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Abstract

We studied the photoluminescence (PL) and Raman properties of the ordered defect compound CuGa5Se8. Twelve peaks were

detected from the room-temperature Raman spectra with the A1 mode around 160 cm�1. Due to the stress in the polycrystalline thin film

the corresponding frequencies of the Raman modes of a CuGa5Se8 single crystal were slightly shifted. One broad asymmetric PL band at

1.788 and 1.765 eV was observed at 10K in the PL spectra of CuGa5Se8 single crystal and polycrystalline layer, respectively. The

temperature and laser power dependencies of the PL spectra were also studied. The shape and properties of the PL band assure the

presence of potential fluctuations and the analyses of the PL data suggest that the emission is due to band-to-tail (BT) or band-to-

impurity (BI) recombination.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

One of the reasons why ternary chalcopyrite compounds
are interesting is their toleration of a large range of anion
to cation off-stoichiometry that leads to the existence of a
number of ordered defect compounds [1]. It is reported that
solar cells with the efficiency around 19% have been
produced [2] using thin films based on CuIn(Ga)Se2. The
ordered defect compound CuIn3Se5 that precipitates as a
secondary phase on the thin film surface of In-rich CuInSe2
[3] is expected to improve the efficiency of such cells. Apart
form CuIn3Se5, other In-rich phases like CuIn5Se8 and Ga-
rich phases CuGa3Se5 and CuGa5Se8 have been reported
[4,5] in the Cu2Se–In2Se3 and Cu2Se–Ga2Se3 quasi-binary
systems, respectively. These compounds are called ordered
vacancy compunds (OVCs), because vacancies are expected
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to orderly occupy particular crystallographic sites in their
crystal structure to satisfy the four electrons per site rule
[6]. They are also referred to as ordered defect compounds
(ODCs) since Zhang et al. [1] have explained the existence
and stability of these compounds with the presence of
ðIn2þCu þ 2V�1CuÞ donor–acceptor defect pairs (DADPs) that
have very low formation energies.
In this paper we present the results of Raman and

photoluminescence studies of CuGa5Se8. To our knowl-
edge, very little work on the physical properties of
CuGa5Se8 appear in the literature and there are no
photoluminescence studies of CuGa5Se8 published. The
temperature dependence of the energy gap in bulk samples
of CuGa5Se8 have been reported by Marin et al. [5]. It was
found that the bandgap energy varies from 1.917 to
1.811 eV in the temperature range between 10 and 300K.
Xu et al. [7] have investigated Raman spectra of
Cu(In1�xGax)5Se8 thin films with varying x. To our
knowledge, this is the only Raman spectrum of CuGa5Se8
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Fig. 1. The room-temperature Raman spectra of MOCVD grown

CuGa5Se8 polycrystalline layer and the result of fitting. Twelve peaks

were detected from the spectra. The peak at 93 cm�1 is due to the cut-off of

the filter and is not taken into account.
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in the literature. From room-temperature Raman measure-
ments they found seven peaks at 78, 93, 107, 160, 259 and
289 cm�1, the peak at 160 cm�1 being the dominant A1

mode of CuGa5Se8. However, no fitting of the spectra have
been performed and no more detailed identification or
assignment of the observed peaks has been made. Orlova
et al. [8,9] have investigated the structural parameters, the
axial thermal expansion coefficients and the characteristic
Debye temperature of the CuGa5Se8 single crystals by
using X-ray diffraction method. The unit cell parameters
a ¼ 0.54682 nm and c ¼ 1.09116 nm were determined. It
was also found that CuGa5Se8 has very close to CuGa3Se5
value of thermal expansion coefficient. There is also only a
small difference in the crystal lattice parameters of these
compounds. These properties of OVC compounds are
essential for obtaining the high-quality epitaxial layers, for
forming heterojunctions and for producing solar cells
based on these ternary compounds. Leon et al. [10] have
studied CuGa5Se8 by spectroscopic ellipsometry and
determined the dielectric-function-related optical con-
stants, such as the complex refractive index, extinction
coefficient, absorption coefficient and normal-incidence
reflectivity.

