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Abstract
In this work, a comprehensive study on the influences of the various synthesizing parameters of monoclinic  Cu2SnS3 using 
the RF sputtering method, followed by the sulfurization process, is investigated. In particular, the impact of sputtering power 
and pressure on multi-material target Cu–Sn (compositional ratio Cu:Sn of 52:48%) was examined. All samples exhibited 
a monoclinic structure with similar split bandgaps around 0.9 eV. Increasing sputtering power showed direct effects on the 
sputtered Cu/Sn atoms ratio and the secondary phases obtained. The increase of sputtering pressure causes gas droplets and 
blistering on the film surfaces. The effects of changing the sulfurization temperature and the sulfur powder amount were 
also studied. The increase in the sulfurization temperature reduces the surface roughness, increases film crystallinity, and 
minimizes Cu-based secondary phases. The sulfur amount used during the sulfurization process showed a vital impact on 
film formation. Using a small amount of sulfur produced a partially sulfurized film that exhibited a poor performance solar 
cell. A power conversion efficiency of 1.94% is achieved with the optimized condition for the bare  Cu2SnS3 without doping 
or heat treatment for the fabricated cell.

1 Introduction

As an alternative to waver-based silicon solar cells, thin-
film solar cells (TFSC) have been subjected to extensive 
investigations to be cost-effective photovoltaic systems 
[1]. In particular, TFSC fabricated from chalcogenides 

semiconductors, such as Cu(In, Ga)Se2 (CIGS) and cad-
mium telluride (CdTe), have significant market-share vol-
umes [2]. The continuous increase in CIGS and CdTe TFSCs 
commercialization has led to significant advances in cell 
power conversion efficiencies (PCE). CIGS solar cell can be 
prepared with 23.4% PCE, while CdTe solar cell has reached 
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22.1% PCE, overcoming that of polycrystalline Si solar cell 
[3]. However, Both CIGS and CdTe photovoltaics are pre-
pared from rare-earth and high toxicity elements such as 
indium, cadmium, and tellurium, which would restrict their 
potential to fulfill the future photovoltaic market demands. 
As alternatives, earth-abundant, cheap, and non-toxic mate-
rials, such as  Cu2ZnSnS4 (CZTS) and  Cu2SnS3 (CTS), are 
emerging as good candidates for cost-effective and environ-
ment-friendly photovoltaics [4–7]. Although CZTS material 
possesses similar optical and electrical properties to CIGS, 
the best PCE achieved for the CZTS solar cell is only 12.6%, 
which is far below that of CIGS. This is mainly due to its 
structural complexity, as well as synthesizing pure phase 
kesterite CZTS compound is tricky due to the formation of 
secondary phases [8, 9].

CTS is a ternary semiconductor material with similar 
optoelectronic properties to CZTS and has a high potential 
for photovoltaic applications. CTS has p-type conductivity 
along with a high absorption coefficient (> 104  cm−1) and 
excellent bandgap (0.9–1.4 eV) but has fewer elements than 
CZTS [10–12]. Thin films of CTS for solar cell applica-
tion had been prepared by various physical and chemical 
deposition methods [13], Co-evaporation [14, 15], Pulsed 
laser deposition (PLD) [16], sputtering [17], chemical bath 
deposition (CBD) [18], chemical vapor deposition (CVD) 
[19]. The current highest PCE reported for CTS is 4.63%, 
which was achieved by Nakashima et al. using sequential 
evaporation to prepare the CTS film and by using Na dop-
ing [20]. In their study, the PCE of the CTS solar cell was 
increased from 1.1% for the undoped CTS to 4.63% when 
the alkali Na ions were incorporated into the CTS layer. 
Unfortunately, the highest PCE obtained for CTS is still very 
low when compared to the theoretical 30% PCE calculated 
for CTS-based solar cells [21]. The poor performance of 
the CTS solar cell is attributed to the lack of conventional 
deposition techniques that can accurately control the film’s 
composition and homogeneity.

Advantageous from the other deposition techniques, RF 
sputtering technique can be used to deposit precisely con-
trolled compositions, homogenous, uniform, and compact 
large-area films that are desired for industrial mass produc-
tion. Despite the importance of the RF sputtering prepara-
tion method for the industrial field, there are several reports 
about sulfurization temperature optimization without a 
comprehensive study regarding the effects of the other sul-
furization and sputtering parameters on the structural and 
optical properties of the CTS films prepared by RF sputter-
ing [22–26]. Hence, mastering the RF sputtering parameter 
of the CTS film deposition before introducing dopant ions 
became a crucial factor in obtaining high-quality films and 
highly performance TFSC devices as well.

