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The previously reported photoluminescence(PL)-peak-energy anomaly problem for Ga,sIn,sP grown on GaAs by
metalorganic vapor phase epitaxy (MOVPE) was studied in detail. X-ray microprobe analysis, and optical transmisson
spectra measurements were carried out to examine alloy compositions and band-gap energies (E,s), respectively. The
MOVPE growth condition dependence of {1/2, 1/2, 1/2} superlattices (SLs) on the cation sublattice in Ga, sIn, ;P was
studied in detail, using transmission electron microscopy. The correlation between the E, anomaly and the SLs was exam-
ined in detail and established. Raman spectra seemed to show zone-folding effects due to the monolayer SL. A similar E,
anomaly was reported for AlGalnP. AlGalnP and AlInP were also found to show the same SLs.

KEYWORDS: GalnP, AlGalnP, AlInP, sublattice ordering, monolayer superlattice, MOVPE, band-gap energy,
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§1. Introduction

In spite of the firm belief, which had generally been
held by most workers in this field, that a ternary III-V
compound with a certain alloy composition should have
a corresponding unique band-gap energy value, it has
been reported that GagsIngsP grown on (001) GaAs by
metalorganic vapor phase epitaxy (MOVPE) can have an
arbitrary band-gap energy value from about 1.85 to 1.9
eV, depending on the MOVPE growth conditions, such
as growth temperature>¥*** and V/III ratio.'? A
generally accepted band-gap energy is 1.9~1.92 eV.4>9
This band-gap energy anomaly has been called the ‘50
meV problem”’.V

In a previous report,” it was pointed out that a com-
position, which is determined from X-ray diffraction
measurement, will still allow some freedom in determin-
ing extremely small-scale (on the order of lattice spacing)
configurations for Ga and In on a group III element
sublattice. It was also asserted that this atomic-scale con-
figuration difference can be the cause of the band-gap
energy difference. An anomalously low E, was found to
change into a normal E, by diffusing Zn into the
GaygsIngsP.? This observation was strong support for the
assertion, suggesting that some atomic scale structure on
the column III sublattice accompanied by an abnormal
E, is converted by the Zn diffusion to a random configura-
tion for Ga and In on the sublattice.

It was concluded that epitaxial layers with anomalous
and normal band-gaps may have an ordered and a ran-

*In Fig. 2 in Ref. 2 (Appl. Phys. Lett.), the [110] and [110] directions
should be reversed in order to be consistent with the present nota-
tion.

**Strictly, in Ref. 3, there is no description claiming that the
anomalous photoluminescence peak energy corresponds to an
anomaly in band-gap energy.

dom(Ga, In) distribution on the column III sublattice, re-
spectively.? Moreover, the band-gap energy anomaly was
suggested to have a correlation with the bilayer superlat-
tice GaGalnInGaGalnln . . . on the (110) plane.? This
suggestion, however, was made based only on [001] and
[110] zone axes TEM (transmission electron microscope)
observations for GagsIngsP grown at temperatures
higher than 650°C. This assertion was found not to be
the case for growth temperatures =600°C.”® After the
report, in the [110] zone axis, we first observed extremely
strong superstructure spots: A¥1/2, k+1/2, 1+1/2 for
GagsIngsP with an anomalously low band-gap energy
~1.85¢eV, where A, k, and [ are all even or all odd in-
tegers.”* This observation indicates that naturally
formed (F¥1/2, £1/2, 1/2)** superlattices (SLs) of the
sequence (Ga plane)(In plane)(Ga plane)(In plane) . . .
in the [111] or [111] directions are responsible for the
band-gap energy (£;) anomaly.

The purpose of this paper is to coherently describe the
E, anomaly and the sublattice ordering observed in
GaysIngsP, i.e. to supplement and reinforce the descrip-
tion of the ‘50 meV problem’’ with new data and to give
a detailed description of the relation between the E, and
the atom ordering on the column III sublattice. The rela-
tion between the formerly observed SL and the newly ob-
served {111} SL is discussed. A similar E, anomaly prob-
lem and sublattice orderings in (Al.Gai-y)o.slnesP
lattice-matched to GaAs substrate, are also described.

