
VOI.UME 24, NUMBER 23 PHYSICAL REVIK%' LETTERS 8 JUNs 1970

We wish to thank A. H. Meitzler for help and
advice concerning the transducers, W. J. Nowo-
tarski and S. Bortas for fabricating the transdue-
ers, and%. R. Wolff for technical assistance in
the measurements. We also wish to acknowledge
helpful suggestions by A. Ashkin, D. A. Klein-
man, and M. Lax.

'D. F. Nelson, G. D. Boyd, and F. B.Nash, Bull. Am.
Phys. Soc, 14, 858 (1969).

2S. K. Harris, H. W. Wallace, and C. F. Quate, IREE
J. Quantum Electron. 4, 854 (1968), and unpublished
report.

3D, F. Nelson and M. Lax, to be published.
J. J. Wynne and N. Bloembergen, Phys. Bev. 188,

1211 (1969).
W. D. Johnston, Jr., and I. P. Kalninow, Phys. Rev.

188, 1209 (1969}~
J. H. McFee, G. D. Boyd, and P. H. Schmidt, to be

published.
G. D. Boyd and D. A. Kleinman, J.Appl. Phys, 39,

8597, (1968).
T. B. Bateman, H. J. McSkimin, and J. M. Whelan,

J, Appl. Phys. 80, 544 (1959); R. W. Dixon, J.Appl.
Phys. 88, 5149 (1967), quotes vz ——8,82x10 cm/sec.

The coefficient f2~2@ was unobservable and differs
from the preliminary measurement (Ref. 1) because of
birefringence in the output narrow-band filter which up-
set the necessary polarization selection on the output
beam,

A. Feldman and D. Horowitz, J. Appl. Phys. 39,
5597 (1968).

K. G. Hambleton, C. Hilsum, and B. R. Holexnan,
Proc. Phys. Soc. (London} 77, 1147 (1961).

D. A. Kleinman, Phys, Rev. 126, 1977 (1962).

NEGATIVE CRYSTAL- FIELD SPLITTING OF THE VALENCE BANDS IN CdSnP2
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The polarization selection rules governing the band-edge electroreflectance and photo-
reflectance spectra of CdSnP2 are opposite to those observed in wurtzite II-VI semicon-
ductors and to theoretical predictions for similar chalcopyrite semiconductors. This re-
sult is explained by a new valence-band model with the essential feature that the sign of
the crystal-field splitting is opposite to that observed in wurtzite II-VI semiconductors.

The II-IV-V, compounds are ternary semicon-
ductors which normally crystallize in the chalco-
pyrite structure. They have physical properties
similar to the familiar diamond, zinc blende, and
wurtzite semiconductors by virtue of their tetra-
hedral coordination. " It is reasonable, there-
fore, to expect that the optical and electronic
properties of the chalcopyrite crystals can be
predicted by extrapolating from the well-under-
stood binary semiconductors. Although this as-
sumption has been invoked often in the interpreta-
tion of various experiments, ' ' it has never been
placed on a sound experimental basis.

It was the original purpose of this work to es-
tablish the viability of this assumption by mea-
suring the electroreflectance and photoreflec-
tance spectra of CdSnP„and interpreting these
spectra in terms of a slightly perturbed zinc
blende band structure. Instead, we have found
that the polarization dependences of the electron-
ic transitions from the valence-band maxima to

the lowest conduction-band minimum are oppo-
site to those which have been predicted theoreti-
cally" for similar chalcopyrite crystals. The
polarization dependences which we observe in
CdSnP, are opposite to those observed in wurt-
zite II-VI semiconductors. To explain our re-
sults we propose for CdSnP, an ordering of the
valence bands in which the chalcopyrite perturba-
tion produces a negative crystal-field splitting
of the valence-band maxima. The triply degener-
ate ~» in zinc blende is split in CdSnP, such that
the nondegenerate level I'4 lies above the doubly
degenerate ~„just opposite to the ordering ob-
served in II-VI wurtzite semiconductors. ' The
doubly degenerate state I', is then split by spin-
orbit coupling. We conclude that the chalcopyrite
crystal potential has significant effects on the
electronic structure.

