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Mitra.® The largest discrepancy, and the only one
outside the combined experimental uncertainty of
the two sets of measurements, is for the 4,(TO)
phonon. We found the A,(TO) phonon to be at
(267+1) cm™, whereas Brafman and Mitra found
the value to be (273+3) cm™, These apparent fre-
quency shifts could be due to the presence of un-
wanted impurities in our nominally pure samples,
and this could also explain the as yet unidentified
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208-cm line.
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The polarized-reflectance spectra between 2.0 and 5.2 eV and the logarithmic derivative
of the reflectance at 2 K for the ternary compounds ZnSiAs,, CdSiAs,;, CdSnAs,, and CdSnP,
are reported. All the structure observed in previous electroreflectance data is seen in the

logarithmic~derivative spectra plus some additional weak structure.

The E, reflectance

structures consist of three or more peaks; it is suggested that the additional splitting of the

E, transitions is due to a separation in energy of the A and L critical points.

No evidence is

found in the optical spectra for the presence of I'j; to X§ or X§ ‘pseudo-direct” transitions.
The chalcopyrite crystalline structure, how it relates to zinc blende, its effect on the band
structure, and group theory as applied to the chalcopyrites are discussed in detail.

I. INTRODUCTION

Interest in the I-II-VI, and II-IV-V, ternary com-
pounds which crystallize in the chalcopyrite struc-
ture has been stimulated by their possible use as
nonlinear optical materials!'? and as visible-emit-
ting diodes. From a fundamental point of view a
study of these compounds is a logical step in ex-
tending present knowledge about the properties of
AYB®¥ pinary materials to the next-higher level of

complexity; in these ternary compounds one is
dealing with two different bonds rather than the
single bond of the binaries. The optical spectra of
the chalcopyrites is one very important property
which can provide information about the band
structure and thus, the bonding of these compounds.
In particular, the experimentally obtained logarith-
mic derivative of the reflectance can provide a
direct test for any band calculation. In this paper
the optical spectra (reflectance and logarithmic
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derivative of the reflectance) of the four II-IV-V,
compounds CdSiAs,, ZnSiAs,, CdSnAs,, and CdSnP,
are presented and discussed.

A fair amount of optical data®" on various II-IV-
V,'s, mostly using the electroreflectance tech-
nique, 8-12 have appearedintheliterature. However,
the earlier direct-reflectance data have rather poor
energy resolution, and therefore, could not provide
a direct comparison with the sharp structure ob-
served in electroreflectance. The present work
is the first in which high-resolution reflectance
data have been taken. All the structures seen in
electroreflectance plus some additional weak tran-
sitions were observed.

This study is intended to provide a basis for
future observations on the optical spectra of chal-
copyrite compounds. The large amount of struc-
ture in the reflectance spectra and the absence of
good band-structure calculations precludes the
identification of most of the structure at this time.
I have, though, grouped together the common fea-
tures of the optical spectra for the four compounds,
and discussed at length possible assignments of
the E, structure. Further, no evidence is found
for the presence of the “pseudo-direct” I'y5 to X,
transition in the optical spectra. (The term
“pseudo-direct ¥ was introduced by Shay et al.® to
describe a transition that was indirect in zinc
blende, but which becomes direct in chalcopyrite
because of the reduced Brillouin zone. )

In Sec. II is a detailed discussion of the chalco-
pyrite crystalline structure, how it relates to zinc
blende, its effect on the band structure, and group
theory as applied to the chalcopyrites. In Sec. IV
the results are presented and discussed. In ana-
lyzing the optical spectra of the I-IV-V, materials
I have taken the attitude that the major features
in the spectra of the III-V compounds will appear
in the chalcopyrites, but with additional splittings
and structure due to the more-complex band struc-
ture. The availability of straight reflectance data
helps in this regard since they are more easily
compared to the III-V optical properties than the
logarithmic derivative or electroreflectance data.
Most of the discussion in Sec. IV concerns the E,
reflectivity structures. It is suggested that the
appearance of additional reflectance peaks in the
E, region may be due to the energy separation of
the A and L critical points.

