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Pressure dependence of defects andp-d hybridization in chalcopyrite semiconductors
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We have studied the effect of pressure on optical transitions involving defects in the photoluminescence
spectra of two chalcopyrite semiconductors AgGaS2 and CuGaS2. In the former compound results obtained in
samples doped with either Cd or Au are compared with unintentionally doped samples. In both compounds we
find transitions whose pressure coefficients arelarger than that of the band gap. We have identified these
transitions as involving deep acceptors. We propose that in the chalcopyrite semiconductors the valence-band
edge can belesspressure dependent than the deep acceptors because ofp-d hybridization in the valence-band
wave functions.@S0163-1829~97!01515-4#
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INTRODUCTION

Semiconductors with the chalcopyrite structure have b
used in devices such as nonlinear optical crystals, detec
and solar cells.1–7Defects in these materials can have dele
rious effects on most of their applications and hence th
properties have been investigated in a number of prev
studies.8–12 However, the nature of these defects, whet
they are shallow or deep, is not known in general. In se
conductors with diamond and zinc-blende structures, it
been shown that shallow and deep defects can be di
guished by their different pressure dependence.13,14 In this
paper we investigate the pressure dependence of defec
bulk single crystals of AgGaS2 and CuGaS2 via their emis-
sion spectra. These crystals are either unintentionally do
or, in the case of AgGaS2, doped with Cd or Au. We found
that both materials exhibit emission peaks that have la
pressure coefficients than the band gap. We explain this
havior by the presence ofp-d hybridization in the valence
bands of those chalcopyrite semiconductors contain
transition-metal cations.15

EXPERIMENTAL DETAILS

AgGaS2 and CuGaS2 bulk single crystals have bee
grown by the horizontal Bridgman method using a tubu
two-zone furnace. Details of the crystal growth process h
been described before8 and will not be repeated here. Th
as-grown crystals typically show variation in color from o
end to the other presumably because of the different amo
and the nature of defects in them. Slices of samples were
from parts of the ingot and characterized by x-ray diffractio
photoluminescence, and chemical analysis. Selected slic
AgGaS2 crystal were doped with Cd or Au. In cases of do
ing by Au, the sample surface was polished and then a
film of Au was sputtered onto the surface. It is then annea
at 700 °C for 48 h. Afterwards the sample was polish
again to remove any Au remaining on the sample surfa
The Cd doping was carried out by putting the sample and
550163-1829/97/55~15!/9642~7!/$10.00
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in a fused quartz tube, which is placed in a tubular furna
such that the Cd and AgGaS2 samples are maintained at 30
and 400 °C, respectively. High-purity Ar gas was made
flow through the tube at atmospheric pressure to carry the
vapor to the AgGaS2 sample where the Cd diffused i
readily. After about 1 h the Cd is removed from the tub
while the AgGaS2 sample was maintained at the same te
perature in the Ar atmosphere for another hour to drive in
Cd. Thin slices of both doped and undoped samples cont
ing thec axis were lapped down to a thickness of about
mm and polished with Syton. Pressure-dependent meas
ments are carried out with a diamond anvil high-pressure
using a methanol/ethanol mixture as the pressure med
The optical setup has also been described elsewhere and
not be repeated here.8

EXPERIMENTAL RESULTS

A. AgGaS2

Figure 1 shows the low-temperature photoluminesce
~PL! spectra of five AgGaS2 samples labeled as AGS#41
~sample color is yellow!, AGS#504~dark yellow!, AGS#510
~light yellow!, AGS:Cd~yellow!, and AGS:Au~yellow!. The
first three samples are not intentionally doped while the
two samples have been doped with Cd and Au, respectiv
Previous studies have established the energy of free exc
in AgGaS2 to be around 2.7 eV.8 Except for sample
AGS#510 the PL spectra of all other samples are domina
by strong broad emission peaks at energies much lower
the excitonic energy. Some of these peaks~such as the one
labeled asB8 in AGS#412! have been attributed to dono
acceptor pair recombination. Sample AGS#510, howev
shows mainly one relatively sharp peak located near the
exciton energy. The transverse exciton peak energy of 2.
eV is in excellent agreement with previous reports.8 One
interesting phenomenon in this sample is the quenching
the defect-related emission after several minutes of expo
to laser light. After this quenching the PL spectrum is dom
nated by the free excitonic peak and a weaker emission in
9642 © 1997 The American Physical Society
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red ~a hint of this emission is visible in the low-energy sid
of the spectrum in Fig. 1!. Doping sample AGS#510 with Cd
and Au replaces the excitonic peak with strong broad em
sion peaks~D and E! that are qualitatively similar to the
donor-acceptor pair recombination peaks~B8 andC! found
in samples AGS#504 and AGS#412.