In this paper, a deep investigation of the impact of vary-
ing the sputtering parameters and sulfurization parameters 

on the physical properties, such as microstructure, mor-
phology, and optical properties, of the CTS compound was 
introduced. We discuss important aspects related to the 
solar cell application when the CTS layer is prepared by 
the sputtering technique and the thin-film quality at various 
deposition conditions. The dependence of the CTS thin-film 
structural properties on the various synthesis parameters is 
well addressed. The optical absorption, bandgap energy, 
absorption coefficient, and the evolved absorption tails and 
Urbach energy with varying the deposition parameters are 
deeply studied. The photovoltaic performance of the TFSC 
device fabricated with an optimized CTS layer is demon-
strated in the present study which is also correlated with 
previous CTS reports.

2  Experimental

2.1  Materials

The high-purity sputtering targets were purchased from 
Toshima Manufacturing, Japan. The molybdenum (Mo) 
target (3N, 99.9%) was used to sputter the back contact. 
The copper–tin (Cu–Sn) target (compositional ratio Cu:Sn 
52%:48%) was 3N purity. Cadmium sulfate  (CdSO4, 99.0%) 
and thiourea (SC(NH2)2, 98%) were purchased from Kanto 
Chemical Co., INC. Japan. Ammonium hydroxide  (NH4·OH, 
25%) was obtained from Wako Pure Chemical Corporation, 
Japan. All other chemicals were from the reagent grade and 
used as received.

2.2  CTS film deposition

The fabricated CTS thin films were deposited on Mo-coated 
soda-lime glass (SLG/Mo) substrates by RF sputtering and 
sulfurization. Typically, the glass substrates were firstly 
cleaned for two rounds with deionized water and isopro-
panol for 40 min each with the aid of ultrasonication and 
dried under  N2 stream. Mo layer with a thickness of ~ 1 µm 
was then sputtered on the pre-cleaned substrates. The SLG/
Mo substrates were then introduced into the RF sputtering 
chamber, and the Cu–Sn layer was sputtered from the Cu–Sn 
target and by using Ar gas. The sputtering power and cham-
ber pressure were varied from 35 to 65 W and 1.4 to 2 Pa, 
respectively, listed in Table 1, without any intentional sub-
strate heating. The deposition time was manipulated during 
the deposition process to obtain CTS layers with almost the 
same final thickness of ~ 1 µm. The thickness of the syn-
thesized layers was measured through the cross section of 
the SEM image. The substrates with SLG/Mo/Cu–Sn stack 
were cut to 13 × 13  mm2 pieces to fit the sulfurization tube.

The sulfurization process was performed in a tubular 
furnace. Four 13 × 13  mm2 SLG/Mo/Cu–Sn samples were 
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put in a circular dish with sulfur powder centered between 
the substrates. The sulfurization tube was vacuumed at the 
beginning of the process and flushed with  N2 several times 
before starting the sulfurization process. The sulfurization 
process was performed at 10 °C/min heating rate under slow 
nitrogen flow and under a pressure of  105 Pa. The substrates 
were maintained at the desired sulfurization temperature for 
2 h, and then cooled naturally. The sulfurization temperature 
and the sulfur amount were changed to study their effect on 
the CTS films, see Table 1.

2.3  Cell fabrication

The solar cells with configuration SLG/Mo/CTS/CdS/
ZnO/ZnO:Al/Ni/Al were fabricated in this study. A CdS 
buffer layer of 60 nm thickness was deposited by chemical 
bath deposition (CBD) technique using a bath containing 
 CdSO4–thiourea–ammonium hydroxide aqueous solution; 
meanwhile, heating from room temperature to 66 °C. 30 min 
post-deposition annealing on a hot plate was done at 300 °C. 
The post-deposition annealing was beneficial for enhancing 
CdS optical properties by improving the contact between 
the p–n junction [27, 28]. The intrinsic ZnO layer of thick-
ness 100 nm and Al-doped ZnO layer of thickness 300 nm 
were deposited by RF sputtering without intentional heat-
ing to complete the cell structure. Finally, a thick layer of 
the Al electrode is deposited on a thin layer of the Ni elec-
trode layer by thermal evaporation technique. Each substrate 
was divided into 9 effective 3  mm2 cells using mechanical 
scribing.