II. CRYSTALLINE STRUCTURE AND GROUP THEORY

Most of the II-IV-V, compounds have the chalco-
pyrite structure (space group D [[42d]). This
structure is similar to that of zinc blende, the dif-
ferences being a doubling of the unit cell along the
¢ direction, a tetragonal compression, and a dis-
tortion of the tetrahedral environment of the ions.
It contains two additional structural parameters,
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the c¢/a ratio and the displacement (x) of the anions
from the (313) positions. It was found by Abrahams
and Bernstein®® that the group-IV ion in ZnSiP, and
CdSiP, is surrounded by a relatively undistorted
tetrahedron of anions. If this feature of the crys-
talline structure is present in the other II-IV-V,
compounds, then x and ¢/a are related through

=1 -1(c%/ 222~ 1)1/2, Thus, the c/a ratio appears
to depend on the amount of distortion from aregular
tetrahedron around the group-II-ion site.

The chalcopyrite Brillouin zone has one-fourth
the volume of the corresponding zinc-blende zone.
(Diagrams of the chalcopyrite unit cell and Bril-
louin zone can be found in the literature; for ex-
ample, in Ref. 8.) In Fig. 11 have illustrated the
relation between the zinc-blende and chalcopyrite
Brillouin zones for the (100) and (110) planes. The
zine blende X,,(0, 0, 27/a), W,,(0, 27/a, 7/a), and
W,u(27/a, 0, m/a) points become I points in chalco-
pyrite. The T, to X,,(0, 0, 27/a) and Ty, to
X,,(27/a, 21/a, 0) lines are bisected by the T(0, 0, 7/a)
and N(n/a, 7/a, 0) points, respectively. The
L, (n/a,1/a,/a) point is mapped onto N;

A,,(0, &, 0) for 2>3(n/a) becomes the B line; and
Ag(B, B, k) lies in the @ plane {110}. Character
tables for D32 can be found in a paper by Sandrock
and Treusch, ¥ although their notation differs some-
what from that commonly used. They also appear
in a paper by Chaldyshev and Pokrovskii.!® In
Tables I and II are reproduced the character tables
for Q and N. The space-group operations of D3
are E’ stiz; S;;, cax’ {CZx I-'F}’ {CZyI;}a {ny H"}y and

ks

FIG. 1. Relation of the chalcopyrite (D;ﬁ) Brillouin
zone (solid line) to that of zinc blende (T7) (dashed line)
for the (100) and (110) planes. The zinc-blende points
and lines are labeled with parentheses.
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TABLE I. Character table for the N point (x/a, =/a, 0).

{10} {E10} {Cpul0} {Col0} {017} {5,417} {foglT} 517}

Ny 2 0 0 0
N, 1 -1 i -1 1 -1 i -i
Ny 1 -1 i -i -1 1 -4

N, 1 -1 - i 1 -1 -i i
Ny 1 -1 - i -1 1 i -i

{0,517} pluslattice translations, where 7= (0, 4a, ic).
In Table III we show how some of the 72 represen-
tations reduce to D32 representations.

It is important to establish the differences be-
tween the chalcopyrite and zinc-blende structures
since these affect the optical spectra. These dif-
ferences are the following. (a) A compression
along the ¢ axis which transforms as the 3z%-»
component of I';,. The magnitude of this compres-
sion is given by 1-c¢/2a and varies from 0 for
ZnSnAs, and ZnSnP, to 0. 079 for CdSiAs,. Values
of 2—c/a are given in Table IV. This tetragonal

‘compression is equivalent to applying a uniaxial
stress along (001) of a zinc-blende material. (b)
A potential V(X,) due to an ordering of the group-

II and group-IV ions which transforms as

X4(0,0, 21/a) of T2. Aong the ¢ axis the group-II
and group -1V ions alternate, whereas along the a axes
they do not. There is no change in sign of this po-
tential with interchange of the group-II and -1V ions,
but it magnitude depends on the difference between
the II-V and IV-V bonds. (¢) An antisymmetric po-
tential V(W,) which changes sign upon interchange
of the group-II and -IV ions and transforms as
W,(0, 21/a, 1/a) + Wy(27/a, 0, 7/a). The distortion
of the zinc-blende tetrahedra is also included in
this potential,

It would be useful if one could determine the
magnitudes of these additional potentials in chalco-
pyrite from experimentally observed optical spectra.
In order to do this, one must consider the effects
of each one of the above potentials on the band
structure of the chalcopyrites.