When the sample temperatureT is increased, the PL
peaks~labeledD and E! in the doped samples show ac
vated behavior~see Fig. 2!. In this figure the circles are ex
perimental results while the curves represent theoretical
to the data with the expression

IPL~T!5I 0@11Ce2Ea /kBT#21, ~1!

whereI 0 andC are adjustable constants,Ea is an activation
energy, andkB is the Boltzmann constant. The values of t
activation energies obtained from these fits are 29 and
meV, respectively, for peaksD andE in the Cd- and Au-
doped samples.

The pressure-dependent PL spectra of sample AGS
are shown in Fig. 3. Compared to the atmospheric pres
spectrum, additional peaks~labeledA andA8! are found to
appear under high pressure. As pressure raises the ex
energy above the excitation laser photon energy, intrin
absorption is suppressed while extrinsic absorption beco
enhanced, making weaker defect-related emissions obs
able. The pressure dependence of the three structuresA, A8,
andD identified in the sample AGS:Cd are summarized
Fig. 4 ~solid triangles and circles!. For comparison we show
also the pressure dependence~straight lines! of the exciton

FIG. 1. Low-temperature photoluminescence~PL! spectra of
five AgGaS2 samples labeled as AGS#412, AGS#504, AGS#5
AGS:Cd, and AGS:Au.
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~EX! and donor-acceptor pair emission peaksB andB8 in
sample AGS#412 reported previously.15 The PL spectra in
the sample AGS:Au at several pressures are shown in Fi
In this sample the peak labeledE dominates at atmospheri
pressure and no new structures appear under high pres,

FIG. 2. Arrhenius plots of the emission peaksD and E in
samples AGS:Cd and AGS:Au, respectively. The solid and do
curves are fits to the data points with Eq.~1!. The activation ener-
giesEa obtained from these fits are indicated in the figure.

FIG. 3. The emission spectra of the Cd-doped AgGaS2 sample
AGS:Cd at several applied pressures. The arrows labeled the s
tures discussed in the text.
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9644 55IN-HWAN CHOI AND PETER Y. YU
FIG. 4. The energies of the structures identified in sample A
S:Cd ~solid points labeled asA, A8, andD! and sample AGS:Au
~solid points labeled asE! plotted as a function of pressure. Th
solid lines are least-square linear fits to these data points. The
sure coefficients and standard deviations deduced from these fit
listed in Table I. The open squares~labeled as EX,P2, B, B8, and
C! represent the pressure dependence of peaks identified in sa
AGS#412 reported in Ref. 8. The corresponding least-square li
fits to these data points are represented by the broken lines.

FIG. 5. The emission spectra of the Au doped AgGaS2 sample
AGS:Au at several applied pressures.
However, the intensity of this peak decreases strongly
pressure is increased. The pressure dependence of its
energy is plotted in Fig. 4 as solid squares.

B. CuGaS2

We have reported already in Ref. 15 the pressure dep
dence of the absorption spectra in unintentionally dop
CuGaS2 samples. In Fig. 6 we present the pressure dep
dence of the PL spectra in CuGaS2 samples cut from the
same ingot. The emission intensity of the two peaks labe
B andC decreases rapidly with pressure so that meas
ments above 1.6 GPa become very difficult. Their peak
ergies are plotted versus pressure in Fig. 7. For compar
the pressure dependence of the band gap (Eg) and exciton
~EX! reported in Ref. 15 are plotted in the same figure
broken lines.

