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Transmission-electron microscopy and selected-area diffraction have been used to study

Ga„In, „As„P, [(x,y) =(0.47, 1), (0.37,0.82), (0.34,0.71), and 10.27,0.64)] alloy semiconductors. A

systematic analysis of edge-on and plane-view samples has shown that an ordered phase closely re-

lated to the CuPt-type structure exists in these materials. Only two of the possible four I 11 1 I-
ordered variants are observed. An attempt is made to rationalize this observation and a detailed ac-

count of atomic ordering in these alloys (for a range of values of x and y) is presented.

I. INTRODUCTION

Pseudobinary III-V compound semiconductors are im-
portant materials because of their potential applications
in modern optoelectronics and microwave devices such as
laser diodes, ' photodetectors, and field-effect transis-
tors. Their band gap can be tailored by changing their
composition in order to meet requirements for a specific
application, e.g., laser diodes can be fabricated that emit
at a particular wavelength where fused silica fibers used
in current optical communication systems exhibit less at-
tenuation. Gao 47Ino 53As and Ga„In, „AsP, [(x,y)
=(0.37,0.82}, (0.34,0.71), and (0.27,0.64)] are members
of this family of III-V alloy semiconductors.

Epitaxial layers of these materials, lattice matched to
InP substrates, can be grown using liquid-phase epitaxy
(LPE), metal-organic chemical-vapor deposition
(MOCVD), molecular-beam epitaxy (MBE), and more
recently vapor-levitation epitaxy (VLE). ' Their ther-

modynamic, " ' materials, ' optical, and elec-
tronic properties have been extensively studied. It
has been noted that a miscibility gap exists in the phase
diagram that leads to alloy clustering and/or phase sepa-
ration. ' This is observed to affect the mobility of car-
riers ' and to produce broadening of a linewidth in a
luminescence spectrum of an optical device fabricated
from these materials.

These alloy semiconductors crystallize in the zinc-
blende (ZB) crystal structure (F43tn). This structure
consists of two interpenetrating face-centered-cubic (fcc)
sublattices of group-III and group-V atoms in which one
sublattice is displaced with respect to the other by
a&3/4 along the (111)direction, where a is the lattice
constant. Furthermore, it is also believed that in a ter-
nary and a quaternary III-V alloy semiconductor, both
the group-III and group-V atoms, are randomly distribut-
ed in their respective sublattice(s) such that the resulting
structure lacks long-range order. Contrary to this com-
monly held belief, extended x-ray-absorption fine-
structure (EXAFS) measurements show that the nearest-
neighbor (NN) distances deviate from their average value
(following Vegard's law ) in Ga„ln& „As(x =0—1) and

correspond to those of the Ga—As and In—As bond
lengths in the unmixed binary constituent components,
GaAs and InAs (Refs. 35 and 36), respectively. This indi-
cates the existence of short-range order in this material
due to atomic clustering. On the basis of next NN
(NNN) and NN distance measurements, a chalcopyrite
crystal structure for Ga05In0&As has been proposed.
The subsequent work, however, does not support this sug-
gestion.

Recently several authors have theoretically examined
the possibility of long-range order in pseudobinary alloy
semiconductors. Taking Ga„In1 „Asas a model
system they have considered five possible arrangements in
a unit tetrahedron; namely, Ga(4)In(0)As, Ga(3)In(1)As,
Ga(2)In(2)As, Ga(1}In(3)As, and Ga(0)In(4)As (here num-
bers in the parentheses represent the number of respec-
tive atoms as NN's to an As atom located at the center of
the unit tetrahedron in Gao471no53As). Using different
models and approximations, these authors predict that at
equilibrium there is a tendency for ordering rather than
clustering. Similar conclusions have been derived for
other ternary alloys. This is thought to be due to the
ability of an ordered structure to accommodate two dis-
similar bond lengths in a coherent fashion thereby reduc-
ing strain.

