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As an alternative to Cu(In,Ga)(S,Se)2 (CIGS) and Cu2ZnSn(S,Se)4 (CZTS)-based thin film solar cells (TFSCs),
the ternary chalcogenide semiconductor Cu2SnS3 (CTS) is an emerging material with suitable optical band
gap energy ranging from 0.93 to 1.77 eV and high absorption coefficients (>104 cm�1). In this study, we
report the preparation of high-quality CTS thin films by the annealing of the sputtered Cu-Sn metallic
precursor under S vapor atmosphere in a graphite box using the RTA process. Furthermore, the influence
of different S vapor partial pressures in the graphite box during annealing on the properties of the CTS
thin films has been investigated systematically. It is observed that the properties and photovoltaic per-
formance of the CTS thin films are strongly dependent on the S vapor partial pressure during annealing.
The monoclinic crystal structure is observed from X-ray diffraction (XRD) of the (1 1 2), (2 2 0), and (312)
planes, and it is further confirmed using Raman spectroscopy by the presence of Raman peaks at 295 and
354 cm�1. The direct band gap energy is found to be 0.91 eV by extrapolation from external quantum effi-
ciency (EQE) measurement of a CTS thin film annealed using 60 mg of S powder. The preliminary best
power conversion efficiency (PCE) of 2.21% with a short circuit current density of 29.7 mA/cm2, an open
circuit voltage of 179.5 mV, and a fill factor of 41% have been obtained for a CTS thin film annealed using
60 mg of S powder, although the processing parameters have not been optimized.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Cu(In,Ga)(S,Se)2 (CIGS)-based thin film based solar cells (TFSCs)
have received notable attention because of their high optical
absorption coefficient (�104 cm�1) and wide range of direct-band
gap energy (1.0–1.6 eV) (Jackson et al., 2012; Chirilă et al., 2013).
The cells’ high optical absorption that enables a low absorber
thickness (�1 lm) to effectively capture sufficient sunlight is
another advantage that makes them appropriate for commercial
use. Since the highest efficiency measurement of higher than 20%
was reported (Jackson et al., 2014; Dhakal et al., 2013), studies of
CIGS TFSC technology have become popular, providing the poten-
tial for next-generation commercial TFSCs over Si-based TFSCs.
However, CIGS-based TFSCs are challenged by several issues such
as its toxic and rare-earth constituent elements and the difficulty
of controlling a secondary phase formation during the annealing
process (Ghorpade et al., 2014; Suryawanshi et al., 2013; Krustok
et al., 2010).

To overcome the detrimental issues associated with existing
TFSC materials, the Cu2SnS3 (CTS) semiconductor has received con-
siderable attention as a suitable candidate for TFSCs due to its high
optical absorption coefficient (�104 cm�1) and theoretical power
conversion efficiency (PCE, 33%) (Kotaro et al., 2012; Lokhande
et al., 2016). Moreover, CTS exhibits a wider range of band gap
energy (0.9–1.7 eV) than existing TFSC materials, and it is rela-
tively easy to control the secondary phase formation compared
to quaternary compounds. It is also well known that CTS exhibits
a variety of crystal structures such as cubic, tetragonal, monoclinic,
and orthorhombic, which are strongly dependent on the prepara-
tion method and annealing conditions (Mitsuki et al., 2015;
Ayaka et al., 2015). Therefore, it is very important to precisely
choose the preparation method and optimize the working and
annealing conditions to obtain the desired crystal structure with
the desired composition and optical band gap energy.
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Recently, a record PCE of 4.63% has been achieved for CTS TFSCs
fabricated using the evaporation method, proving its potential for
next-generation TFSCs (Mitsuki et al., 2015). In spite of its higher
efficiency, CTS thin films fabricated by the evaporation technique
suffer from a lack of uniformity and compositional controllability
(Mitsuki et al., 2015). As an alternative to the evaporation method,
sputtering is an appropriate approach to overcome these issues
and fabricate high-quality CTS thin films. Using the sputtering
method, it is possible to deposit high-quality thin films with good
reproducibility using a simple process. In addition, materials with a
high melting point can be easily deposited with the desired thick-
ness using the sputtering process (Kanai et al., 2015). However, the
sputtering method for preparing CTS thin films has been sparsely
studied, and the reported works are limited to the preparation of
these thin films.
Table 1
The partial pressure of sulfur according to the amount of sulfur powder in graphite
box.

