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The absorption spectrum of CuGaS2 near the fundamental absorption edge measured at 5 K has been
analyzed taking into account both the discrete and continuum excitons. It has been shown that a transition from
an acceptor level, originated by copper vacancies, to the conduction band occurs in this spectral region. It has
been shown that the experimental slope of the optical-absorption curves, the strength of excitons, and the
binding energies of excitons and acceptors are well accounted for by existing theoretical models.

I. INTRODUCTION

Among the large number of ternary chalcopyrite semicon-
ductors, CuGaS2 is of considerable interest because it has a
direct band gap of about 2.5 eV at room temperature which
makes this compound a promising material for green-light-
emitting devices.1 The fundamental absorption edge of this
compound at low temperatures,2–9 as well as a function of
both temperature5,7,10 and pressure,11,12 has been reported in
the literature. It is also well established that excitons play an
important role in determining the optical properties of
CuGaS2 at low temperatures. Tell and Kasper2 have studied
the optical absorption and reflectivity of this compound at 2
K, and have determined its most relevant free-exciton param-
eter by using the two-oscillator model. On the other hand,
Kobayashi, Tsuboi, and Kanelo3 have analyzed the absorp-
tion spectrum of CuGaS2 above 77 K, and they found this
model inapplicable in the temperature range between liquid
nitrogen and 300 K. They suggest that the absorption spectra
can be adjusted by assuming that the absorption band of the
lowest-energy exciton, as obtained from the two-oscillator
model, is superposed on the absorption tail governed by Ur-
bach’s rule. After these earlier works most of the published
data at low temperatures concerning free-excitonic transi-
tions were obtained from the luminescence spectra, and very
few have been reported on the absorption coefficienta of
this compound. However, except for the characteristic tran-
sition energies, not much qualitative information about the
free excitons or about impurity states can be deduced in gen-
eral from these measurements. This is because the interpre-
tation of the luminescence peaks is in most cases limited by
the presence of several unknown recombination processes.
For these reasons a more realistic theoretical analysis of this
problem considering, for example, Elliot’s13 or Toyozawa’s14

exciton models for the optical cross sections, is of consider-
able interest in order to obtain more complete information
about the optical properties of free excitons in CuGaS2. On
the other hand, in the case of a typical direct-gap semicon-
ductor, the absorption coefficient near the fundamental ab-
sorption edge is usually in the range 104–106 cm21, which
corresponds to an effective penetration depth of about 0.1
mm. Thus the experimental values ofa represent the proper-
ties of the perturbed surface layer, and no information about
the bulk properties of the sample can be obtained from such
measurements. Hence neither the Elliot nor Toyozawa mod-

els can be compared with experiment for such semiconduc-
tors. The situation is different in the I-III-VI2 chalcopyrite
semiconductors where, according to the optical selection
rules, theA exciton transition is weakly allowed whenE, the
electric vector of incident light, is normal to thec axis. In
this casea is only about 102 cm21, and experimental data
obtained using samples of about 100mm in thickness can be
compared with theoretical models. Hence in the present pa-
per the optical-absorption spectra near the lowest-energy gap
of CuGaS2 at 5 K are analyzed, taking into account both the
discrete and continuum excitons. It is shown that the experi-
mental curves, strengths, and binding energies of free exci-
tons in this compound are well accounted for by the existing
models. Also, an additional absorption feature, observed as a
shoulder near the lower-energy end of the spectrum and at-
tributed to a transition between the conduction band and a
defect acceptor level, has been analyzed. From the data, the
binding energy of such a level and its defect concentration
have been obtained.

II. CRYSTAL GROWTH AND EXPERIMENTAL DETAILS

The crystals used in this work were prepared by the
chemical vapor deposition method, as has been described
elsewhere.15 All samples obtained were green in color and
showed p-type conductivity. X-ray analysis from Debye-
Scherrer powder photographs indicates the presence of a
single phase having the chalcopyrite structure with lattice
parametersa55.347 Å andc510.474 Å.

