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Observation of Strong Ordering in Ga Ini P Alloy Semiconductors
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Extremely strong superstructure reflections have been observed for the first time by transmission elec-
tron microscopy for (110) edge-on Gao, 5In05P crystals lattice matched to GaAs. Growth was carried out

by metal-organic vapor-phase epitaxy. A monolayer superlattice (SL) of (Ga-rich plane) (In-rich
plane). . . is formed along [111]and [111]directions. The substrates are found to be playing a vital
role in the SL formation. Band-gap energy reduction (=80 meV) has been observed for layers with

these SL's.

PACS numbers: 61.16.Di, 61.50.Em, 68.55.Ce, 68.65.+g

The recent observation of long-range order (LRO) of
Al and Ga on column-III sublattice in the Al„Gai-„As
alloy semiconductor ' is quite important in regard to
thermodynamics for III-V alloy semiconductors. LRO
has also been found in other III-V alloys, such as Ga„-
In1-„As, GaAs„Sbi-„, and Ga„lnl „P~Asl-~.
Independently froin the first observation for
Al„Ga„|As,Srivastava, Martins, and Zunger have pre-
dicted atomic ordering in alloy semiconductors, taking
Ga„Inl „Pas an illustrative example.

In a previous paper, we have reported T- —,', ~ —,',0
electron-beam superstructure reflection spots, whose in-

tensities were very weak, for Gao zlnosP crystals and pro-
posed a bilayer superlattice (SL) on (110) planes for Ga
and In arrangements, based only on [001] zone-axis
electron-diffraction studies.

In this Letter, intense superstructure reflections from
(110) edge-on GaoslnosP crystals lattice matched to
GaAs are reported. A Ga and In monolayer SL formed
in a [111] direction is found to be a dominant LRO.
Substrate orientation effects on the SL formation are
presented and discussed. The band-gap energy of
Gao sino 5P with the LRO has been found to be about 80
meV lower in value than that for crystals with no LRO.
The interpretation for the previously reported weak
T- —,', + —,',0 reflections is reexamined.

Undoped =0.5-pm-thick Gao 51no sP crystals were

grown by metal-organic vapor-phase epitaxy under
several growth temperatures (Ts). V/III ratios were
=400, unless mentioned. A zinc-doped crystal was also
studied. The epitaxial layers were lattice matched to
(001) 2' off to [011] GaAs, unless specially mentioned.
The degree of lattice matching was examined by a
double-crystal x-ray diffractometer. Samples for
transmission electron microscopy were prepared by
mechanical polishing and Ar-ion etching for [110] and
[110] zone-axis observations. Chemical etching was

employed for [001]*zone-axis observations. Figure 1(a)
shows a typical [110]*zone-axis transmission electron-
diffraction (TED) pattern for an undoped Gao51no5P
crystal grown under a condition of Ts 700'C. Ex-
tremely strong superstructure reflection spots ( —

—,', —,',
—,';. . . ) are observed halfway between the rows of basic
matrix spots (111;.. . ). Similar but relatively weak
spots (-,', ——,', —,';. . . ) are present along [111].Two sets
of weak spots 0,0, ~ 1 and T- 1, + 1,0 can be attributed
to double reflections. A [110] zone-axis TED pattern
did not show superstructure reflection spots. The strong
superstructure reflection spots seen in Fig. 1(a), together
with the result for the [110]*zone-axis observation just
mentioned, indicate that a monolayer SL of a sequence
of (Ga-rich plane) (In-rich plane)(Ga-rich plane) (In-rich
plane). . . in the [111]direction is a main feature of the
atom arrangement on the column-III sublattice.