The tetragonal compression described in (a) can
be considered a perturbation as in the framework
of Hopfield’s!® quasicubic model. Its effect on the
E, transitions has been discussed by Rowe and
Shay, " and they find the quasicubic model fits the

2

TABLE II. Character table for the Q plane (¢, =—k,);
A= ei[ky(a/2)+k‘c]‘

{E10} {E10} {o517} {0,517}
Q4 1 A
Q 1 -2
Qg 1 -1 i -
Q4 1 -1 —ix 2

STOKOWSKI 6

available experimental data quite well. Its mag-
nitude for the E, transitions is of the order of 0.1
eV and is given by A, in Table IV.

The chalcopyrite potential which transforms as
X, of T§ allows an indirect I" to X transition in
zinc blende to become a direct transition in chalco-
pyrite. Its magnitude is of interest because many
of the high-band-gap III-V materials have indirect
gaps from I' to X. In the corresponding chalcopy-
rites the transitions at these gaps would be direct,
but their intensity depends on the magnitude of
V(X,). The two indirect transitions of interest are
T to X5 and I to X3 of T2, The X,(0, 0, 27/a)
and X,4(0, 0, 27/a) points of TZ become T, and T'; in
chalcopyrite (Table III). The I'{; band splits into

v and I in D%, The I'% to I'; and I'f to I tran-
sitions are allowed in o polarization (EL&). There
are no allowed transitions from I} to T'§ or I'%.

The “pseudo-direct” Ij; to X5 or X3 transitions
could be identified in chalcopyrite since they should
appear primarily in o polarization and consist of
two structures with a splitting identical to that of
the B and C components of the E, transitions.

(This splitting arises from the spin-orbit split I'
state.) They should also fall a few tenths of an
electronvolt lower in energy than the E, transitions,
using the III-V compounds as a guide. However,
so far no optical structure which meets these con-
ditions has been seen either in reflectance or elec-
troreflectance spectra. Thus, as far as the I'jg

to X§ or X3 transitions are concerned, it would ap-
pear that the X, potential can be considered as a
small perturbation on the zinc-blende structure.

The antisymmetric potential V(W,) will also give
rise to “pseudo-direct” transitions between I'" and
W, L and N, etc. of T;. Knowledge of the strength

TABLE III. Compatibility tables for reduction of Ta2
representations to DY.

Representations

¥ 120 T3 DY
k=(0,0,0) r, Ty T T
T, T T O
Iy T +Ty T Te+Ty
ry Ty+T5
T T,+T5
k=0,0,2r/a) X, T, Xq Te
X, ry X; Ty
X3 Ty
X, T,
X Ts
k=(0,2r/a,7/a) W, Ty+T, Ws+W, 2T
. Wy  T3+T, Wy+W, 21,
+k=(2r/a,0,1/a) Wo+W, 2T
k=(/a,/a,n/a) L, Ny L, Ny+Nj
. L, Ny Lg N3+N,
k=(r/a,n/a,~n/a) L 2N, Lg Ny +N3+Ny+Ns
K= (e, &, k) Ay 2 Ay 2
A, 2 Ag Q
Ay Q+Q, Ag Q3+
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TABLE IV. Energies of observed E; structure along with c/a ratios and valence-band parameters for several II-1V-V,

compounds.
1) (2) 3) @) (5)
E;@1) E,((2) E;(3) E @) 2—c/a AyeV) AgaleV) Ay (est.) Ref.
ZnSnAs, 2.26 2.32 2.55 0 0.34 0 0.23 11
ZnGeAs, 2.26 2.41 2.74 2.92 0.034 0.2 11
ZnSiAs, 2.74 2.90 3.25 0.057 0.28 -0.15 0.19 9,11
2.84 2.99 3.09 13.23 a
3.34
CdSnAs, 2.13 2.23 2.43 2.62 0.044 0.5 0.03 0.33 11,b
2.13 2.23 2.50 2.70 a
CdGeAs, 2.18 2.32 2.49 2.65 0.112 0.25 11
lz.oz 2.29 2.44 2.60 10
2.09
CdSiAs, 2.50 2.57 2.99 3.10 0.151 0.29 -0.39 0.23 10
2.62 ‘2.69‘ 3.09 3.20 a
2.72
CdSnP, 2.56 2.69 2.90 3.00 0.048 0.10 -0.12 0.08 8
2.68 2.77 2.99 3.07 a
CdGeP, 0,123 0.11 -0.27 0.11 c
aThis work. Phys. Semicond. 5, 450 (1971)].