In §2, experimental methods are described. In §3, ex-

*The TED pattern of the {1/2, 1/2, 1/2} superlattice and its correla-
tion with E, anomaly were first reported by T. Suzuki, A. Gomyo, K.
Kobayashi, S. Kawata, I. Hino, and T. Yuasa in an invited talk (in
Japanese) at the 7th Meeting of Monbusyo Special Project Research
on Alloy Semiconductor Physics and Electronics, Kohfu,
Yamanashi, Japan, July, 1987.

**Hereafter, (1/2, 1/2, 1/2) is represented as (111), for simplicity.
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perimental results together with some detailed and
critical descriptions are given for the band-gap energy
anomaly and crystal structure analysis by TEM observa-
tion. The relation between the band-gap energy anomaly
and the sublattice ordering is discussed. Summary and
conclusion are given in §4.

§2. Experiments

Low-pressure (70 Torr) MOVPE was used to grow
GagsIngsP, (Al,Ga;—,)osIng sP and Alg sIng sP layers, using
a horizontal quartz reactor. GaAs substrates oriented
(001) 2° off towards [011] were used in this study, unless
otherwise mentioned.* The growths were carried out at
temperatures(7,) ranging from 550°C to 750°C. The col-
umn V to column IIT element source-gas partial-pressure
ratio (V/III ratio) was varied from 60 to 400, by chang-
ing the phosphine (PHs) partial pressure. The growth
rate was ~1pum/h. The thicknesses of the epitaxial
layers were 0.5~1 um. Other growth conditions have
been described in a separate paper.”

Ternary alloy composition (x) was determined by
measuring the lattice-mismatching degree with a double-
crystal X-ray diffractometer, using CuK,; line and (004)
reflection, and by assuming Vegard’s law. It was assumed
that (da/a).=2-(4a/a), where (da/a). is the
mismatch of the lattice constant of the epitaxial layer and
its substrate at a right angle to the interface between the
epitaxial layer and the substrate and (da/a); is the
mismatch of the lattice constant of a free layer. X-ray
micro-analyses (XMA) were carried out in order to check
the validity of the alloy composition determination by lat-
tice constant measurements.

Photoluminescence (PL) measurements were carried
out by using an Ar ion laser as an excitation source. The
300K E, was determined by measuring PL peak energy.
The E, value for a sample with some lattice mismatching
from a GaAs substrate was corrected to the E, value cor-
responding to the Ilattice-matching composition
(x=0.516), by using Vegard’s law and the E,-vs-composi-
tion(x) relation® for Ga,In,_,P.

Optical transmission spectra were taken by removing
GaAs substrates by chemical wet etching. The samples
were thinned to a thickness less than 0.1 um by the
chemical wet etching, in order to reduce an optical in-
terference effect between front and back surfaces. Raman
scattering spectra were measured in the similar way to
that reported in the previous work.”

Cross-sectional samples for [110] and [110] zone-axis
TEM observations were prepared by mechanical
polishing and Ar ion etching. Chemical wet etching was
used for [001] zone-axis plane-view observations. The
Akashi 002B and JEOL 4000EX electron microscopes
were employed.

§3. Results and Discussion

3.1 Band-gap energy (E;) anomaly
3.1.1 Ga0_51n0_5P
Figure 1 shows 300 K PL peak energy vs growth tem-

*Substrates used in Ref. 1 were actually (001) 2° off towards [011], in
spite of the description therein.
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Fig. 1. 300K PL peak energy for Ga, sIn,sP as a function of growth

temperature (7). V/1I ratio is taken as a parameter. For arrows
with letters, see the caption of Fig. 7.

peratures (7;,) under three different V/III ratios 62, 230,
and ~400. PL peak energy takes minimum values from
1.83 to 1.85¢eV at around 650°C for respective V/III
ratios. As shown for V/III ~400 case, PL peak energy
for crystals grown at higher or lower 7, tends to ap-
proach the reported normal value (1.9~1.92¢V). PL
peak energy dependence on the V/III ratio is also ob-
served for a fixed T, e.g. 700°C.

The alloy compositions shown in Fig. 1 were deter-
mined using X-ray diffraction. PL peak energies were cor-
rected in the manner mentioned in §1, as was also done in
the previous papers.'? In order to check the validity of
the alloy composition determination by lattice-constant
measurements with an X-ray diffractometer, the composi-
tion x(XRC) by the diffractometer was compared with
the composition x(XMA) determined by XMA, where
XRC stands for X-ray rocking curve. Figure 2 shows this
comparison. There can be seen an excellent correlation
between x(XRC) and x(XMA), as was expected. This fact
indicates that x(XRC) can be used for representing the
alloy composition. xo(XRC) means a composition
x=0.516, for which Ga,In,.,P lattice matches the GaAs
substrate.?