Within the last few years, several experimental
reports of long-range order in different III-V ter-
nary alloys, ' ' Ga In As P0.37 0.63 0.82 0. 18&

Gao 5&lno 49P, and SiGe (Ref. 56) have been published.
These studies are important for two reasons. First, they
provide guidance for modeling the structure of these al-
loys. Second, such ordered phases are expected to im-
prove the transport properties of these materials
significantly. ' An interesting aspect of these studies is
that they include materials which are completely miscible
at the growth temperature, such as Ga„A1, „As(Refs.
48 and 51) (x =0. 15—0.80) and those which show a
miscibility gap in their phase diagram, for
example, GaAso sSbo s,

' ' Ga„In, „As (x =0.47
or 0.5), Alo sino sAs, Gao»lno 49P, ' and
GaQ 37In(} 63As0 82PO 18. The reported structures of the38

ordered phases in III-V alloy semiconductors are the
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following: Famatinite (I42m, Cu3SbS4-type) in

Ga047Ino &3As, tetragonal (P4m2, where one sublattice
is ordered as CuAu I) in Ga„A1, „As (x =0. 15
—0.80), ' ' Ga05Ino &As, and GaAso 3Sbo ~,

' ' chal-
copyrite (I42d, CuFeS4-type) in GaAso3Sbo 3 (Ref. 49)
and trigonal (CuPt-type) in Si/Ge strained layers,
Gap 47Inp $3As,

38 Gap 37Inp 63Asp 82Pp & 8,
38 and

Alp 5Inp 5As.
Since our brief report on the occurrence of an ordered

phase in Gap 47Inp 53As and Gap 37Inp 63Asp 82Pp &8,

closely related to the CuPt-type ordered structure, we
have investigated these materials in more detail and have
also included the quaternaries Gap 34Inp «Asp 7,Pp 29 and
Gap 27Inp 73Asp 64Pp 36 in our studies. We have used
transmission-electron microscopy (TEM) and selected-
area electron diffraction (SAD) to conduct a detailed
analysis of the microstructure and symmetry of the or-
dered phases using both edge-on and plane-view samples.
The observed ordered variants have been correlated with
the crystallography of decomposition pits observed on
the InP(001) surface. Our results indicate that only two
of the possible four-ordered variants are present in these
materials.

II. EXPERIMENTAL METHOD

Epitaxial layers of Ga0371n063Asp 82PO &s (sample A),
Gao 34In066As07&PO 29 (sample B), Ga027Ino 73As064PO 36

(sample C), and GaQ 471no 53As (sample D), lattice
matched to InP(001} substrates were grown by VLE; de-
tails of the growth process have been published else-
where. ' The structures of the layers in samples A and
D have been detailed elsewhere, whereas the samples B
and C consisted of single quaternary layers on the InP
substrates. The growth temperatures for the pairs of
samples (A and D) and (B and C) were, respectively, 660
and 650'C. While edge-on samples were prepared from
all structures, the plane-view samples were prepared from
A, 8, and C samples only. For the edge-on samples, a
pair of thin sections were cleaved along the [110] and
[110] orthogonal directions. These sections were glued
face to face along with a dummy sample (to be used as a
reference}. The final thinning of the edge-on samples was
done using an Ar -ion milling machine at liquid-nitrogen
temperature, whereas thinning for the plane-view samples
was carried out in a solution of 1.5% bromine in
methanol. In the case of double-heterojunction laser
structure of sample A, the n-type InP surface layer was
selectively etched off prior to chemical thinning. Finally,
the samples were studied in a Philips EM420 electron rni-

croscopc operating at 120 keV.

III. RESULTS

The plane-view samples A, 8, and C did not show ex-
tra spots in the (001) SAD patterns. These samples were
tilted in the microscope. A set of SAD patterns for the
(112)*, (112), (112)*,and (112) poles of the reciprocal
lattice of sample A is shown in Figs. 1(a), l(b), 1(c) and
1(d), respectively. A comparison of these SAD patterns
shows that only two of the possible four (111) variants

show extra spots. These extra reflections correspond to
the (112) and (1 12) poles due to atomic ordering on (1 11)
and (111)planes [Figs. 1(a) and 1(c)]. On the other hand,
no superstructure spots are observed in the SAD patterns
from the (112) and (112) poles [Figs. 1(b) and 1(d)]. This
is consistent with our results on the edge-on samples.
While (110) edge-on samples show extra spots along the
+[1 11] and +[111]directions halfway between the spots
of the disordered matrix indicating atomic ordering on
the (111) and (111}planes (Fig. 4 in Ref. 38}, no extra
spots are observed in the (110}edge-on samples. Similar
experiments were carried out on samples 8, C, and D and
the results were identical to those of sample A. Although
sample D showed extra spots at exactly similar positions
(Fig. 2 in Ref. 38), the relative intensity of the spots was
weak compared with the other three samples.

