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GalnAs-InP and GalnAsP-InP multilayers have been investigated by transmission electron micros-
copy. Electron-diffraction studies on (110) edge-on samples indicate that atomic ordering produces a
phase with R3m symmetry. This is of different symmetry from the one observed previously in GalnAs,
GaAsSb, and GalnAs. Only one or two variants of the ordered phase are observed in our layered struc-

ture.

PACS numbers: 68.65.+g, 61.16.Di, 61.55.Hg

Recent reports of long-range order in Al,Ga,-,As are
interesting in that this material belongs to a completely
miscible system for all values of x at temperatures com-
monly used to grow these materials.!™ Unlike Al,-
Ga) —,As, GaAs;—,Sb,, Ga,In;-,As, and Ga,In;—,-
As,P, -, III-V compounds are believed to have a misci-
bility gap in their phase diagrams. While ordered phases
in GaAs; —,Sb, ° and Ga,In,—,As ® have been observed,
only spinodal decomposition and phase separation in
GayIn,-xAs,P; -, have been reported.”” '3 In the
present study we have used transmission-electron-
microscopy and selected-area diffraction (SAD) tech-
niques to study Gag47Ings3As and Gag 37Ing63As0.82P0.18
(A =1.52 um) layers lattice matched to InP. Our results
quite convincingly demonstrate that an ordered phase ex-
ists in these materials and that the structure of this or-
dered phase is different from those reported in
Al,Ga;—,As, "2 GaAs; —,Sb,,” and Ga,In, -, As.®

Vapor levitation epitaxy!*!®> was used to grow two
types of structures. The type-I samples consisted of a
(001) InP substrate, a 1.5-um-thick Gag47Ing s3As buffer
layer, followed by ten pairs of alternating layers of InP
and Gagg47Ings3As, and a 0.68-um-thick InP cladding
layer. The type-II samples consisted of a Zn-doped p*
(001) InP substrate, a 0.1-um-thick buffer layer, a 0.2-
um-thick Gag 37Ing63As082P0.18 active layer, and a 0.85-
um-thick layer of S-doped InP. The type-I and type-II
samples were grown at 660 and 650°C, respectively.
Edge-on samples for transmission-electron-microscopy
and SAD studies were prepared by the cleaving along
the [110] direction of thin sections of these materials.

A typical edge-on electron micrograph of the type-I
structure is reproduced as Fig. 1. This was produced
with use of the 002 reflection which delineates Ga,-
In; -, As and InP layers such that the contrast from the
former appears relatively darker than the latter. Figure
2 shows a [T10] SAD pattern obtained from a region
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similar to the one shown in Fig. 1. Two important
features of this SAD pattern are the following. First,
there are streaks along the [001] direction through the
matrix spots. Second, weak superlattice spots are
present halfway between the rows of basic matrix spots
parallel to the [111] direction. As seen in Fig. 1
thicknesses of the nonuniformly spaced layers are not
constant; therefore, the expected rows of discrete spots of
modulated structure'® have been replaced by a set of

GalnAs

FIG. 1. A transmission electron micrograph showing an
edge-on view of a multilayer structure of the type-I samples.
The surface normal is close to [110] and 002 reflection has
been used to produce this image. The light and dark stripes
represent InP and Gaga7InossAs, respectively. Marker rep-
resents 0.1 ym.
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FIG. 2. (a) An SAD pattern obtained from the multilayer
region of Fig. 1 for the [T10] zone axis. Notice the weak su-
perlattice reflections (indicated by arrows) between the funda-
mental reflections along the [111] direction. (b) An SAD pat-
tern for an exact 111-reflection condition. Here the superlat-
tice spots are clearly visible.

continuous streaks. In addition, these streaks in part
may also be due to the interfacial strain between the lay-
ers. !’

The results presented above clearly demonstrate that
the ordered structure observed in the present experi-
ments is different from all the ordered phases reported in
II1-V compound semiconductors. The structures of the
reported ordered phases in III-V compounds are the
following: famatinite (/42m, Cu3SbS, type) in Ga,-
In, - As, © tetragonal (P4m2, where one sublattice is or-
dered as CuAu-I)'® in AlL,Ga,-,As"? and GaAs|—,-
Sb.,” and chalcopyrite (/42d, CuFeS, type)'® in
GaAs; —Sb,.” The ordered phase we have observed is
similar to the one reported in the strained SiGe-Si super-
lattice (R3m, CuPt type).'%!

