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Various optical and electrical properties of the I-III-VI2 compounds CuGaS2 and CuInS2 have
been studied. From the results of low-temperature luminescence and ref lectivity, both crys-
tals are determined to have a direct band gap. The band gaps at 2'K are 2.53 eV for CuGa82
and 1.55 eV for CuIn82. CuInS2 has been made conducting both n and. p type, vrhile CuGa82 has
been made p type only. Electroreflectance measurements have been performed in an attempt
to determine the band structure. The highest valence band appears to be a doublet rvith a
1Rrge admixture of Cu 3d %'Rve functions.

I. INTRODUCTION

The I-III-VI3 sulphides a,re ternary analogs of the
familiar II-VI compounds ZnS and CdS. Very little
is known of either the electrical or optical proper-
ties of this class of materials. They are tetrahe-
drally coordinated semiconductors which crystallize
in the uniaxial chalcopyrite structure. Since some
of these compounds display large birefringence,
they are potentially interesting as nonlinear optical
materials ' as well as semiconductors. Inthe pres-
entpaper, we have studied opticaland electricalprop-
erties of melt-grown single crystals of Cuoa83 and
CuInS~. We have determined that they are direct-
band-gap materials which are capable of controlled
doping. In addition, we present electroreflectance
and photoreflectance studies in an attempt to under-
stand the band structure. The only previous work
on the present compounds was performed on powders
and polycrystals. * Single crystals of othex I-III-
VI2's have been briefly studied. '

Low-temperature optical studies show that in the
wavelength vicinity of the absorption edge there are
both sharp photoluxninescence lines and ref lectivity
anomalies. The presence of ref lectivity anomalies
and luminescence at the same wavelength is unam-
biguous evidence that the crystals have direct en-
ergy gaps. These observations enable the deter-
mination of the band gaps at 2 K'to be 2. 53 eV for
CuoaS2 and 1.55 eV for CuInS2.

The band structure of these compounds is a com-
plicated problem. As occurs in other copper com-
pounds, the Cu 3d bands are expected to contribute
appreciably to the highest valence band. The d-band
mixing is probably responsible for the large down-
shift in the energy gap of the copper compounds
(- l. 5 eV) with respect to the II-VI analogs, and
results in a valence-band structure unlike any pre-
viously observed in a "diamondlike" semiconduc-
tor.

Similar to the II-VI compounds, significant
changes in electrical conductivity are achieved by
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annealing for relatively short times in one of the
constitutent elements. The as -grown crystals vary
from p type to semi-insulating. The semi-insulating
crystals are readily made moderately conducting p
type by annealing under maximum sulfur pressure.
Annealing under minimum sulfur pressure (i.e. ,
maximum cation pressure) yields n-type material
in CuInS2, but not in CuGaS2. Some doping experi-
ments were attempted, and the results will be de-
scribed.

II. CRYSTAL GROWTH

Crystals of CuGaS, and CuInS, have been grown
by slowly cooling melts of stoichiometric composi-
tion. The ingots obtained from a melt of CuGaS2
heated to the softening point of fused silica were
not homogeneous and consisted of crystals of orange
and dark orange color. All crystals studied here
formed a chalcopyrite-type phase. The lattice
constants for the orange crystals, which crystal-
lized first according to inspection, are a = 5.328 A
and c=10.462 A, and those for the dark crystals
are slightly larger, a=5.351 Aand c=10.484 A.
Belova et a/. investigated quenched samples of the
system Cu~ „Gaj,„~3S& and determined the phases
present and their lattice constants. From their
Fig. 1, compounds with the chalcopyrite structure
form in the range x=0-0. 13, and-disordered zinc-
blende phases with vacancies form near x = 0.75 or
CuGa, S8. Comparing the lattice constants of the
orange and the dark crystals with their data, we
conclude that the orange crystals are close to the
composition Cuo 88Ga& 04S2 or x= 0.12, and the dark
crystals are close to stoichiometric CuGaS&. The
fact that the orange crystals form at the beginning
of the crystallization process indicates that CuGaS,
does not melt congruently. From the inspection of
the ingots, we have the impression that we do not
obtain under our conditions any intermediate phases
between the orange and the dark crystals as reported
for quenched samples by Belova et al. The melting
temperature of CuGaS2 lies near 1200'C. CuInS2
crystals were obtained in a similar way. Deter-
mination of the lattice constants of different spots
of an ingot gave the same value a = 5. 52 A and e
= 11.13 A and did not indicate deviations from stoi-
chiometry comparable to those found in CuGaS~.
The lattice constants obtained for both compounds
are in satisfactory agreement with the results of
Hahn et al. The stoichiometry problems and the
crystallization process are still under investigation,
and a detailed report will be given elsewhere.