A set of TEM micrographs produced from the same
area of the edge-on sample A using a set of different two
beam conditions is shown in Fig. 2(a) (g~~[004]) and 2(b)

(g~~ [2 2 0]). While a strongly modulated structure,
present on a coarse scale along the [110]projected direc-
tion, is clearly visible in Fig. 2(b), the (004) reflection re-
veals compositionally modulated structure along the
growth direction [Fig. 2(a)] on a much finer scale. These
micrographs also show that a major component of lattice
strain in the epilayers lies in the growth plane. This sam-
ple was titled in the microscope through +45 about [001]
direction as an axis in order to investigate the contrast
effects in the (100}and (010) planes. It was noted that the
difFraction contrast due to spinadal decomposition or
phase separation along the [100] and [010] directions are
not equivalent. It was also found that the elastic lattice
strain due to spinodal decomposition or phase separation,
on a coarse scale, was predominently along the [100]
direction; although relatively weak modulated structure
of a similar character was also present along the [010]
direction. This was in addition to the fine-scale quasi-
periodic structure which was present in all the three cube
directions. Moreover, the SAD patterns for the (001) and
(010) poles were similar to that of the (001) pole and
showed no extra spots. Using the (004) spots in these
SAD patterns as a calibration, an attempt was made to
measure the tetragonal distortion along the [100] and
[010] cube directions. No difference in the lattice con-
stant along these directions could be measured.

Lastly, planar samples, one each from A and D, were
annealed in a flowing forming gas (a mixture of 10% Hz
in N2) atmosphere at 650'C for 15 min without surface
protection. This results in thermal decomposition of InP
due to preferential loss of more volatile P and hence pro-
duces rectangular thermal decomposition pits on an
InP(001) sample. ' ' A comparison of the shape of these
pits and the ordered variants seen in the edge-on samples
shows that the observed ordered variants correspond to
the (1 1 1)&„and(111)&„facets of the decomposition pit.

IV. DISCUSSIO~

In order to describe the properties of III-V ternary and
quaternary alloy semiconductors, the virtual crystal ap-
proximation has often been used. In this approximation
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all the constituent atoms are located in their respective
sublattices at ideal lattice points defined by an average
lattice constant (following Vegard's law ). Moreover,
the local distortions are ignored and all the atoms are as-
sumed to carry average values of bond length, ionicity,
potential, etc. Obviously such a model cannot justify the
presence of the superlattice spots in Figs. 1(a) and 1(c).
On the other hand, Mikkelson and Boyce ' have used
EXAFS studies to show that the NN distances in

Ga„In, „As(x =0—1) are very close to the In—As and
Ga—As bond lengths in the unmixed InAs and GaAs
binary compounds, respectively. They have also shown
that a distribution of unequal (by about 7%) bonds in

Ga„In& As is present. Therefore, the total energy of
the system includes a significantly large strain term. This
arises from the fact that two (and more in the quaternary
systems) unequal bond lengths set up bond-stretching and
bond-bending forces. The nature of these forces will de-
pend on the arrangements of atoms in the basic
tetrahedral unit cell (and, of course, distribution of these
unit cells).

