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AbstractSnS is an earth-abundant, non-toxic, and low-cost absorber material for solar cell applications. In this
work, the physical properties of SnS thin films and efficiency of SnS solar cells were investigated for different tin metal
layer thicknesses of 300 nm (Sn-300), 500 nm (Sn-500), and 700 nm (Sn-700) deposited by DC sputtering followed by
the sulfurization using effusion cell evaporation method. The XRD and Raman characterizations confirmed the forma-
tion of single-phase SnS compound with orthorhombic structure for the case of Sn-500. The sulfurized films of Sn-500
had remarkable and homogeneous morphology with the optical band gap energy of 1.35 eV. The fabricated device
showed an efficiency of 0.74% with an open-circuit voltage of 267 mV, short circuit current density of 8.47 mA/cm2,
and fill factor of 54.16. By varying the different metal tin layer thicknesses, this is the first report with device efficiency
for SnS solar cells grown via effusion cell evaporation technique.
Keywords: SnS Solar Cells, Physical Properties, SnS Compound, Metal Tin Layer Thickness

INTRODUCTION

Due to the rapid increase of energy demand annually, the pres-
ent generation desires electrical power at lower cost and inexpen-
sive root without affecting the environment. Only solar power is
the ultimate source for the production of clean energy at lower
cost. Over the decades, many studies have reported on different
solar power generated materials. Particularly, thin film solar cells
based on the binary compound are promising compared to the ter-
nary and quaternary compound based solar cells. Among the binary
compounds, Sn-based compound (SnS) has great potential due to
its capable optoelectronic properties. SnS has an optical bandgap
of 1.0-1.5 eV, high absorption coefficient, p-type conductivity, and
considerably high carrier mobility [1-4]. Even though the SnS has
exhibited promising properties, lower efficiencies have been dis-
played due to the secondary phases and many defects in the ab-
sorber layer [5].

Defects can be lowered by maneuvering the fabrication pro-
cesses. Specifically, in the industrial two-stage process, the growth
of SnS films can be controlled carefully. The two-stage process
involves deposition of Sn by a physical technique followed by sul-
furization. In the first stage, metallic Sn layer deposition is per-
formed by a physical method such as sputtering and evaporation,
because the physical methods can yield higher reproducibility of
thin films than the chemical methods. In the second stage, com-
pound formation is controlled by the sulfurization process using
rapid thermal processing (RTP) or effusion cell process, which plays
crucial role in defect-free compound formation. Effusion cell evap-

oration is an efficient and controllable deposition technique with
excellent incorporation characteristics of sulfur source. It has pre-
cise controllability of temperature with great advantage and thus
has been widely used in molecular beam epitaxial deposition sys-
tems [6,7] with a wide range of sizes. Most of the studies on SnS
solar cells involve the effect of different temperatures [8,9], differ-
ent compositional ratios [10], different annealing conditions [11],
different pressure variations [12,13], etc., but there is no approach
to different metal layer thickness variation that influences the dif-
fusion of sulfur into tin and physical properties of SnS. Tin metal
thickness majorly influences the sulfurization reaction process be-
tween tin and sulfur, as high metal tin cannot react well with sul-
fur that causes to form secondary phases or unreacted metal may
present in the film, which is based on the diffusion length of sul-
fur into the tin. Therefore, there is a need to optimize the tin metal
layer thickness for good reaction of tin with sulfur.

Therefore, in the present investigation, SnS solar cells were fab-
ricated by a two-stage process (sputtering and effusion cell evapo-
ration), and the absorber layer deposition was carried out by varying
the tin metallic layer thicknesses. Based on the preparation condi-
tions, SnS compound can be obtained by the reaction between tin
and sulfur, with the appearance of secondary phases of SnS2 and
Sn2S3 [14]. The thickness of tin layers plays a decisive role in the
diffusion of sulfur and the formation of single-phase SnS com-
pound with decent morphology. The present results showed the best
device efficiency of 0.74% in the case of SnS formed using Sn-500.