III. EXPERIMENTAL

The crystals studied in luminescence and reflec-
tivity had either "as-grown" or irregularly cleaved
faces. We have had little success observing exci-
tons from surfaces which were mechanically pol-

ished and subsequently chemically etched. (Etches
such as warm phosphoric acid and 1:1 HCl-HNO,
were attempted. ) The luminescence and ref lectivity
were obtained in an immersion Dewar with liquid
nitrogen (77 K), liquid hydrogen (20 K), or liquid
helium pumped below the X point (2 'K).

For luminescence studies the excitation source
was either a 50-mW He-Cd laser at 4416 A
(CuGaS2), or a 50-mW He-Ne laser at 6328 A
(CuInS2). The lasers were usually attenuated, since
the sharpest lines were obtained with the minimum
pump power. For ref lectivity measurements, a
well-apertured and attenuated 100-W tungsten-
iodine source was employed. The light was focused
and reflected off the crystal at the small angle from
the normal. Band-pass filters (Corning 4-97 and
7-69) were employed to limit the wavelength range
reflected from the sample. For both ref lectivity
and luminescence studies, the light was dispersed
by a —,'-m Spex spectrometer and recorded photo-
electrically. The maximum slit widths employed
jn the visible were -1 A (CuGaS, ) and - 2 A in the
infrared (CuInS2).

Electrolyte electroreflectancea measurements
were performed on oriented samples which had
been annealed, as described below, in order to
achieve sufficient conductivity. The surfaces were
given a final preparation of fine polish and etch. In
addition, photoreflectance measurements were
performed at 77 'K using the 6328-A laser line from
the He-Ne laser or the 3511-A line from the argon
ion laser. Surfaces for photoreflectance were either
as-grown or cleaved.

IV. ELECTRICAL PROPERTIES

The as-grown crystals of both CuGaS, and CuInS,
varied from semi-insulating to moderately p type.
The orange variety of CuGaS2 was invariably semi-
insulating, while the dark crystals often had mea-
surable p -type conductivity. Annealing and doping
experiments were performed in order to determine
if the crystals could be made highly conducting p
and/or n type

It is well known that the electrical properties of
II-VI compounds are greatly changed by variations
in stoichiometry. For example, CdS is readily
changed from low-resistivity n type to semi-in-
sulating and vice versa by alternately annealing a
sample under high S pressure and Cd pressure,
respectively. On the other hand, CdTe can be
converted from n to p type and from p to n type by
alternately annealing in Te and Cd, respectively. "
Completely analogous to CdTe, CuInS2 can be made
highly conducting p type (- 5 0 cm) by annealing in
S, and can be converted from p to n type by anneal-
ing under minimum S pressure. Qn the other hand,
CuGaS2 can a1so be made P type by annealing under
maximum su1fur pressure, but minimum sulfur
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pressure yields only semi-insulating material
(p &10' Acm). CuGaS, can be readily made p type,
while some compensation mechanism appears to
limit the g-type conductivity. Such limits are well
known in the wide-band II-VI compounds.

Annealing and diffusion experiments were per-
formed by sealing an etched crystal (1:1 HCl
+HNO~) in a flamed-out quartz ampul (-1-in. length)
which was then placed in the center of a 12-in. oven.
The crystals were quenched to room temperature
in a water bath. Anneals were ca~ried out under
maximum sulfur pressure or with maximum cat-
ion pressure. Since the vapor pressure over the
cations (Cu, In, Ga) is apparently not large enough
to prevent the crystals from partly decomposing,
it was necessary to include powder of the crystal
along with the cations. The experiments were per-
formed at -700 'C for times of 24-72 h. The crys-
tals were typically - 0.25 mm thick.

