface of the layer in (a). On the other
hand, the (111)domains in (b) are platelike in shape, but they
slightly incline toward the [111]direction from [110].Note that
the faint contrasts exist within the (111)domain of (a).
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domains are also formed by the [110]-step flow, and the
existence of these domains is thought to cause the diffuse
streaks in Fig. 6(a). Qn the other hand, the coarse
domains do not exist in Fig. 7(b). This shows. that the
[110] step does not contribute to the formation of the
(111)variant.

The (111) domains are platelike in shape, but they
slightly incline from the interface with a substrate. The
appearance of the inclining domain corresponds to the
1/21/21/2 reflection in Fig. 6(a), which has a lozenge
shape with a larger diagonal tilting from the [001] direc-
tion. The platelike ordered domains tilting slightly from
the (001) plane are often observed by other investiga-
tors. ' ' Figure 7(c) suggests that the coarse domains
overlap with the fine domains along the [110] direction.
These experimentally observed microstructures are in
good agreement with those expected from our simula-
tions, and again confirm the validity of the present treat-
ment for ordering in III-V semiconductor alloys.

IV. DISCUSSION

The microstructures of III-V semiconductor alloys de-
pend on the type of surface step. We discuss this
phenomenon in terms of the atomic pairwise interactions.
First, we consider the formation process of APB's in the
case of the [110]-step flow. In an epilayer grown on a
(001) substrate which is misoriented in the [110] direc-
tion, APB's are generated from the substrate surface.
Figure 8 diagrammatically shows the effect of the interac-
tions on the development of an APB, where only group-
III elements are drawn; open and closed circles denote 3
and B atoms, respectively. When a surface step moves
toward the APB, like-atom pairs are formed along the
[111] direction, leaving the atomic arrangements in
phase as in Fig. 8(b). When the step is on the APB, the
negative intraplane pairwise interactions V&z and V2h re-
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suit in a tendency toward the unlike atom, i.e., the A
atom. After the surface step passes over the boundary, a
horizontal (001) APB is left in the crystal [Fig. 8(c)].
Conversely, if the interplane interactions V&, &

and V&,
„

are positive, a B atom is usually attached to the APB, and
then the APB is extended along the [111]direction [Fig.
8(c')]. Due to the competition of the intraplane and inter-
plane interactions, some parts of an APB become paralle1
to the (111) planes and others tend to be pulled in the
direction of the step Aow, as seen in Fig. 3.

In the case of the [110]-step Aow, the effective interac-
tion which contributes to the ordering of the (001) inter-
planes is V2, only, as mentioned in Sec. III B. The first-
principles calculation has predicted that interactions
between second-nearest-neighboring atoms for III-V
semiconductor alloys is weak in the bulk state. Corre-
spondingly, the absolute value of V2„ is set to a small
value as compared to the growth temperature. Thus
thermal Auctuations may easily disturb the ordering
along the growth direction, and many plane faults are in-
troduced between the (001) planes. Conversely, the in-
teractions of the (001) intraplanes are large enough to de-
velop the ordered structure. Therefore, the CuPt order-
ing of the (001) intraplane is faster than that of the (001)
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Step flow0 0 ~ 0 0
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0 ~ 0 ~ 0 0 ~ 0 0 ~ 0 0
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FICx. 8. Formation process of APB parallel to (001) and
(111). Only group-III elements are drawn in the diagram.
Open circles indicate the A atom, and closed circles, the B
atom. The relative strength of (001) intraplane and interplane
interactions ( Vh vs V, ) determine whether a (001) or (111)APB
is formed.

C)
C)

Jl

= [110]

FIG. 9. The formation process of CuPt-type ordered
domains tilting from the interface with a substrate. This shows
the (110) cross section of atomic arrangements, and the [110]
step flows in the [110]direction. Open and closed circles denote
group-III element atoms, and thin lines in (e) denote like-atom
chains. (a) Before deposition. 2 and B indicate APB's. (b) A
black adatom is adsorbed at A and B sites. The adsorbed atoms
act as a seed of foregoing deposition. (c) White and black atoms
are deposited alternately along [110]. The elongation of an or-
dered phase predominates along the arrow direction. (d) The
domains generated from A and B sites meet at the right-hand
side of the 2 site, and another like-atom pair is formed there.
(e) The morphology of the ordered domain obtained by repeat-
ing procedures (a)—(d).
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interplane, and the ordered domains develop to become
platelike in the epilayer, as seen in Fig. 5.

According to previous TEM observations, ' ' plate-
like ordered domains which tilt from the interface with a
(001) substrate are often formed, and the (111)and (111)
domains incline in the [111]and [111]directions from
[110], respectively. We consider the formation process
of the (111) ordered phase. Figure 9 shows (110) cross
sections at the step edge. The step edge is parallel to the
paper, and then the direction of the [110]-step fiow is
perpendicular to the paper. Black and white circles,
which indicate group-III element atoms, are arranged al-
ternately along the [110] direction, and there are like-
atom pairs at APB's, i.e., A and B sites [Fig. 9(a)]. When
an atom which migrates on this layer arrives at the step
edge, a black atom is adsorbed at A and B sites because
of positive V„,and V,„„[Fig.9(b)]. The adsorbed atoms
act as a nucleation site of the ordered phase, and the
CuPt ordering at the [110]-step edge occurs from there.
The ordering develops easily along the [110] direction
rather than the [110]one because Vz„ is here regarded as
negative [Fig. 9(c)], and then a like-atom pair is newly
formed at the right-hand side of the A site [Fig. 9(d)]. By
repeating the above procedure, the (111)domain, which
develops from the lower left side to the upper right one,
appears in the epilayer [Fig. 9(e)]. The formation process
of the slightly tilted (111) domain can be also explained
by the same idea.

V. CONCLUSION

In the present work, we simulated crystal growth due
to the surface step Aow in the epitaxy of III-V semicon-
ductor alloys using an Ising-like model for the step Aow
growth. The findings of this investigation are as follows.

(1) A surface step along the [110]direction produces ei-

ther of the two CuPtz-type variants, depending on the
direction of the step motion. The well-developed ordered
regions appear from the substrate and extend to the epi-
layer surface. In the early stages of the growth, the
disappearance of APB's occurs due to the self-
annihilation process.

(2) After fiows of the [110] step, the (111) and (111)
variants with low degrees of order coexist in the crystal.
The ordered domains elongate perpendicularly to the
growth direction, and many plane faults, such as APB's
and twin boundaries, appear between the (001) planes.
The ordering rate in this case is smaller than that in the
[110]-step fiow.

(3) When the [110] and [110] steps fiow in the [110]
and [110] directions, both of the two CuPtz variants ap-
pear. The (111) ordered regions consist of coarse and
fine domains. On the other hand, the (111)regions con-
sist of fine domains, suggesting that the [110) step makes
no contribution to the (111)ordering.

(4) The asymmetry of the first-nearest-neighbor in-
teractions of the (001) interlayer at the step edge plays an
important role for the morphology of the microstructures
and the ordering rate in III-V epilayers obtained by the
step How growth.
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