In Table I, lattice mismatches and 300 K E, values for
Ga,In,_,P used for examination (Fig. 2) of the relation
between x(XRC) and x(XMA) are summarized. Here,
(dE,/dx)s=0s=1.51€V is a derivative of E,(x)® with
respect to x at x=0.5. Using this value, EE*(x) is con-
verted to EF (xo0). EE™(xo) is a reduced E, value, which the
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Fig. 2. Gacomposition (x) in the Ga,In,_ P determined by XMA as a
function of that determined by X-ray rocking curve. The x, (XRC)
meaning is explained in the text. The composition difference of
Ax=0.01 corresponds to AE, 15mV in band-gap energy, and to
(da/a), =1.49x 107 in lattice mismatch.

Table I. Lattice mismatches and E,(300 K)values for Ga,In,_,P used
for examination of the relation between x(XRC) and x(XMA).

PL d) PL )
Sample No. (da/a),® x(XRC)>x(XMA)” Fs ((g‘l;)s) By (x)

V)
NR22 +1.7x10™* 0.515  0.495 1.900 1.902
NR57 —6.0x107% 0.521  0.510 1.850 1.842
MO69-17  —1.5%x107° 0.527  0.506 1.862 1.845
MO69-2° —52x10"% 0.551  0.535 1.905 1.852
NEI —-7.0x1073 0.564  0.544 1.906 1.834

3L attice mismatches obtained from (004) X-ray reflection.

YGa compositions in Ga,In,_,P, determined with (4a/a), values and
Vegard’s law.

9Ga compositions in
microanalysis.

9300 K PL peak energies as observed.

9300 K PL peak energies reduced as follows;

dE,

dx x=0A5,

where x is X(XRC.). Meanings of x, and (dE,/dx),—,s are explained
in text.

59Two samples from different places in the same wafer (MO69). MO69
was grown using TEIn and TEGa.

GayJIn,_,P, determined with X-ray

EP(x—x0)=E;"(0bs.)~ (x—xp)

sample would take for the composition xy. It is observed
that samples NR57, MO69-1, MO69-2 and NE1 show
anomalous E, values 1.83 ~1.85 ¢V and that the sample
NR22 shows a nearly normal E, value ~1.9 eV. It is thus
concluded that a linear relationship between x(XRC) and
x(XMA) holds well, regardless of whether E, values are
normal or anomalous.

Another point to be noticed is that two samples,
MO69-1 and 2, from the same wafer with different com-
positions, which resulted from spatial variation in the
alloy composition within the same wafer, show approx-
imately the same reduced EFM(x))=1.85¢eV. As the two
samples were from the same wafer, the growth condi-
tions were almost the same. The difference in the alloy
composition should be the result of the spatial difference
in the column III source gas composition on the wafer.

The fact that in spite of the large lattice-mismatch
difference among NR57, MO69-1, MO69-2 and NE1, the
reduced EfY(x,) values are anomalously low values,
means that the anomalous E, problem occurs regardless
of the degree of lattice mismatch, at least up to 14a/al.
=7x1073. This mismatch is equivalent to 5% in alloy
composition.

In a previous paper, PL peak energy values were used
as band-gap energy (E,) values, after some examinations
on low-temperature PL spectra, etc.” In the present
paper, optical transmission spectra are added for samples
with and without anomalous PL peak energy. Figure 3
shows 300 K PL spectra (a and b) and corresponding op-
tical transmission (OT) spectra (a’ and b’) for Gag sIng sP
layers with an anomalous (1.85¢V) and a normal (1.9
eV) PL peak energy. Growth conditions were T 650°C,
V/III 230, and T, 700°C, V/III 60, respectively. The
shape of the transmission spectrum a’ is similar to that
for b’, but relatively broad compared to b’. The relation
between PL spectrum (a) and OT spectrum (a’),
however, is very similar to that between those for b and
b’; a’ is ~50 meV displaced to the lower-energy side as
compared to b’. Thus, it is reasonable, as is expected, to
assume the PL peak energy as being band-gap energy (E;).
For this reason, hereafter, PL peak energy is called band-
gap energy (E,), as has been done in previous reports.'?
The reason for the broadness of the OT spectrum a’ is dis-
cussed later in §3.3.