-

es-
are

ple
ar

FIG. 6. The emission spectra of the undoped CuGaS2 sample at
several applied pressures.
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55 9645PRESSURE DEPENDENCE OF DEFECTS ANDp-d . . .
The pressure coefficients of the observed emission pe
in both AgGaS2 and CuGaS2 samples determined by fittin
the data points in Figs. 4 and 8 with straight lines are su
marized in Table I where they are compared with the res
of previous measurements15,16 including results in AgGaSe2.

DISCUSSIONS

The activation energies of various defects in both AgG2
and CuGaS2 have been studied extensively via PL and tra
port measurements. Shallow~or hydrogenic! donor binding
energies of about 15–25 meV and acceptor energies of a
100 meV have been reported in AgGaS2 by various
authors.10,11 Deep donors of binding energies of 40 and
meV have also been mentioned.11 A very deep center with a
binding energy of 0.69 eV has been associated with
emission around 1.8 eV by Yu and Park.10 The basis for the
characterization of these centers in AgGaS2 as shallow or
deep seems to be have been mainly their binding energ
The exciton binding energy in AgGaS2 has been measure
precisely by two-photon absorption spectroscopy to be
meV.17 This suggests a shallow donor binding energy
similar magnitude. In the case of CuGaS2, Shirakata, Mu-
rakami, and Isomura18 have estimated the binding energi
of its shallow donors and acceptors to be 49 and 130 m
respectively.

We have reported already the existence of defect-rela
emission or absorption peaks in AgGaSe2 ~Ref. 16! and
AgGaS2 ~Ref. 15! whose pressure coefficients arelarger than
that of the band gap and free exciton. We have identifi
these defects as deep centers. However, the exact natu
these deep centers remains unknown. In the present ex

FIG. 7. The pressure dependence of the emission peaksB ~solid
circles! andC ~open circles! in the CuGaS2 sample as a function o
pressure. The solid lines drawn through the data points are le
square fits with a straight line. The pressure coefficients dedu
from these fits are listed in Table I. The corresponding press
dependence of the band gap (Eg) and exciton~EX! of CuGaS2
measured at 50 K~from Ref. 8! are shown as broken lines passin
the open and solid squares, respectively.
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FIG. 8. Schematic diagram of the pressure dependence of
conduction band, the valence band, shallow and deep donors,
low and deep acceptors in chalcopyrite semiconductors showing
effect of p-d hybridization on the valence bands and the deep
ceptors.Eg andEg8 represent, respectively, the band gaps of a ch
copyrite semiconductor and its zinc-blende analog.

TABLE I. Comparison between pressure coefficients of ba
gaps, excitons, and defect emission peaks in AgGaS2, AgGaSe2,
and CuGaS2. The pressure coefficients were obtained by lea
square fits to the data points in Fig. 4 with the standard deviati
given as the uncertainties in the fit.

Pressure coefficient~meV/GPa! AgGaSe2
a AgGaS2 CuGaS2

Band gap~300 K! 51 44.5 38.8
Band gap~,77 K! 41.6
Exciton ~,77 K! 38 40.5b 41.7

37.3c

Shallow center 40.561.5
emission peaks (P2)

3760.8
(A,A8)

Shallow donor to 69~300 K! 57.662 67(B)
deep acceptor 46~77 K! (B,B8) 24(C)
transitions 5461(D)
Deep donor to
deep acceptor

4162(E)

transitions

aFrom Ref. 16.
bFrom Ref. 15.
cFrom Ref. 17.
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9646 55IN-HWAN CHOI AND PETER Y. YU
ment we have found that doping Cd into AgGaS2 introduces
deep centers whose emission peak has the same pre
coefficient as the peaksB andB8 found in undoped AgGaS2.
While doping Au into the same material introduces an em
sion peak whose pressure coefficient is identical to tha
the peakC observed previously. In unintentionally dope
CuGaS2 we have found both PL peaks with pressure coe
cients larger~peakB! and smaller~peakC! than the band
gap. Our explanation of these results is presented below

In semiconductors with the diamond- and zinc-blend
type crystal structures, it is well known that the press
dependences of shallow and deep centers are often quite
ferent. A shallow center derives its wave function from t
nearest band extremum and hence their pressure de
dences are the same. On the other hand, a deep center
function can be composed of wave functions from seve
bands over a large region of the Brillouin zone. As a res
its pressure dependence is not necessarily the same as
of its nearest band extremum.