2.4  Characterization and measurements

Crystallographic structures and secondary phases generated 
during the samples manufacturing process were evaluated 
by X-ray diffraction (XRD) measurements (Rigaku, Ultima 

IV). Raman scattering measurements were performed on 
(JASCO, NRS-3200) Raman microscope with a 532 nm 
laser excitation source. Field emission scanning electron 
microscopy (FESEM, Hitachi S-4800) was used to investi-
gate the samples’ surface morphology and films’ cross sec-
tion. Transmission and reflectance spectra of the fabricated 
samples were recorded on (Hitachi, U-4100) UV–vis–NIR 
spectrophotometer. The photoluminescence spectra of fabri-
cated cells (before electrode deposition) were detected using 
(Hamamatsu the compact NIR PL lifetime spectrometer 
C12132). Current density–voltage (J–V) characteristics of 
the fabricated solar cells were measured using a solar simu-
lator (Bunkoukeiki Otento-SUN3) equipped with AM1.5 
and under 100 mW/cm2 illumination at 25 °C.

3  Results and discussion

3.1  Effect of RF sputtering power

The effect of changing sputtering power on the structural and 
optical properties of CTS thin films was studied. In single-
element sputtering, the sputtering power has a direct impact 
on the deposition rate and film crystallinity [29]. Addition-
ally, in the case of a multi-elements target, the sputtering 
power has the additional fact that it will control the film 
composition ratio. Thereby, for the sake of understanding of 
varying the sputtering power on the final film characteristics, 
RF powers of 35, 50, and 65 W were applied for depositing 
the CTS layer, while sputtering pressure was kept at 1.8 Pa. 
After deposition, all films were sulfurized at a temperature 
of 580 °C and a sulfur amount of 100 mg. The XRD patterns 
showed that all samples have a monoclinic CTS structure 
(PDF# 04-010-5719) with ( ̄131∕200 ) preferential orientation 
at 2θ = 28.44°, as shown in Fig. 1a. The two low intensive 
peaks at 16.06° and 18.03° verified the attained monoclinic 

Table 1  Sputtering and sulfurization parameters for CTS thin film deposited at a substrate temperature of RT

Process Parameter effect Sample name RF sputtering parameters Sulfurization parameters

RF power (W) Pressure (Pa) Temp. (°C) Sulfur 
amount (mg)

Sputtering process Power Po_35W
Po_50W
Po_65W

35
50
65

1.8 580 100

Pressure Pr_1.4Pa
Pr_1.8Pa
Pr_2.0Pa

50 1.4
1.8
2.0

580 100

Sulfurization process Temperature T_520oC
T_580oC
T_600oC

50 1.4 520
580
600

10

Sulfur amount S_10 mg 50 1.4 580 10
S_100 mg 100
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crystal structure, which cannot be observed for the other 
CTS phases. Noticed, increasing sputtering power caused a 
change in the thin-film crystallinity as well as controlling Sn 
atoms released from Cu–Sn target to the substrate. Increas-
ing the RF power is suggested to result in an increase in the 
Sn amount in the CTS layer. This suggestion was verified 
from the fact that the CTS sample prepared at low sputtering 
power Po_35W showed Cu-rich (Sn-poor)  Cu4SnS4 (PDF# 
27-0196) secondary phase. During the sulfurization process, 
the Cu–Sn layer surface is exposed to sulfur vapor that reacts 
with Cu–Sn precursor thin film to create intermediate phases 
SnS and CuS. They react together at sulfurization tempera-
ture larger at 580 °C to produce Cu–Sn–S compounds [30]. 
Hence, the initial Cu/Sn ratio in the deposited Cu–Sn layer 
has a crucial role in deciding which final primary and/or 
secondary phases shall be obtained. By increasing the sput-
tering power, Cu-poor (Sn-rich) secondary phases such as 
SnS (PDF# 53-0526) and  Sn2S3 (PDF# 72-0031) became 
the prominent secondary phases as seen from the gradual 
increase of SnS peak located at 31.9°. The increase in the 
Sn amount with sputtering power was also additionally con-
firmed from the change in Cu/Sn ratio from 1.4 in the case of 
the Po_35W sample to 1.1 in the Po_65W sample as acquired 
from EDX measurements. Moreover, the Scherrer equa-
tion with K = 0.9 was employed to estimate the crystallite 