All crystals were initially checked for conduc-
tivity type with R thermal probe. For moderately
eondueting crystals, Hall-effect Rnd resistivity
measurements were made at room temperature by
the Van der Pauw technique. ' Contacts were usually
xnade with a Ga-In amalgam. These contacts mere
adequate for Van der Pauw measurements, although
they were only strictly ohmic for n-type CuInS2.
In all eases, the carrier type determined from the
thermal probe agreed with that determined from the
Hall measurements. Typical mobility and resistivi-
ty results for CuInS& are given below. Starting with
CuInS3 No. 139 which was p type with initial re-
sistivity p of - 5& 10 0 cm and hole mobility p, of
-10 cm /Vsec, a 30-h anneal in Cu+In (i.e. , min-
imum S pressure) yielded n-type material of p-1 Qcm and p, -200 cm'/Vsec. Similarly, a 30-h
anneal under maximum sulfur pressure gave p-type
material with p-V Acm and p -12 cma/V sec.

Anneals were also performed on CuGaS2. For
example, CQGRS2 No. 124 had inltlRl resistivity
greater than 10 Oem, whose carrier type we were
unable to determine. Aftex annealing in Cu+ Ga
+powder (i.e. , minimum sulfur pressure) the re-
sistivity remained greater than 10' 0cm. However,
annealing under maximum sulfur pressure for 72 h
at -VOO C produced p-type material of p-0. 4 Qcm
and' p

- 20 cm'/V sec. Dark material from boule
No. 270 was also annealed, Rnd qualitatively similar
results were obtained. In addition„several doping
experi. ments wex'e performed on CuGR83. Specifi-

'cally, Sn, Cd, and the halogens were diffused under
minimum sulfur yressure, and Ge was added to a
crystal during growth. The Ge-doyed crystal was
subsequently annealed under minimum sulfur pres-
sure. The halogens would be expected to act as
donox'8 Rt sulfux' sites, while Ge and Sn should be
donors at a Ga site. Cd is probably amyhoteric,
being a donor on a Cu site and an acceptor on a Ga

IOO I I I . I I I I I I . I I

50 - CgQa32 NO. l28

O. I

I J I I - I I I I

-4800 5200 5600 6000
NAVKLKNSTH (A)

FIG. 1. Transmission spectra at 77'K for a typical
orange Cuoa82 sample using unpolarized radiation.

site. All attempts to obtain g-type material have
been unsuccessful.

V. EXPERIMENTAL RESULTS

A. Optical Transmissions

Optical-transmission measul ements Rt liquid-
nitrogen temperature were performed from 2. 5 p,

to the band edge. The data, were first obtained with
a Cary spectrophotometer on unetched thick (0. 25-
0.b mm) samples. Measurements in the absorption-
edge region were also obtained using the Spex with
slit widths of -1 A. For the latter measurements,
the crystals were mechanically polished to -150 p,

and then etched in 1:1 HCl and HN03. The etching
produced slightly diffuse surfaces which reduced
the total transmission, but presumably yieMed a
more reliable shape to the absorytion curve near
the band gay. '3

The optical-absorption-edge regions of orange
CuGRSz and CuInS3 are shown in Figs. 1 and 2,
respectively. The long-wavelength region has low
residual absorption, the transmission for both
crystals being greater than 50% for wavelengths a
few hundred A longer than the energy gap. The
transmission values quoted were obtained by extrap-
olating the values at longer wavelengths as ob-
tained from the Cary. Both crystals exhibit a mod-
erately sharp absorption edge, the transmission
dropping to less than 0. Ol of its long wavelength
value within 0.05 eV of the lowest-energy exciton.
The dark variety of CuGaS3 has essentially the same
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FIG. 2. Transmission spectra at 77'K for CuInS2

using unpolarized radiation.

shape to the absorption edge, although the magnitude
of the transmission is reduced an order of magni-
tude. In addition, the dark crystals have an infra-
red absorption band commencing near 0.8-0.9 p. .
The nature of this extra absorption in the dark crys-
tals is not presently understood.