Before going into the details of the arrangement of
atoms in the unit cells, let us briefly introduce the most
obvious crystal structures of the III-V ternary alloys
closely related to and derived from the zinc-blende struc-
tures. In these crystal structures, one of the two fcc sub-

n$
li

FIG. 1. A set of SAD patterns showing the (a) (112)*,(b) (112)*,(c) (1 12)*,and (d) (112) poles of the reciprocal lattice of sample
A. Notice extra spots are present halfway between the matrix spots along the (111)directions in (a) and (c) only. The indices with
subscripts d and o represent reflections from disordered and ordered phases, respectively.
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lattices consists of the atoms of the same group (group III
or group V depending on whether the ternary is
A '"B„C",„orA„'B t

' „C). On the second fcc sublat-
tice, the lattice positions are occupied by a mixture of
atoms (from group III or group V) such that the resulting
structure can be defined by one of the following crystal
structures: (a) chalcopyrite (CuFeS2-type, I42d), (b) sim-
ple tetragonal (CuAu I, P4m2), (c) luzonite (Cu3AsSz-
type, P43rn ), and (d) famatinite (Cu3SbS4-type, I42m }.4s

Figure 3 shows a set of three schematic arrangements
of the tetrahedral unit cells, namely, Ga(1)In(3)As,
Ga(2)In(2}As, and Ga(3)In(1)As for the three values of

N 4 ~ ShlhhllJ' ~1 ~
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~ &&I R~~J,
H I I I M IB

(0011

the composition parameter x =0.25, 0.5, and 0.75, re-
spectively, in Ga„In, „As(note that x =0.5 can also be
obtained by an equal mixing of x =0.25 and x =0.75 as
will be discussed later). It is readily evident that in the
case of Ga(2)In(2)As, because of -7% difference in the
In—As and Ga—As bond lengths, the equilibrium posi-
tion of the central As atom will be displaced along that
(100) cube direction which joins the midpoints of the
Ga-Ga and In-In atom positions thereby distorting the
tetrahedral unit cell. On the other hand, in both
Ga(3)In(1)As and Ga(1)In(3)As configurations, displace-
ment of the As atom will be along that (111)direction
which lies along the In(1}—As or Ga(1)—As bonds, re-
spectively. Clearly the tetrahedral unit cell suffers from
distortion in this case also but it is different from the
former. Therefore, the nature and extent of lattice strain
in the crystal will depend both on the arrangement and
distribution of these tetrahedral building blocks in the re-
sulting structure.

The results of the present experiment indicate that
none of the SAD patterns from Ga047Ino 53As and
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FIG. 2. A set of bright field TEM micrographs produced
from sample A (edge-on views) using two beam conditions: (a)
g~~[004] and (b) go~[220]. The g vectors have been indicated by
the arrows. Notice the differences in contrast in these images.
Width of the quaternary layer is 0.25 pm.

FIG. 3. A set of schematic drawings showing the atomic ar-
rangements in ordered Ga„In& „Astetrahedral unit cell. (a)
Ga(2)In(2)As for x =0.5, (b) Ga(3)In(1)As for x =0.75, and (c)
Ga(1)In(3)As for x =0.25. While in an unmixed GaAs or InAs,
the As atom is located at the body center of the tetrahedral unit
cell, in the mixed unit cells, the As atoms shifts to a new posi-
tion (shown by a dotted circle) thereby distorting the unit cell
(see text for details). Notice the Ga„In& „Asalloy for x =0.5
can also be obtained by stacking (b) and (c) alternately along the
In{1)As [111]direction.
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Ga„ln& „AsP& [(x,y)=(0.37,0.82), (0.34,0.71), and
(0.27,0.64)] [except for the (001) pole] matches those re-
sulting from the crystal structures described above. Al-
though the famatinite structure for GaQ4&InQ53As has
been reported, it is not clear whether it is due to
Ga(3)In(1)As or Ga(1)In(3)As (or both). These two
tetrahedral descriptions correspond to x =0.75 and
x =0.25, respectively, and either of these two structures
could produce the superstructure reported by Nakayama
and Fujita. However, this implies a large compositional
change (by —100%) from a nominal value of x =0.47
used to grow this material lattice matched to InP. More-
over, the sizes of the ordered domains reported by
Nakayama and Fujita are relatively large which is
difficult to justify in the light of extremely small diffusion
coefficients for both In and Ga atoms at the growth tem-
perature of their experiment (-650'C).