*R, K. Karymshakov, Y. I. Ukhanov, and Y. V.
Shmartsev, Fiz. Tekhn. Poluprov. 5, 514 (1971) [Sov.

of such transitions relative to those which are di-
rect in zinc blende would indicate whether one can
consider V(Wl) as a perturbation on the zinc-blende
potential. I the so-called “pseudo-direct”’ tran-
sitions are relatively strong, then a perturbation
treatment is not valid, in which case, it might be
better to drop the term “pseudo-direct.”

II. EXPERIMENTAL TECHNIQUES

The reflectance measurements were made with
a sensitive double-beam spectrophotometer pre-
viously described. !® The logarithmic derivative
of the reflectance was obtained by numerical dif-
ferentiation of the reflectance data using a digital
computer. The signal-to-noise ratio was limited
by shot noise in the case of CdSnP,; however, for
the other materials the largest noise source was
variation of the reflected light due to sample vibra-
tion. This noise source becomes important when
the reflecting surface is not smooth and flat. For
CdSnP, the noise in the logarithmic derivative of
the reflectance at 3.8 eV was 0.02 eV with a
resolution of 1.6 A. The observed noise level in
the data from the other materials was 0. 05 eV™!
for ZnSiAs, and CdSnAs,, and 0. 03 eV~!for CdSiAs,.

The CdSiAs, and ZnSiAs, crystals were grown by
Buehler and Wernick by a chemical-transport
technique described previously®; the CdSnP, and
CdSnAs, were grown from a tin solution, as de-
scribed in Ref. 19. The materials are of unknown
purity. The crystallographic planes from which the

¢J. L. Shay, E. Buehler, and J. H. Wernick, Phys.
Rev. B4, 2479 (1971).

reflectance was obtained are {112} planes. The
surface preparation was as follows: ZnSiAs,—
“Syton” polished; CdSiAs,— etched 1 min in meth-
anol—1%-bromine solution; CdSnP,—as-grown sur-
face; and CdSnAs,—as-grown surface. In CdSiAs,
and ZnSiAs, the surface treatment did sharpen the
structure a bit and increased the uv reflectance by
a few percent, but otherwise had no effect. A word
of caution here; too much significance to weak
structure must not be assigned since it may not be
reproduced when higher-purity samples or better
surface treatments are available.

IV. RESULTS

A. General Features

The polarized reflectances and (1/R)dR/dE at
2 K for the four substances studied here are shown
in Figs. 2 and 3, respectively. Only two-thirds of
the intensity in the E Il [111] polarized spectra
comes from the E Il [001] spectra since the reflect-
ing plane is {112}. Ihave not made any attempt to
obtain absolute values for the reflectance because
of the poor quality of the sample surfaces. The
reflectance values given in Fig. 2 are from the
uncorrected raw data. However, the observed
reflectance differs from the true reflectance
by a scaling factor which varies very slowly with
energy, if at all. The logarithmic derivative val-
ues, which do not contain this scaling factor, are
to be taken as absolute.

The reflectance features are about 0.1 eV lower
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K=}

blende materials. It is interesting that the E,
region has a lower reflectivity value than the E,
region, This is in contrast to the II-V materials,
where the E, peak has a higher reflectance than E,.
This ratio could partially be explained by the larger
increase in the E, width in going from zinc blende
to chalcopyrite. In Table V are listed all the ob-
served reflectance structures in common group-
ings according to their energies and polarizations.
The larger number of reflectance structures in
the chalcopyrites as compared to zinc-blende sub-
stances can arise from the lifting of degeneracies :
in zinc blende, which are of two types. These two
types are: degeneracies within the representations
of the group of the % vector (band degeneracies)
and the degeneracy of k vectors within a star of %
(degeneracy of critical points). [For instance, the
star of the X point of T2 is split into two in chalco-
pyrite: X,,(27/a, 0, 0) and X,,(0, 27/a, 0) going to
T(0, 0, 7/a), and X(0, 0, 27/a) to I". ] Additional
structure may also result from indirect transitions
in zinc blende which become allowed in chalcopy-

0.34

0.24

0.38

0,22

REFLECTANCE

0.16

0.12

0.30

T T T T T T T
ZnSiAs, .

