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We study the electronic energies of the random zinc-
blende compounds MpX3 by the dielectric theory and
the virtual-crystal empirical pseudopotential method.
The properties of these materials result to be inter-
mediate between those of their III-V and II-VI ana-
logs with weights 0.6 and 0.4, respectively. The
main reflectivity peaks are interpreted as direct
transitions at the points I'y, L. and X. Weaker struc-
tures correspond to the predicted T'-L and I'-X pseu-
dodirect gaps.

The III-VI binary compounds of M=Al, Ga, In and X=3, Se, Te gene-
rally have one of the two chemical formulas MX and MpX3. While the
MX compounds crystallize in layer structures, the MpXz ones are te-
trahedrally coordinated and their structures strongly resemble those
of zincblende and wurtzite [1l]. These crystals are the simplest
example of semiconductors with completely satisfied chemical valen-
cies but with a large number of vacant cation sites. The cation va-
cancies can be ordered (low temperature phase with very large unit
cell) or fully random at higher temperatures. Although experimental
work has been done on their structural, electrical, optical and vi-
brational properties no theoretical work has yet been published.

In this work we present the results of a theoretical investiga-
tion of the compounds GapS3, GapSez, GapTesz and InpTez which at high
temperature have the simplest possible structure, i.e. random spha-
lerite. The fundamental interband transition energies are first
estimated from the Phillips-VanVechten dielectric theory [2] by ap-
propriately averaging the properties of III-V and II-VI analogs and
then they are calculated by the empirical pseudopotential method
taking the cation disorder into account via the virtual-crystal
approximation. The results of the two methods are similar and indi-
cate that the properties of MyXz compounds are a weighted average
between those of the III-V and II-VI analogs with weights 0.6 and
0.4, respectively. The most intense reflectivity peaks correspond
to the calculated direct interband energies at the points T', L and X
of the Brillouin zone. Some weak structures in the reflectivity spec-
tra could be interpreted as indirect I'-X and T'-L virtual-crystal
transitions which are allowed by cation disorder even without phonon
assistance (non-direct or pseudo-direct transitions). _

We first calculate the main optical gaps Eg, E1, E2 and the in-
direct T'-L, I'-X transition energies from the Phillips-VanVechten di-
electric theory by assimilating the MyX3 crystals to virtual tetra-
hedral AB compounds. The virtual system is defined as a zincblende
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crystal obtained by averaging, with weights x and (1-x), respec-
tively, the "isoelectronic" III-V and II-VI analogs, i.e. GaP-ZnS

for GapSz, GaAs-ZnSe for Ga28e3, GaSb-ZnTe for Ga2Te3 and InSb-CdTe
for InpoTe Following the basic assumptions of the dielectric theory,
the weighting factor x is determined from the observed optical di-
electric constants. The only value available is sw(In2Te3) = 10.3 [3]
from which we derive x = 0.52. Better overall agreement with the ex-
perimental optical data of all compounds is obtained with a somewhat
larger value of x and therefore we have decided to use x = 0.6. The
resulting average values of the ionic energy gap C and of the d-
character correction factor Dgy are given in the Table together with
the spin-orbit splitting A, and the lattice constant a. All values
of a are taken from [1]except a (GapS3z) = 5. 24 A which is an average
taken from [4]. Publlshed values of the lattice constant of GagS3
range from 5.17 A [5] to 5.42 & [6]. The predictions of the dieléc-
tric theory for the fundamental energy gaps are also given in the

Table and will be discussed later on.

Table Values of the parameters used in the calculations and of the

calculated transition energies in eV. Experimental transition ener-

gies correspond to the position of the strongest reflectivity peaks

corrected for spin-orbit effects. All data are from [9] except those
indicated (a) which are from [10].

Crystal a(R) C(eV) Dy, A (meV) E, Ey Ey E, I-L I-X

diel. 3.4 4.7 6.5 6.8 3.7 4.6

GayS3 5.24 4.5 1.14 100 pseud. 2.6 4.5 6.1 6.3 3.7 L.2
exp. 2.6 4.5 6.7 6.7

diel. 2.0 3.8 5.9 6.2 2.8 3.