In Fig. 1 we present the electrolyte electrore-
flectance' spectra near the fundamental edge of
solution-grown' ' CdSnP, measured, respective-
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FIG. 1. Room-temperature electroreflectance spec-
tra for light polarized relative to the optic axis. Vd,
=3.0 V; V~c =1.0 V peak to peak.
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ly, for light polarized parallel and perpendicular
to the optic axis. In Fig. 2, we present the pho-
toreflectance spectra measured using a He-Ne
laser to modulate the reflectance. As is usually
the case" the photoreflectance spectra are
sharper, though weaker, than the electroreflec-
tance spectra, and of opposite sign. For both
experiments the surfaces were prepared by Sy-
ton" polishing a natural face to remove surface
damage. The natural faces were (112j planes as
was established by I aue x-ray photographs which
showed the expected pseudothreefold symmetry.
In this plane, it is possible to polarize entirely
E&Z, but not E~~Z. Consequently in Figs. 1 and
2, Ej~Z is only nominal and, in fact, only 2 of
the intensity lies parallel to Z. The platelets
were too thin to be prepared in any other orienta-
tion.

The spectra of Figs. 1 and 2 show three major
peaks at 1.17, 1.25, and 1.33 eV due to transi-
tions to the conduction band from three closely
spaced valence bands. These peaks are reason-
ably close to the band gap of InP (1.34 eV), ' the
binary analog of CdSnP, . However the lowest-en-
ergy transition (peak &) is polarized E ~~Z, oppo-
site to the polarization dependence observed in
the wurtzite semiconductors" CdS, CdSe, ZnS,
ZnSe, and ZnO and to theoretical predictions"
for similar chalcopyrite semiconductors. The
orientation of the CdSnP, crystals was readily
determined by inspection of their habit of growth. '"
Nonetheless, the location of the optic axis was
confirmed by measuring the angles of x-ray dif-
fraction with a precision of a few minutes of arc.

I
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Flo. 2. Boom-temperature photorefleetance spectra
for light polarized relative to the optic axis.

Although the data in Figs. 1 and 2 clearly show
that peak A is polarized E

~~ Z, the polarization
dependences of the peaks & and t-" are less clear.
Superficially it would appear that the 8 peak is
extinguished for E

~~
Z in electroreflectance (Fig.

1) but not in photorefleetanee (Fig. 2). We be-
lieve that this apparent discrepancy is due to a
cancellation of the B peak and a higher-energy
oscillation of the & peak in electroreflectance
for E ~lZ. Notice that in the photorefleetance
(Fig. 2), the narrower line shapes cause this
higher-energy oscillation of the & peak to fall
midway between the & and B peaks, and there-
fore the & peak is observed for E

~~ Z. A similar
explanation probably explains the discrepancy
between Figs. 1 and 2 regarding the C peak. The
polarization dependencies of the & and C peaks
are further complicated by the experimental re-
striction that E

~~
Z is only nominal.

To explain the polarization dependences ob-
served in Figs. 1 and 2, we propose the valence-
band model shown in Fig. 3. In passing from
zinc blende to chalcopyrite, the reduction in
symmetry causes the ~» valence band to split
into a doubly degenerate I „ lying below the non-
degenerate ~,. The polarization selection rules
for optical transitions are as shown in the figure.
The occurrence of this negative crystal-field
splitting probably results from an interaction be-
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FIG. 3. Band structure and selection rules at k = (000)
in zinc blende and chalcopyrite for light polarized rel-
ative to the optic axis. This model is proposed to ex-
plain the observed polarization dependence of the elec-
troreflectance and photoreflectance data. For the po-
larizations shown in parentheses the transitions are
allowed group theoretically, but will be observed only
to the extent that spin-orbit coupling mixes the unper-
turbed wave functions.

tween the I", and I4 bands and new states which

occur at I' in the chalcopyrite structure due to
the smaller Brillouin zone. ' With the inclusion
of spin-orbit coupling, I', splits into I', and ~„
and the polarization selection rules are some-
what relaxed. However, the transitions for the
polarizations shown in parentheses are allowed
only to the extent that the perturbation mixes
the unperturbed wave functions. Hence in the
limit of weak spin-orbit coupling, the I", degen-
eracy is split, but the polarization dependences
are not appreciably altered. Transitions from
the uppermost valence band will be polarized
predominantly E IIZ, as we observe experimen-
tally, even though transitions are also allowed
for E&Z. Of course, this argument regarding
the parentage of the states prior to the inclusion
of spin-orbit coupling is exact only in the limit
that the spin-orbit splitting is much less than the
crystal-field splitting. Nonetheless, detailed
calculations" using Hopfield's quasicubic model"
show that transitions from the uppermost valence
band are weak for &-L~ even though the crystal-
field and spin-orbit splittings are comparable
in CdSnP, . We suggest that transitions from
the I', states in CdSnP, retain the polarization
of their parentage to a larger extent than in
wurtzite II-VI semiconductors as the spin-orbit
interaction is turned on, because the negative
crystal-field splitting in CdSnP, prevents the &7