Raman scattering spectra were measured for
GaysIngsP grown under a wide range of growth condi-
tions (7, from 550 to 750°C and V/III ratio from ~ 60
to ~400). Undoped samples were used in order to avoid
complex plasmon effects from free carriers, i.e. to see
clearly whether this anomalous E, behavior was related
to some atomic structures in the crystals. In Fig. 4,
typical Raman scattering spectra for two samples with
nearly normal(upper) and anomalous(bottom) E; values

08l GapslngsP 300K

c 5
(] O
-a -
D07 \ >
5 ¢ @
5 9
= 5
ﬂ\_‘ a i

0.6 b

] - 1 1 1
80 185 190 195

Photon Energy (eV)

Fig. 3. 300 K PL spectra and corresponding optical transmission spec-
tra for samples with abnormal (a, a’) and normal (b, b’) E, values.
The crystal growth conditions are shown in the text.
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Fig. 4. Raman scattering spectra for samples with normal (upper) and
anomalous (bottom) E, values. Many peaks whose wave numbers are
smaller than ~200 cm™' are due to the scattering from air. Symbol
meanings are explained in the text (§3.1.1 and §3.3.).

are shown. First, attention is focused on the quantity of
b/avs E,, where b/ ais the same as that defined in Ref. 1,
i.e. the ‘‘valley depth’’ normalized to peak-A intensity.

The results are summarized in Fig. 5. Closed squares in-
dicate the data for samples grown at 700°C under various
V/II ratios, from ~60 to ~400, which were previously
reported. Closed circles indicate data points for samples
grown under various growth conditions: T, 550 ~750°C
and the V/III ratio from ~60 to ~400. The data for a
crystal with a normal E, value, grown by liquid-phase
epitaxy, is also shown (open triangle). An excellent cor-
relation can be observed between E, (300K) and the
“valley depth’’(b/a). Thus, it is quite reasonable to
assume that E, variation for growth condition variation
is related to some atomic structure variation.

The second point to be noticed is a spectrum feature
around 200 cm ™. In the spectrum for the sample with an
anomalous F, (1.83 eV), there can be seen a small peak at
207 cm™! (indicated as Z in Fig. 4(bottom)). This peak ap-
pears consistently for crystals with anomalous E, values.
For the sample with the nearly normal E, (1.89¢V),
however, the peak is virtually not observed (Fig. 4
(upper)). A highly Mg- or Zn-doped (p=1x%10"® cm™?)
GaygsIng sP, grown under a condition in which E, takes an
anomalous value if the crystal is undoped, has been
found to show a normal E, value.®* For the highly Zn-
doped sample, the peak at 207 cm™! was also observed.

*A. Gomyo, I. Hino, K. Kobayashi, S. Kawata, T. Yuasa and T.
Suzuki: Extended Abstracts of the 47th Fall Meeting of Jpn. Soc.
Appl. Phys., Sapporo (1986) 27p-HI (in Japanese).
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Fig. 5. Relation between ‘‘valley depth (b/a)’’ (defined in the text)
and PL peak energy for Ga,sIn,sP grown under various MOVPE
conditions. Open triangle indicates a sample grown by liquid-phase
epitaxy. Closed squares indicate samples grown at 700°C and V/III
ratio from 62 to ~400. Closed circles indicate samples grown under
other various MOVPE conditions: T, ranging from 550 to 750°C and
V/III ratio ranging from 62 to ~400.
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Fig. 6. 300 K PL peak energy for (Al 13Ga, 57)0.sIn, sP as a function of
T, under 130 and 490 V/III ratios.

In this spectrum range, there may be no need to worry
about complex free-carrier (hole) plasmon effects due to
Zn doping. Thus, the peak Z in Fig. 4(bottom) seems to
have a relation to the anomalous E, problem, as well as
the “‘valley depth (b/a)’’.
3.1.2 (AleaI—x)o__sInoJP

Heretofore, an E, anomaly has been described for the
ternary GagsIngsP. A similar problem occurs in (Al
Ga;_y)o.sIngsP. Figure 6 shows E, dependence on 7, and
V/III ratio for (Alo,|3Gao_g7)o,5In0,5P. Although data
points are limited compared to the GagsIngsP case, a
similar T, and V/III dependence is clearly observed.
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3.2 Structure analysis by TEM observation
3.2.1 Gao_51no_5P

In Figs. 7(a) ~7(e), typical [110] zone axis TED pat-
terns for four GagsIngsP layers, grown at different 7,
values and V/III ratios are shown. The growth condi-
tions for these samples correspond to those indicated by
arrows with corresponding letters in Fig. 1. In [110]
zone-axis TED patterns for these samples, virtually
no superstructure was observed. Extremely strong
superstructure spots A—1/2, k+1/2, 1+1/2 can be seen

Fig. 7.