sizes for the three CTS prepared films [17]. The full width 
at half maximum (FWHM) of the preferential orientation 
peak was used in the calculation, and the crystallite sizes 
were estimated as 62, 60, and 53 nm for Po_35W, Po_50W, 
and Po_65W, respectively. This result implies that high RF 
power caused a formation of Sn-based secondary phases 
which affects CTS crystal growth. Additionally, due to the 
ambiguity associated with Cu–Sn–S compounds and the 
difficulty of phase identification [31], the Raman scatter-
ing technique was employed to identify the exact phase and 
structure of the prepared samples, and the obtained spectra 
are shown in Fig. 1b. The spectra of the three CTS thin 
films are characterized by the existence of two dominant 
Raman peaks at 290 cm−1 and 346 cm− 1 assigned to the 
main A′ vibrational modes of monoclinic  Cu2SnS3 phase. 
This result is in matching with the literature [30, 32, 33] 
and well matched with that obtained from the XRD results. 
It worth noting that, during Raman measurements of the 
Po_65W sample, the laser exposure spot was chosen as far 
as possible from the droplets and the SnS secondary phase 
region as indicated by yellow circles in Fig. 2d, to avoid the 
perturbation in CTS symmetry vibrational mode expected 
to occur due to the lattice-induced strain caused by the mis-
match between CTS and SnS crystals.
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Fig. 1  a XRD and b Raman spectra of CTS thin films sputtered at different powers
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The surface morphologies of the CTS thin-film samples 
before and after the sulfurization process were characterized 
employing SEM microscopy, and the obtained micrographs 
are presented in Fig. 2. It is seen from the micrograph of the 
as-prepared Cu–Sn layer in Fig. 2a that it has very smooth 
samples with uniform and compact cross section of ~ 0.5 µm 
in thickness. Also, good and void-free contact between the 
Cu–Sn layer and Mo back contact is noticed, which implies 
that 35 W sputtering power was adequate for the deposition 
of a high-quality Cu–Sn layer. Upon the sulfurization pro-
cess, a noticeable volume expansion can be seen in Fig. 2b 
along with an increase in the surface roughness of the sul-
furized film. The layer thickness was increased to ~ 1.2 µm 
due to introducing sulfur atoms and the formation of CTS 
compounds. The CTS sample prepared at higher sputtering 
power 50 W showed a larger thickness expansion of ~ 1.5 µm 
with lower surface roughness-associated blistering-like 
droplets. Because of increasing sputtering power from 35 
to 50 W, the amount of sputtered Sn was increased. Con-
sequently, the Sn-loss rate during the sulfurization process 
also increased, resulting in the attained blisters. However, it 
worthy of mentioning that both Po_35W and Po_50W sam-
ples maintained good and void-free contact with Mo back 
contact along with considerable grain sizes those preferred 
for solar cell applications. On the contrary, further power 
increasing to 65W caused almost no noticeable change in 
the CTS final thickness. However, the voids present on the 

Po_65W sample surface as well as at the CTS/Mo interface 
are seen as pointed out by the arrows in Fig. 2d. Addition-
ally, Sn-based secondary phases (SnS and  Sn2S3) can be seen 
as small white granules on the CTS film surface. Therefore, 
solar cell devices assembled with CTS deposited at high 
sputtering power are expected to show inferior performance 
due to high recombination rate and poor photoelectron col-
lection efficiency at the back-contact electrode, besides 
plenty of secondary phase recombination centers are pre-
sent as well.

Transmission and reflectance spectroscopy was utilized 
to evaluate the impact of RF sputtering power on the optical 
properties of CTS thin films, where the acquired spectra are 
displayed in Fig. 3a. Compared to the other two samples, the 
Po_50W sample showed the highest transmission and reflec-
tance values, indicating its low light scattering because of the 
high phase purity and good crystallinity of the CTS layer. 
Moreover, the Po_50W sample has the most acute optical 
transition near the bandgap edge than the other two samples, 
which proves the low concentration of bulk defects within the 
CTS layer. Contrarily, the low crystallinity along with high 
surface roughness of Po_35W samples induce much light scat-
tering, which resulted in the low attained transmission and 
reflectance spectra. As was expected from the XRD and SEM 
for the Po_65W sample, the existence of high-concentration 
Sn-based secondary phases at the sample surface, together 
with the evolved voids, are considered as the main reasons 

Fig. 2  Surface and cross-section 
morphology of a before sulfuri-
zation, b Po_35W, c Po_50W, 
and d Po_65W CTS thin films 
sputtered at different powers
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behind the much lower transmission and reflectance spectra 
obtained for the Po_65W sample. Distinguishable between the 
three samples, the interference fringes are only seen in the 
transmission spectrum of the Po_50W sample reflecting its 
smooth surface [34], in correlation with the SEM and XRD 
measurements.