B. Luminescence

relative to the free exciton as seen in Figs. 5 and
6. For this sample of CuInS~ the bound excitons
are not observed at N2 temperature, while for
CuGaS~ the bound and free are of comparable mag-
nitude. These results are consistent with an ex-
pected smaller binding energy for an impurity ex-
citon with respect to the free exciton and with a
smaller binding energy in a narrower gap material.

Both crystals often exhibit a broader emission
at slightly longer wavelength. This emission ap-
pears analogous to the so-called "edge emission"
in the II-VI compounds. That is, for CuGaS& at
low excitation levels at 2 K, there is structure in
this emission which could be phonon wings. The
peak positions (at low excitation levels) vary from
crystal to crystal even within the same boule. In
addition, the spacings are irregular, suggesting that
more than one phonon branch may be participating.
At the highest excitation level the structure is ob-
scured, and the peak shifts to shorter wavelength.
On the other hand, "dark" samples apparently do
not exhibit a broad emission, but instead a number
of lines in the same wavelength region. For CuInS~,
structure is not always observed, although the peak
shifts to shorter wavelength as the excitation is in-
creased. The shift to shorter wavelength at high

pump levels is indicative of a donor-acceptor pair
recombination, since the distant pairs are more
readily saturated. " The "edge emission" is also
seen in Figs. 3 and 4.

C. Reflectivity

The ref lectivity in the absorption-edge region

The low-temperature luminescence appears quali-
tatively similar to the II-VI compounds. The high-
est-energy luminescence observed is identified as
the decay of a free exciton with the hole belonging
to the highest valence band. This is determined by
comparison to the ref lectivity data discussed below.
Since luminescence is associated with the lowest-
energy gap, and since ref lectivity anomalies occur
only at a direct gap,

"the lowest gap is unambigu-

ously direct in both CuGaS2 and CuInS2. At 2 K the

spectra are dominated by sharp lines which are
presumably excitons bound to impurities or defects.
This is seen in Figs. 3 and 4 for CuGaS, and CuInS2,
respectively. (It should be mentioned that only se-
lected CuInS, crystals exhibited such luminescence,
whereas the selection was somewhat less critical
for CuGaSa. ) We have also observed sharp-line
photoluminescence from dark samples of CuGaS, .
The spectra obtained are richer and the lines nar-
rower thorn the spectra shown in Fig. 3. However,
the free exciton is not as pronounced, so that a
spectrum from an "orange" crystal was chosen.

At liquid-nitrogen temperature, the impurity or
defect luminescence is greatly reduced in magnitude

CuGas2
No. l28

2'K 4968A =
COI-
z
Cl
K

I-
V)
K
LLJI-
R

4955A

i

5400 5200
I ~ i I I I I

5000 5000 4950

WAVELENGTH, ANGSTROMS

FIG. 3. 2'K luminescence spectra obtained from an

orange CuGaS2 crystal employing minimum excitation
power. The luminescence attributed to the decay of the
free exciton is at 4959 A.
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FIG. 4. Luminescence spectra
obtained from two different sam-
ples of CuInS2. (Note the break
at 8200 A. ) Sample No. 221 did
not exhibit any broad-edge emis-
sion. The free exciton is at
8075 A, while the other lines are
attributed to excitons bound to
impurities or defects.
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was studied at both 2 and 77 'K. Because of the
strong dispersion in the dielectric constant in the
neighborhood of a direct-gap intrinsic exciton, re-
flectivity anomalies occur similar to those observ-
able in II-VI compounds. Typical ref lectivityta'"
curves obtained at 2 K are shown in Figs. 7
and 8. The anomalies are not appreciably broad-
ened at 77 'K, which indicates that imperfections
rather than intrinsic effects give rise to the ob-
served width. The observed width at 2'K for
CuGaS2 is several times that for the A and B peaks
in high-quality CdS platelets. " This probably ex-
plains the absence in ref lectivity of the exciton ex-
cited states.

