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Temperature-dependent photoluminescence measurements were carried out between 8 and 300 K on
CuInS2 single crystals grown by a traveling heater method. Ten distinct peaks were present in the
near-band edge region. Four unknown peaks, observed at 8 K, were found to be due to bound
exciton emission. Moreover, the luminescence remained stable up to room temperature. ©2001
American Institute of Physics.@DOI: 10.1063/1.1345802#

Solar cell technologies using I–III–VI2 chalcopyrite
semiconductors have made rapid progress in recent years. In
particular, CuIn12xGaxSe2 ~CIGS! based solar cells have
been extensively reported in comparison to other chalcopy-
rite semiconductor based solar cells, primarily because of its
large absorption coefficient~more than 105 cm21 near the
band gap region! and its band gap energy of between 1.0 and
1.7 eV at room temperature. Conversion efficiencies for
polycrystalline CIGS based solar cells have been signifi-
cantly improved over recent years and the best cell is now
reported at 18.8%.1 Among ternary chalcopyrite semicon-
ductors, CuInS2 may be the most promising material for pho-
tovoltaic applications due to the band gap of 1.5 eV which
perfectly matches the solar spectrum for energy conversion.
However, the conversion efficiency of the CuInS2 based so-
lar cells are so far limited to around 12%.2 One reason for
this relatively low efficiency is that the physical properties of
CuInS2 are not accurately known because high quality single
crystal growth of CuInS2 is difficult in comparison to
CuInSe2 and CuGaSe2.

In our previous articles,3,4 bulk CuInS2 single crystals
have been grown by a traveling heater method~THM!. The
samples obtained were of chalcopyrite structures, In-rich
composition andn-type conductivity, as determined by pow-
der x-ray diffraction, electron probe microanalysis~EPMA!,
and thermoprobe analysis, respectively. In addition optical
properties were examined by photoluminescence~PL! mea-
surements at 77 K.

In this letter to further characterize physical properties
and radiative recombination processes we report on tempera-
ture dependent PL measurements of CuInS2 single crystals
grown by THM.

Bulk CuInS2 single crystals were grown by the THM at
860–900 °C from In solutions. The samples were chemically

etched in a;0.5% Br-methanol solution and PL measure-
ments were carried out between 8 and 300 K with Ar1 Laser
~514.5 nm! using a photomultiplier tube for detection.

Typical PL spectrum at 8 K is shown in Fig. 1. Ten
distinct peaks~indicated arrows! are present in the spectrum.
Peak energies are listed in Table I. Binsmaet al.’s data5 at
4.2 K are also listed as a reference. Peak emission lines
called FEA ~free excitonG6!, EX1, EX2, EX3, or EX4 and
EX5 ~EX: acceptor or donor bound excitons! are also ob-
served in this work. However, four peaks at 1.5347, 1.5324,
1.5288, and 1.5281 eV are observed.

Excitons can from stable complexes with neutral and
ionized donors or ionized acceptors. The binding energies of
neutral-donor and neutral-acceptor complexes have been cal-
culated using the Coulomb interactions and electron-phonon
coupling. From these results, Binsmaet al. estimated the
exciton-neutral donor (ED1) or acceptor binding energy
(EA1), usingme50.16 andmn51.30, for CuInS2 to be
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FIG. 1. Typical photoluminescence spectrum of the CuInS2 single crystal at
8 K. Ten distinct peaks are indicated by arrows.
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EBX50.27ED11EX , ~1!

EBX50.06EA11EX , ~2!

where, EX is 20 meV for an exciton binding energies of
CuInS2.

5

Also for excitons bound to ionized donors or acceptors,
calculations of the binding energies were performed both
with and without photon coupling. Because no general rela-
tion can be given for the binding energy including phonon
coupling, we will take the binding energies in the effective
mass approximation as our starting point. The binding en-
ergy of an exciton to an ionized donor (ED2) or acceptor
(EA2) is given by

EBX51.044 ED21EX , ~3!

EBX51.5 EA21EX , ~4!

and the photon energyhv of radiative transition of a bound
exciton is represented by

hv5Eg2EX . ~5!

Using Eqs.~1!–~5!, the ionization energies of the donors or
acceptors which can be calculated~Table II!. All calculations
have been performed forT58 K.

The typical temperature dependent PL spectra of the
CuInS2 single crystal between 8 and 300 K are shown in Fig.
2. As the temperature increased from 8 to 80 K, the intensity
of the EX2 peak drastically decreases and the EX1 peak
becomes dominant at 80 K. One broadband is clearly present
up to room temperature, this luminescence is observed at
room temperature. An experimental determination of the
binding energy if the peak is made possible from an analysis

of the quenching of the emission intensity with increasing
temperature. In Fig. 3, the emission intensity of the peak is
plotted versus a reciprocal of temperature. From 1000/T
5about 30–120 K21, that is to sayT58 – 40 K, the PL in-
tensity is almost unchanged indicating that the exciton,
formed by the excitation light, relaxes by nonradiative re-
combination process. The thermal activation energy of the
peak can be obtained using the PL intensity from 100 to 300
K, and is found to be 65 meV. This value is close to that the
activation energy of In interstitial (Ini).

6,7 The Ini defect is
likely to be present in the sample as it is in line with the
EPMA results which showed an excess of In.

Peak energies of, for example, FEA and EX1, seem to
increase with increasing temperature from 8 to 100 K and
decrease with increasing temperature from 100 to 300 K.
Such an increase in band gap with increasing temperature, is,
in general quite anomalous for semiconductors, has been ob-
served previously for other chalcopyrite semiconductors.4

The anomalous behavior of the energy gap can be explained
on the basis of the temperature dependentp–d hybridiza-
tion. Shay and Wernick explained that the energy gap of the

FIG. 2. Temperature dependent near band edge photoluminescence between
8 and 300 K.

FIG. 3. Relative intensity of the EX1 peak as a function of the reciprocal
temperature.

TABLE I. Band edge emission lines observed in the In-rich CuInS2 crystals.
Binsma’s data at 4.2 K are also listed as a reference.

hv ~eV!
~this work at 8K!

Emission line
~Binsmaet al.

hv ~eV!
at 4.2 K!

1.5355 eV FEA 1.535 eV
1.5347
1.5324
1.5298 EX1 1.530
1.5288
1.5281
1.5240 EX2 1.525
1.5225 DV 1.520
1.5173 EX3 1.5185

EX4 1.5165
1.5142 EX5 1.513

TABLE II. Possible values of donor or acceptor levels as calculated from
Eqs.~1!–~4!.

hv ~eV!
~this work at 8 K!

Neutral
donor

Ionized
donor

Neutral
acceptor

Ionized
acceptor

1.5347 eV 3 meV 20 meV 13 meV 14 meV
1.5342 11 22 53 15
1.5298~EX1! 22 25 98 17.1
1.5288 24 25.5 112 17.8
1.5281 27 26.2 123 18.2
1.5240~EX2! 43 30 192 21
1.5173~EX3! 67 37 303 25
1.5142~EX5! 79 40 355 28
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I–III–VI 2 chalcopyrite semiconductors is lowered with re-
spect to the corresponding II–VI binaries by hybridization of
the copperd levels with the chalocogenp levels.8

In summary, temperature dependent PL measurements
were carried out between 8 and 300 K on CuInS2 single
crystals grown by the THM. Ten distinct peaks are present in
the band edge region. Four peaks at 1.5347, 1.5324, 1.5288,
and 1.5281 eV due to acceptor or donor bound excitons are
observed at 8 K. Moreover, with increasing temperature, the
luminescence is found to persist even at room temperature.
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