T. Suzuki, A. GoMyo, S. IMA, K. KoBAYasHI, S. KAWATA, I. HINo and T. Yuasa

for 700°C (c), where h, k, and / are all even or all odd in-
tegers. Weaker intensity spots A+1/2, k—1/2, I+1/2
are also observed. Hereafter, h,k, and / are omitted for
simplicity. These observations indicate that a monolayer
SL with a sequence of (Ga plane)(In plane)(Ga plane)(In
plane) . . . in the [111] direction is dominant on the col-
umn III sublattice. In the bottom right of Fig. 7, a struc-
ture model for this (111) SL, which is projected to the
(110) plane, is shown. Weak reflections 0,0, 1 and 1, 1, 0
in Fig. 7(c) were ascribed to double reflections.

ain ©00 iy

\Z (o)

[110] zone-axis TED patterns for GaysIngsP grown under T, (a) 550°C, (b) 600°C, (c) 700°C, (d) 750°C for ~400

V/III ratio, and (¢) 700°_C for 62 V/III ratio. These growth conditions correspond to those indicated by letters in Fig. 1. A
structure model for the (111) SL projected to the [110] direction is shown (bottom right). P and P’ meanings are explained

in the text (§3.2.1).
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Under a V/III ratio ~400, superstructure spots at
—1/2,1/2,1/2in TED patterns showed maximum inten-
sity for crystals grown at 650~700°C. As T, becomes
higher than 700°C, superstructure reflections remain
spot-like in their shape, but the intensity becomes weaker
as shown in Fig. 7(d). Samples grown at lower tempera-
tures showed streaky and wavy diffuse scattering, as ap-
pears in Figs. 7(a) and 7(b). A 550°C case(a) shows ex-
tremely weak (virtually zero) intensity at —1/2,1/2,1/2
position (indicated by an arrow p) and the maxima of the
diffuse scattering intensity rather shift towards the
—(1/2-9), (1/2—9), 0, position indicated by an arrow
p’, where d is a small positive number around 0.05. This
shift can be recognized already for the 600°C case (Fig.
7(b)) in a less-pronounced manner; the diffuse scattering
intensity maxima move slightly from the —1/2, 1/2,
1/2, position towards —(1/2—4), 1/2—6), 0. The ¢
value for the 600°C case is 0.03. The J value becomes
larger as 7, becomes lower from 700°C. At 700°C
0<0<0.004. As T, lowers from 700°C, the integral inten-
sity for the extra reflections (super-structure spots or
diffuse scatterings) other than the basic matrix spots (1,
1,1; 0,0, 2; . ..) becomes weaker (Figs. 7(a) and 7(b)).
Note the relative intensities between these extra reflec-
tions and the base matrix spots, e.g. the 1, 1, 1 spot.
Thus, the superstructure shows a maximum intensity at
T, 650~700°C under V/III ratio ~400, where the long-
range order of the (111) SL best develops. A sample with
an anomalous E, value, grown at 7T, 650°C and V/III
230, also showed extremely strong superstructure spots.

Figure 7(e) shows a TED pattern for a 7, 700°C and
V/III 62 case. The intensity at the —1/2, 1/2, 1/2 posi-
tion is much weaker than that for the T, 700°C and V/III
~400 case (Fig. 7(¢)) and appears comparable to that for
the T, 750°C and V/IIT 400 case. The shape of the
superstructure reflection is spot-like. The TED pattern
for a crystal grown under T, 700°C and V/III 130, which
has an intermediate E, value,” showed intermediate inten-
sity —1/2, 1/2, 1/2 spots.

It is noticed that the exact positions of the previously
reported ¥1/2, +£1/2, 0, spots in the [001] zone axis?
are ¥(1/2—0’), £(1/2—6"), 0, where ¢’ has a small
positive value. Here, the ¢’ values for crystals grown
under different conditions agree well with respective J
values mentioned above. Thus, the previously reported
superspots can be interpreted as the intersections of the
Ewald sphere in the [001] zone axis with the three-dimen-
sional wavy streak rods.