Sample Quantity of S powder (mg) Pressure inside graphite box (kPa)

CTS3 30 133.2
CTS6 60 266.3
CTS9 90 399.5

CTS3

CTS6

CTS9

Fig. 1. The surface and cross sectional FE-SEM images of CTS
Here, we report the preparation of high-quality CTS thin films
by annealing the sputtered Cu/Sn metallic precursor in an S vapor
atmosphere in a graphite box using the RTA process. The amount of
S powder used during the annealing is one of the key parameters in
the preparation of high-quality CTS thin films, as it relates to the S
vapor partial pressure inside the graphite box, which significantly
affects the grain growth and secondary phase formation. Therefore,
we also explored the effect of the amount of S powder on the
properties and photovoltaic performance of CTS TFSCs. The crystal-
lographic, morphological, and compositional properties and photo-
voltaic performance were systematically analyzed to define the
crystal structure in detail and prove the effectiveness of the CTS-
based TFSCs prepared by the sputtering process. In particular, we
demonstrated a notable efficiency of 2.21% by optimizing the
amount of S powder used during annealing.
CTS3

CTS6

CTS9

thin films annealed using different amount of S powder.

Table 2
List of the interfacial MoS2 thickness measured by FE-SEM.

Sample Thickness of MoS2 (nm)

CTS3 71
CTS6 94
CTS9 109
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2. Experimental details

Precursor films were deposited on molybdenum (Mo)-coated
soda lime glass (SLG) substrates using a magnetron sputtering sys-
tem equipped with two 4-inch magnetron cathodes (Cu and Sn).
Elemental targets (Cu: 5 N purity, Sn: 5 N purity) were used for
the depositions of precursor films. The depositions were carried
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Fig. 2. (a) X-ray diffraction patterns of annealed CTS thin films, (b) enlarged scale of
(1 1 2) diffraction plane in XRD spectra of annealed CTS thin films, and (c) enlarged
scale of (2 2 0) diffraction plane in XRD spectra of annealed CTS thin films.
out under a sputtering power of 30 W and a process pressure of
8 mTorr. The depositions of the Cu and Sn metallic layers were con-
ducted for 35 and 45 min, respectively. The precursor films were
annealed at 580 �C for 10 min in an S vapor atmosphere using a
tube-type RTA process. The temperature was increased from room
temperature to 580 �C at a rate of 10 �C/s, and subsequently held
for 10 min. The amount of S powder was varied among 30, 60,
and 90 mg (sulfur: reagent grade, powder, purified by refining-
100 mesh particle size). Table 1 shows the corresponding S partial
pressure by amount of S powder in graphite box. Hereafter, the
annealed films are denoted as CTS3, CTS6 and CTS 9, respectively.

The annealed CTS thin films were used to fabricate photovoltaic
cells with the structure of SLG/Mo/CTS-absorber/CdS/i-ZnO/ZnO:
Al/Al. The deposition of a cadmium sulfide (CdS) buffer layer was
performed using the chemical bath deposition method, and i-ZnO
and Al-doped ZnO window layers were deposited using the sput-
tering method. The aluminum front grid was formed using a direct
current (DC) sputtering process.

The surface and cross-sectional morphologies were observed
using field emission scanning electron microscopy (FE-SEM, JSM-
6701F, JEOL, Japan). The crystal structure of the CTS thin film
was examined using high-resolution X-ray diffraction (XRD, X’pert
PRO, Philips, Eindhoven, Netherlands) operated at 40 kV and 30 mA
with Ni-filtered Cu Ka radiation [k = 1.54056 Å]. Micro Raman
spectroscopy (Via Reflex UV Raman microscope, Renishaw, U.K.
at KBSI Gwangju Center) at an excitation wavelength of 488 nm
and a resolution of 1 cm�1 at 15 mW laser power with a He-Ne
laser source was used to record Raman spectra in the range of
200–500 cm�1. The binding energy was confirmed by X-ray photo-
electron spectroscopy (XPS, VG Multilab 2000, Thermo VG Scien-
tific, U.K.) with a monochromatic Mg Ka (1253.6 eV) radiation
source. The binding energy in the spectrometer was calibrated
using the C 1s line at 285.0 eV. Compositional studies were con-
ducted using X-ray fluorescence spectroscopy (XRF, ZSX primus
II, RIKAKU, Japan). The PCE and quantum efficiency (QE) for CTS
TFSCs were characterized using a class AAA solar simulator
(Sol31, Oriel, USA) and an incident photon conversion efficiency
measurement unit (PV Measurement, Inc., USA), respectively.
3. Results and discussion