levels from approaching or crossing each other.
In constructing the valence-band model shown

in Fig. 3, we have ta,citly assumed that the di-
rect transitions observed in Figs. 1 and 2 occur
at k =(000) and represent the lowest energy di-
rect band gap. This assumption is consistent with
with the band structure of InP, the binary analog
of CdSnP„which has a direct band gap at k
= (000) at 1.34 eV. Further supporting evidence
is obtained from unpublished transmission data
(unpolarized) which show a very abrupt absorp-
tion edge between 1.10 and 1.06 p. m. Lastly, the
model in Fig. 3 leads to several predictions
which can be checked independently: (1) The low-
temperature luminescence should be polarized
E II Z; (2) the absorption edge should lie at short-
er wavelengths for E&Z than for EIIZ; and

(3) the conduction-band effective mass should
display a measurable anisotropy, since the split-
ting of the A and 8 peaks is -7% of the band gap.
Preliminary photoluminescence experiments, to
be reported in detail elsewhere, show that the
band edge "exciton" emission is strongly polar-
ized EIIZ a,t 1.7 K.

In conclusion, the polarization dependences of
electroreflectance a,nd photoreflectance spectra
of CdSnP, are opposite to those observed in
wurtzite II-VI semiconductors and to theoretical
predictions for simi. lar chalcopyrite semiconduc-
tors. To expla, in these observations we propose
a valence-band model with the essential feature
that the sign of the crystal-field splitting is op-
posite to that observed in wurtzite II-VI semi-
conductors. The occurrence of this negative
crystal-field splitting probably results from an
intera. ction between the valence-band maxima
and new states which occur at j" in the chalcopy-
rite structure due to the smaller Brillouin zone.
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EXCITONIC EFFECTS ON THE E, AND E,+~, TRANSITIONS IN InAs
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The metamorphism of critical points due to Coulomb interaction, predicted by the theo-
ry of Toyozawa, has been determined experimentally through a careful examination of
the temperature dependence of the line shapes of the &~ and K~+4~ structure of InAs. Be-
sides, it has been possible to determine the shift coefficient B~ /BT ——-5.5x10 eV/'K
and the broadening parameter BI'/BT =+ 0.9 x 10 eV j'K of the Fi structure.

The E, and E, + &, spin-orbit-split doublet,
that appears in most zinc-blende semiconductors
in the 2-3 eV region, has been quite conclusively
identified as due to optical transitions associated
wi. th M, critical points (c.p.) located in the (111)
directions of the Brillouin zone. " Qn the other
hand, several authors' ' have observed that elec-
troreflectance, thermoreflectance, and wave-
length-modulated reflectance spectra in the &,
region cannot be simply explained in the frame-
work of the one-electron theory with lifetime
broadening correction, and have suggested that
Coulomb interaction should be responsible for
the observed discrepancies.

In a series of papers„Toyozawa et al. ' have
tried to take into account the effects of the exci-
tonic interaction on the optical spectra of solids
by replacing the attractive Coulomb potential
with a. finite-range potential. On the ba.sis of this
model, they have predicted the mixing of M, and
M,. +, line shapes as a consequence of the attrac-
tive intera. ction between holes and electrons.

Through a careful examination of the thermore-
Dectance line shape at different temperatures of
the I"-', and E, + &, structure of InAs, we have

been able to determine the energies x~ and the
broadening parameters ~ of both c.p. , as well
as their derivatives as a function of temperature.
Besides, the analysis of these data yields full
evidence for the metamorphism of the Van Hove
singularities (~„M, mixture) according to the
predictions of Toyozawa.

The thermoreflectance spectra of etched crys-
tals of InAs (n type, with Nn N„= 10"/cm-') were
taken with the usual technique of phase-sensitive
detection, at ten temperatures ranging from 74
to 397 K, and for photon energies between 1.8
and 4.0 eV. All the spectra were measured at
near normal incidence using light from a 500-
mm Bausch @ Lomb monochromator with a band-
width of I2 A. The thermal modulation was ob-
tained by sending current square waves at 7 Hz
through the sample and never exceeded 1'K in
amplitude, as determined by the modulated infra-
red emission of the sample. All spectra of ~/
A were processed by Kramer s-Kronig transfor-
mations in order to obtain &&„and &&; separate-
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The values of n and k used in our computation
were taken from the room-temperature data of