GapSez ~ 5.41 4.0 1.21 380 pseud. 2.0 4.1 5.8 6.2 3.4 u.g
exp. 2.1 3.9 6.3 6.3

diel. 1.3 3.0 4.7 4.9 1.9 2.6

GagTez ~ 5.87 3.0 1.27 850 pseud. 1.4 2.9 44 51 2.2 3.1
exp. 1.4 2.8 4.5 5.4

diel. 0.6 2.7 4.5 4.8 1.8 2.9

InpTe;  6.14 3.2 1.37 860 pseud. . 1.3 2.9 4.2 5.2 2.3 3.i
exp. 1.4 2.4 4,3 5.2
(a) (a) (a)

We now calculate the energy bands of the M2X3 random-sphalerite
compounds by the empirical pseudopotential method. The cation vacan-
cy disorder will be handled via the virtual crystal approximation
(VCA) [7] which in the past has been successfully used to treat the
cation disorder in homogeneous III-V and II-VI semiconducting alloys.
Deviations from the VCA are expected to be larger in our case since
we average between group III cations and vacancies (i.e. we average
over both the long-range and the short-range parts of the atomic po-
tentials) whereas for homogeneous alloys the average is between atoms
of the same valence (i.e. over the short-range part only). We replace
the MpXz crystal with its VCA perfect-zincblende analog in which all
cation sites are occupied with "atoms" whose potential is 2/3 that
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of the real cation M. The empirical pseudopotential calculations
have been performed with the method and the local atomic pseudopo-
tentials proposed in [8] except for the S atom whose y parameter
has been increased from 1.853 a.u. to 1.93 a.u. in order to improve
the agreement with experimental data for GapS3z. We use Penn model
for the diagonal valence screening and simulate ionic charge-trans-
fer screening with effective anion and cation charges Z%, Z* which
are determined by a fit to the lowest energy gap Ey. The vaiues

used are z% = 5.3, Z§ = o except for In2Te3 where we use Z4 = 5.2,
z§ = 2.8. The ?esulting energy gaps are given in the Table where they
are compared with experimental data [9,10]. The VCA energy bands of

GapSes and InpTes are represented in the Figure.
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Figure Pseudopotential energy bands of GapSez and InpTes

The theoretical results reported in the Table do not contain the
effects of structural disorder. These can be included by treating
the potential fluctuations by perturbation theory as explained for
homogeneous alloys in [11]. The effects of the short-range potential
disorder are in the range 10 - 100 meV [11l] and can be neglected for
our purposes, those of long range disorder can be estimated by com-
paring chalcopyrite compounds with their III-V or II-VI analogs as
explained in [12] and should not exceed 0.3 eV. The latter figure
must be kept in mind when comparing theoretical and experimental
energy gaps. Cation-vacancy disorder is also expected to produce
qualitative effects. Similary to amorphous semiconductors [13] and
homogeneous semiconducting alloys [14]1, disorder will allow non-di-
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rect or pseudo-direct optical transitions, i.e. zero-phonon non-ver-
tical optical transitions. The optical spectra of random M2X3 com-
pounds can therefore present structures corresponding to transitions
which in VCA are indirect and therefore forbidden. This is the rea-
son why in the Table we have included the indirect T'-L and TI'-X ener-
gy gaps.

According to our calculations all materials are direct at the T
point including GapSz which is intermediate between GaP and ZnS which
are indirect and diréct, respectively. The direct energy gaps ob-
tained from the pseudopotential calculation generally differ from the
dielectric ones by not more than 10%. This agreement on four mate-
rials with rather different lattice constant and ionicity is very
satisfactory since the dielectric results should be much less sensi-
tive on structural approximations. Notable exceptions are the Eo gaps
in InpTez and GapSz. In the former case the dielectric result must
be considered less accurate since it is very sensitive to the para-
meter Dgy (reducing Dgyv to 1.36, the value of Eg increases to 0.7 eV).
The disagreement for GapS3 is not understood at present. The pseudo-
potential result has been adjusted to the experimental value quoted
in the Table and which to our knowledge is the only available for the
random sphalerite phase. The optical threshold measured in the orde-
red wurtzite structure is 3.4 eV [15] which is the dielectric result.

The indirect-gaps predicted by the two models show larger diffe-
rences (£20%). Extending the statistical analysis made by VanVechten
[2] the dielectric results should be more accurate. In the Table we
have not reported the experimental values of the non-direct gaps. The
reflectivity spectra indeed show structures at the predicted energies
[9] but these are broad and weak.

According to our interpretation of the reflectivity peaks, spin-
orbit splittings have been observed only in the spectrum of InpTe3s
and at the E, gap in GapTez. It is not yet established if in all
other cases the splittings have not been resolved because of the in-
trinsic vacancy disorder or due to the poor quality of the samples.
The former explanation is supported by the infrared reflectivity
spectra [3,4] which show richer structures for the ordered phases.
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