Samples were mechanically polished by diamond powder
of variable grain size. Later they were etched in a 1:1:1 so-
lution of H2O:HNO3:HCl for about 10 s, and then they were
washed with distilled water.

Optical measurements at 5 K were made in an exchange-
gas helium cryostat. The sample was held with dabs of sili-
con grass in order to minimize strains. The transmittance
(T5I /I 0), obtained with polarized light~E'c! from a tung-
sten lamp, was recorded by means of a simple Jobin-Yvon
monochromator yielding a linear dispersion of 12 Å/mm in
the first order. This corresponds to a spectral resolution of
about 0.2 meV with a slit width of 0.035 mm. The transmit-
ted radiation was detected by a cooled GaAs photomultiplier
whose signal was processed with routine lock-in techniques.
The absorption coefficient was obtained by the expression

T2Tmin5@~12R!2e2ad#/@12R2e2ad!], ~1!
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whered is the thickness of the sample, andR the reflectivity.
It can be obtained from the refractive indexn and the extinc-
tion coefficientk by the relation

R5@~n21!21k2#/@~n11!21k2#. ~2!

Although no values of extinction coefficient near the ex-
citon band-edge region have been reported for CuGaS2, it is
expected thatk'0 in this energy range as observed in other
ternary chalcopyrite compounds.16,17 For this reason, the re-
flectivity was determined by means of the expression
R'[(n21)/(n11)]2. For the calculations, values ofn as a
function of wavelength reported by Boyd, Kasper, and
McFee18 at 100 K were used.

The values ofT in Eq. ~1! have been corrected by sub-
tracting a nearly constant apparent transmittanceTmin in-
duced by diffuse straight light. In the present case the value
of Tmin , which can be measured in the high-energy range of
the spectra, was about 331024.

The thickness of the sample was calculated from the first-
order interference pattern obtained at room temperature by
means of the well-known relation 2nd5kl. A typical value
of d thus determined wasd590 mm.

III. THEORETICAL CONSIDERATIONS

A. Fundamental absorption edge

In perfect semiconducting crystals the optical-absorption
spectra near the fundamental absorption edge are expected to
consist of a series of sharp lines within the band gap. These
lines correspond to various quantum states of the relative
motion of the electron-hole pair due to the Coulomb attrac-
tion between them.

For the simple case of two parabolic bands, a series of
lines is predicted at energies13

En5Eg2R!/n, n51,2,3,... . ~3!

HereEg is the energy gap andR* the effective rydberg of the
exciton. The intensity of the lines decreases asn23 with in-
creasing n. As the fundamental absorption edge is ap-
proached, the infinite number of lines will overlap, so that it
may be considered as a continuum. The total absorption co-
efficient, including both the discrete and continuum contri-
butions, is given by14

a~hn!5A†2R!@d~hn2En!/n
3#1m~hn2Eg!/„12exp

3$22p@R!/~hn2Eg!#%
1/2
…‡, ~4!

where A is a constant nearly independent of energy,
d~hn2En! is the Dirac delta function, andm(hn2Eg) the
unit-step function.

In the actual crystal the spectrum may be expected to
differ from the model because lattice vibrations and crystal
defects broaden the excitonic levels and smear out the band
edge. Thus, in order to obtain realistic curves which can be
compared with absorption data, it is necessary to convolute
Eq. ~4! with Lorentzian or Gaussian functions depending on
the strength of the exciton-phonon coupling. This is deter-
mined quantitatively by the dimensionless coupling constant
g defined as14

g5Vm*Ed
2/h3Mv, ~5!

whereM andV are the volume and mass of the unit cell,v is
the sound velocity, andEd is the deformation-potential con-
stant.