Fig. 1 shows the cross-sectional and surface FE-SEM images of
CTS thin films annealed using different amounts of S powder at
580 �C for 10 min. All of the annealed films show thicknesses in
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Fig. 3. Raman spectra of CTS thin films annealed using different amount of S
powder.
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the range of �800 nm and locally aggregated grains on the overall
surface. Although dense and smooth grain growth is observed in
the cross-sectional images, holes and voids are locally scattered
on the interface between the CTS absorber and the Mo back contact
electrode, regardless of the sulfur pressure, which remains an
issue. It possibly acts as a shunt path and trapping site that has a
detrimental effect on the device while preventing carrier collection
(Xie et al., 2013). On the other hand, the formation of a thin layer of
MoS2 (�100 nm) at the interface between the CTS absorber and Mo
in the CTS9 sample is observed. The thicknesses of the interfacial
MoS2 for all samples are listed in Table 2. The CTS9 sample also
exhibits a relatively rough surface morphology that may build a
poor junction with the buffer layer, which significantly affects
the device performance (Ghorpade et al., 2015).

Fig. 2 shows the XRD patterns of CTS thin films annealed using
different amounts of S powder. All the films exhibit diffraction
peaks at 2h = 28.42, 32.97, 47.27, 56.15, 69.17, 76.37, and 78.65�,
which correspond to the (1 1 2), (103), (2 2 0), (312), (224),
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Fig. 4. XPS spectrum of CTS thin films sulfurized using 60 mg of S powder. (a) typical

Table 3
Elemental compositions and compositional ratios of the sulfurized films determined by X

Sample Cu (at.%) Sn (at.%)

CTS3 0.278 0.195
CTS6 0.271 0.200
CTS9 0.269 0.196
(400), (332), and (420) diffraction planes of monoclinic CTS
[JCPDS card No; 89-2877], respectively (Dahman et al., 2014;
Tiwari et al., 2013). The intensity of the peak intense diffraction
peak along the (1 1 2) plane is negligibly affected by the S vapor
partial pressure inside the graphite box. Upon enlarging the scale
of the (1 1 2) and (2 2 0) diffraction peaks, the slightly different
position of the peaks is observed, as shown in Fig. 2(b) and (c). It
is observed that the peak positions in the CTS3 and CTS9 samples
are closer to monoclinic, whereas they are slightly closer to a
tetragonal structure in the CTS6 sample. In the CTS3 sample, extra
peaks of secondary phases such as SnS (JCPDS card no. 89-2755)
and Cu8S5 (JCPDS card no. 33-0491) are scattered around the
(2 2 0) diffraction peak, whereas no traces of any secondary phases
are observed in the CTS6 and CTS 9 samples.

It is difficult to detect what type of crystal structure is formed in
the annealed CTS thin films using XRD patterns alone because of
the similar peak positioning (Fernandes et al., 2010). Therefore,
Raman analysis was employed to confirm the crystal structure
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and secondary phase formation in CTS thin films. Fig. 3 shows the
Raman spectra of a CTS thin film annealed using different amounts
of S powder. Two dominant peaks at 295 and 354 cm�1 corre-
sponding to the CTS monoclinic phase are observed in all CTS sam-
ples (Berg et al., 2012). The CTS9 sample exhibits the presence of an
extra peak at 318 cm�1, attributed to the formation of a secondary
phase of SnS2 (Mathews et al., 2013). In addition, the formation of
MoS2 that is observed in the cross-sectional FE-SEM image is con-
firmed by the presence of a Raman peak at 405 cm�1 in the CTS9
sample (Lund et al., 2014; Kibsgaard et al., 2012; Emrani et al.,
2013).

Table 3 shows the elemental compositions and compositional
ratios of the CTS samples annealed using different amounts of sul-
fur powder measured using XRF spectroscopy. All the films show
considerably Cu-poor compositions, irrespective of the S quantity,
and the S/metal ratio is higher than unity. Furthermore, to confirm
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Fig. 5. Photovoltaic properties of CTS3, CTS6, and CTS9 devices annealed using
different amount of S powder (a) J-V characteristics and (b) external quantum
efficiency (EQE) spectrum of CTS6 sample.

Table 4
Photovoltaic parameters of the Cu2SnS3 TFSCs evaluated from the solar simulator.