A 1

I
20 2.8 3.6 4.4 5.2

0.20 L ! L

ENERGY (eV)

FIG. 2. Polarized reflectance spectra at 2 K. The
spectra for light polarized £l [001] are given by the
dashed line; for light polarized & [111], by the solid
line. The reflecting planes are (112).

v /
-0.8f yy \ .

in energy at 300 K. My data are consistent with ; y } 4 H

those obtained by Shay et al. %% at 300 K by elec-
troreflectance techniques. A comparison of our
data at 300 K and that of Shay et al. shows that the
reflectance and electroreflectance structures are
within 0.02 eV of each other. There are some dif-
ferences between their data and mine as to the
relative intensities of the peaks in the two polariza-
tions. I also observe more structure at 2 K than
that seen in reflectance and electroreflectance at
300 K.

The first feature to note is the appearance of /Al ,’/ vy y
three or more structures in the E; region, in con- -1.0f "l ‘; W 8
trast to the zinc-blende materials for which only -20F i i
two peaks (E; and E, + 4,) are seen. This additional . L
splitting of the E| peaks has been observed in all 20 l 2:8 3.6 4.4 l 5.2
chalcopyrite materials so far. Higher in energy ENERGY (eV)
there is an abundance of structure. There are, FIG. 3. Logarithmic derivative of the polarized re-

however, between 4.0 and 4.5 eV, peaks which ap- flectivity at 2 K. Light polarized E1[001]—dashed line;
pear to be associated with the E; structure of zinc- E| [111]—solid line.
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TABLE V. Energies of structures in the reflectance of
four chalcopyrite materials at 2K.?

ZnSiAs, CdSiAs, CdSnAs, CdsnP,
E, (1) 2.841(Q) 2.62 11(1) 2.13 1()  2.68 (1)
(2 2.99 ,2.69 L) 2.23 2.77
2.72 11 (1)
@ 3.09 1w 3.09 1(1) 2.50 L(1)  2.99 L (1)
(4) (3.23 1L,w 3.20 L(1) 2.70 3.07 L (1)
3.34 1 ‘
Ey 3.45 || 3.08 11(1) 3.40 1 (1)
Eg 3.62 11 (L)
Eg (1) 3.921(1) 3.72 L,w 3.58 L()  4.00 1(1)
2 4.09 () 4,06 ||
E, (1) 4.231(1) 3.92 1(1) 3.81 1)  4.28 L(I)
(2 4.38 1.(1) 4,06 1(1) 3.90 1(1)  4.40 L ()
(3)  4.42 4.25w 4.21 1()  4.48 11
@) 4.70 1 (D) 4.35w 4.37 | 4,62 11 (1)
Ey (1) 4.90 4.65 1 4.59 1(1)  4.881
(2) 4.85 4.68 ||
Weak
structure 372 3.40 5.03

3 (1) signifies that the structure is stronger in Ei[111]
polarized light, but does appear in E [001]; similarly,
for 1 (). The letter w indicates the structure is weak.

rite due to the reduced Brillouin zone. These were
labeled “pseudo-direct” transitions by Shay et al.®
The magnitude of these “pseudo-direct”’ transitions
depends directly on the size of the potentials V(X,)
and V(W,) as discussed in Sec. II. As also dis-
cussed there, the V(X,) potential does not seem to
be large enough to give rise to observable reflec-
tance structure resulting from the I'j5 to X7 “pseudo-
direct” transitions. One could suggest, therefore,
that other transitions allowed by V(X,) are weak in
the absence of accidental degeneracies.

Certainly, lifting the zinc-blende degeneracies
will increase the number of transitions considerably,
and the majority of the observed structure in the
chalcopyrites probably arises from this source.

At this time, though, a definite statement cannot be
made concerning the intensity of “pseudo-direct”
transitions resulting from the chalcopyrite V(W,)
potential. However, the appearance of reflectance
peaks, labeled E., and E,,, in the region of 3.1 to
3.6 eV, in which there is no structure present for
III-V zinc-blende materials, does suggest that

I may be seeing “pseudo-direct” transitions. If
this were the case, their intensity indicates a
sizable V(W,) potential. Definite identification,
though, will have to await further experimental re-
sults and pseudopotential-band calculations.