The pressure coefficient of the absorption edgedEg/dP
of a direct-band-gap semiconductor, such as GaAs, is e
to the difference between the pressure coefficients of
conduction-band minimum and the valence-band maxim
both at the zone center~G point!:

dEg
dP

5
dEc
dP

2
dEv
dP

. ~2!

In zinc-blende-type semiconductorsdEc/dP is large and
positive since the conduction band atG is derived mainly
from thes-like antibondingorbitals whiledEn/dP is small
and negative because the valence band is derived from
p-like bondingorbitals. These results are shown schem
cally in Fig. 8. An optical transition between a shallow don
and a shallow acceptor should have a pressure coeffic
dEDAP/dP ~whereEDAP is the donor-acceptor pair transitio
energy! very similar to that of the band gap. However, if th
transition involves a deep donor and shallow acceptor t
dEDAP/dP is expected to besmaller thandEg/dP. The rea-
son is that the pressure coefficients of the conduction ban
critical points such asL andX in zinc-blende-type semicon
ductors are either smaller than atG or negative in sign.14

Thus a deep donor whose wave function is a linear com
nation of the wave functions throughout the entire Brillou
zone will have a coefficientsmaller than that of the
conduction-band minimum atG ~Ref. 13! as shown in Fig. 8.
In fact, to our knowledge, there has been no report o
defect emission peak with pressure coefficientslarger than
that of the band gap atG in zinc-blende-type semiconductor
Thus the observation of emission peaks with pressure c
ficients larger than that of the band gap in three chalcopy
semiconductors must be attributed to some fundamental
ference between the band structure of these materials
those of the zinc-blende-type semiconductors.

Discussions of the band structure of chalcopyrite se
conductors with the formula I-III-VI2 usually begin with the
observation that their crystal structure can be regarded
being composed of two unit cubes of the zinc-blende~ZnS!
crystal stacked on top of each other along the@100# axis.
Half of the cations in ZnS are replaced by group I transitio
metal ions while the other half are replaced by group
ure
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ions. Thus for every chalcopyrite semiconductor, one c
identify a corresponding II-IV ‘‘zinc-blende analog.’’19 For
example, the analog of CuGaS2 is ZnS while that of AgGaS2
is Cd0.5Zn0.5S. The band gaps of the chalcopyrite semico
ductors are significantly smaller than their II-VI zinc-blend
analogs resulting in the so-called ‘‘band-gap anomaly’’~de-
noted by a negativeDEg!. This has been explained by hy
bridization of thed electrons of the transition-metal cation
with the p-like valence bands.19 Since the d bands of
transition-metal ions such as Ag and Cu are lower in ene
than the valence-band maximum atG, hybridization pushes
up the valence-band maximum and hence decreases the
gap ~the contribution of this effect toDEg will be repre-
sented asDEg

d with DEg
d,0! as shown in Fig. 8. Jaffe an

Zunger19 have shown that there are additional contributio
to the ‘‘band-gap anomaly.’’ One of these~abbreviated as
DEg

SwhereS stands for structure! results from the difference
between the I-VI and III-VI bond lengths and from the d
viation of thec/a ratio ~wherea andc are lattice constants
of the tetragonal unit cell! from 2. Another effect~labeled
DEg

CE where CE stands for cation electronegativity! arises
from the difference in the cation electronegativity betwe
the zinc-blende analog and the corresponding chalcopy
compound.

Based on the above model for the band structure of
chalcopyrite compounds, we can understand the effec
pressure on the band-gap anomaly. SinceDEg

CE is insensitive
to lattice spacing we shall neglect its contribution to the pr
sure coefficient. To determine the effect of pressure onDEg

S

it is necessary to know the pressure dependence of inte
structural parameters, such as the difference between the
and III-V bond lengths. In general these internal parame
are not determined uniquely by the lattice parameters suc
a andc. In the case of AgGaS2 it has been shown that th
internal structural parameters are independent of pressu20