The absorption coefficient (α) of the CTS thin films was 
calculated according to the equation of the transmission (T) 
and reflectance (R) [35, 36]:

(1)� =
1

t
ln

⎡⎢⎢⎣
(1 − R)2

2T
+

�
(1 − R)4

4T2
+ R2

⎤⎥⎥⎦
,

where t is the film thickness. The absorption coefficients as a 
function of wavelength α(λ) for the three samples are shown 
in Fig. 3b, whereas the values of α around the optical band 
edge are presented in Table 2. Although the three samples 
showed nearly the same values of α(λ) in the visible region, 
the Po_50W sample has the lowest value of α through the 
entire wavelength range. This result is well matched with the 
above discussion that Po_50W has fewer defects compared 
to other samples. The relatively higher values of α calculated 
for Po_35W and Po_65W samples, especially in the NIR 
region, are attributed to the abundance of secondary phases 
and also to the structural defects that exist in these samples 
[37]. Hence, it suggested that the fabrication of a thicker 
defect-free CTS layer would be beneficial for capturing as 
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much as possible of the incident sunlight. However, too 
thick layer means a longer distance that photoelectrons 
should travel before extraction at the p–n junction interface, 
which increases the probability of photoelectron loss via 
recombination. In this regard, skin depth (sometimes called 
penetration depth δ) is another valuable optical factor that 
defines the deepness beneath the film surface at which the 
light intensity will fall to 1/e of its original incident value. 
Skin depth is governed by incident photons’ frequency and 
semiconductor conductivity, which is dependent on bandgap 
energy [38, 39]. Skin depth was calculated from the recipro-
cal of the absorption coefficient as follows [38, 39]:

As a result, the skin depths of the three samples in the 
inset of Fig. 3b plotted against photon energy (eV) showed 
that the Po_50W sample has the highest δ thickness, espe-
cially around optical bandgap energy.

CTS is a direct bandgap semiconductor with p-type con-
ductivity. The direct bandgap energies of the fabricated sam-
ples were calculated using Tauc’s plot, as shown in Fig. 3c, 
by extrapolating the linear part of the relationship between 
(αhν)2 and the incident photons energy (hν) [37]. Nonethe-
less, due to the reduced symmetry of the CTS monoclinic 
phase, the splitting of the upper valence band (VB) states is 
likely occurring by approximately a hundred meV. Accord-
ing to Wild et al. study, valence band splitting (VBS) is 
expected to show double or triple absorption edges on the 
optical spectra of monoclinic CTS because transitions from 
all split VB states to the conduction band minimum (CBM) 
at the Brillouin zone center (Г) are allowed [34]. In our 
case, two transitions were observed at ~ 0.9 eV and 1.0 eV 
in Tauc’s plot in Fig. 3c, corresponding to two bandgaps for 
each CTS sample. The exact values of the bandgap energies 
were extracted and are listed in Table 2. The slight varia-
tion in the bandgap values for the three samples confirms 
our findings from the XRD measurements that changing RF 
sputtering power almost does not affect the CTS grain size.

Energy band tailing is another basic information that 
can be extracted from the optical spectra to investigate the 

(2)� =
1

�
.

optical quality of the prepared samples. Tails in the bandgap 
are induced from localized states in the forbidden gap above 
VBM and below CBM and usually observed in samples suf-
fering from the structural disorder, defects, and impurities. 
These localized trap states absorb light energy in the low-
energy region, i.e., below the bandgap absorption. Urbach 
rule is an empirical equation that relates to the absorption 
coefficient (α) and photon energy (hν) exponentially [40, 
41]:

where αo is material dependent constant, and EU is called 
Urbach energy denoting the tailing width into the bandgap. 
By rearranging Eq. (3):

Thus, Urbach tail energy can be calculated from the recip-
rocal of the slope of the straight-line fitting near the band 
edge when ln(α) is drawn on the vertical axis and hν is drawn 
on the horizontal axis, as shown in Fig. 3d.

From the calculated Urbach energies in Table 2, the CTS 
sample Po_50W showed the lowest tailing energy among 
the three samples ~ 42.8 meV, which also implies the high 
optical quality of this sample and a high degree of crystal-
line ordering.

In brief, the 50 W RF sputtering deposition power has 
shown its capability for producing CTS thin films with 
acceptable quality in comparison with the low or even the 
high deposition power. The slight Cu-poor composition 
deposited at the 50 W from Cu–Sn target was proved to 
be a favorable composition due to the unwanted loss of Sn 
atoms during sulfurization. The careful structural and optical 
data analysis has led to monoclinic CTS thin film with the 
minimum content of secondary phases, and proper structural 
defects were successfully prepared at this sputtering power 
that is preferred for high-performance devices.

3.2  Effect of RF sputtering pressure

The influences of sputtering pressure variation on the 
structural and optical properties of the CTS films will be 
considered in this section. The values of the sputtering 
pressures were changed from 1.4 to 2 Pa, while the sput-
tering power was kept at 50 W. Afterward, the films were 
sulfurized at a temperature of 580 °C and with a sulfur 
amount of 100 mg. The analysis of the XRD measurements 
shown in Fig. 4a reveals that changing the pressure of the 
Cu–Sn sputtering process has no significant effect on the 
CTS phase as well as on the nature of the obtained sec-
ondary phases. Conversely, SEM micrographs presented 

(3)� = �oexp

(
hv

EU

)
,

(4)ln � = ln �o +
hv

EU

.