In Figs. 8(a), 8(b), and 8(c), dark-field lattice (DFL) im-
ages recorded using an aperture including —1/2, 1/2,
1/2, —1/2,1/2,3/2 and —1, 1, 1 reflection points are
shown for the same samples as in Figs. 7(a), 7(b), and
7(c), respectively. These photographs reveal the atomic
arrangement change with the 7, change. For 700°C, the
dominance of the (111) SL, which runs from the top left
to the bottom right in Fig. 8(c), over that of the (111) SL,
is observed, which is consistent with the corresponding
TED pattern (Fig. 7(c)). The periodicity is 6.5 A, which is
double that for di;; It is noticed that there are some disor-
dered regions (middle right) and (111) SL regions over-
lapped with (111) SL (upper left). The latter overlapping

2103

Fig. 8. Dark-field lattice images for Gag;IngsP grown under T, (a)
550°C, (b) 600°C, (c) 700°C for ~400 V/III ratio. These samples are
the same as those in Fig. 7(a), 7(b) and 7(c), respectively. A dotted
line for each figure indicates an interface between the epilayer and the
substrate. The meaning for portion A in (a) is explained in the text.
d_ 12,172 Tepresents the lattice spacing for (—1/2, 1/2, 0) planes.

structure is understood if we consider layered domains of
(111) SL and (111) SL, in the sample thickness direction,
i.e. the [110] direction. In Fig. 9 a high-resolution TEM
image for a relatively complete (111) SL portion is
shown. A monolayer SL with 6.5 A periodity in the [111]
direction is observed. For 600°C, the DFL image Fig.
8(b) shows bunches of wavy lines and some disorders.
Diffuse TED patterns very similar to the present 600°C
case (Fig. 7(b)) have recently been reported in Gag sIngsP
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Fig. 9. High-resoluﬁon lattice image for the same sample as used in Fig. 8(c). 7, 700°C and V/III ratio 405.

grown by MOVPE.!*!" For 550°C, the DFL image Fig.
8(a) also shows disorders and bunches of wavy lines, but
whose directions are close to [001]. Deviations from a
complete (111) SL can be explained by considering anti-
phase boundaries (APBs), as is shown in the following.

Figures 10(a) and 10(b) show sublattice structure
models for crystals grown at 700°C and lower tempera-
tures, respectively.® This illustration is the projection to
the (110) plane. A series of APBs (81, f2, - . . between
fractions of the (111) SL well simulates the observed DFL
images for lower T values (Fig. 10(b)). A statistical varia-
tion in these APB intervals gives rise to the diffuse scatter-
ings for lower T, samples. As T, lowers, the numbers of

[oo1) 0
Ti[ﬂo] . P

Fig. 10. Structure model projected to the (110) plane (a) for a well-de-
" veloped (111) SL and (b) for a sublattice ordering seen in Gag sIn, sP
grown at lower temperatures. 8, B,, . . . indicate anti-phase bound-
aries between fractions of (111) superlattice (SL). The model
simulates well, e.g., the circled portion (A) in Fig. 8(a) DFL image.

*S. Tijima, A. Gomyo and T. Suzuki: Extended Abstracts of the 35th
Spring Meeting of Jpn. Soc. Appl. Phys., Tokyo (1988)30p-Z3. (in
Japanese).

APBs increase and, in turn, the average direction of the
bunches of wavy lines becomes parallel to the [001] direc-
tion. The DFL image for the 550°C case (Fig. 8(a)) shows
that most of the bunches of lines are nearly parallel to the
[001] direction, and that their local periodicity is about
7.9 A (e.g., portion A encircled in the figure). This is con-
sistent with the observation that the diffuse-scattering in-
tensity maxima, for the 550°C case (Fig. 7(a)), are near
the ¥(1/2—0), £(1/2—46), 0 positions.

The local periodicities observed in the DFL images
(Fig. 8) vary from place to place statistically. They are ap-
proximately in the range between 6.5 and 7.9 A. Here,
7.9 A corresponds to the periodicity of, e.g. portion A in
Fig. 10(b). Portion A can be interpreted to be a very
small fraction of the bilayer SL reported previously.? Its
coherence length is very small (less than a few tens of A).
The small positive § value may be a result of small local
atom displacements (expansion ratio 1+29), which
might be caused by stress at the APBs. The J value in-
creases as T, lowers. It is considered that the increased
number of APBs, which arises from lowering 7, results
in the large lattice distortion (larger J) around the APBs.
3.2.2 (A10.4Gao_5)0,51n0,5p and Alo,jInoJP

Figures 11(a) and 11(b) show [110] zone-axis TED
patterns for (Alp4GaoeosIngsP and AlgsingsP. The
dominance of the (111) SL over the (111) SL is observed
in these figures, as is also the case for GagsIngsP. It was
found that neither (111) nor (111)SL was observed in the
[110] zone-axis TED patterns. This observation is also
the same as for GagsIngsP.