We shall assume that the dominant effect of pressure
AgGaS2 at least, is to changeDEg

d. Reducing the distance
between the group I cations and the anions should have
effect of enhancing thep-d hybridization and hence increas
ing themagnitudeof DEg

d or dDEg
d/dP is negative. If we

expressdEg/dP of the I-III-VI 2 compound asdEg /dP
5dEg8/dP1dDEg

d/dP, wheredEg8/dP is the pressure coef
ficient of its zinc-blende analog thendEg /dP,dEg8/dP
sincedDEg

d/dP is negative. Another effect of hybridizatio
on the band-gap pressure coefficient can be derived by
sidering the valence-band wave function as a linear com
nation ofp-like andd-like functions. Thep-like component
has a small negative pressure coefficient while thed-like
component essentially has no pressure dependence. Inc
ing pressure has the effect of increasing thed-like compo-
nent in the valence band and hence decreases the pre
dependence of the valence band. In cases where the va
band has a negative pressure dependence in the absen
hybridization, both effects considered tend to reduce
pressure coefficient of the valence band. The pressure de
dence of the valence band for different amounts ofp-d hy-
bridization are shown schematically in Fig. 8.

The case of AgGaS2 is often cited as a typical example o
the reduction in band-gap pressure coefficient resulting fr
hybridization. Jayaramanet al.21 and Takarabeet al.22 have
reporteddEg/dP to be 22 and 20 meV/GPa, respectively,
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AgGaS2 while the corresponding coefficientdEg8/dP in II-VI
selenide semiconductors are about 60–70 meV/GPa.23 More
recent results15 have, however, shown thatdEg/dP of
AgGaS2 is of the order of 40 meV/GPa~see Table I!. Thus
the reduction indEg/dP of chalcopyrite semiconductors i
about 10–20 meV/GPa and can be explained mostly by
presence ofp-d hybridization in the valence band.

A. AgGaS2

From the above discussions we can understand the p
sure coefficients of the emission peaks in AgGaS2. The
peaksA, A8, andP2 in Fig. 4 all have about the same pre
sure coefficients as the exciton~EX! and hence they involve
shallow levels. The peaksB andB8, on the other hand, mus
be associated with deep centers since their pressure co
cients are much larger than that of the exciton. As we h
suggested previously,15 these peaks involve transitions b
tween deep acceptorsand shallow donors with activatio
energies of 16.5 and 26.5 meV, respectively. The reason
a deep acceptor can give rise to a transition with press
coefficient larger than the band gap in chalcopyrite semic
ductors can be explained by the effect ofp-d hybridization
in these materials. As pointed out above this hybridizat
reduces the band-gap pressure coefficient of the chalc
rites relative to that of their zinc-blende analogs. Suppos
deep acceptor draws its wave function entirely from thep
orbitals and not at all from thed orbitals, then such a ‘‘d-
orbitals deficient’’ deep acceptor will have a stronger pr
sure dependence than the valence-band edge~see Fig. 8!. In
fact its pressure coefficient can be very close to that of
valence-band edge in the ‘‘zinc-blende analog.’’ Thus
pressure coefficient of a transition from a shallow donor
this deep acceptor will be about the same asdEg8/dP, the
band-gap pressure coefficient in its ‘‘zinc-blende analog
For AgGaS2 this means that the pressure coefficient o
shallow-donor-to-deep-acceptor transition will be comp
rable to thedEg8/dP of CdxZn12xS, which is equal to 55
meV/GPa. Indeed we find that the peaksB, B8, andD all
have nearly the same pressure coefficients of around
meV/GPa. In the case of AgGaSe2 the deep level transition
reported in Ref. 16 has a pressure coefficient of 46 meV/G
at 77 K while the exciton pressure coefficient is 38 meV/G
~see Table I!. The band-gap pressure coefficient of its zin
blende analog CdxZn12xSe is 60 meV/GPa. Presumably
this case the deep acceptor wave function still contains s
contribution fromd electrons and as a result its pressu
coefficient is smaller than that of the valence band in
zinc-blende analog.

