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The quaternary semiconductors Cu2ZnSnSe4 and Cu2ZnSnS4 have attracted a lot of attention as possible
absorber materials for solar cells due to their direct bandgap and high absorption coefficient (N104 cm−1). In
this study we investigate the optical properties of Cu2ZnSn(SexS1−x)4 monograin powders that were
synthesized from binary compounds in the liquid phase of potassium iodide (KI) flux materials in evacuated
quartz ampoules. Radiative recombination processes in Cu2ZnSn(SexS1−x)4 monograins were studied by
using low-temperature photoluminescence (PL) spectroscopy. A continuous shift from 1.3 eV to 0.95 eV of the
PL emission peak position with increasing Se concentration was observed indicating the narrowing of the
bandgap of the solid solutions. Recombination mechanisms responsible for the PL emission are discussed.
Vibrational properties of Cu2ZnSn(SexS1−x)4 monograins were studied by using micro-Raman spectroscopy.
The frequencies of the optical modes in the givenmaterials were detected and the bimodal behaviour of the A1

Raman modes of Cu2ZnSnSe4 and Cu2ZnSnS4 is established.
372 6203367.
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1. Introduction

Lately, the quaternary semiconductors Cu2ZnSnSe4 (CZTSe),
Cu2ZnSnS4 (CZTS), Cu2CdSnSe4 have attracted a lot of attention as
possible absorber materials for solar cells. These materials have an
optimal direct bandgap for solar energy conversion and high absorption
coefficients (N104 cm−1) [1]. Theyarebelieved tobe suitable alternatives
for CuInSe2 (CIS) andCu(InGa)Se2 (CIGS) absorbers since their elemental
components are abundant in the Earth's crust.

Only little information about the defect structure of Cu2ZnSnSe4
and Cu2ZnSnS4 can be found in the literature. Raulot et al. [2] have
studied the energies of defect formation of CZTSe by ab initio
electronic structure calculations. The lowest energy of formation
was found for VCu that can be considered as dominating defect in
CZTSe. We have previously published a photoluminescence (PL)
analysis of CZTSe monograins [3] where PL emission at 0.946 eV was
attributed to an acceptor defect with an ionization energy of ET=69±
4 meV. Tanaka et al. [4] have determined donor–acceptor pair
recombination with a thermal activation energy of 48 meV and a PL
band gap of around 1.3 eV in S-poor CZTS single crystals grown by the
iodine transport method. More recently, Hönes et al. [5] have
proposed a defect related recombination model for CZTS involving
shallow defect levels — two shallow acceptor states 10±5 meV and
30±5 meV above the valence band and a donor state 5±3 meV
below the conduction band.

The band gap energy of CZTS is reported to be from 1.40 to 1.45 eV
[5,6] to 1.51 eV [7]. For CZTSe, quite different bandgaps have been
reported. Mostly, it is proposed that the band gap energy lies between
1.4 eV and 1.56 eV [8,9]. However, it was suggested by us that the
band gap energy of CZTSe is about 1.02 eV according to our PL analysis
[3]. Based on ab initio calculations Raulot et al. [2] have found a
bandgap of around 0.9 eV for CZTSe.

In this paper, we study the changes in Raman spectra of the Cu2ZnSn
(SexS1−x)4 solid solutions with varying sulphur to selenium concen-
tration ratio and changes in defect structure using photoluminescence
spectroscopy.

2. Experimental details

The Cu2ZnSn(SexS1−x)4 solid solutions were synthesized from
CuSe(S), ZnSe(S) and SnSe(S) precursors in molten KI. More details
about the synthesis can be found in [10]. The obtained material
consisted of single crystalline particles with diameters of around
100 μmwith tetragonal shape and rounded grain edges. The chemical
composition of the monograin powders was determined by energy
dispersive X-ray spectroscopy (EDS) (see Table 1). X-ray diffraction
(XRD) measurements confirmed the formation of solid solutions. The
monograins had p-type conductivity.