The SAD patterns of the present experiment match
those expected from a CuPt-type trigonal (R3m symme-
try) ordered phase. Although Ga(3}In(1)As and
Ga(1)In(3)As configurations similar to those in the fama-
tinite structure of Nakayama and Fujita are also in-
volved in the trigonal structure, the arrangements of
these configurations is distinctly different in these two
structures. While in the famatinite structure either
Ga(3}In(l)As or Ga(1)In(3)As (x =0.75 or x =0.25) is re-
quired to produce the desired results, in the trigonal
structure both Ga(3)In(1}As and Ga(1)In(3)As (x =0.5)
are stacked alternately on top of each other along the or-
dered ( 111} direction. This doubles the real-space
translation period along this direction. Moreover, due to
lack of a center of symmetry in the ZB lattice, the ob-
served structure belongs to the R 3m system. A computer
generated SAD pattern from such a structure shows ex-
cellent agreement with the SAD pattern of our experi-
ment (Fig. 3 in Ref. 38). Moreover, we have not com-
pared the strain energies associated with the famatinite
and trigonal structures and similar results are also not
available for these systems. However, on the basis of our
experimental data it appears that the trigonal phase
represents a relatively lower energy state since it accom-
modates two dissimilar bond lengths in a coherent
manner.

It must be pointed out that there are important
differences in the bonding arrangement of the conven-
tional CuPt-type (in which SiGe alloy orders } and the
one observed in GaQ 47InQ 53As and Ga~In, „As~P, ~

al-
loys [(x,y) = (0.37,0.82), (0.34,0.71), and (0.27,0.64)]. A
set of projections of the t 111I planes in the real space is
schematically shown in Fig. 4 for these structures to
highlight these differences. The interplanar spacings for
all the systems have been shown equal to each other for
clarity. In this figure the solid lines represent the posi-
tions of the atomic planes. A comparison of these draw-
ings clearly demonstrates the origin of the superlattice
reflections at the —,

' (111} and equivalent positions (of the
disordered matrix} in the SAD patterns in the ordered
SiGe, Gao 5Ino 5As, and Gao 5lno 5Aso 5PO z (Ref. 38}
(and also other similarly ordered structures such as
A105Ino ~As, GaAs05Sb05, and Gao 5Ino~P) alloys be-
cause in the ordered phase the real-space period is twice
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FRs. 4. Schematic drawings showing the traces of (111)
planes in (a) Si, (b) InP, (c) ordered CuPt, (d) ordered SiGe, (e)
ordered Gao 5Ino 5As, and (f) ordered Gao 5Ino &Aso 5PO 5. Notice
the difFerences in the ways the real-space period doubles in the
ordered CuPt and ordered Gao 5Ino 5As and Gao 5Ino &Aso &Pa 5.

that of the disordered phase in the ordered {111} direc-
tion. It is also evident that in the ordered SiGe, the
stacking sequence consists of Si-Si(aA) and Ge-Ge(PB)
I 111j planes along the ordered {111}direction. On the
other hand, in the case of Gao 5Ino 5As ternary alloy, the
stacking sequence in the ordered ( 111} direction is

AsIn, AsGa, AsIn„As. and in the case of the
quaternary GaQ 5InQ 5AsQ 5PQ 5 alloy it is

As, In, P,Ga, As, In,P„Ga„As„.Here the sub-
script r indicates that, for instance, for Ga„(111)plane,
the Ga-to-In ratio is significantly larger than that defined
by the composition parameter x (so that this plane is
"Ga-rich" and vice versa).

The question that still remains unanswered concerns as
to how this ordered structure is formed. In a recent re-
port, Kuan et a/. have shown that an ordered phase,
closely related to the CuAuI-type structure, is also
present in an epitaxial layer of GaQ 5InQ 5As. However,
the conditions of their experiment are different from ours.
For instance, they have used a InP(110) substrate to grow
their epilayers by MBE. This indicates that the structure
of an ordered phase is strongly dependent on the orienta-
tion of the substrate.