In order to understand the role of the ordered vacancies,
we studied the photoluminescence and Raman spectra of
CuGa5Se8 polycrystalline thin films and single crystals. To
identify the observed Raman modes, the data obtained are
compared with Raman spectra of CuGa5Se8 thin films
reported in the literature [7].

2. Experimental methods

The MOCVD grown CuGa5Se8 polycrystalline thin films
and single crystals grown by the vertical Bridgman method
used in the present study exhibit compositions very close
to its ideal value of 1:5:8 as measured by energy dispersive
X-ray spectroscopy (EDX). The CuGa5Se8 thin films are
grown in an Aixtron AIX200 MOCVD reactor on GaAs
substrates. Cyclopentadienyl–copper, triethyl–gallium and
ditertiary-butyl–selenide were used as Cu-, Ga- and Se-
precursor, respectively. The growth process was derived
from the process for CuGaSe2 [11]. The growth tempera-
ture 570 1C was used and the reactor pressure was kept at
50mbar. The processing time was 4 h. The dependence of
the composition ratio on the partial pressure ratio was not
linear. From the SEM images the polycrystallinity of the
films was detected. The CuGa5Se8 single crystals were
grown by the horizontal Bridgman method. The directed
crystallization of the melt was performed by cooling of the
furnace of the hot-zone up to �1170K at a rate of
�2Kh�1. For more growth details of see Ref. [9].

The photoluminescence and room-temperature Raman
spectra were recorded by using a Horiba‘s LabRam HR
high resolution spectrometer equipped with a multichannel
detection system in the backscattering configuration. In
micro-Raman measurements, the incident laser light with
the wavelength of 532 nm can be focused on the sample
within a spot of 1 mm in diameter and the spectral
resolution of the spectrometer is about 0.5 cm�1. For
photoluminescence measurements, the samples were
mounted in the closed-cycle He cryostat and cooled down
to 10K. The 441.6 nm He–Cd laser line was used for
photoluminescence excitation.

3. Experimental results and discussion

3.1. Raman results

The chalcopyrite crystal AIBIIIC2
VI, with space group

I4̄2d, has eight atoms per primitive cell. CuGa5Se8 crystal-
lizes in a chalcopyrite-related structure. To our knowledge,
the space group of CuGa5Se8 has not yet been published.
Marin et al. [6] made an assumption that CuGa5Se8
crystallizes in space group P42m like AgIn5Se8. The unit
cell parameters of CuGa5Se8 are very close to the unit cell
parameters of CuGaSe2. So it is expected that its
vibrational spectra is very similar to the chalcopyrite one.
Its vibrational spectrum consists of 24 zone-center vibra-
tional modes:

1A1 þ 2A2 þ 3B1 þ 4B2 þ 7E;

where the E-modes are doubly degenerated. These modes
are classified into three acoustic (B2+E) and 21 optical
modes (1A1+2A2+3B1+3B2+6E). Except for two silent
modes (2A2), there are 22 Raman active modes:

1A1 þ 3B1 þ 3B2ðLOÞ þ 3B2ðTOÞ þ 6EðLOÞ þ 6EðTOÞ.

Correct assignment of the lattice vibrations is of great
importance for a fundamental understanding of the
structural properties of chalcopyrites. However, this is
not always an easy task, because of the difficulties in
growing high quality bulk crystals, the great variety of
defects in the chalcopyrite materials and its dependence on
a deviation from stoichiometry.
The Raman spectrum of the MOCVD grown CuGa5Se8

layer with the fitting result are shown in Fig. 1. The
Bridgman grown CuGa5Se8 single crystal showed very
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similar spectrum. Because of the slightly asymmetric shape of
Raman peaks, each peak was fitted using Pearson VII
function [12]. Twelve peaks were detected from these spectra.
For comparison, Raman peak positions and possible
mode assignments, as discussed in the following are listed in
Table 1. It is seen from the table, that the A1 peak at
161 cm�1 of a CuGa5Se8 single crystal is shifted to higher
wavenumbers by 3 cm�1 compared to the A1 peak position at
158 cm�1 of a CuGa5Se8 polycrystalline thin film. Negative
and positive shifts attributed to the stress in the polycrystal-
line films can also be observed for other Raman modes.