Table 2  Sputtering power effect on CTS film parameters

Sample Crystallite 
size
(nm)

Eg
(eV)

α at Eg
(×  104  cm−1)

δ at Eg
(µm)

EU
(meV)

Po_35W 62.5 Eg1 = 0.88
Eg2 = 0.97

1.66
2.95

0.6
0.34

127.1

Po_50W 60 Eg1 = 0.92
Eg2 = 1.01

0.29
1.26

3.42
0.79

42.8

Po_65W 53 Eg1 = 0.9
Eg2 = 1.0

1.19
2.31

0.85
0.44

93.8
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in Fig. 4b–d declare a considerable change in the CTS 
surface morphology upon changing the sputtering pres-
sure. Increasing sputtering pressure led to an increase in 
the attained blisters density observed on the CTS thin-film 
surfaces along with a significant increase in their size. 
Similar results were also reported for sputtered CdTe thin 
films by Kaminski et al., which were attributed to the 
argon gas trapped during the sputtering process because 
of the highly used argon pressure [42]. Furthermore, P. 
Björkman and his group stated that increasing the sub-
strate temperature during the deposition process or chang-
ing the inert gas with bigger atom size gas such as Krypton 
will reduce the blister formation [43]. Herein, increasing 
the sputtering pressure does not only increase the amount 
of trapped argon gas but also causes an increase in the 
deposited Sn ratio. As a consequence, and due to the high 
sulfurization temperature of 580 °C, the trapped argon dif-
fuses to the film surface, creating surface gas droplets, 
indicated by yellow circles in Fig. 4b–d. Also, by increas-
ing the sputtering pressure, the rate of Sn atoms loss by 
evaporation during the sulfurization should increase. How-
ever, the formation of gas droplets may represent a barrier 
against Sn atoms loss, causing Sn atoms to accumulate, 
which resulted in the large voids, shown by blue circles in 
Fig. 4b and big blisters detected when reaching 2.0 Pa. As 
the surface blisters and voids increase, it will be a chal-
lenge to form a perfect and pinhole-free p–n junction at 

CTS/CdS interface which is essential to fabricate a high-
performance CTS thin-film solar cells.

The optical measurements shown in Fig. 5 and summa-
rized in Table 3 confirm the independence of CTS optical 
bandgap on the sputtering pressure, which is a subsequent 
result of the similar crystallinity of the three samples. 
Although the CTS thin film prepared at 1.4 Pa attained 
68.8-meV Urbach energy, it exhibits the highest absorption 
coefficient and the appropriate skin depth at the fundamental 
optical bandgap among the three samples. Based on this 
above analysis, intermediate RF sputtering power of 50 W 
alongside with lower working pressure of 1.4 Pa is chosen 
as the preferred deposition pressure throughout the rest of 
this study.

3.3  Effect of sulfurization temperature

In this part of the study, the effect of changing sulfurization 
temperature on the structural and optical properties of CTS 
thin films will be discussed. Three CTS thin-film samples 
were prepared at three different sulfurization temperatures, 
namely, 520 °C, 580 °C, and 600 °C with a heating ramp of 
10 °C/min. The substrates were maintained at the desired 
sulfurization temperature for 2 h, and then they were let 
to cool naturally. The other preparation conditions, such as 
the RF sputtering power, the sputtering pressure, and sulfur 
source amount, were kept fixed at 50 W, 1.4 Pa, and 10 mg, 

Fig. 4  a XRD pattern and 
surface SEM images of CTS 
thin films sputtered at different 
pressure conditions b 2.0 Pa, c 
1.8 Pa, and d 1.4 Pa
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respectively. From the XRD patterns shown in Fig. 6a, all 
three samples showed a monoclinic CTS structure with an 
obvious increase in the CTS crystallinity with increasing 
in the sulfurization temperature. The enhancements in the 

crystallinity can be inferred from the increase in the intensity 
of CTS diffraction peak at 28.4° concerning the intensities 
of secondary phase diffraction peaks. This result was also 
accompanied by a significant increase in the CTS crystallite 
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Table 3  Sputtering pressure 
effect on CTS film parameters

Sample Crystallite size
(nm)

Eg (eV) α at Eg (×  104 
 cm−1)

δ at Eg (µm) EU (meV)