The presence of two ordered variants in our experi-
ments instead of four may be rationalized in terms of
faceted growth. Prior to the initiation of epitaxial
growth, an InP substrate is heated in the growth chamber
to bring it to the desired temperature. This has the effect
of producing facets on the substrate surface due to
thermal decomposition, degree of which depends on the
type of the substrate, temperature, and the time for
which the substrate gets heated. Under such conditions,
relatively longer [111I&„facets are exposed due to pre-
fernetial loss of P (Refs. 60 and 61} [a similar argument
can be invoked to justify the observed ordered structure
in Ajo zino &As, Gao 5&lno 49P, and GaAso 5Sbo 5 epitaxial
layers grown on the GaAs(001} substrates]. We believe
that this initial bias in the substrate surface is responsible
for the occurrence of the only two ordered variants.
Furthermore, a study of relative intensities of the ordered
variants in the SAD patterns indicates that one variant is
stronger than the other. This could be related to the sur-
face misorientation which may bias one of the two vari-
ants.
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As discussed earlier, these alloys are known to have a
miscibility gap in their phase diagrams. In a recent more
refined investigation, Czyzyk et al. have shown the ex-
istence of this miscibility gap at certain values of the
composition parameter. This results in the development
of the well-known concentration waves in the (100) soft
directions of these alloys. In a TEM micrograph, these
appear as a "basket-weave" pattern of black-white con-
trast while in the corresponding SAD pattern a set of sa-
tellite reflections may appear along the directions of com-
position modulation. The results of Fig. 2 clearly show
the evidence of spinodal decomposition or phase separa-
tion in these materials. However, the present experiment
also shows that in the epilayers the three cube directions
are not equivalent to each other. The concentration
waves showing a quasiperiodic structure at a relatively
long period are observed predominently along the [100]
and [010) directions, the former being relatively stronger
of the two. On the other hand, the [001] growth direc-
tion only shows a fine-scale quasiperiodic structure which
is also seen along the other two cube directions (in a
well-developed spinodal it is this fine-scale periodic struc-
ture which produces observable satellite diffraction spots
in an SAD pattern). At present it is not clear what is the
source of this anisotropic behavior. It could be related to
an asymmetric strain which may result from the observed
ordered variants of a significantly different degree.

When ordering and phase separation occur in an alloy
system, the following three distinct situations could arise:
(i) ordering precedes phase separation (ii) phase separa-
tion precedes ordering, and (iii) the two occur concomi-
tantly. Since the computed critical temperatures for
phase separation in these alloy semiconductors are con-
siderably lower than the observed ones, ' ' it has been
argued that phase separation occurs at surface regions
during growth. ' ' ' Ordering may also take place in the
surface regions because type of the ordered structure is
affected by the substrate orientation. It is therefore
conceivable that ordering and phase separation occur
concomitantly, as envisaged in the metallic systems.

The results presented in this paper are important be-
cause they enhance our understanding of the structure of
pseudobinary III-V compound semiconductors in general

and Gao 47Ino 53As and Ga„In& „As~P,
[(x,y) =(0.37,0.82), (0.34,0.71), and (0.27,0.64)] in partic-
ular. The ordered phase which we have discovered in
these materials represents a modulated structure in the
( 111)direction and may provide a natural source of car-
rier confinement on an atomic scale. In such an ordered
phase the mobility of the carriers is expected to be ex-
tremely high since the interplanar spacing, d &»», is the
largest in these structures providing relatively wide chan-
nels for the transport of the carriers. Lastly, if the source
of atomic ordering is related with the charge transfer be-
tween the participating atomic species, ' then this or-
dered structure represents a coherently layered structure
and defines a system of charge-density waves on an atom-
ic scale in the ( 111) ordered directions which in itself
should show interesting properties.

V. SUMMARY

A systematic analysis on the Ga„In, „AsyP] y
[(x,y)=(0.47, 1), (0.37,0.82), (0.34,0.71), and (0.27,0.64)]
epitaxial layers have shown that atomic ordering occurs
on [111]planes. Only two of the possible four ordered
variants are observed and these variants correspond to
the (111)&„and(111),

„

facets of a thermally induced
decomposition pit on the InP(001) surface. While only
fine-scale quasiperiodic structure due to spinodal decom-
position develops along the [001] growth direction, both
coarse and fine quasiperiodic modulations are observed
along the [100] and [010] directions. It is suggested that
ordering and phase separation occur concomitantly in
these alloy semiconductors.
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