3.3 Discussion
As has been described in §3.1.1 and §3.2.1, we have ob-
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Fig. 11.

served an excellent qualitative correlation between the
superstructure intensity at the —1/2, 1/2, 1/2 position
in the [110] zone axis and the degree of the F, anomaly
for GaysIngsP prepared under a wide range of MOVPE
growth conditions. This correlation has been observed
for samples grown at T, 700°C under the V/III ratios 62,
130 and ~ 400, as well as for a series of samples grown at
T, ranging from 550 to 750°C under V/III ratio ~ 400.
In samples with the lowest E, values 1.83 ~1.85 ¢V, the
{111} SLs have best developed. These observations in-
dicate that the {111} SLs are responsible for the
anomalously low E, value in GagsIngsP.

The previous report? suggested the correlation be-
tween the E, anomaly and the ¥ /2, £1/2, 0 TED spot
intensity in the [001] zone axis, based only on the observa-
tions for (A) T, 650°C, V/III 222 and (B) T, 700°C,
V/III 58 samples. However, samples grown at lower T,
((b) 600 and (a) 550°C) under V/III ~400 showed
stronger intensity than that for condition (A), although
E_s for (a) and (b) show higher values, as shown in Fig. 1.
The previously reported F1/2, £1/2, 0 spot intensity in
the [001] zone axis monotonically increases as 7, lowers
from 750 to 550°C under V/III ratio ~ 400, although the
intensity even for 550°C is orders of magnitude weaker
than that for the newly observed +1/2, +1/2, 1/2 spot
intensity for condition (c) shown in Fig. 1. Thus the
previous suggestion for a correlation between the F1/2,
+1/2, 0 spot intensity and the E, anomaly should be cor-
rected. The monotonic increase in the ¥1/2, £1/2, 0
spot intensity is understood to be a result of the intensity
maximum shift from the ¥1/2, +1/2, 1/2 position
towards the F(1/2—0), =(1/2—4), 0 position. This
shift is related to the increase in the APB density with the
decrease of Tg.

The assertion that the anomalous E, is correlated with
the existence of the {111} SLs is also supported by other
experimental materials: (1) it has been found that when

[110] zone-axis TED patterns for (a) (Al; 4Gag )y sIny sP and (b) Al sIn, sP. Growth conditions were (a) 7, 700°C and
V/1I1 400, and (b) T, 650°C and V/III 140, respectively.

the Zn impurity is diffused into the GaoslngsP grown
under the condition in which it takes an abnormal E,
value, the E, value changed to a normal value.? This E,
change can be interpreted as an impurity-diffusion-
enhanced randomization of the SL.? This interpretation
is, in turn, supported by the fact that in a highly p-type
impurity-(such as Zn) doped GagslnosP layer grown
under the condition in which Gay sIng sP shows {111} SLs
and takes an abnormal E, value unless it is undoped, the
crystal showed a normal E, value® and, simultaneously,
{111} SLs disappeared. (2) There are good correlations
between the “‘valley depth b/a’’ and E, (as shown in Fig.
5), and between peak Z (as shown in Fig. 4) and the E,.
In GaysIng sP with the {111} SLs, phonons at the L point
in the Brillouin zone will be folded to the I" point. In Fig.
4, LO* and LA indicate calculated zone-folded LO and
LA phonons at the L point. LO. and LA, are calculated
simply by averaging LO. and LA, phonon energies for
GaP and InP with composition weighting, which have
been obtained by neutron scattering experiments.'>'?
The calculated phonon energies are normalized to the ex-
perimentally observed LOr phonon energy. The “‘valley’’
position and peak Z position are fairly near the
calculated zone-folded LO and LA phonon energies at
the L point. Thus, it is reasonable to assume a correla-
tion between the anomalous E, and the {111} SLs,
through the correlations between the ‘“‘valley depth b/a”’
and the E,, and between the peak Z and the E;. (3) A
GagsIng sP layer grown on a (111)B GaAs under a condi-
tion in which GagsIngsP shows {111} SLs and takes an
abnormal E, value if it is grown on a (001) GaAs 2° off
towards the [011] direction, did not show {111} SL at all
and showed a normal E, 1.9 eV.*