The appearances of the TED pattern have been found
to depend on the metal-organic vapor-phase epitaxy
growth conditions. At 750 'C, the superstructure
reflections remain spotty in their shape, similar to that
shown in Fig. 1(a). The superstructure reflection spots
in Fig. 1(a) are accompanied by streaks nearly parallel
to the [001] growth axis. The appearance of the
streaks is rather complex. The streak lines stem from ra-
tional fraction points + 2, + 2, 2 an an angle of =10'
for a small distance and then extend continuously in
[001]* directions. The complex appearance is much
more clearly observed for samples with lower Ts values.
The elongation of the 10' angle streaks from the
T 2, + 2, 2 positions becomes greater for samples with
lower Tg ((600'C). All the features of the streaks be-
come wavy and diffusive, as shown in Figs. 1(b) and
1(c). The 600'C case [Fig. 1(b)] does not show sharp
spots at T —,', —,', —,

' positions [e.g., point p in Fig.
1(b)]. Instead, diffuse scattering is observed. Point p

'
in

Fig. 1(b) is a position —( —,
' —8), —,

' —b, 0, where the
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FIG. l. [110] zone-axis electron-dilfraction patterns for
three growth temperatures. (a) A TED pattern from a
Gao &Ino &P crystal showing strong superstructure spots
( —

—, , —,', —,';. . . ) along the [111]*direction but weak spots

along [111]*. The crystal was grown at Tg =700'C. The
meaning of the black circle is given in the caption for Fig. 2.
(b) A TED pattern for a sample grown at Tg =600'C. (c) A
TED pattern for a sample grown at Tg =550'C. The =10'
inclination to the + [001]* directions at the ——,', —,', —,

' and

positions and wavy features of the streaks are clear-

ly observed in (b) and (c). p and p', indicated by arrows, show

the positions of ——, , —, , —, , and —( —,
—8), —, —b, 0, respective-

ly, where the values of 8 are given in the text.

streak intersects the [001]* zone-axis Ewald sphere.
The 8 value is small and positive, around 0.03. At
550'C the diffuse-scattering maximum moves to the po-

sition —( —,
' —8), —,

' —8,0 [p' in Fig. 1(c)], where 8 is

=0.05. The 6 value at 700'C is very small, but still

positive (0(8(0.004). It is noticed that the exact
coordinates of the previously reported T- —,', +' 2,0 su-

perstructure spots in the [001]*zone-axis TED pattern
are + ( —,

' —8'), + ( —,
' —8'),0, where 8' is a small posi-

tive value. The 8' values are found to agree well with the
deviations 8 for samples grown at various Tg and V/III
values. TED patterns in the [001]*zone axis were also
studied, by our tilting a sample (Ts =600'C) from [001]
towards ~ [110] directions up to 10'. The positions of
the superstructure spots in the [001]*zone axis were ac-
tually found to be the intersections of the Ewald sphere
with the wavy streaks seen in the [110]*zone-axis TED
pattern [Fig. 1(b)]. Thus, the superstructure spots in the

FIG. 2. A dark-field electron micrograph taken from the
same crystal as that of Fig. 1(a) which was recorded by use of
the three spots encircled in Fig. 1. Dominance of the
( —

—,', —,', —,
' ) superstructure lattice images can be seen. There

are some disorder regions (top left).

[110]*zone axis, which were previously expected to be
due to LRO, should be interpreted as the intersections
of the three-dimensional wavy-streak rods.

A dark-field electron micrograph (Fig. 2) was record-
ed from the same crystal as that for Fig. 1(a) by use of
three reflection spots: 1, 1, 1, —

—,', —,', —,', and —
—,', —,', —', .

The latter two reflection spots are due to the superstruc-
tures. The ( —

—,', —,', —,
' ) superstructure lattice images

(spacing =6.5 A), which run from the top left to the bot-
tom right, appear predominantly over the ( —2, &, 2 )
lattice images which appear in smaller regions. Dark-
field images for samples with lower Tg suggest that the
above-mentioned wavy and diffuse reflections can be as-
cribed to many (001) antiphase boundaries (APB's)
which occur at intervals of several atomic layers in the
[001] growth direction. A statistical variation of these
small intervals in the [001] direction for (001) APB's
will give rise to the difl'use scattering. However, wavi-

ness of the diffuse scattering cannot be explained simply

by a series of APB's in the [001] direction. The above-
mentioned positive deviation 6', which represents "wavi-
ness" of streaks, means a small local lattice expansion by
a ratio 1+28 in the [110] direction due to a strain field

around the APB's. As Tg lowers from 700 C, the num-

ber of APB's increases, and, at the same time, the 6'

value increases. This means that the increased number
of APB's results in a larger lattice distortion (larger b)
around the APB's. The origin of the wavy and diffuse
nature of the streaks, however, deserves separate and
further studies and will be published later.