In principle, from a detailed analysis of the re-
flectivity curve, the oscillator strength, the damp-
ing, and the energy of the exciton can be deter-
mined. The position of the lowest-energy direct

gap is then determined by adding the exciton binding
energy to the exciton energy. The exciton energy
lies close to the ref lectivity maximum, its exact
position depending on damping, etc. For the pres-
ent purposes it should be sufficient to take the ex-
citon energy at the ref lectivity maximum. (The
wavelength of the maximum agrees well with the
exciton as observed in luminescence. ) For lack of
a better method, the lowest-energy gap can then be
estimated by adding a binding energy equal to that
obtained for the II-VI compound of closest compar-
able band gap, i.e. , 28 meV for CuGaS& and 10
meV for CuInS~, using values obtained for CdS and
CdTe, respectively. For CuGaS2 the reflectivi-
ty maximum occurs at - 4955 A at 2 K, and at
4958 A at 77 'K. (Within experimental error, we
have not observed any difference between the dark
and the orange crystals. ) For CuinSa the values are
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FIG. 5. 77 K luminescence spectra for an orange
CuGaS2 sample. The free exciton is at 4988 A.
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FIG. 7. 2'K ref lectivity spectra for CuGa82 for un-
polarized radiation. The zero-ref lectivity level is the
bottom of the scale, while the flat region is estimated to
be 20—25% reflection.

8075 A at 2'K and 8068 A at 77'K. The lowest-
energy gap is then 2. 53 eV at 2 ' K for CuGaS2 and
1.55 eV at 2'K for CuInS2. The shift in the reflec-
tivity maximum is quite small for temperatures
less than 77'K, and, in fact, appears to be negative
for CuInS2.

For both crystals a higher-energy ref lectivity
anomaly is observed at both 2 and 77 'K. These

COI-
X
D

CuInS2
No. 221

770K

soeo A

O

O
4J

U
hj

CuInS2
No. 221
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I-
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X

0 I

7900A
I

8000A 8IOOA 8200A

8200A
I
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8IOOA

WAVELENGTH, ANGSTROMS

I

8000A

FIG. 6. 77'K luminescence spectra for CulnS& sam-
ple showing only the free exciton.

WAVELENGTH, ANGSTROMS

FIG. 8. 2 'K ref lectivity spectra for CuInS2 for un-
polarized radiation. The zero ref lectivity is the bottom
of the scale, while the flat region is again in the 20-25%
ref lectivity range.
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FIG. 9. Electrolyte electroreflectance spectra of
CuGaS2 for light polarized relative to the optic axis. Df
occurs at -2.40 eV and D2 at 2. 52 eV.

occur near 4720 A in CuGaS2 and 7980 A in CuInS2.
This peak in CuGaS2 is appreciably broadened due
to auto-ionization. ' In addition, the anomalies in
CuGaS2 are polarization dependent, whereas the de-
pendence in CuInS2 was too small to be observed.
This is consistent with the electroreflectance and
photoreflectance results.

D. Electroreflectance and Pliotoreflectance

When excitons can be observed, low-temperature
exciton ref lectivity is probably the best method for
accurately determining energy gaps. It suffers,
however, from the difficulty in determining struc-
ture more than roughly 100 meV above the lowest
direct gap. Electroreflectance, on the other hand,
produces strong ref lectivity modulation in the
neighborhood of excitons as well as higher-energy
critical points of the energy-band structure.
Electroreflectance readily yields structure at crit-
ical points many volts above the lowest direct gap.
In the present work electroreflectance yields struc-
ture at the lowest direct gaps consistent with the
low -temperature ref lectivity measurements, and

in addition yields structure at considerably higher
energies. However, only two peaks are observed
near the lowest gap. This is shown in Fig. 9 for
CuGaS2. The structure near 2. 5 eV is strongly
polarization dependent with the lowest direct gap
(D,) polarized predominantly E II Z, and the next
gap (Dm) polarized EIZ. (Z is the optic axis. ) The
polarization dependence is indicative of a crystal
field splitting. There is additional polarization-
dependent structure in CuGaS~ at energies near 3.5

eV, close to the band gap of the binary analog ZnS.

