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A simple theoretical model is proposed to explain the recently observed valence-band struc -

ture of CdSnP, and similar chalcopyrite crystals.

The valence bands of a chalcopyrite crystal

are regarded as equivalent to those of a strained version of its binary analog. This model pre-
dicts the signs and magnitudes of the valence-band splittings observed in CdSnP, and ZnSiAs,.
We show further that the quasicubic model explains quantitatively the unusual polarization de-

pendences previously reported.

It has recently been reported® that the polarization
selection rules governing the band-edge electrore-
flectance and photoreflectance spectra of CdSnP,
are opposite to those observed in wurtzite II-VI
semiconductors and to theoretical predictions for
similar chalcopyrite semiconductors. To explain
this result, a new valence-band model was pro-
posed! with the essential feature that the sign of the
crystal-field splitting was opposite to that observed
in wurtzite II-VI semiconductors. It is the purpose
of this paper to provide a theoretical explanation
for the proposed valence-band model, based on a
very simple approximation to the crystal potential
in chalcopyrite crystals. We show that the signs
and magnitudes of the valence-band splittings in
CdSnP, and ZnSiAs, (the only crystals for which
electroreflectance data are available) can be pre-
dicted from the known properties of the binary ana-
logs of these materials (e.g., InP is the binary
analog of CdSnP,). We further show that the quasi-
cubic model, developed by Hopfieldz to explain prop-
erties of wurtzite crystals, can also be applied to
chalcopyrite crystals with the result that the unusual
polarization dependences observed experimentally
can be explained quantitatively.

The valence-band model previously proposed! to
explain the electroreflectance and photoreflectance
spectra of CdSnP, is shown in Fig. 1. The triply
degenerate TI'j5 in zinc blende is split in chalcopy-
rite such that the nondegenerate level T, lies above
the doubly degenerate I's, just opposite to the order-
ing observed in wurtzite semiconductors. The
doubly degenerate state is then split by the spin-

orbit interaction. Hopfield’s? quasicubic model re-
gards the wurtzite crystal-field splitting as equiva-
lent to the splitting produced by a trigonal uniaxial

stress applied to a zinc-blende crystal. The strain
ZINC BLENDE CHALCOPYRITE
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conoucTion T Ty Ty
BAND ’ ? | RS
e "(1): ! :
[
| : IA :1 e
L LA
I R
vaence i v Ty | & |
BAND /f 1 0 T
A A
FIG. 1. Band structure and selection rules at %

=[000] in zinc blende and chalcopyrite for light polarized
relative to the optic axis. A, B, and C refer to the
three peaks observed in electroreflectance spectra (Refs.
1 and 6). For the polarizations shown in parentheses,
the transitions are allowed group theoretically but will
be observed only to the extent that spin-orbit coupling
mixes the unperturbed wave functions. For a finite

A and Ay, the valence-band splittings must be deter-
mined using Eq. (1). For example, the separation of
the I'; and T levels will be equal to Ay only in the

limit that Ay, >> A and will be equal to (3) A,, in the
limit that A, < A,



452 J. E. ROWE AND J.

Hamiltonian®'* is formally the same for both the
trigonal distortion appropriate to wurtzite and the
tetragonal distortion appropriate to chalcopyrite.
Hence we can use the quasicubic model in both
cases. The crystal-field splitting A, and spin-or-
bit splitting A,, parameters of the quasicubic model
are determined from the observed valence-band
splittings. Within this model, the energies of the
T'; levels relative to the I'y level (see Fig. 1) are
given by’

Eya=+3(Ag0+8g)% %[(A.0+Acz)z-§' A.oAcf]”z. 1)

Applying Eq. (1) to experimental data for CdSnP,!
and ZnSiAs,® presented elsewhere, we determine
the experimental values shown in Table I. Although
the I';—~ I'g transitions in Fig. 1 are allowed in both
polarizations, it was observed both in CdSnP,! and
in ZnSiAs,® that the lowest-energy transition (peak
A) was strongly polarized EIl Z. We now present

a simple model for the crystal potential in chalcopy-
rite which quantitatively explains this unusual po-
larization dependence as well as the observed
splittings summarized in Table I.

Although the atomic positions in chalcopyrite are
almost identical to those in zinc blende, there are
three contributions to the noncubic crystal potential:
(i) The ordering of the metal cations relative to
one another is such that the unit cell is doubled
along the optic axis; (ii) the anions are not located
at (§, 1, %), etc., positions, but are slightly dis-
torted; and (iii) the chalcopyrite lattice is slightly
compressed along the Z axis. We find that this
compression along the optic axis dominates the
other two noncubic potentials in determining the or-
dering of the valence bands in both CdSnP; and
ZnSiAs,. The effects of the first two contributions
have been calculated for ZnSiAs,’ and produce a
splitting having the opposite sign and a magnitude
~ 30% of the compressional splitting. Thus we ex-
pect the present model to slightly overestimate the
crystal-field splittings (see Table I).