*A. Gomyo, T. Suzuki, S. Iijima, K. Kobayashi, S. Kawata, H. Fujii,
and I. Hino: Extended Abstracts of the 35th Spring Meeting of Jpn.
Soc. Appl. Phys., Tokyo (1988) 30p-Zl, Z2 (in Japanese). A paper
reporting details has been submitted to Jpn. J. Appl. Phys.
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It is noticed that, in Fig. 8(c), there are some disor-
dered local regions (e.g., in the middle right). Depending
on the degree of disorder, the E, for each disordered
region may have corresponding different values. The
disordered regions may thus be responsible for the
broadness in the transmission spectrum for a sample with
the E, anomaly, as shown in Fig. 3.

These experimental facts all seem to support the asser-
tion that the anomalous E, is correlated to the {111} SLs,
which has been made based on the observation of the cor-
relation between the E, and the {111} SLs for a wide
range of GagsIngsP growth conditions. The existence of
the {111} SLs on the column III sublattice is considered
to change the electronic energy band structure. The
change will result in the experimentally observed E, reduc-
tion. The present observation reminds us of a similar rela-
tion between E, and SL for GagsIngsAs and artificially
grown SL (GaAs)(InAs), whose average composition is
the same as that for GaysIngsAs.'¥ Both were grown on
(001) InP by MOVPE. The E, value for the sample with
the artificially-formed (001) monolayer SL is reported to
be ~30meV lower than E, for random GaosIngsAs.
Recently, Kurimoto and Hamada have performed first-
principle self-consistent all-electron local-density band-
structure calculations for the (GaP),(InP), {111} SL and
have actually shown a significant E, reduction.'” The
cause of the E, anomaly in (Al,Ga;-)osIngsP is con-
sidered to be the same as that for the GagsIngsP case.

GaAs substrate-surface orientation effects on {111}
SLs formation have been studied. Based on these studies,
a {111} SL formation mechanism in (Al,Ga;-)o.sIngsP
(x=0, 0<x<1, and x=1) has been described in a
separate paper.'® The growth condition dependence of
the sublattice ordering described in the present work is
also discussed.

§4. Summary and Conclusion

Detailed data for the photoluminescence (PL) peak
energy anomaly for GagsIngsP was presented as a func-
tion of a wide-range of MOVPE growth conditions: the
growth temperature (73) ranging from 550°C to 750°C
and the V/III ratio ranging from 60 to ~400. Alloy com-
positions determined by lattice-mismatch measurements
using X-ray diffractions and Vegard’s law were compared
to those determined by X-ray microanalysis. The former
method, which uses lattice-mismatch measurements, was
found to represent well the alloy composition even for
the crystals with anomalous PL peak energies. The PL
peak anomaly was found to occur even in epilayers with
lattice mismatches of at least up to 7x 1073,

Optical transmission spectra measurements were car-
ried out for crystals with normal and anomalous PL peak
energies. The spectra showed band-gap absorption
edges, displaced by approximately the same energy as the
PL peak energy difference. It is thus reconfirmed that the

T. Suzuki, A. Gomyo, S. I1MA, K. KoBayasHI, S. KAwaTa, 1. HINo and T. Yuasa

PL peak energy can be considered to represent the band-
gap energy (E,).

Structure analysis by TEM was performed. TED pat-
terns and DFL images for samples grown under various
growth conditions were analyzed. A relation between the
superstructures observed in the [001] and [110] zone axes
was discussed. It was confirmed that the {111} SL on the
column III sublattice is responsible for the E, anomaly.

The previously reported relation between E, and
“‘valley depth’’ in Raman scattering spectra was observed
for samples with a wide range of growth conditions. A
new peak was reported at 207 cm™! and correlated with
the E, anomaly. The ‘‘valley depth’’ and 207 cm ™! was in-
terpreted as a result of Brillouin-zone folding due to the
{111} SL observed in the anomalous E, samples.

A similar E,; anomaly was reported for AlGaInP. Struc-
ture analyses for AlGaInP and AlInP were performed
and the existence of the {111} SLs was reported.
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