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Photovoltaic property of CusSnS4 (CTS) is studied by employing a superstrate solar cell structure of
Mo/CTS/In,S;/TiO, /fluorine-doped tin oxide (FTO) glass for the first time. The CTS absorber layer was
prepared by a combination of mechanochemical and doctor blade processes. The annealing effects on the
structural, optical and electronic properties of the CTS absorber layer were investigated. The novel CTS
absorber layer shows conversion efficiency as high as 2.34% under the standard AM 1.5 condition.

© 2014 Elsevier GmbH. All rights reserved.

1. Introduction

Thin film of chalcopyrite CulnyGaj_x(S,Se); (CIGS) has attracted
a lot of attention as solar cell absorber layer because of its large
absorption coefficient (10° cm~1), tunable bandgap (1.04-1.7 eV),
high stability and demonstrated high solar cell conversion effi-
ciency (>20%) [1-3]. However, the constituent element In of the
CIGS is abundantly low in the crust of the earth (0.049 ppm) [4],
together with the competition for it from the flat panel display
industry, making the cost of the CIGS very high. In addition, the
constituent element Se is also toxic. Therefore, developing new
photovoltaic absorber layer materials free of scarce and toxic ele-
ments is extremely important for large-scale solar cell production
in the near future.

Tin (Sn) is nontoxic and its content is abundant in the crust
of the earth (Sn: 2.2 ppm [4]), which makes Sn-based compounds
CuyZnSnS, (CZTS) and those in the Cu-Sn-S system promising pho-
tovoltaic absorber layer materials for the production of cheaper
large-area thin film solar cell modules for the terawatt-year level
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production of electric energy. Solar cell employing CZTS as absorber
layer has reached 6.7% conversion efficiency from the conven-
tional substrate structure of Al/Zn0O:Al/ZnO/CdS/CZTS/Mo/glass
[5]. Cu-Sn-S system compounds [6,7], such as CuySnS4 (CTS) or
Cu,SnS3 [8-12], were also reported as promising candidates for
photovoltaic application because of their excellent optical and elec-
tronic properties. However, the photovoltaic properties of these
ternary compounds are studied rarely.

In the present study, the photovoltaic property of CTS is
reported for the first time. In order to study the photo-
voltaic property of the CTS, a superstrate solar cell structure of
Mo/CTS/In,S3/TiO, /fluorine-doped tin oxide (FTO) glass, developed
previously by our Lab with simple and low-cost non-vacuum tech-
nologies, was employed [13]. The CTS absorber layer was prepared
by a combination of mechanochemical and doctor blade processes.
The annealing effects on the structural, optical and electrical prop-
erties of the CTS absorber layer were investigated.

2. Experimental method

CTS powder was synthesized by simple mechanochemical ball
milling process [14]. In order to investigate the photovoltaic prop-
erties of the CTS, a simple superstrate solar cell structure of
Mo/CTS/In,S3/TiO, [FTO glass previously developed by our Lab was
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Fig. 1. Structure of the solar cell.

employed. The fabrication process of the solar cell was presented
in the following.

2.1. Synthesis of CTS material

Simple ball milling process was applied for the synthesis of CTS
material. Element powders copper (Cu; 99.9%, Wako Chemicals), tin
(Sn; 99.5%, Aldrich) and sulfur (S; 99.9%, Kishida Chemicals) were
mixed in molar ratio of 4:1:4. The mixture was then milled by the
planetary ball miller at various rotation speeds for 1h to obtain
completely reacted production. A rotation speed of 800 rpm was
realized as suitable condition for this purpose (detailed data not
shown here).

2.2. Fabrication of the solar cell

The structure of the solar cell is depicted in Fig. 1. The corre-
sponding thin film layers of the solar cell were prepared as follows.

2.2.1. Deposition of compact TiO, window layer and In,S3 buffer
layer

Both of compact TiO, window layer and In,S; buffer layer
were prepared by spray pyrolysis method [15,16]. Briefly, for com-
pact TiO, window layer, titanium isopropoxide and acetylacetone
were mixed with a molar ration of 0.5 (named TAA). The mix-
ture solution was further diluted by ethanol (TAA:ethanol=1:9
(v/v)) to make spray solution. Prior to spray, the FTO glass sub-
strate (10 cm x 10 cm) was ultrasonically cleaned, sequentially in
acetone, distilled water and ethanol for 15 min. The FTO glass was
then treated by UV/O3 cleaner (PL16-110, Sen Lights Corporation)
for 20 min to remove some organic dust on the FTO surface. The sub-
strate temperature was kept at 450 °C during spraying, and 50 ml
spray solution was employed for compact TiO, window layer depo-
sition. For In,S3 buffer layer, 50 ml aqueous solution with 0.01 M
InCl3 (98%, Tokyo Chemicals, anhydrous) and 0.06 M thiourea was
employed, where additional thiourea was intentionally used for
getting sulfur rich buffer layer. The CTS absorber layer was grown
on the buffer layer, thus the sulfur rich buffer layer could bene-
fit to the quality improvement of the CTS absorber layer during
annealing process. Before In,S3 buffer layer spray, the compact
TiO, window layer was treated with 40 mM TiCl4 aqueous solu-
tion (1.50-1.69 mg/ml, Wako Chemicals Inc.) at 70 °C for 30 min to
smoothen the film. The substrate temperature for the buffer layer
spray was 200°C. The thicknesses of the deposited compact TiO,
window layer and In,S3 buffer layer were about 100 and 300 nm,
respectively.