We noted that the peakD is introduced by doping the
AgGaS2 sample with Cd. In principle substitutional CdGa
most likely forms shallow acceptors since the core of
atoms is not too different from that of Ga atoms. Such sh
low acceptors may be responsible for the shallow accep
involved in peaksA and A8 whose pressure dependen
closely follows that of the band gap. However, they can
explain the behavior of peakD. Neither can substitutiona
CdAg , which form donors. Thus the deep acceptors int
duced by Cd in AgGaS2 are probably not simple substitu
e

s-

ffi-
e

hy
re
-

n
y-
a

-

e
e
o

’’

-

58

a
a
-

e

e

d
l-
rs

t

-

tional defects. The fact that the deep acceptor responsible
peakD has a deficiency ind orbitals suggests that it may b
located on Ag sites such as Ag vacancies. Such intrin
defects may also explain the similarity between the press
dependence of the peakD and the peaksB andB8 in unin-
tentionally doped samples.

The activation energy of the peakE in Au-doped AgGaS2
obtained from Fig. 2 is 54 meV, almost twice the expec
binding energy of shallow donors in AgGaS2. This activation
energy is consistent with deep donor binding energies
AgGaS2 quoted in the literature.11 In addition peakE’s en-
ergy is lower than that of peakD by 0.24 eV. These result
strongly suggest that peakE involves both deep donors an
deep acceptors. This is not too surprising since transiti
metal impurities such as Au are known to form deep cen
in zinc-blende-type semiconductors.24 In the chalcopyrite
materials substitutional defects such as AuGa can be double
acceptors while interstitial Au can be deep donors. Howev
in zinc-blende-type semiconductors the energies
transition-metal deep centers are much less sensitive to p
sure than that of the band edges25 while peakE has almost
the same pressure dependence as the band gap. We su
that this is probably due to a fortuitous cancellation betwe
the reduction in the pressure coefficients of the deep do
and deep acceptor responsible for peakE. The existence of
the peakC with a very similar pressure dependence in t
unintentionally doped samples can presumably be expla
by intrinsic deep centers such as interstitial Ag and Ag a
site defects such as AgGa.

B. CuGaS2

The results in the unintentionally doped CuGaS2 shown in
Fig. 7 can be interpreted in the same ways as in the unin
tionally doped AgGaS2. The peakB in CuGaS2 has a pres-
sure coefficient larger than that of the exciton~see Table I!
and therefore involves a shallow donor and a deep accep
The activation energy of the shallow donor has been de
mined previously to be 11 meV.8 The zinc-blende analog o
CuGaS2 is the II-VI compound ZnS with a band gap pressu
coefficient of 64 meV/GPa.23 We note that this pressure co
efficient is quite close to that of peakB, suggesting thatB is
associated with a deep acceptor with a ‘‘deficiency ind
bands’’ also. In the case of peakC in CuGaS2 we have
deduced a donor activation energy of about 10 meV from
temperature dependence.8 Thus we had to attribute this pea
to a transition between a shallow donor and a different d
acceptor. This deep acceptor has a much larger binding
ergy than the one involved in peakB. It must also have a
very small pressure coefficient in order that the transit
between a shallow donor and this deep acceptor has a p
sure coefficient much smaller than the band gap. This s
gests that, in contrast to those deep acceptors with a d
ciency in d orbitals, this deep center has a grea
contribution fromd electrons than even the hybridized v
lence band. The pressure dependence of such deep ce
‘‘with an excess ofd bands’’ is shown schematically in Fig
8 for comparison with other kinds of acceptors.

CONCLUSIONS

In conclusion we have studied the pressure dependenc
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9648 55IN-HWAN CHOI AND PETER Y. YU
defect-induced emission peaks in AgGaS2 doped with Cd
and Au and in unintentionally doped CuGaS2. We found in
both materials transitions involving deep acceptors w
pressure coefficients larger than that of the band gap.
have explained these results as due top-d hybridization in
the valence band of the chalcopyrite compounds. In CuG2
we have observed a transition involving a deep acceptor w
a pressure dependencesmaller than that of the band gap.

Note added in proof.We are grateful to Dr. J. D. Chad
for pointing out to us that deep acceptors whose bind
energies decrease with pressure have been investigate
zinc-blende II-VI semiconductors both theoretically@C. H.
Park and D. J. Chadi, J. Phys. Chem. Solids56, 585 ~1995!#
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and experimentally@M. Li, D. J. Strachan, T. M. Ritter, M.
Tamargo, and B. A. Weinstein, Phys. Rev. B50, 4385
~1994!#.
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