Insofar as the ordering of the valence bands is
concerned, the chalcopyrite lattice can be regarded
as a strained version of its binary analog. In other
words, we assume that the valence-band structure
of CdSnP, is equivalent to that which would occur

TABLE I. Comparison of experimental results and
theoretical predictions of the quasicubic model for the
valence-band structure of CdSnP, and ZnSiAs,.

A,, (eV) Acf (eV) Iu/Ii
A B C
CdsnP, Experiment® 0,10 -0.10 =20 ~0.2 ~0.1
Theory 0.11 -0.12 20 0 0.3
ZnSiAs, Experiment® 0,28 -0.13 9 ~0 ~0.5
Theory 0.31 -0.16 8.5 0 0.5

i Reference 1. PReference 6.
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FIG. 2. Ratio of the strengths of transitions from

a given I'; valence band to the I'y conduction band for
light polarized, respectively, parallel or perpendicular
to the optic axis. The solid line is the theoretical re-
sult of the quasicubic model from Eq. (2). The ex-
perimental points are taken from the A (solid circle,
solid triangle) and C (open circle, open triangle) peaks
of electroreflectance and photoreflectance data. E is
the energy of a I'; valence-band state relative to the

Tg level, and A, is the spin-orbit splitting parameter.

in InP, could one strain InP sufficiently to produce
the observed lattice constants of CdSnP,. Naturally
this model will be inadequate to explain phenomena

‘which become allowed in chalcopyrite due to the

doubling of the unit cell along the optic axis. In
this approximation, the spin-orbit splitting A, pre-
dicted for CdSnP, would be the value measured in
InP,® A, Similarly for ZnSiAs, A,, would be
equal to the average of the A; values measured in
GaAs® and AlAs. Since A, has not been measured
for AlAs, we have used Herman’s® theoretical value.
Our theoretical values for A, predicted for the ter-
naries are shown in Table I and are in very good
agreement with the experimental results.

It has been well established experimentally
that uniaxial compression of a cubic material splits
the valence bands, producing an ordering of the en-
ergy levels in agreement with the I’y and T'; levels
in Fig. 1. Using the known deformation potential
describing this splitting in InP, !! and the lattice
constants of CdSnP,, !? we predict a crystal-field
splitting of — 0.12 eV for CdSnP,. Similarly, we
predict a crystal-field splitting of — 0.16 eV for
ZnSiAs, using only the deformation potential for
GaAs, ! since it is not available for AlAs. It can
be seen in Table I that both theoretical values are
very close to the experimental values. From the
agreement between theory and experiment shown
in Table I we conclude that the valence-band struc-

4,10,11



3 EXTENSION OF THE QUASICUBIC MODEL ...

tures of both crystals are essentially the same as
would occur in strained verisons of their binary
analogs. "

We mentioned earlier that the model in Fig. 1
was originally proposed® to explain the experimental
observation that the lowest-energy I';— I'g transition
(peak A) was strongly polarized E Il Z in CdSnP..

It is at first surprising that the A peak is polarized
Ell Z, since we see on the right-hand side of Fig. 1
that all transitions are either polarized E L Z or

are allowed for both polarizations. This apparent
anomaly is readily explained by the quasicubic mod-
el, and is in fact the principal success of the theory.
For this model the ratio of the strengths of transi-
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tions from a given I'; valence band to the I'y conduc-
tion band for light polarized, respectively, paral-
lel or perpendicular to the optic axis is given by

1,/1,=(2-3E/A,)?% , (2)

where E is given by Eq. (1). For the A peak in
CdsnP,, E=-0.08 eV, A,,=0.10 eV, and Eq. (2)
predicts that I, /I,= 20 in good agreement with ex-
periment.! Equation (2) is shown as the solid line
in Fig. 2, and the points represent the experimental
intensity ratios for the A and C peaks of CdSnP,
and ZnSiAs,.® The quasicubic model quantitatively
explains the observed polarization dependences.
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Microwave phonon attenuation at 9.3 GHz in n-type silicon has been measured between 2
and 100 K. The excess attenuation observed in impure samples is attributed to conduction

electrons.

The intervalley relaxation time is determined from these results for Sb- and As-

doped silicon with impurity concentration between 3 x10'7 and 2x10'® cm™, A large excess
attenuation, not accounted for by any existing theories, is observed at low temperatures in

nondegenerate samples.
from electrons in impurity states.
results at low temperatures.
is found experimentally.

I. INTRODUCTION

In the last decade, high-frequency ultrasonic tech-
niques have become increasingly useful for studies
in solid-state physics. !*> One phenomenon that can
be investigated in this manner is intervalley scat-
tering in many-valley semiconductors. In conven-
tional transport experiments, the effect of inter-
valley scattering appears only as a small perturba-

The discrepancy between experiment and theory is thought to arise
It is suggested that hopping conduction may explain our
No specific influence of impurity band formation on attenuation

tion on the background of intravalley scattering,
which has a much higher probability; thus, the in-
tervalley contribution is difficult to evaluate. Con-
versely, ultrasonic attenuation in doped material
strongly depends on the intervalley relaxation time.
The strain-induced variation of their energy causes
the electrons to undergo transitions to lower states.
This relaxation takes a finite time and, therefore,
some power will be lost by the ultrasonic wave to