B. E; Transitions

In the remainder of this section I discuss ex-
clusively the reflectance structure in the E, region.
(Assignments of the higher-energy reflectance
peaks at this time would be premature since so
little is known about the band structures.) The E,;

and E, + A, peaks in zinc-blende materials arise
from A} to A§ transitions along the (111) directions.
Experimental evidence® indicates that a region of
the Brillouin zone from the L point to about (7/a)

%X (0.2, 0.2, 0.2) contributes to the E, reflectance
peaks. The A, splitting is simply the spin-orbit
splitting of A3. In most of the III-V compounds,

we have &, 2A,, the so-called “two-thirds rule.”
If a compression is applied to the [001] axis, the
splitting between the two E; peaks increases to

[(a)?+ 3822, ®

where A, is a product of the tetragonal strain and
the deformation potential b for the E, transitions.
Also upon [001] compression the lower energy E;
transition becomes stronger in 7 (E Il P); and E,
+4,, stronger in ¢ ELD).

One should be able to show how the E; structure
in the chalcopyrites is derived from that of zinc-
blende materials. The effect of the simple tetrag-
onal compression can be determined quite easily.
If one assumes the “two-thirds rule” tobe applicable
and A, to be %k independent, then using the experi-
mentally known values for A, and A, one can es-
timate A, as indicated in column (5) of Table IV
using Eq. (1). (For those materials in which 4,
and A, have not been determined, Iuse 4, of the
corresponding III-V compound.) These calculated
values for A, are only rough estimates, considering
the assumptions made in the calculation. Compar-
ing the splittings of the E; structureslistedin Table
IV with the expected A, I find that there is reason-
ably good agreement except for CdSiAs,, the ma-
terial with the largest tetragonal compression.
[For CdSnP, 4, is estimated to be 0.08 eV; E,(1)
andE(2)are separated by 0. 09 eV; E;(1) and E((2) of
ZnSiAs, are separated by 0. 15 eV; the A (est) is
0.19 eV; and so on. ]

As expected from the simple calculation the E (1)
structure is mainly 7 polarized in those materials
for which polarized spectra are available. The
other spin-orbit-split component, which should be
o polarized, is o polarized for CdSnAs,, but has no
definite polarization in CdSnP,, ZnSiAs,, and
CdGeAs,.

I now come to the more interesting question of
the origin for the additional structure in the E,
region. The striking features of the spectra are
that the E,(1) - E,(2) and E,(3) — E,(4) energy dif-
ferences are approximately equal and that the E,(3)
and E,(4) peaks are strongly o polarized except in
ZnSiAs,. It is apparent that there is an additional
perturbation besides spin-orbit coupling which can
split the E, transitions. In order to discuss pos-
sible sources of this perturbation we must first
go back to discuss the group theory and selection
rules for the E,’s.

As can be seen in Fig. 1, the A line is separated
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into two pieces in chalcopyrite, the zone boundary
occurring at §(n/a)(1,1,1). The A line lies in the
© plane (character table—Table II) and L maps
into the N point (character table—Table I). Due
to the V(X,) and V(W,) chalcopyrite potentials, the
A bands can interact with bands on lines from X
to L and from W to N. Let us consider each of the
two segments of the A line separately, starting
with the A line for #<¥(m/a)(1,1,1). In the absence
of spin-orbit coupling, the A% band of TZ splits into
the 93 and € bands of D}%; the A band becomes
the Q] band. The ] to € transition is polarized
in both o and 7; the © to €, only in ¢. Upon the
addition of spin-orbit coupling £; and £, both split
into Q5+ €,. Thus, the former A3 band consists
of two Q3+ 4 pairs; and the Af band, of one Q3+,
pair. Because of the absence of inversion sym-
metry the Q5+, pair is not required to be degen-
erate. However, in zinc blende the equivalent
splitting (of A} and A%), which is related to the lin-
ear-k term in the I'; band, is of order 10™° eV. One
should also expect the Q3 — €, splitting in chalco-
pyrite to be quite small because of time-reversal
symmetry. Thus, I conclude that this part of the
A line should give rise to two reflectivity struc-
tures, one mainly o polarized, the other 7 polarized.
The band structure around the L point is consid-
erably more complicated. With or without spin-
orbit coupling all bands are doubly degenerate at
N (N,, N4 and Ng, N; are degenerate because of
time-reversal symmetry). The part of the A bands
from ¥(n/a)(1,1, 1) to L are joined by bands along
the X(0, 0, — 27/a) to L(n/a,n/a, — w/a) line of zinc
blende. However, since these two L points are
mapped onto N(n/a, - 7/a, 0), there are bands from
the region around the (7/a, - m/a, 0)pointof T¢pres-
ent here also. Of particular importance is the ob-
servation that the Aj band at L is approximately
degenerate with the T} band at (n/a, 7/a, 0) in the
zinc-blende materials. This means that there are
three Nj bands with relatively closely spaced ener-
gies in the chalcopyrites. This can be seen in the
calculations of Poplavnoi et al.?' The interaction
between the = band at (/a, n/a, 0) and the L§ band,
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which comes about because of the antisymmetric
potential V(W,) very likely shifts the energies of
the L to L§ transitions relative to the Aj to A
transitions. I propose that this is the probable
source of the additional splitting. The interaction
between Lj and £} will also allow some intensity
for the “pseudo-direct” Zj to L§ transition; there-
fore, additional structure may be present which is
due to these “pseudo-direct” transitions.