EXPERIMENTAL DETAILS

1. SnS Absorber Layer Formation
The fabrication of SnS solar cells by a two-stage process involves

the following: metal layer deposition is carried out in the first stage
and the sulfurization process in the second stage. Before deposit-
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ing tin metal layer, the soda-lime glass (SLG) substrates and molyb-
denum coated glass substrates were cleaned in acetone, methanol,
and deionized water, respectively, with required times under ultra-
sonication. The 99.99% purity Sn target was used for the deposi-
tion of metallic tin layers by a sputtering system. The deposition
conditions of sputtering for metallic tin are as follows: sputtering
chamber was evacuated to 3×106 Torr (base pressure), working
pressure of 5 mTorr, and DC power of 150 W in an argon atmo-
sphere with 40 sccm flow rate. By varying the sputter deposition
time, the tin layer thickness can be varied. Further, the deposited
tin metallic precursors with different thicknesses of 300 nm (Sn-
300), 500 nm (Sn-500), and 700 nm (Sn-700) were inserted into the
effusion cell evaporation system with 5 g of sulfur flakes for sulfur-
ization. The distance between substrate rotator and the sulfur source
was around 45 cm. The effusion cell evaporation system was evac-
uated to 5×105 Torr and then pumped with N2 gas flow during the
deposition process to maintain the working pressure of 5 mTorr.
The SnS thin films were prepared for different tin precursor film
thicknesses with substrate temperature of 470 oC and sulfur source
temperature of 170 oC. After completion of SnS film formation,
the system was then cooled to room temperature naturally.
2. SnS Solar Cell Fabrication

SnS thin film solar cells with the structure of SLG/Mo/SnS/CdS/
i-ZnO/Al:ZnO/Ni/Ag were fabricated. The deposited SnS absorber
films were placed in a distilled water flow for 10 min prior to the
deposition of CdS buffer layer. The buffer layer was made by CBD
technique using aqueous solutions of CdSO4, (NH2)2CS, NH4OH,
and D. I. water. Cd source solution was prepared with the concen-
tration of 0.0074M cadmium sulfate CdSO4 (99.0%, sigma Aldrich),
sulfur source solution was prepared with the concentration of 0.2M
thiourea ((NH2)2CS, C.P, Duksan). Ammonia water (NH4OH, Extra
Pure GRADE, Duksan) was used as a complexing agent. Next, the
substrates were vertically mounted on a holder and kept in the bath
solution. The deposition was carried out at a bath temperature of
80 oC for 26 min. The buffer layer thickness was around 60 nm.
The buffer layer deposited on SnS absorber films was then soaked
for one hour at 200 oC. The deposition of window layers of ZnO
was by a two-step magnetron sputtering: the first layer consisted of
i-ZnO by radio-frequency (RF) sputtering, and the second layer
consisted of Al-doped ZnO by DC magnetron sputtering. The thick-
ness of i-ZnO layer was around 50nm, and the Al-doped ZnO was
around 350 nm. Ni and Ag top contacts were deposited by elec-
tron beam evaporation with the thicknesses of 50 nm and 500 nm,
respectively. Finally, the SnS films were scribed and the device effi-
ciency was measured for the active area of 0.4 cm2.
3. Characterization

Using powder X-ray diffractometer, the SnS films were charac-
terized for crystallographic structure analysis. An X-ray diffrac-
tometer (Bulk PANalytical X’ Pert-PRO multipurpose diffractometer
(MPD), 3 kW) with Cu K radiation of wavelength 0.1546 nm at
40 kV and 30 mA was used for recording the XRD data. Raman
spectrometer (Model: HORIBA Xplora Plus) was used for the phase
analysis of SnS films, and the spectra were recorded in the range
of 50-500 cm1 using 532 nm laser source. The morphological and
cross-sectional view of images for SnS films were characterized by
field emission scanning electron microscopy (FE-SEM, HITACHI,

S-4800). Diffuse reflectance spectra of SnS films were recorded by
UV-Vis-NIR double beam spectrophotometer (Cary 5000) in the
wavelength range of 300-1,500 nm. The SnS solar cell device char-
acteristics were measured using a Xenon flash lamp (USHIO, UA-
DF1, 100 mW/cm2, 400 V) by the Keithley 2400 with AM1.5 filter.
The devices were characterized for spectral response using exter-
nal quantum efficiency (EQE) measurement system to evaluate the
photovoltaic response.