VI. DISCUSSION

The salient features of the direct energy gaps in

0.02—

0.01

ELECTROREFLECTANCE

CUIhSp

300'K

0aR
R

I

1.4

PHOTON ENERGY (eVj

I i I

I

1.6 1.8

I~ I j~
4.5

-0.01 EIIZ
EXZ

-0.02
Jl

I I I I I

9000 8000 7000 4000 3500 3000

WAVELENGTH [A)

FIG. 10. Electrolyte electroreflectance spectra of
CuInS2 for light polarized relative to the optic axis. D&

and D2 occur at -1.53 eV.

The electroreflectance spectra for CuInS, shown
in Fig. 10 does not exhibit polarization dependence
at the lowest gap (D„D2) and again does not yield
a third peak. There is also structure at higher en-
ergy near the band gap of the binary analog
Znp, Cdp 5S.

Since electroreflectance peaks tend to be broad
(compared to low-temperature ref lectivity) and often
have residual oscillations which can obscure other
nearby weak structure, the failure to observe a
third peak is not conclusive. Similarly, the ab-
sence of a third peak in ref lectivity may be due to
auto-ionization. For these reasons, we have also
studied photoreflectance at 77 'K. As shown in Fig.
11, CuGaS2 again exhibits two polarization-depen-
dent peaks, and within a factor of - 800, there is no
third peak within 0.5 eV of the lowest-energy exci-
ton. Photoreflectance was also observed in CuInS&,

as seen in Fig. 12. The sample was an "as-grown"
(112) face [equivalent of a (111)face in the zinc-
blende system] for which locations of the principal
axes were known. (This orientation allows a maxi-
mum of 65% of the intensity along Z, or 100% nor-
mal to Z. ) Under these conditions the peaks at the
lowest gap, as observed in ref lectivity, were clear-
ly resolved, but there was no apparent polarization
dependence. A splitting in the absence of polariza-
tion dependence is suggestive of spin-orbit splitting.
Any third peak within 0. 3 eV of the lowest-energy
exciton is at least 125 times weaker than the two
peaks which are observed in Fig. 12. The broad
bump near 1.60 eV is attributed to photoreflectance
associated with band-to-band transitions.
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FIG. 11. Photoreflectance spectra of CuGaS& at 77'K
for light polarized relative to the optic axis. The optic
axis is slightly out of the plane of the crystal, so &llZ is
only nominal.

CuInS2 and CuGaS2 are qualitatively different from
those in any known semiconductor. As previously
mentioned, these direct energy gaps lie -1.5 eV
below the energy gaps in the binary analogs, in
sharp contrast to II-IV-V~ crystals in which the di-
rect energy gaps lie within 0. 3 eV of the energy
gaps in the binary analogs. '7' One immediately
suspects that the Cu 3d bands are perturbing the
energy bands in these ternary sulphides, as they do
in the copper halides. In CuCl, for example, the
Cu 3d levels lie - 3 eV above the valence bands
formed from the Cl 3p levels. ' As a result, the
energy gap of CuCl lies -3 eV below the expected
value obtained by extrapolating the energy gaps in
the series GaP, ZnS, to CuC1. It is therefore
plausible that the lowering of the energy gap in
CuInS2 and CuGaS2 by -1.5 eV relative to their bina-
ry analogs results from the influences of the 3d
bands of copper.

The nature of the direct energy gaps in CuInS2 and
CuGaS2 is qualitatively new in another essential
way. For the II-IV-V~ chalcopyrite compounds, the
lowest direct energy gap is one of three closely
spaced energy gaps derived from the I'»- I'& energy
gap in zinc-blende crystals. ' ' The triple degen-
eracy of the p-like I'» valence band in zinc-blende
crystals is completely lifted in chalcopyrite crystals
under the simultaneous perturbations of spin-orbit
interaction and the uniaxial crystalline potential. In
CuCl, ' the 3d bands of Cu split into a threefold-
degenerate I"» lying above a doubly degenerate I'».
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FIG. 12. Photoreflectance spectra of CulnS2 at 77 K
for light polarized relative to the optic axis. Since the
orientation is (112), E llZ is only nominal so, in fact,
only two-thirds of the intensity is parallel to Z.