There have been other suggestions as to the origin
of the E, structure. Shay et al.® assigned the E,(3)
and E,(4) of CdSnP; peaks to “pseudo-direct” tran-
sitions from the T line to the L - W line and to a
“pseudo-direct” X to I transition. The four E,
transitions of CdSnP, were assigned to the N point
by Kavaliauskas etal.'? They suggested that the
0. 08-eV separation between E;(1), E,(3) and E,(2),
E(4) arises from the splitting between N3+ Nj and
N3+NZ. 1argued above that this splitting is likely
to be small. For ZnSiAs,, Kwan and Woolley**
assigned E,(2) and E,(4) to E, and E;+4, on the
argument that the 0.14-eV separation between E;(1)
and E,(2) was too small to be A,.

Once definite identification of the E; structures
can be made, one may be able to say something
about the magnitude of the antisymmetric potential
V(W,), which could provide a useful comparison
with theoretical calculations. To help in the iden-
tification more materials should be studied, in
particular, the phosphides, which have a much
smaller spin-orbit splitting. A much better es-
timate of A, than that provided by Eq. (1) is needed
to provide us with that important parameter. At
this time it is perhaps best to await a pseudopoten-
tial calculation of (1/R)dR/dE to check this hypoth-
esis of an energy separation between the A and L
critical points.
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The electroreflectance spectra of solution-grown Ga,In,_,P alloys were measured at room

temperature in the whole range of composition.

The variation of the E(, E;, E{, and E, ener-

gies with concentration is reported: It is parabolic for E; and E, and approximately linear for
E{ and E,. Except for E; these results agree with the calculation of the band structure by the
dielectric two-band method in the virtual-crystal approximation including the effect of disorder.
The latter effect is found small. For E, the deviation from a linear variation is larger than
calculated. E, exhibits another interesting anomaly: Its spin-orbit splitting is maximum for
x=0.5. Thek- p method is used to calculate some band parameters from our data. The I’

—X conduction-band crossover energy E, and composition x, are accurately determined using
the E vs x curve and the indirect gaps obtained from optical absorption: x,=0,63 +0. 015,

E,=2.14+0.01 eV,

I. INTRODUCTION

The Ga,In;_, P semiconducting alloys form a
continuous, single-phase, solid solution through-
out the whole composition range. They have re-
ceived increased attention recently because of the
large direct band gap attainable. In these ternary
alloys, direct transitions are possible with photon
energies up to 2.15 eV, which makes it a poten-
tially efficient electroluminescent source of light
in the range of highest sensitivity of the human
eye. 13

The energy-band structures of GaP and.InP have
been calculated theoretically*’® and a large number
of experimental results have yielded band-struc-
ture parameters. However, the band structure of
Ga, In,., P is not so well known. There has been

disagreement about the value of the “crossover”
composition x, at which the energy of the I" and X
conduction-band minima becomes equal. From
measurements on diodes, Lorenz ef al.? deter-
mined x,=0.8. Measurements of the band-edge
absorption coefficient as a function of photon en-
ergy by Rodot et al.? determined x.=0. 63, This
value has been confirmed by Williams et al. 8 and
White et al.” using photoluminescence-excitation
spectra, by Hakki ef al.® using hydrostatic-pres-
sure experiments and by photoluminescence at low
temperature. ® However, assigning the cathodo
luminescence peaks at 300 °K to the band gap,
some authors'®!! give x,= 0. 74 with a parabolic-
empirical variation of the direct band gap, E,
=1,34+1,426x+0.758x(x —1). Onton and Chi-
cotka!? estimate that their low-temperature-photo-