Pr_1.4Pa 62.8 Eg1 = 0.90
Eg2 = 0.99

0.64
1.58

1.5
0.63

68.8

Pr_1.8Pa 60 Eg1 = 0.91
Eg2 = 1.01

0.29
1.26

3.42
0.79

39.2

Pr_2.0Pa 66 Eg1 = 0.90
Eg2 = 0.99

0.56
1.52

1.75
0.65

80.9
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size as can be seen from Table 4. Furthermore, monoclinic 
CTS is also identified from Raman measurements in Fig. 6b. 
The two characteristic Raman peaks of the CTS monoclinic 
phase at ~ 289 cm−1 and ~ 348 cm−1 were present in the 
spectra acquired from the three samples. However, the 
Raman peaks of the T_520 °C sample were much broader 
compared to those of the other two samples which implies 
the improvement in the structural ordering of the CTS with 

increasing the sulfurization temperature. Additionally, sur-
face and cross-section SEM images in Fig. 7 showed that the 
higher the sulfurization temperature, the better the surface 
roughness.

Figure 8 shows the optical measurements of the three 
samples, and the estimated optical properties are summa-
rized in Table 4. The transmission and absorption spectra in 
Fig. 8a and b, respectively, showed that the low-temperature 
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Table 4  Sulfurization 
temperature effect on CTS film 
parameters

Sample Crystallite size
(nm)

Eg (eV) α at Eg (104 
 cm−1)

δ at Eg (µm) EU (meV)

T_520°C 48.6 Eg = 0.97 2.92 0.33 247.12
T_580°C  62.5 Eg1 = 0.90

Eg2 = 1.00
1.08
2.27

0.92
0.41

79.05

T_600°C 65.9 Eg1 = 0.91
Eg2 = 1.01

0.77
1.85

1.30
0.54

64.79
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sulfurization sample T_520 °C has a low transmission and 
better light absorption in the IR region than higher tem-
perature samples which may be due to the presence of high 
structural defects. In the visible region, the three samples 
showed a comparable absorption. Increasing the sulfuri-
zation temperature to 580 and 600 °C revealed no distinct 
change on optical bandgap as all samples have a monoclinic 
structure. However, the second bandgap  Eg2 due to the VBS 
phenomenon was hard to be detected in the T_520 °C due 
to its lower crystallinity compared to the other two samples. 
The low crystallinity of T_52 °C  is associated with signifi-
cantly higher band tail below optical bandgap energy than 
the high-temperature samples, as seen in Fig. 8c. In the sec-
ond place, the soda-lime glass transformation temperature 

is around 580 °C [44], so it is not preferred to go higher 
than this temperature in the industrial field. For this reason, 
580 °C is chosen as the preferred sulfurization temperature.

3.4  Effect of sulfur amount inserted 
in the sulfurization process

The effect of the sulfur amount used during the sulfuriza-
tion process and its implications on the structural and opti-
cal properties of CTS films was studied. The change in 
sulfurization amount of 10 and 100 mg of sulfur powder 
was applied for the sample prepared at 50 W and 1.4 Pa 
at sulfurization temperature of 580 °C. Although the XRD 
patterns of these two samples shown in Fig. 9a exhibited the 
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same sets of diffraction peaks, the SEM images are shown 
in Fig. 9b and c showing that the S_10 mg sample is not 
entirely sulfurized compared to S_100 mg one. It may be 
because XRD is collecting the average intensity of the dif-
fractions. From the SEM micrograph in Fig. 9b, the upper-
most surface of the S_10 mg sample is composed of large 
grains of CTS, while the lower part of the sample consists 
of small non-sulfurized Cu–Sn particles. This incomplete 
sulfurized Cu–Sn layer in the first place is attributed to the 
insufficient sulfur amount used during the sulfurization pro-
cess that produces weak sulfur vapor pressure, which is not 
strong enough to penetrate deeply into the bottom of the 
Cu–Sn layer. The existence of a non-sulfurized Cu–Sn layer 
is an undesirable phenomenon as it is expected to inhibit 
the charge transfer across the CTS/Mo interface leading to 
inferior photovoltaic performance. Differently, the S_100 mg 
sample fabricated with a higher sulfur vapor pressure 
showed a deeper sulfurization, as can be inferred from the 
large CTS grains that protracted along the whole cross sec-
tion of the sample as seen in Fig. 9b. Hence, using a copious 
amount of sulfur powder during the sulfurization process is 
essential to guarantee the complete sulfurization of the entire 
sample in order to achieve better photovoltaic performance.