For TED intensities, the intensity at a —2, 2, 2 posi-
tion shows a maximum intensity for a Tg range from 650
to 700'C [Fig. 1(a)] at V/III=400 and shows weaker
intensities at higher or lower temperatures. When Tg
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lowers from 700'C, the integral intensity for the diffuse
reflections, other than the basic matrix reflection spots
(1,1, 1;0,0,2;. . . ), also becomes weaker, as well as the in-

tensity at a —
—,', —,', —,

'
position [Figs. 1(b) and 1(c)].

Note the relative intensities between these reflections and
the basic matrix spots, e.g., the 1, 1, 1 spot. The intensity
of the superstructure reflection for the 750 C case is
much weaker than that for the 700'C case. The de-
crease in superstructure reflection intensity at a higher
temperature (=750'C) may be due to random mixing
of Ga and In on the growth surface by entropy effect. '

The decrease in the intensity at a lower temperature
(=550'C) may be due to a decrease in surface mobili-
ties' of Ga and In atoms on the growth surface and the
resultant APB increase and random configuration domi-
nance.

There are four equivalent (111) directions: [111],
[111],[111),and [111]. If the monolayer SL formation
were only the consequence of the Gap 5Inp sP bulk
crystal's thermodynamic properties, SL's along the [111]
and [111]directions should also be observed, as well as
along the [111]and [111]directions. Here, "bulk crys-
tal" means a crystal without a boundary. This is, howev-

er, not the case; i.e., we have never observed the [1 ill
and [111)variants. The cause of this asymmetry in the
appearance of the four equivalent SL variants should
therefore be ascribed to a boundary effect; the symmetry
is being broken by the existence of a boundary, i.e., a
GaAs substrate. There is asymmetry for As-atom
dangling-bond directions on an As-stabilized (001)
GaAs surface. The directions of the projected dangling
bonds to the (001) surface are + [110], and not
~ [110]. This asymmetry at the boundary, i.e., on the
substrate surface, is considered to make the appearance
of SL variants asymmetric.

In an attempt to investigate the cause of the super-
structure intensity asymmetry (seen in Fig. 1) for the
[111]- and [111]-direction SL's, we have examined
Gap 5Inp5P layers grown on (001) 2' off to [110] GaAs

(sample A) and (001) 2' off to [110]GaAs (sample B).
Both layers showed the [111]*-and [111]*-direction su-
perstructures. An intensity asymmetry similar to that
seen in Fig. 1 was also observed for sample B. The in-
tensities for the two superstructure reflection spots from
sample A, however, were approximately the same. The
substrate-surface inclination component from the [001]
to the [110]direction is thus responsible for the observed
dominance (Fig. 1) of the [111]-direction SL. From
these observations, an array of atomic steps, descending
to the [110]direction on the GaAs surface, will be work-
ing so as to break the superstructure formation symme-
try. Though sample A has no macroscopic inclination to
the [110] direction, it should have, microscopically, an
approximately equal number of descending and ascend-
ing atomic-scale steps to the [110]direction. These steps
probably give rise to the equal appearance of both SL's
in sample A. Further studies on the cause of the natural
superlattice formation are under way.