In the limit of weak exciton-phonon coupling~i.e., g!1!
the absorption line shape can be obtained by convoluting
a~hn! with the Lorentzian function:Gp@(hn)21G2#21. In this
case, the absorption coefficient is given by14

a~hn!5AH(
n

~R!/n3!@Gn/21b~hn2En!#/@~Gn!
21~hn

2En!
2#1C$p/21tan21@~hn2Eg!/~Gn/2!#%J ,

~6!

whereGn andGc are the half width at half maximum of the
Lorentzian, and the width of the continuum excitons, respec-
tively. For calculation, the parameter is assumed to follow a
dependence of the form19

Gn5Gc2~Gc2G1!/n
2. ~7!

Also, b is an asymmetry parameter introduced to describe
the interaction between the exciton levels and the continuum.

B. Optical transitions between a defect level and a band

Residual absorption observed near the fundamental ab-
sorption edge at energies below the exciton absorption is
probably related to transitions between shallow acceptor or
donor levels and the bands. These transitions occur at a pho-
ton energy which is given byhn>Eg2Ei , whereEi is the
binding energy of the impurity. Unlike the exciton absorption
which occurs between the well-defined edge of the valence
band and a discrete level, the transition between a defect
level and the band involves the whole band of levels. Hence
such a transition should manifest itself as a shoulder in the
absorption spectra having a threshold lower than the energy
gap by an amount ofEi .

14

Assuming, in the case of a direct-gap semiconductor with
parabolic bands, that the defect states are shallow, discrete,
and nonoverlapping, the absorption coefficient for the
acceptor-state-to-conduction-band transition is given by20

a~hn!5B~hn1EA2Eg!
1/2~me /m0!

3/2/hy@11me~hy1EA2Eg!/mhEA#4, ~8!
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whereEA is the binding energy of the acceptor level,me is
the electron effective mass,mh is the density of states of
holes, andB is a constant, again nearly independent of en-
ergy, expressed as

B5512pehn^P&2~NA2PA!/ncm0
2~mhEA /m0!

3/2, ~9!

wherec is the vacuum velocity of light,NA2PA the number
of unfilled acceptors, and̂P&2 the average interband matrix
element of the momentum operator which can be estimated
by the f -sum rule for the electron effective mass as

~m0 /me!215~4/m0!^P&2$2/~Eg!1@1/~Eg1DE!#%.
~10!

Here DE is the spin-orbit splitting of the valence band at
k50. Expressions~6! and ~8!, as will be discussed below,
were used to adjust the absorption data of CuGaS2 at 5 K.

IV. EXPERIMENTAL RESULTS

The absorption spectrum of CuGaS2 at 5 K isshown as a
dotted curve in Fig. 1. TheA-excitonic peak is clearly evi-
dent at about 2.51 eV. In addition, a shoulder is observed
between about 2.45 and 2.49 eV. Because of thep-type char-
acter of this material this shoulder is probably due to an
optical transition from a shallow acceptor level to the con-
duction band associated with the presence of intrinsic defects

in CuGaS2, similar to that observed in CuInSe2 ~Ref. 21! and
CuInS2 ~Ref. 22!.

The analysis of the experimental points shows that the
absorption spectrum follows an energy dependence which is
in agreement with Eqs.~6! and ~8!. This is consistent with
the value g50.02, obtained from Eq. ~5! taking
m*50.12m0 , estimated by means of the expression
1/m*51/me11/mh , andEd'6 eV for CuGaS2 ~Refs. 6 and
23!, indicating that the exciton-lattice coupling is very weak.

Thus, by adjusting these equations to the experimental
values ofa, with Eg , R0* , EA , A, B, b, andGc as variable
parameters, and using the half width at half maximum of the
n51 exciton peak, as obtained directly from Fig. 1, and
me50.14,mh50.69m0 for CuGaS2 ~Refs. 5 and 24!, a good
fit, as shown in Fig. 1 by the solid line, was obtained with the
values given in Table I.

It can be observed, however, that near the higher-energy
end of the spectrum~hn>2.55 eV! the slope of the theoreti-
cal curve is smaller than the experimental one. This disagree-
ment is probably due to the contributions of two effects not
taken into account in the calculation:~i! a nonparabolicity
which tends to increase the hole effective mass and also the
absorption coefficient as thek vector increases, and~ii ! the
absorption ofB andC excitons whose maximum is about
2.62 eV~Ref. 2!. There is probably some indication of these
in this spectral region.