Since Ga,In;-,As has the zinc-blende structure
(F43m), for a given value of the parameter x, the
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group-11II sublattice of this alloy is believed to consist of
a random distribution of Ga and In atoms such that a
{111} plane of this sublattice has an average Ga/In ratio
defined by the parameter x. Under these conditions no
superlattice spots should be present in the [110] SAD
pattern. The presence of superlattice spots halfway be-
tween the rows of fundamental spots in the [111] direc-
tion shows that the real-space translation periodicity in
this direction is twice that of the zinc-blende structure.
One way of achieving this is for the new structure to
have the alternate (111) planes of the group-III sublat-
tice rich in Ga and In atoms, respectively, so that for a
Ga rich (111) plane, the Ga/ln atomic ratio is greater
than that defined by x and vice versa. For the sake of
discussion, consider a cubic unit cell twice the edge
length of the basic structure. The new unit cell will in
fact consist of eight unit cells of the basic structure and
for x =0.5 will contain 64 atoms (In=Ga=16, As=32).
Now arrange these atoms in the new unit cell as they
would be in the zinc-blende structure except that the
(111) set of planes of the group-III sublattice are alter-
nated by unmixed Ga and In atoms. This structure has
the space group R3m, and Pearson symbol AR64. A
projection on the (110) plane of the ordered GagslngsAs
unit cell is shown in Fig. 3(a). It is readily apparent that
the periodicity in the [111] direction has doubled. On
the other hand because of the atomic “mixing” on the
(111) planes the periodicity of the basic structure is re-
tained in the [111] direction. A computer-generated
diffraction pattern of the (110)* plane of the reciprocal
structure of this ordered unit cell is shown in Fig. 3(b).
A comparison of this pattern with the experimental SAD
pattern in Fig. 2 shows that the match between the posi-
tions of the diffraction spots in the two patterns is excel-
lent. The apparent differences in the relative intensities
in the experimental and simulated patterns are due to
the fact that the former represents a contribution from
all the phases present in the sample, namely InP,
GayIn; -, As, and ordered Ga,In;-,As, while the latter
represents the ordered Gag sIngsAs only.

The question that remains unanswered concerns the
origin and observed bias of the ordered phase, i.e., the
occurrence of only one ordered variant. It is important
to point out that similar experiments on thick (1-3 gm)
GayIn; - As layers did not show extra diffraction spots
due to ordering. Furthermore, in another experiment a
1.5-um-thick Ga,In;-,As layer grown on InP by
liquid-phase epitaxy was annealed at 650°C for 90 min.
Edge-on samples from this annealed material did not re-
veal any superstructure. The superlattice reflections
have been observed only in the multilayered regions of
samples in which a set of many InP-Ga,In,;— As inter-
faces was present. It seems that the presence of interfa-
cial strain facilitates the formation of a superstructure.
Furthermore, the Ga,In; - As layers appear to undergo
phase separation because a miscibility gap exists in the
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(a)

FIG. 3. (a) A schematic diagram showing a (110) projec-
tion of an ordered GagslnosAs. Notice that the periodicity
along the [111] direction has doubled because of alternating
(11DIn and (111)Ga planes. (b) A computer generated dif-
fraction pattern for the ordered GagslngsAs for the [110] zone
axis. The indices with subscript d represent reflections due to
disordered GaoslngsAs parent phase, while indices with sub-
script o represent reflections from the ordered phase. The pres-
ence of superlattice reflections in Fig. 2 is consistent with this
pattern and hence the atomic ordering shown in Fig. 3(a).

phase diagram of this material.*7!* It is envisaged that
after a Ga,In; —,As layer is grown at an elevated tem-
perature the In- and Ga-rich regions form as the temper-
ature falls below the critical temperature. Concomitant
to this, or following this, the atomic ordering occurs. If
it occurs after the phase separation, it happens after the
composition variations reach a critical point.2%2!

A similar set of superlattice spots was also observed in
the type-II samples. An SAD pattern and the area from
which the pattern was obtained are reproduced in Fig. 4.
The intensities of the superlattice reflections relative to
those of fundamental reflections are clearly greater for
the quaternary samples. This could be due to ordering
on both sublattices, a greater volume fraction of the or-
dered phase, and/or a higher value of long-range order
parameter within the ordered regions. Furthermore, rel-

FIG. 4. (a) A transmission electron micrograph showing an
edge-on view of the type-II samples. Marker represents 0.1
um. (b) A (110) SAD pattern reproduced from a region en-
closing the quaternary layer. Compare this pattern with the
SAD patterns of Figs. 2(a) and 3(b).

atively weak superlattice reflections due to ordering on
(111) planes are also observed in the case of the quater-
nary alloy. This indicates that at least one other variant
is also present but is only weakly developed. The same
may be true for the ternary alloy.

In summary, using the SAD technique we have
demonstrated that ordered phases are present in
Ga0A47In0A53As and Gaxlnl_xAsyPl_y (}\.=1.52 ym) al-
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loy semiconductors lattice matched to InP. Ordering is
observed along one of the four (111) directions and may
arise due to the presence of alternate In- and Ga-rich
(111) planes in the group-III sublattice of the ternary al-
loy. In the case of the quaternary semiconductor more
than one ordered variant is observed.
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FIG. 1. A transmission electron micrograph showing an
edge-on view of a multilayer structure of the type-l1 samples.
The surface normal is close to [110] and 002 reflection has
been used to produce this image. The light and dark stripes

represent InP and Gag47lnosiAs, respectively. Marker rep-
resents 0.1 um.



FIG. 2. (a) An SAD pattern obtained from the multilayer
region of Fig. 1 for the [T10] zone axis. Notice the weak su-
perlattice reflections (indicated by arrows) between the funda-
mental reflections along the [111] direction. (b) An SAD pat-
tern for an exact 111-reflection condition. Here the superlat-
tice spots are clearly visible.



FIG. 4. (a) A transmission electron micrograph showing an
edge-on view of the type-1I samples. Marker represents 0.1
um. (b) A (110) SAD pattern reproduced from a region en-
closing the quaternary layer. Compare this pattern with the
SAD patterns of Figs. 2(a) and 3(b).