The SL observed in the present study does not coincide
with any of the theoretically predicted superstructures.
The [110]*zone-axis TED patterns are rather similar to
that for vapor-phase-epitaxially grown Ga„ln~—„As,re-
ported very recently. The monolayer SL in the [111]
direction in Gap5lnp5P is identical to that in Ga„ln~-„-
As. Shahid, Mahajan, and Laughlin observed one vari-
ant: [111] SL for Gap5Inp5As on (001) InP. ' We
have, however, observed two variants. From the present
study, their observation can be interpreted in such a way
that their (001) InP substrate surface might be a vicinal
face having an inclination component toward [110],al-
though there is no explicit description about it, and that
they failed to observe the other variant [111] because
this second variant should be too weak to be observed be-
cause of the expected large intensity asymmetry between
the two variants. However, as for the superstructure
reflection intensity, the present case shows several orders
of magnitude stronger reflection intensity than that for
Gao 5Ino 5As. The experimentally observed much

TABLE I. Band-gap energies and electron-beam reflection intensities at the ——,', 2, 2 posi-
tion observed for Ga05Inosp grown on GaAs by metal-organic vapor-phase epitaxy under vari-
ous growth conditions.

Sample
Growth conditions

T~ ('C) V/III Doping

Eg'
(eV, 300 K)

Electron-beam
reflection intensity

at ——,-', -'

S1
S2
S3
S4
S5
S6
S7

550
600
650
700
700
700
750

455
421
222

62
130
405
421

Undoped
Undoped
Undo ped
Undoped

Zn doped
Undoped
Undoped

1.902
1.871
1.83
1.894
1.914
1.835
1.883

Very weak
Weak
Strong
Weak
None

Strong
Weak

'Eg was determined with photoluminescence.
b[p]~fx]0 l8cm —3
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stronger intensity for Gao 5Ino &P than that for

Gao sino sAs is concluded to be mainly due to the higher
degree of ordering in GaoslnosP, based on dynamical
structure-factor calculations.

The band-gap energy (Eg ) of Gap &Inn sP lattice
matched to GaAs is dependent on Ts 7 s" and the V/III
ratio. Table I shows the Es value and reflection inten-

sity at ——,', —,', —,
'

in the reciprocal-lattice coordinate for

samples grown under various growth conditions. The
hitherto reported Eg(300 K) values for liquid-phase-

epitaxy Gaosino5P are concentrated around 1.9 eV. '

There is a tendency for the Eg value to decrease with in-

creasing reflection intensity. The minimum Eg value ob-
served in the present study was =20 meV lower than
that mentioned in the previous report, which may be be-
cause of a slightly higher degree of ordering caused by a
small deviation in the growth condition from growth to
growth. Samples with "anomalously" low Es (1.83-1.85
eV) show very strong superstructure spot intensity, indi-

cating that the electron energy-band structure having the
SL is different from that with random distribution of Ga
and In on the sublattice. Sample S5 is a highly zinc-
doped ([p]=I X 10' cm ') Gaoslno5P. No superstruc-
ture spot can be observed for S5, and Eg takes a high
value of =1.914 eV. This result can be explained as fol-
lows: The SL on the column-III sublattice is destroyed
and not formed during growth with high zinc doping.
This phenomenon seems very similar to the previously
reported zinc-diffusion effect, 7 which also makes an
anomalously low Es value higher.

Gao5Inp5P is used for a light-emitting layer ("active
layer" ) of A1GaInP visible semiconductor lasers. '3 The
=80-meV band-gap energy difference is directly related
to the difference in lasing wavelength, which severely (by
an order of magnitude) influences visibility of the laser
light in the wavelength region (=670 nm). The SL for-
mation in Gao sino 5P and the observed band-gap energy
reduction are thus important, from a practical point of
view, as well as from a scientific aspect.
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lVote added. —After the submission of the original

manuscript, two other papers were published. ' These
two articles have also reported (111)SL's in Gao &Inp sP
and GaAso 5Sbo 5, respectively. It is noticed that the ap-
pearance asymmetry of the SL reported by Ueda et al. is
diA'erent from that in the present paper. We have con-
sistently observed the intensity asymmetry similar to that
reported by Ueda et al. only in crystals grown on (001)
GaAs with a misorientation component towards the
[110] direction ( —[110]), as was described in the
present text.
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