RESULTS AND DISCUSSION

1. Crystallographic Analysis
The characterized XRD patterns of SnS films are shown in Fig.

1. From the XRD patterns of the SnS films, it is noticed that all the
films are in polycrystalline nature with (040) sharp intense peak as
preferred orientation. The sulfurized film of Sn-300 shows peaks
at 22.01o, 26.01o, 27.47o, 31.53o, 31.97o, 39.04o, 42.50o, 44.74o, 45.49o,
48.51o, 51.31o, 53.14o, 54.25o, 56.67o, 59.34o, 64.19o, 66.37o, and
69.76o which correspond to (110), (120), (021), (111), (040), (131),
(210), (141), (002), (211), (151), (122), (061), (042), (250), (251),
(152), and (311) planes of orthorhombic SnS (JCPDS: 00-039-0354)
[15], respectively, in addition to some Sn2S3 and SnS2 secondary
phase peaks. Additional peaks of Sn2S3 and SnS2 peaks were ob-
served due to presumably too low thickness of metallic tin. This
means that Sn-300 layer was not sufficient for the formation of SnS
compound without secondary phases at this deposition condition.
The sulfur incorporation into the tin leads to the formation of SnS
single phase during the sulfurization process [13]. On the other
hand, sulfurized films of Sn-500 show high and sharp intense peaks
of SnS only due to the sufficient metallic tin layer thickness. How-
ever, further, an increase in precursor metal thickness to 700 nm,
the unreacted Sn layer was present in the sulfurized films. The inten-
sity of the preferred orientation peak as well as other peaks related

Fig. 1. XRD patterns of SnS films prepared for different thicknesses
of tin metal layer.
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to SnS was increased with increase of tin thickness from 300 nm
to 500 nm but decreased at larger thickness of 700 nm. As can be
noticed from Fig. 1, the XRD patterns of Sn and SnS peaks appeared
on the thicker film and no other peaks related to Sn2S3 and SnS2

were observed. According to the diffraction profiles and as evi-
denced by Robles et al.’s XRD results, the mixed phases of Sn and
SnS appeared to the thicker film [16]. Moreover, the standard JCPDS
lines of Sn and SnS are shown at the same place; assessment of
phase formation by XRD alone is very difficult. This means that
an excess of metal tin was present in the film that cannot be sul-
furized at this condition due to the high thickness of metallic tin
layer. The presence of SnS and Sn was also identified by Minemura
et al. [9]. From the XRD results, the formation of SnS compound
and other secondary phases were both observed with the change
in precursor metal layer thickness, which indicates that metallic tin
layer thickness influences significantly the formation of secondary
phases, and single-phase SnS compound or metallic tin influences
the stoichiometric deviation in the formation of SnS compound.
The 500 nm thick metallic tin was sufficient in the formation of
SnS compound at the deposition conditions used in this study. For
a detailed investigation of structural properties, Raman analysis was
performed.
2. Raman Analysis

The Raman spectra of the deposited SnS films for different tin
metal precursor layer thicknesses are shown in Fig. 2. The sulfur-
ized film of Sn-300 shows high intense Raman mode at 313 cm1

related to SnS2 and 250 cm1 related to Sn2S3 [17-19], in addition
to SnS phases. The exhibited Raman modes of SnS2 and Sn2S3 are
due to the insufficient metallic tin. The sulfurized film of Sn-500
shows Raman modes at 69 cm1, 95 cm1, 165 cm1, 192 cm1, and
219 cm1 that are related to orthorhombic-SnS [20] due to the avail-
ability of sufficient thick tin metal precursor. The exhibited Raman
modes at 69 cm1, 95 cm1, 165 cm1, 192 cm1, and 219 cm1 are in
good agreement with the orthorhombic-SnS, and peaks were not
observed above 300 cm1 which confirmed the absence of second-
ary phases [21]. However, the film sulfurized for Sn-700 exhibited
Raman modes belonging to SnS. Therefore, from the XRD and
Raman studies, single phase SnS films can be deposited with Sn-
500 in the effusion cell sulfurization method.
3. Morphology Analysis