Photoluminescence (PL) measurement as a valuable tech-
nique was employed to evaluate the optical quality of CTS 
thin-film samples fabricated with the best-chosen prepara-
tion conditions [45]. The PL measurements were performed 
on solar cell devices with SLG\Mo\CTS\CdS\ZnO\ZnO:Al 
configuration with 0V bias voltage at room temperature, and 
the acquired spectra are presented in Fig. 10a. The device 
fabricated based on the S_10 mg sample showed a very weak 

near-band-edge PL peak around 1300 nm (~ 0.95 eV). Con-
siderably, the device fabricated with the S_100 mg sample 
showed a PL peak that is five to six times higher in intensity 
than that of the S_10 mg. The high PL signal attained by 
S_100 mg device demonstrates its superior optical quality 
as a consequence of minimizing the structural defects and 
secondary phases by the action of complete sulfurization 
resulting. Moreover, the high PL signal refers to the sup-
pressed surface recombination rate indicating the successful 
passivation of the surface defects with a CdS buffer layer.

The solar cell (J–V) measurements asserted on the 
obtained PL results such that three TFSC devices based 
on the S_10 mg CTS sample showed a very weak photo-
response and yielded almost zero PCE (not shown here). 
On the other hand, another three TFSC devices assembled 
with the S_100 mg CTS sample showed a significant photo-
response and exhibited a high PCE of 1.94%, as shown in 
Fig. 10b. The high short-circuit current density (JSC) value 
of 35.59 mA/cm2 obtained from the undoped CTS-based 
solar cell prepared under the optimized condition is con-
siderably superior to the values obtained from the undoped 
CTS-based solar cell prepared by sputtering [12, 17, 46], 
sequential evaporation [20], and also solution-processed [47] 
methods. The basis for such high  JSC value is the photocar-
riers generation over a wide range of the solar spectrum, as 
is revealed by the UV–Vis measurements. Also, it can be 
attributed to the effective charge collection and suppressed 
recombination loss aroused from the swift charge transfer 
across the CTS/Mo and the CTS/CdS interfaces along with 
fewer structural defects. The relatively low values of the 
open-circuit voltage (VOC) = 159.7 mV and the low fill factor 

Fig. 9  a XRD pattern and 
cross-section SEM images of b 
S_100 mg and c S_10 mg sam-
ples sulfurized using different 
sulfur quantities
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(FF) = 34.1% are due to the usage of CdS buffer layer which 
forms TYPE-II heterostructure interface with the CTS layer 
[48]. However, the obtained VOC and FF values are compa-
rable to solar cell devices fabricated from the undoped CTS 
layer [17, 49, 50]. To improve the overall performance of the 
CTS solar cell, we have a confident that selecting and opti-
mizing the other interlayers should be studied at the same 
time with the studying of the CTS absorbing layer.

4  Conclusions

In this study,  Cu2SnS3 (CTS) thin films for solar cell applica-
tions were prepared by RF sputtering and sulfurization pro-
cess with different experimental conditions. The influences 
of changing RF sputtering (deposition power and pressure) 
and sulfurization (temperature and sulfur amount) param-
eters on the structural and optical properties of the fabricated 
thin films were carefully investigated. Under the experimen-
tal working conditions, the crystallographic structure of all 
samples was identified as a monoclinic CTS phase. Increas-
ing RF sputtering power was led to an increase in the forma-
tion of Sn-based secondary phases. The increasing sputter-
ing pressure leads to an increase in the unfavorable surface 
droplets and blistering. Thus, moderate sputtering power of 
50 W and low pressure of 1.4 Pa is highly recommended 
to obtain a high-quality CTS layer for solar cell applica-
tion. The high sulfurization temperature along with excess 
sulfur amount has been proven as the preferred sulfuriza-
tion conditions for CTS crystallinity and thin-film surface 
morphology. The optical properties showed an independent 
energy bandgap on the sputtering pressure. The CTS thin 

film prepared at 1.4 Pa attained Urbach energy of ~ 68.8-
meV and exhibited the highest absorption coefficient and the 
appropriate skin depth at the fundamental optical bandgap 
among the samples. Based on the optimum properties of 
the synthesized CTS, a solar cell device of the CTS layer 
was fabricated. This cell achieved a very high short-circuit 
current of 35.59 mA/cm2 that is considered one of the best-
recoded values of undoped CTS-based solar cells. When 
CdS buffer layer was used, a power conversion efficiency of 
1.94% was also achieved because of TYPE-II heterostructure 
CdS makes with the CTS. Hence, employing the TYPE-I 
heterostructure interface along with precisely sputtered CTS 
absorber layer via choosing the proper n-type buffer layer 
is expected to yield a remarkable cutting-edge toward the 
commercialization of high-performance CTS-related thin-
film solar cells.
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