2.2.2. Preparation of CTS paste

CTS paste was prepared in a milling motor: (1) 0.2 g CTS powder
was first grinded alone for 5 min; (2) 1 ml 10 wt% thiourea aqueous
solution was then slowly added while keeping grinding for another
10min; (3) finally, 2 ml propylene glycol (Kando Chemicals) was

Cu+Sn+S CTS powder doctor blade annealing
ﬂ ball milling U propylene glycol =
CTS powder paste CTS absorber
Q % substrate substrate

Fig. 2. Preparation scheme of CTS absorber layer.

slowly added while keeping grinding for 10 min. The milling time
for each step may be slightly changed for getting doctor blade paste
with desirable viscosity.

2.2.3. Deposition of CTS absorber layer

CTS paste was deposited on pre-prepared In,S3/TiO, [FTO glass
substrates by doctor blade method [17]. After being dried in air
at 125°C for 5min, the samples (CTS/In,S3/TiO,/FTO glass) were
annealed in N, ambience to improve the crystallinity of the CTS. A
preparation scheme of the CTS absorber layer is shown in Fig. 2.

2.2.4. Deposition of Mo electrode

Finally, Mo electrodes were sputtered on the annealed samples
(CTS/InyS3/TiO, [FTO glass) to complete the CTS solar cell fabrica-
tion (Mo/CTS/In,S3/TiO, [FTO glass). The active area of the solar cell
is 0.5cm x 0.5cm.

2.3. Characterization methods

Crystallinity and phase composition of the CTS absorber lay-
ers (CTS/In,S3/TiO, [FTO glass) were confirmed by X-ray diffraction
spectrometer (XRD; MiniFlex 600 Rigaku). Sample morphology
was observed by scanning electron microscope (SEM; JSM-6510,
JEOL). UV-vis-IR absorption spectra were measured in absorbance
spectroscopy by spectrophotometer (Lambda 750, PerkinElmer).
Photovoltaic measurement of the completed solar cell was per-
formed under an AM 1.5 solar simulator equipped with a xenon
lamp (YSS-100A, Yamashita Denso). The power of the simulated
light was calibrated to 100 mW/cm? by using a reference Si photo-
diode (Bunkou Keiki). J-V (short-circuit current density Jsc and
open-circuit voltage V,c) curves were obtained by applying an
external bias to the cell and measuring the generated photocurrent
with an APCMT 6240 DC voltage current source.

3. Results and discussion
3.1. XRD analysis
To confirm the crystallinity and phase composition of the CTS

absorber layer, XRD measurements were performed. Fig. 3 depicts
the XRD patterns of the CTS absorber layers prepared at various
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Fig. 3. XRD patterns of CTS absorber layers prepared at various temperatures.
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Fig. 4. UV-vis-IR absorption spectra of CTS absorber layers prepared at various
temperatures.

annealing temperatures. The XRD pattern of the as deposited CTS
absorber layer at the positions of 28.6, 33.1, 47.7 and 56.5° are
assigned to CTS (102), (321), (040) and (13 3) (PDF #290584),
respectively. The diffraction peaks of the as deposited sample are
weak and broad. However, after annealing, the XRD peaks become
sharp and strong compared with those of the as deposited sam-
ple. The sharp and strong peaks can be attributed to the improved
crystallinity of the CTS by the annealing process.

However, when annealing, the temperature reached 500 °C; the
XRD peak intensity (specially the (1 02))is distinctly decreased and
many new peaks that do not belong to the CTS appear. The new
peaksat27.7,30.8 and 50.6° could be assigned to Cu;S(262),(091)
and (59 3) (PDF #230961), respectively. This deterioration may be
due to the evaporation of Sn and S atoms or decomposition of the
CTS by the high temperature annealing [18-20]. As a result, for
the CTS absorber layer, the annealing temperature should be below
500°C.

3.2. UV-vis-IR analysis

In order to investigate the annealing effects on the optical
properties of the CTS absorber layer, we measured the UV-vis-
IR absorption spectra (Fig. 4) of the annealed samples. As shown
in Fig. 4, the absorption characteristics of the annealed samples
at long wavelength (>935nm) strongly depend on the annealing
temperatures. The absorption intensity decreases as the anneal-
ing temperature increases at wavelength range between 935 and
1500 nm, whereas, the absorption intensity generally increases
with the increased annealing temperature at wavelength longer
than 1500 nm. Therefore, the CTS could be sensitive to the annealing
temperature.