Room temperature Raman spectra were recorded by using a
Horiba's LabRam HR high resolution spectrometer equipped with a
multichannel CCD detection system in backscattering configuration.
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Table 1
Compositions of the studied solid solutions as determined by EDS.

x [Cu]/([Zn] + [Sn]) [Zn]/[Sn]

1 0.88 1.03
0.75 0.93 0.99
0.55 0.97 0.98
0.26 0.95 0.98
0 0.95 0.98

Fig. 2. CZTS and CZTSe A1 Raman mode frequency dependencies on the sulphur
concentration in Cu2ZnSn(SexS1−x)4 solid solutions. The A1 mode of both compounds
shifts approximately linearly towards higher wavenumbers with increasing sulphur
concentration.
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In micro-Raman measurements, the incident laser light with a
wavelength of 532 nm can be focused on the sample within a spot
of 10 μm in diameter. For PL measurements, the samples were
mounted in a closed-cycle He cryostat and cooled down to 10 K. The
441 nm He-Cd laser line was used for PL excitation.

3. Results and discussion

3.1. Raman analysis

The dependence of the Raman spectra on the composition of the
Cu2ZnSn(SexS1−x)4 solid solutions with x values of 1, 0.75, 0.55, 0.26
and 0, are presented in Fig. 1. The A1 Raman mode frequencies of
CZTSe and CZTS (indicated by arrows in Fig. 1) are 196 cm−1 and
338.5 cm−1, respectively. The A1 modes are pure anion modes which
correspond to vibrations of sulphur and selenium atoms surrounded by
motionlessneighboring atoms [11]. A linear shift of theA1Ramanmodes
of CZTS and CZTSe towards higher wavenumbers with increasing
sulphur concentration in Cu2ZnSn(SexS1−x)4 is demonstrated in Fig. 2.
The other Raman peaks of CZTSe were detected at 167, 172, 230, 233,
and 243 cm−1 and the Raman peaks of CZTS at 167, 252, 288, 347, and
366 cm−1 (labeled with numbers in Fig. 1). The lattice vibrational
properties of these solid solutions have not been discussed so far.

All Raman spectra of the studied Cu2ZnSn(SexS1− x)4 solid
solutions show peaks of some secondary (mostly binary) phases
(positions of the peaks are indicated by dotted lines in Fig. 1).
However, the Raman peaks corresponding to additional phases have
very low intensities in comparison with the CZTSe or CZTS peak
intensities. All Raman spectra were fitted using Lorentzian functions
to resolve the peaks. In the Raman spectrum of CZTSe the presence of
ZnSe (peak at 249 cm−1) was detected and also a SnSe2 phase might
be present (peak at 191 cm−1). The corresponding Raman frequencies
of ZnSe and SnSe2 reported in the literature are 252 cm−1 [12] and
Fig. 1. Room-temperature Raman spectra of Cu2ZnSn(SexS1−x)4 solid solutions with
different Se/S concentration ratio. The A1 modes of Cu2ZnSnSe4 and Cu2ZnSnS4 show
bimodal behaviour.
186 cm−1 [13], respectively. In Cu2ZnSn(Se0.75 S0.25)4 the presence of
ZnS (peak at 353 cm−1) and SnS (peaks at 196 cm−1 and 217 cm−1)
was detected. According to literature data, the corresponding Raman
frequencies of ZnS and SnS are 353 cm−1 [14] and 192 cm−1 and
218 cm−1 [15], respectively. In the spectrum of Cu2ZnSn(Se0.55 S0.45)4
the presence of ZnS was detected (peak at 351 cm−1) and in the
spectrum of Cu2ZnSn(Se0.26 S0.74)4 peaks of ZnSe (peaks at 205 cm−1

and 251.5 cm−1) and ZnS (peak at 351 cm−1) were observed. In the
spectrum of CZTS, a ZnS peak at 355 cm−1 was observed. Small
deviations of peak positions of the secondary phases in the solid
solutions can also be the result of a formation of solid solutions of
binary compounds.