For illustrative purposes, in Fig. 2 we plot separately the

FIG. 1. Absorption spectrum of CuGaS2 at 5 K. Dotted curves
are present experimental data. The theoretical absorption curve ob-
tained from Eqs.~6! and ~8! with parameters given in Table I is
represented as a solid line.

TABLE I. Parameters obtained by adjusting the absorption spectrum shown in Fig. 1.

Eg ~eV! R* ~meV! A ~eV cm21! C ~eV21! b Gc ~meV! B ~eV1/2 cm21! EA ~meV! NA ~cm21!

2.530 25.5 450 6.00 0.028 6.0 1.163106 89 4.031016

FIG. 2. Theoretical discrete and continuum exciton contribu-
tions and also the acceptor-state-to-conduction-band transition for
CuGaS2 at 5 K, shown separately as dashed, dash-dotted, and solid
curves, respectively.
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theoretical curves related to the acceptor-level-to-band tran-
sition, and the discrete and continuum excitonic contribu-
tions. Our value ofEg in Table I is in complete agreement
with that obtained at 2 K by using the two-oscillator model.2

Also, a value of 2.53 eV was obtained by Tell, Shay, and
Kasper4 at 2 K from their analysis of the luminescence spec-
tra.

The value of the exciton rydberg is also in agreement with
R*529 meV obtained in Ref. 2. This can be also estimated
by means of the hydrogenic approximation using the expres-
sion

R*5m* e4/2h2}2, ~11!

wherem* is the effective mass of the exciton,e a constant
whose exact value depends on the angular frequency of the
exciton in the orbitv5R* /h, and the frequencyvTO of the
transversely polarized optical phonons. Ifv!vTO the static
dielectric constante0 should be used; whereas forv@vTO it
should be the high-frequency dielectric constante` .

With the value of R* from Table I, we obtain
v53.931013 s21. On the other hand, the highest value of the
transversely polarized optical phonons in CuGaS2 deter-
mined from Raman scattering25 is vTO56.931013 s21. Since
these two frequencies are of the same order of magnitude, a
value ofe lying betweene0' ande '̀ , which are 8.9 and 7.6,
respectively, for this compound,26 could be expected in the
present case. Thus, the valuee57.9 obtained from Eq.~11!
by usingR*525.5 meV andm*50.12m0 is consistent with
the above-mentioned considerations.

Our damping constant for the ground exciton state~full
width at half maximum of the peak! is slightly larger than
G152 meV obtained in Ref. 2. This difference can be attrib-
uted to the fact, as pointed out by Tell and Kasper,2 that the
polishing of the surfaces broadens the exciton peak, increas-
ing the damping constant as observed in this case.

The oscillator strength is given by

f cv5a0ng/16p
2~RR* !1/2~m* /m0!

3/2, ~12!

wherea0 and ng are the absorption coefficient and the re-
fractive index at the energy gap, respectively, andR is the
hydrogen rydberg. Thus we findf cv'0.02, in good agree-
ment with that obtained in Ref. 6, which is 0.01, and is
smaller than those obtained for zinc-blende II-VI semicon-
ductors wheref cv is two orders of magnitude higher~e.g.,
f cv>1.8 in ZnS!.27 This is consistent with the above-
mentioned fact that theA excitonic transition is weakly al-
lowed in chalcopyrite compounds whenE'c.