Sample Voc (mV) Jsc (mA/cm2) Eff. (%

CTS3 186.5 25.4 1.74
CTS6 179.5 29.7 2.21
CTS9 197.7 32.6 2.04
the valence states of Cu, Sn and S, the CTS6 sample was analyzed by
XPS, as shown in Fig. 4, which presents the core level photoelectron
spectra of Cu, Sn, and S including carbon and oxygen in the full XPS
spectrum. The presence of carbon and oxygen impurities in the
core level spectrum is due to exposure of the samples to the atmo-
sphere. The binding energy peaks of Cu 2p1/2 and Cu 2p3/2 appear at
952.5 and 932.6 eV, respectively, which indicates that Cu is present
in its Cu+ state. It also shows the binding energy of Sn 3d5/2 and Sn
3d3/2 at 495.5 and 486.9 eV, respectively, providing evidence for
the existence of the Sn4+ ionic state. The 2p peaks of S are observed
at 162.4 eV, implying the existence of S in its sulfide states (Cahen
et al., 1985; Partain et al., 1985).

To investigate the effectiveness of our sputtering method, CTS
thin films annealed using different amounts of S were processed
into TFSCs. Fig. 5(a) shows the current density-voltage (J-V) charac-
teristics under AM 1.5 G illumination of CTS devices. The detailed
device parameters are listed in Table 4. The CTS device fabricated
using the CTS6 sample annealed using 60 mg of S powder showed
the highest PCE of 2.21%, with an open circuit voltage (Voc) of
179.5 mV, short circuit current density (Jsc) of 29.7 mA/cm2, and fill
factor (FF) of 41%. Despite the CTS9 device having the highest Voc of
197.7 mV and Jsc of 32.6 mA/cm2 among all the CTS devices, its effi-
ciency is lower than that of the CTS6 device because of its relatively
low FF of 32. In the crystallographic analysis, the CTS9 sample
shows the existence of secondary phases and the formation of a
MoS2 layer at the interface between the CTS absorber and Mo sub-
strates, which might affect the FF, thereby lowering the device per-
formance (Scragg et al., 2012). On the other hand, the presence of
secondary phases of SnS and Cu8S5 in the CTS3 sample, as con-
firmed from XRD results, may attenuate the visible light absorp-
tion, resulting in the lowest efficiency among all the samples.
The highest efficiency of 2.21% in the CTS6 device is attributed to
the formation of pure phase CTS and a uniform microstructure,
which contributes to the formation of a homogeneous junction
between the absorber and buffer layer. These factors increase the
FF of the CTS solar device (Cao et al., 2013). In addition, CTS6 has
the lowest sheet resistance (Rs) of 8.2X/cm2 and the highest shunt
resistance (Rsh) of 111.1X/cm2. The low Rsh is an important factor
that implies the shunt path leading to the recombination of charge
carriers at deep traps in the band gap, which suggests the form of
an incomplete p-n junction that leads to extensive recombination
at the buffer/absorber interface (Chen et al., 2012). EQE measure-
ments were carried out for the highest efficiency CTS 6 device, as
shown in Fig. 5(b). The gradual decrease in the EQE value in the
long-wavelength region gives the quality of the CTS absorber layer.
The highest value of quantum efficiency of �63% is achieved for the
CTS6 device. The gradual decrease in the EQE at longer wave-
lengths may result from the loss of absorbed photons due to the
short minority carrier life-time in the absorber layers (Scragg
et al., 2010).

Although, the efficiency of 2.21% achieved for CTS thin films
prepared using the sputtering method, it is relatively low com-
pared with the record conversion efficiency of 4.63%. Several inves-
tigations such as on precise composition control and optimization
of annealing conditions are in progress in our laboratory.
) FF (%) Rs (X/cm2) Rsh (X/cm2)

37 12.1 100.0
41 8.2 111.1
32 11.0 47.6
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4. Conclusions

CTS thin films have been successfully prepared using the sput-
tering method. The effect of sulfur quantity corresponding to the
annealing partial pressure on the crystallographic, morphological,
and compositional properties and photovoltaic performance of
CTS thin films is investigated. The formation of pure phase CTS
with monoclinic structure, uniform microstructure and composi-
tional anisotropy is observed in the optimized CTS thin film
annealed using 60 mg of S powder. The presence of all elements
in their respective ionic states of Cu1+, Sn4+, and S2� was confirmed
from XPS for the optimized CTS thin film. The band gap energy is
found to be 0.91 eV from the extrapolation of EQE spectra. The
device fabricated using the optimized CTS thin film exhibited the
highest efficiency of 2.21% with Voc of 179.5 mV, Jsc of 29.7 mA/
cm2, and FF of 41%.
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