According to the simplified version of Keating‘s model,
the frequency of the A1 mode n that results from the
motion of the Se atom with the cations remaining at rest, is
given by [13]

n �

ffiffiffiffiffiffiffiffiffi
k

MSe

s
, (1)

where k is a force constant related to the cations–anion
bond-stretching forces and MSe is the mass of the Se atom.
The vacancies present in OVCs tend to reduce the
stretching forces, and thereby the corresponding vibra-
tional frequencies. Since in first approximation the vibra-
tional frequencies in chalcopyrites depend mainly on the
interaction of the nearest neighbor atoms and taking also
into account that only one vacancy exists for each four Se
atoms in the OVC [1], it can be assumed that for the A1

mode k is reduced by 25% as compared to its value in the
normal chalcopyrite. Under this assumption, we can
calculate the approximate value of the A1 mode frequency
n0 of CuGa5Se8:

n0 �

ffiffiffiffiffiffiffiffiffiffiffiffi
0:75k

MSe

s
� 0:87n, (2)
Table 1

Raman peak positions, obtained form the fitting, and possible mode assignme

Raman peak position (cm�1)

MOCVD grown CuGa5Se8 Bridgman grown CuGa5Se8 CuGaSe2, Re

343 344 –

289 293 –

277 280 –

255 253 273

236 235 261

220 216 239

– – –

192 186 199

170 168 –

158 161 184

141 142 –

124 117 116

106 99 96

– – –

– – –

– – 60

– – –
where n is the A1 mode frequency in CuGaSe2. The
frequency of the A1 mode for CuGaSe2 at room
temperature is 184 cm�1 [14], giving us the frequency of
161 cm�1 for the A1 mode in CuGa5Se8. The observed
Raman peaks at 161 and 158 cm�1 of a CuGa5Se8 single
crystal and polycrystalline thin film, respectively, are in
very good agreement with the theoretically expected value.
The A1 Raman mode of CuGa5Se8 at 160 cm�1 was also
observed in Ref. [7].
The B1 modes involve the motion of the cations. Since

the presence of ordered vacancies on Se sites is not
expected to occur in these materials, the frequencies of
these modes in OVC are expected to be very similar to that
observed in CuGaSe2 [15]. Thus, the mode at 117 and
124 cm�1 in CuGa5Se8 single crystal and polycrystalline
thin film, respectively, probably corresponds to the second-
lowest frequency B1 mode reported at 116 cm�1 in
CuGaSe2 at 300K [14]. The lowest frequency B1 mode,
whose corresponding values in CuGaSe2 and CuGa3Se5 are
76 and 72 cm�1 [16,17], respectively, is not observed in our
spectrum due to the limitations of our experimental system.
The highest frequency B1 mode, which should be very weak
because it corresponds to the motion of the cations in
antiphase, is expected to be observed close to the A1 peak.
This mode has not yet been reported in CuGa3Se5 or
CuGa5Se8 even at low temperatures.
The remaining modes should be assigned as B2 and E

modes that mostly correspond to the combined motion of
all the atoms. Hence, by similar considerations given for
the A1 mode, it is expected that its frequencies are slightly
lower than those observed in CuGaSe2 [15]. Thus the peaks
at around 255, 236, 220 and 192 cm�1 in polycrystalline
CuGa5Se8 and at 253, 235, 216 and 186 cm�1 in a
CuGa5Se8 single crystal, can be related to 273, 261, 239
and 199 cm�1 in CuGaSe2, respectively. The calculated
nts