The lowest-energy gap is therefore basically a
triplet in CuC1, in III-V binary compounds, and in
II-IV-V, compounds. In both CuInS& and CuGaS~,
however, we find that the direct energy gap is not
a triplet but is, in fact, a doublet. For example,
in CuGaS2 photoreflectance measurements at 77 'K
(Sec. IV D) reveal that any third peak is at least
800 times weaker than the structure associated with
the lowest energy gap. We therefore conclude that
the valence-band maxima in CuInS, and CuGaS~ are
not derived from the p-like I'» valence bands in
zinc-blende crystals nor derived from the I'» level
of the copper 3d bands.

In light of the previous discussion, it is clear that
a new energy-band model is needed to explain the
doublet nature of the direct energy gaps of CuInS~
and CuGaS2. Several possibilities come to mind,
none of which is entirely satisfactory. For exam-
ple, it is possible that the twofold-degenerate I'»
level of the copper 3d band lies above the I'» level
of copper, opposite to the situation in CuC1. This
model is unpalatable because the I'»- I'& transition
is forbidden in the absence of spin-orbit interaction
and because a transition metal in a tetrahedral en-
vironment usually results in a I'&, level higher in
energy than the I'» level. It is also possible that
the direct energy gap may lie off k= 0 as occurs in
silver halides, or the valence-band maximum at k
=0 may be a I'5 state derived from the X5 valence
band in zinc-blende crystals due to the mapping of
the zinc-blende Brillouin zone into the smaller



E LE C TRICAL P ROPE RTIE S, OP TIC AL P ROPE RTIE S, AND. . . 2471

chalcopyrite Brillouin zone. '7'
In addition to the new direct energy gaps just

discussed, in both CuInS2 and CuGaS& we observe
electroreflectance structure in the photon-energy
region near the direct energy gaps in the binary
analogs (3.25 eV in CulnS, and 3.75 eV in CuGaS, ).
This structure is considerably broader than is
usually observed at the direct energy gap in III-V
and II-IV-V2 compounds presumably due to auto-
ionization.

Since we have observed two sets of valence bands
in both compounds, the question arises as to which,
if either, is mostly copper 3d levels. For compari-
son, in the series CuCl, CuBr, and CuI the direct
energy gap (average of spin-orbit-split levels) is
essentially constant(3. 2, 3.0, and 3.2 eV, respective-
ly) because it is basically a 3d-4s transition on the
copper atom. On the other hand, going from CuInS2
and CuGaS2, the lowest-energy gap increases 1.0 eV
while the higher-energy structure increases by 0. 5
eV. This comparison suggests that both sets of
valence bands result from a strong admixture of Cu
3d level and p levels on the other atoms. This con-
clusion is only qualitative, and in no way explains
the doublet nature of the direct energy gaps in these
coMpounds.

VII. CONCLUSIONS

We have studied properties of two I-III-VI2 com-
pounds CuGaS2 and CuInS2, using several of the

techniques which have proved fruitful in our present
understanding of the II-VI compounds. Clear ly,
much remains to be done and understood concerning
these materials. The present crystals are probably
of comparable quality to melt-grown II-VI com-
pounds, and should be capable of yielding interesting
new physics, as illustrated by the unusual band
structure observed. The practical application of
these materials will probably depend on whether
or not visible band-gap materials can be made use-
fully both n and p type. The defect chemistry of
these materials holds more possibilities than the
II-VI compounds, the implications of which have not
yet been explored.

Note added in Proof Us.ing polarized light
(E II 2), we have clearly observed in ref lectivity the
n = z state of the lowest-energy exciton at 2 'K from
dark CuGaS2 crystals. The a=1 state occurs at
4955 A (2. 502 eV) and the n = 2 state at 4914 A
(2. 523 eV), giving a separation of 21 meV. The
exciton binding energy is then 28 meV, yielding a
band gap of 2. 530 eV at 2 K.
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