In the case of the acceptor-level-to-conduction-band-
transition, it has been pointed out24 that such levels, observed
in CuGaS2 from electrical properties, show a decrease in
binding energy when increasing in the acceptor concentra-
tion. This variation is given by

EA5EA02bNA
1/3, ~13!

whereb is a proportionality constant which was estimated to
be 2.431028 cm21 for this compound,24 andEA0, the bind-
ing energy in the dilute limit of acceptor concentration, can
be estimated by using the hydrogenic model,

EA0513.6~mh /m0!/e
2, ~14!

in units of eV. In this expression, as in the case of exciton
binding energies, the valuee lies between the static dielectric
constant and the optical dielectric value, depending on the
relation between the angular frequency of the hole in the
orbit v and the frequency of the transverse-optical-polarized
phononsvT0.

In the case of CuGaS2, using the valueEA50.089 eV
obtained from the fit of the absorption spectrum, we obtain
v51.031014 s21, which is of the same order as
vTO57.531013 s21. This indicates that a value lying between
e0' and e '̀ should be used in the calculations. Thus, using
the above-calculated values ofe057.9 andNA54.031018

cm23, we obtainEA50.15 eV from Eqs.~13! and~14!. This
is slightly larger than the observed value. However, by using
the static dielectric constante058.6, we obtainE50.089 eV,
in complete agreement with the value obtained from the
optical-absorption curve. This indicates thate0 is a better
choice in order to estimate the binding energies of shallow
levels in CuGaS2.

As regards the origin of this level, it must be intrinsic
because our samples were not intentionally doped. The
chemistry of intrinsic defects in ternary compounds has been
discussed by several authors, and it has been suggested that it
is dominated mainly by an acceptor-donor majority defect
pair.28 The conditions for the existence of such a pair are
determined by deviations from the molecularity and the va-
lence stoichiometry,Dm andDs, respectively. For CuGaS2,
these parameters are defined as28

Dm5@Cu#/@Ga#21, ~15!

Ds52@S#/~@Cu#13@Ga#!21, ~16!

where@Cu#, @Ga#, and@S# represent the total concentration of
Cu, Ga, and S atoms in the sample.

From a study of the ternary phase relations of
Cu12xGa11x/3S2 ~where 0,x,0.13! chalcopyrite crystals,29

it is shown that although the green variety of CuGaS2 is very
nearly stoichiometric~i.e.,x'0! it is slightly rich in Ga~i.e.,
@Cu#/@Ga#,1#!. This is partly because a fine dispersion of
Cu2S, as observed by a scanning electron microscope, pre-
cipitates in the stoichiometric composition region. Thus,
from Eqs.~15! and ~16!, we estimateDm,0 andDs'0 in
the present samples. This gives, according to Ref. 28, three
possible majority defect acceptor-donor pairs, respectively,
which may be present in the material: copper vacancies~VCu!
and gallium on copper sites~GaCu!, VCu and sulfur vacancies
~VS!, andVCu and gallium interstitial~Gai!.

Since in all these cases the copper vacancy appears as the
common acceptor, we conclude that it is the predominant
active acceptor in CuGaS2 and, hence, that the level observed
at about 90 meV from the top of the valence band is due to
this intrinsic defect. Tell and Kasper2 have also interpreted
that the shallow level observed in CuGaS2 is due toVCu. The
corresponding donor pair binding energy, estimated from Eq.
~14! but usingme50.14m0 , is ED'20 meV. These results
are consistent with the valueEA1ED'120 meV deduced
from the donor-acceptor pair luminescence peak at 2.41 eV.
This is the dominant photoluminescence~PL! peak in Ga-
rich crystals of CuGaS2 at 4.2 K, especially in S-deficient
crystals.8 This apparently indicates that this donor is either
VS or GaCu.
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V. CONCLUSIONS

The absorption spectrum of CuGaS2 near the fundamental
absorption edge at 5 K has been measured and analyzed us-
ing current theoretical models. It has been found that the
transition from defect levels to the conduction band can be
associated with the presence of copper vacancies. Band-to-
band excitonic transitions have been analyzed by taking into
account both the discrete and continuum contributions to the
absorption coefficient, and it has been shown that experimen-

tal shapes of the absorption curves, strengths of excitons, and
binding energies of excitons and acceptors are well ac-
counted for by the existing theoretical models.
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