f. [14] CuGa3Se5, Ref. [17] CuGa5Se8, Ref. [7] Possible origin

– – B2+E

286 289 B2+E

274 – B2

252 259 E

– – B2 or E

220 – E

200 – E

187 – B2

– – B2+E

166 160 A1

142 – E

– – B1

105 107 E

90 93 B1

72 78 B1

64 – B2

48 – E
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ratio of each pair of corresponding frequencies in
CuGa5Se8 and CuGaSe2 n0/n varies from 0.90 to 0.94
which as also found for CuGa3Se5 Raman peaks in
Ref. [15]. The peak at 141 cm�1 probably corresponds to
E mode, reported at 142 cm�1 in CuGa3Se5 [17]. The peak
around 289 cm�1 in CuGa5Se8 probably corresponds to a
combination of the lowest-energy B2 mode, which is
expected to occur at around 53 cm�1, and the E mode at
236 cm�1. Similarly, the peak around 170 cm�1 in Cu-
Ga5Se8 probably corresponds to a combination of B and
the E modes. Such combinations have also been observed
in CuGaSe2 and CuGa3Se5 [14,15].

We also observed the broadening of Raman peaks in
CuGa5Se8 compared to CuGaSe2. It is expected that high
concentration of defects in OVCs leads to the formation of
concentration fluctuations [7]. Such spatially extended
effects caused by mixed defects and clusters can decrease
the phonon lifetimes, which may be responsible for the
broadening of Raman bands. This can be taken as an
indication of a reduction in crystalline quality due to a
large density of defects in CuGa5Se8.

3.2. Photoluminescence results

Only one broad asymmetric band at 1.788 and 1.765 eV
was observed at 10K in the PL spectra of Bridgman grown
CuGa5Se8 single crystal and MOCVD grown polycrystal-
line layer, respectively (Fig. 2). PL band positions are at
much lower energies compared to the bandgap energy of
CuGa5Se8 (Eg ¼ 1.811 eV at 300K and Eg(0)E1.917 eV
[6]). Similar spectrum was obtained for CuGa3Se5 [18]. The
asymmetric shape and the position of the PL band suggest
that there are Coulomb potential fluctuations induced due
to the random distribution of unscreened charged defects
present in our samples. These potential fluctuations will
lead to a local perturbation of the band structure, thus
broadening the defect level distribution and forming band
tails [18,19]. Radiative recombination in such crystals is
Fig. 2. Normalized PL spectra of polycrystalline and single crystal

CuGa5Se8 at 10K. The lines represent the fittings of the low-energy side of

the PL bands. The polycrystalline and single crystal CuGa5Se8 showed

Gaussian and exponential spectral dependence of the low-energy tail of

emission, respectively.
therefore governed by the recombination of carriers
localized in spatially separated potential wells originating
from Coulomb potential fluctuations. The analysis of the
PL data suggests that the emission is due to band-to-tail
(BT) or band-to-impurity (BI) recombination, because
both emissions show very similar behavior [20].
Siebentritt et al. [21] have analyzed the shape of the band

tails in case of fluctuating potentials using two different
models. According to them, the low-energy tail of PL
emissions can be described by a Gaussian or an exponential
spectral dependence. This based on the more general
theoretical analysis of the density of states function by
Osipov and Levanyuk [22]. The low-energy sides of the PL
band of the CuGa5Se8 samples analyzed in the present
paper showed Gaussian shape and exponential decay for
the polycrystal and single crystal, respectively. It is an
indication of the presence of deeper fluctuations with the
Gaussian shape density of states function in polycrystal
while the density of states function in the band tails of a
single crystal has an exponential distribution. Deeper
potential fluctuations in CuGa5Se8 polycrystal also explain
the shift of the PL band position towards lower energies
compared to the single crystal. Like in Ref. [21], the
average amplitudes of the fluctuations g ¼ 62 and 113meV
for the CuGa5Se8 single crystal and polycrystal, respec-
tively, were determined from the exponential and Gaussian
spectral dependencies, respectively [22]:

IðEÞ� exp �
E

g

� �
or IðEÞ� exp �

ðE � E0Þ
2

2g2

� �
, (3)

where E0 is assumed to represent an average emission
energy in the case of fluctuating potentials.
Excitation power and temperature dependent (Figs. 3

and 4) photoluminescence measurements indicate that our
spectra are dominated by the BT-type recombination that
involves free electron and a hole that is localized in the
valence band tail [22]. Although other models can be used,
we follow in our discussion here the arguments and the
nomenclature used there. Due to their small effective mass,
almost all electrons are free. Holes are localized in the
valence band potential wells and form so-called pseudo-
acceptor states. The activation energy of the thermal
quenching of the PL band allows us to evaluate the average
depth of these pseudo-acceptor states. From Arrhenius
plot of thermal quenching of the PL band (Fig. 3), we
obtained an estimation of thermal activation energy of
pseudo-acceptor states 4078 and 16875meV for single
crystal and polycrystalline CuGa5Se8, respectively. The
ln I(T) versus 1000/T dependence was fitted with theoretical
expression for discrete energy levels proposed in [23]

FðTÞ ¼
F0

1þ a1T3=2 þ a2T3=2 expð�ET=kTÞ
, (4)

where F is integrated intensity, a1 and a2 are the process
rate parameters and ET is the thermal activation energy.
Despite the similarity between the experimental and
theoretical dependencies, it is clear that in the case of BT
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Fig. 3. Arrhenius graph of CuGa5Se8 single crystal and polycrystalline

layer obtained from the temperature dependence of the PL spectra. Solid

lines represent the fitting of the experimental data with the theoretical

expression (4). Thermal activation energies of 168 and 40meV were

obtained for polycrystalline and single crystal CuGa5Se8, respectively.

Fig. 4. Temperature dependence of the PL band peak position. Solid line

represents the temperature dependence of the bandgap energy Eg of

CuGa5Se8 [6].
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type recombination, the fitting is not completely valid due
to continuous tail states.

Higher thermal activation energy in CuGa5Se8 poly-
crystalline film is probably related to the coexistence of BT-
and BI-type recombination in the sample, the latter being
related to a deeper acceptor level. The Gaussian shape of
the low-energy tail of PL emission supports this idea.

In Fig. 4 the temperature dependence of the PL band
peak position along with the bandgap energy Eg of
CuGa5Se8 [6] is shown. The peak position energy decreas-
ing rate exceeds the bandgap energy decreasing rate with
temperature. This feature is predicted by the theory of
heavily doped semiconductors [22] and was also observed
in CuGa3Se5 [18]. More detailed analysis of the tempera-
ture dependence of PL band position in case of heavily
doped materials can be found in Refs. [19,20].
From the excitation power dependence, the blue shift of
the PL band with the magnitude of about 15 and 23meV
per decade for CuGa5Se8 single crystal and polycrystalline
layer, respectively, was detected. This again confirms that
the observed emission results from BT or BI recombination
[22]. The observed shift is larger for the sample with deeper
potential fluctuations, as predicted by the theory.

4. Conclusions

The Raman and PL properties of the ordered vacancy
compound CuGa5Se8 have been studied. Twelve peaks
were detected from the room-temperature Raman spectra
with the A1 mode around 160 cm�1. One broad asymmetric
PL band at 1.788 and 1.765 eV was observed at 10K in the
PL spectra of CuGa5Se8 single crystal and polycrystalline
layer, respectively. The analyses of the PL data suggest that
the emission is due to BT- or BI-type recombination,
indicating the presence of potential fluctuations due to high
concentration of charged defects.
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