The Raman peaks of Cu2ZnSn(SexS1−x)4 solid solutions broaden
with increasing sulphur content, giving the largest widths of the peaks
for Cu2ZnSn(Se0.55S0.45)4. This trend is correlated with the increasing
structural disorder due to the random distribution of S and Se atoms
in the lattice that leads to fluctuations in the masses and force
constants in the neighborhood.

Fig. 2 presents the shift of the two A1 modes with S concentration.
As can be seen, the shift is larger for the CZTSe A1 peak. This has also
been observed in the case of CuInS2xSe2(1−x) crystals [16]. The force
constants are responsible for the trends in the frequencies of the A1

mode. Both of the A1 Raman modes of CZTSe and CZTS followed the
two-mode behaviour throughout the entire alloy concentration range.
3.2. Photoluminescence analysis

Normalised photoluminescence spectra of the Cu2ZnSn(SexS1−x)4
solid solutions with different Se/S concentration ratios measured at
T=10 K are presented in Fig. 3. Each spectrum (except for the one
corresponding to Cu2ZnSnS4 that is fitted with two asymmetric PL
bands) consists of one asymmetric PL band. The PL bands shift
towards higher energies (see Fig. 4) and become more asymmetric
with increasing S concentration. Broadening of the PL bands with
increasing S concentration is also observed. PL bands with such an
asymmetric shape and behaviour are often observed in ternary
chalcopyrites such as CuInSe2 [17], CuGaSe2 [18] and others that
contain large concentrations of charged defects. One would expect
similar results from quaternary compounds that are derived from the
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Fig. 3. Normalised low-temperature photoluminescence spectra of the Cu2ZnSn(SexS1−x)4
solid solutions with different Se/S concentration ratios. A nearly linear shift of the PL
emission towards higher energies with increasing S concentration was observed up to a
total value of 0.4 eV.
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ternaries by substituting half of the group III element (In) by a group II
element (Zn) and the other half by a group IV element (Sn).

In a semiconductor with a random distribution of high concentra-
tions of charged donors and acceptors spatial fluctuations of the
electrostatic potential are formed. These potential fluctuations will
lead to a local perturbation of the band structure, thus broadening the
defect level distribution and forming band tails [19]. Since the
effective mass of an electron is much smaller than the effective
mass of a hole in all direct-gap semiconductors, the electrons do not
localize and the density of states near to the conduction band edge can
be ignored. Radiative recombination in these “heavily doped” crystals
is therefore often governed by the recombination of free electrons and
holes localised in spatially separated potential wells originating from
Coulomb potential fluctuations.

Excitation power dependent and temperature dependent PL
measurements of the solid solutions performed in the present study
Fig. 4. Approximately linear dependence of the PL band position and the average depth
of potential fluctuations γ on the S concentration in Cu2ZnSn(SexS1−x)4 solid solutions.
indicate that the PL spectra of Cu2ZnSn(SexS1−x)4 are dominated by a
band-to-impurity (BI) type recombination that involves free electron
and a hole in the acceptor state that is deep enough not to overlap
with the valence band tail. In the excitation power dependencies a
large blue-shift with a magnitude of about 15 meV per decade was
detected. In addition, a non-linear dependence of the lnI(T) versus
1000/T at higher temperatures was detected. That is common
behaviour of “heavily doped” semiconductors [17,18].

In case of one of the end members (Cu2ZnSnS4), the origin of the
lower energy PL band is not clear since no detailed analysis of this PL
band could have been performed due to its low intensity.

In the case of a material that contains a large concentration of
charged defects an important aspect to consider is the average depth
of the potential fluctuations γ that is the mean difference of the
energy of holes in the valence band fluctuation minimum and
maximum. These fluctuations are expected to reduce the efficiency
of the corresponding solar cells [20]. The low-energy tail of the PL
bands is correlated to the average depth of the potential fluctuations γ
[19] and was therefore used to estimate it.