In addition, by using a simple bandgap value (Eg) measurement
method of Eg=h x C/A (h is the Planck’s constant, C is the speed of
light, and X is the absorption cutoff wavelength that can be obtained
from the absorption spectra), the calculated bandgap value of the
sample annealed at 350°C is about 0.55 eV. The compound mate-
rial with bandgap value of 0.55eV has potential application in
high-efficiency 3- and 4-junction thin-film solar cell [21]. The
bandgap of the annealed sample becomes smaller as the annealing
temperature is further increased. In addition, the absorption curve,
the sample annealed at 500 °C, turns out very different (at wave-
length range between 935 and 1500 nm) compared to that of the
other samples. In the sample annealed at 500 °C, there appears an
additional absorption shoulder at 1214.3 nm, which indicates that
material with bandgap value of 1.02 eV springs out after the high
temperature annealing. The CTS is reported as a compound of joint
CuyS-SnS; [22]; thus, the compound annealed in N, ambience
at 500°C may partly decompose into SnS; and Cu,S. The SnS,

N, 350 2C,30 min

Fig. 5. SEM cross-section images of CTS absorber layers and p—n junction interfaces
prepared at various temperatures.

may evaporate away, and the Cu,S may remain with an element
deviated formation since its bandgap is just 1.02eV (reported
bandgap value for Cu,S is about 1.2 eV [23]). These discussions are
consistent with the XRD result.

3.3. SEM morphology observation

Fig. 5 shows the SEM cross-section images of CTS absorber layers
and p-n junction interfaces prepared at various temperatures. As
can be seen in the images, the density of the annealed CTS absorber
layer is rather good, while, the film is still powder-like. Among the
prepared samples, the morphology of the sample annealed at 500 °C
turns out significant difference compared with that of the other
samples, which may be due to the decomposition of the CTS as dis-
cussed in the XRD and UV-vis-IR data. In addition, the p—n junction
interface between the CTS absorber layer and the In, S5 buffer layer
might be rough since the CTS absorber layer is powder-like. How-
ever, there are few gaps in the p—n junction interface, which may
be due to the reaction at the interface between the wide-bandgap
In;S3 buffer layer (above 2.0 eV) and the CTS absorber layer during
the annealing process [24]. The good p-n junction interface would
benefit to the photovoltaic characteristics of the solar cell.

3.4. J-V photoelectric characteristics analysis

For analyzing the photoelectric conversion properties of the CTS
absorber layer, completed solar cells with superstrate structure of
Mo/CTS/In,S3/TiO, [FTO glass were fabricated. J-V characteristics of
the samples annealed at various temperatures (350, 400, 450 and
500°C) are shown in Fig. 6 (solar cell parameters are summarized
in Table 1). As shown in Fig. 6, the Jsc of the solar cell increases
as the annealing temperature increases from 350 to 400 °C. How-
ever, it significantly decreases when the temperature is further
increased to 450 or 500 °C, which may be due to the deterioration

Table 1
Solar cell parameters summarized from Fig.6.

Annealing Jsc (MA/cm?) Voe (V) FF Efficiency (%)
temperature (°C)

350 17.44 0.21 0.25 091

375 29.24 0.30 0.26 2.34

400 26.54 0.27 0.26 1.85

425 5.28 0.07 0.27 0.01

450 0.39 0.01 0.26 0.001

500 1.12 0.03 0.26 0.009
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Fig. 6. J-V characteristics of CTS absorber layers prepared at various temperatures.

of the CTS by the high temperature annealing as discussed in the
XRD and UV-vis-IR data. Among the samples annealed at 350, 400,
450 and 500°C, the one prepared at 400 °C shows best photovoltaic
characteristics.

Since the CTS is sensitive to the annealing temperature, samples
with annealing temperatures around 400°C (at 375 and 425°C)
were also prepared, and their photovoltaic characteristics are
shown together in Fig. 6 and Table 1. As observed in Fig. 6 or Table 1,
the CTS absorber layer annealed at 375 °C shows best performance
among all the prepared samples, and its Jsc, Vo, fill factor (FF) and
conversion efficiency are 29.24 mA/cm?2, 300mV, 0.26 and 2.34%,
respectively. The high conversion efficiency of the CTS solar cell
may be due to the good p-n junction as shown in Fig. 5. However,
to further improve the conversion efficiency of the solar cell, the for-
mation mechanism of the p—n junction between the CTS absorber
layer and the In, S3 buffer layer during the annealing process should
be further understood.

4. Conclusion

We have studied the photovoltaic properties of the novel
CTS material by employing a superstrate solar cell structure of
Mo/CTS/In,S3/TiO,/[FTO glass. The CTS powder synthesized by
mechanochemical ball milling process was found to be with the
preferential orientation along the (1 02) plane. The optical and elec-
tronic properties of the CTS were easily affected by the annealing
temperature. The Jsc, Vo, fill factor and conversion efficiency of the
best fabricated solar cell are 29.24 mA/cm?, 300 mV, 0.26 and 2.34%,
respectively. Therefore, the CTS material, with abundant and non-
toxic constituent elements, has great potential for low cost solar
cell application.

To further promote the solar cell conversion efficiency, the qual-
ity of the CTS absorber layer should be improved. This study may
offer meaningful insight into the promising Cu-Sn-S system pho-
tovoltaic materials for low-cost power generation.
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