Siebentritt et al. [21] have analyzed the shape of the band tails in the
case of fluctuating potentials for thin-filmmaterials using two different
models. According to them, the low-energy tail of asymmetrical PL
bands can be described by a Gaussian or an exponential spectral
dependence. This is basedon themoregeneral theoretical analysis of the
density of states function by Osipov and Levanyuk [19].

The low-energy side of the PL band of the end members of the
Cu2ZnSn(SexS1−x)4 solid solutions analyzed in the present paper
exhibit an exponential decay while the other members can be
described by the Gaussian shape. This is an indication of the presence
of deeper fluctuations within the samples containing both sulphur
and selenium. As in [21], the average amplitude of the potential
fluctuations (see Fig. 4) in the solid solutions was determined from
the exponential and Gaussian spectral dependencies, respectively
[19]:

I Eð Þe exp − E
γ

� �
or I Eð Þe exp − E−E0ð Þ2

2γ2

 !
; ð1Þ

where E0 is assumed to represent an average emission energy in the
case of fluctuating potentials. As can be seen from Fig. 4, γ increases
with increasing S concentration in the solid solutions, being highest
for CZTS. Analyzing the corresponding Raman spectra one would
expect that γ is smaller in CZTS and CZTSe than in the solid solutions,
because of the lower defect concentration. It has been found by Raulot
et al. [2] that all selenium and sulphur compounds have a Cu vacancy
formation energy close to the CuInSe2, CuGaSe2 and CuInS2, CuGaS2
values, respectively. The sulphur compounds have a VCu formation
energy about 0.5 eV larger than the selenides [2]. Therefore onewould
expect a lower concentration of copper vacancies in CZTS compared
with CZTSe resulting also in a smaller γ. One possible explanation of
the obtained opposite result (Fig. 4) is the complexity of the phase
diagrams of CZTSe and CZTS. The domain of a homogenous material in
case of CZTS seems to be very narrow compared to CZTSe, resulting
therefore in a more probable formation of other phases during the
growth of the powder [22,23]. Despite the fact that γ is expected to
increase due to the increasing defect concentration, we propose that
in this case larger potential fluctuations are related to the presence of
a defect phase or defect region that has a larger defect concentration
and therefore also a higher γ value. At the same time these high γ
values can be a result of compositional fluctuations, where some
crystal regions have different band gap energy than others. The same
behaviour was observed in CuGa3Se5 crystals [24]. The different band
gap energy can be caused by different crystal structure in case of solid
solutions. It was shown that, for example, that the band gap energy of
kesterite-CZTS is about 0.12 eV larger than that of stannite-CZTS [25]

image of Fig.�3
image of Fig.�4


7406 M. Grossberg et al. / Thin Solid Films 519 (2011) 7403–7406
and both structures are possible in solid solutions. The relative
concentration of the defect phase increases with increasing S
concentration due to the weaker tolerance to deviations from
stoichiometry in the case of CZTS. Due to the similarity of the PL
properties of CZTS and the proposed defect phase one would assume
that this phase has very similar properties to CZTS. Here we can see an
analogy to the properties of ternary chalcopyrites where the
formation of so-called ordered defect compounds have been detected
[26]. However, this assumption needs further investigation.

4. Conclusions

We studied the optical properties of Cu2ZnSn(SexS1−x)4 monograin
powders using PL and Raman spectroscopy. The bimodal behaviour and
a shift towards higher frequencies of the A1 Ramanmodes of CZTSe and
CZTSwith increasing S concentrationwere established. FromPL analysis
a widening of the bandgap of the solid solutions with increasing S
concentration was observed. A BI recombination was detected as the
main radiative recombination channel in the monograins. The average
depth of thepotentialfluctuationspresent in the sampleswas estimated
and was found to increase with increasing S concentration.
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