Fig. 3 shows the surface view and inset with the cross-sectional
view of FE-SEM images for the films sulfurized at different precur-

sor metal tin layer thicknesses. The remarkable morphological SnS
film can be developed by a sufficient tin metal precursor layer which
reacts with sulfur. The grain size and thickness of the film increased
with respect to thickness of tin layers. In the present case, the sul-
furized film for Sn-300 was not enough to produce good grain
homogeneous morphology, because the lower thicknesses of tin
were not sufficient for reaction with sulfur vapor pressure that
causes to generate secondary phases and big voids and/or pores.
As can be observed from Fig. 3, the sulfurized film shows thick-
ness of around 550 nm. The uniformly distributed flat-like homo-
geneous grain structures were obtained for Sn-500 sulfurized film.
From the surface morphology of the SnS films was observed the
variation of the grain structures related to the change in crystalline
nature of the SnS XRD peaks [22]. After sulfurization, the grain size
and thickness (from around 550 nm to 750 nm) of the film in-
creased. When Sn-700 was used, the sulfurized film showed mixed
grains of complex and uneven structure. The excess of tin cannot
react with sulfur vapor pressure that causes to present unreacted
metallic tin in the film, and these sulfurized films had a thickness

Fig. 3. Morphological FE-SEM images of SnS films deposited for different tin metal thicknesses inset with cross sectional images of sulfur-
ized films.

Fig. 2. Raman spectra of the SnS films deposited for different thick-
nesses of tin metal layer.
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of around 900 nm. From the morphological studies, it is noticed
that the tin metal precursor layer thickness can influence the mor-
phology of the SnS films significantly, and sufficient metallic Sn can
only develop a good grain structure by the reaction of metal tin with
sufficient sulfur vapor pressure.
4. Optical Studies

Fig. 4 shows the optical reflectance spectra of the deposited SnS
films for different metal precursor layer thicknesses. The reflec-
tance spectra of the sulfurized film for Sn-700 show higher reflec-
tance than that of the sulfurized films of Sn-300 and Sn-500, which
is due presumably to the unreacted tin present in the film. With
respect to the change of metal tin precursor layer thickness, the
incorporation of sulfur into tin was well made, and then reflec-
tance was also decreased due to the presence of unreacted Sn. As
observed from the optical reflectance data, the sudden fall of reflec-
tance edge was changed to lower side of wavelength range, which
was due to the presence of secondary phases in the film that influ-
ences the bandgap.

From the diffuse reflectance data, the bandgap energy was cal-
culated. The calculated bandgap of the SnS films varied in the range
of 1.45-1.31 eV with respect to the change of metal tin precursor
layer thickness. The film sulfurized for Sn-300 had a bandgap of
1.45 eV. The exhibited bandgap was greater than the remaining
films exhibited bandgap, which was due to the presence of both
SnS2 and SnS3 secondary phases or non-crystalline natured films
which had lower thickness that led to the higher optical bandgap
[23]. The obtained bandgap of 1.35 eV for Sn-500 sulfurized film
matched well with the reported values for SnS films [2,24]. The
decrease in optical bandgap is due to the suppression of second-
ary phases. However, the film grown for Sn-700 showed a lower
bandgap of 1.31 eV due to the presence of tin. Based on the method
of deposition, the bandgap was changed with respect to the depo-
sition conditions.
5. Photovoltaic Performance of the SnS Solar Cells

Fig. 5 shows the illuminated J-V characteristics of SnS solar cell

sulfurized at Sn-500. Among the three fabricated SnS solar cells,
the best device performance was achieved for Sn-500 sulfurized
film. The best device exhibited a short circuit current density of
8.47 mA/cm2, open-circuit voltage of 267 mV, fill factor of 54.16,
and the conversion efficiency of 0.74% under AM1.5. The remain-
ing fabricated SnS solar cells did not show any efficiency because
of the secondary phase effect or metallic tin present in those films.
The high series resistance is the most significant problem to de-
crease the photovoltaic response in the device, which is caused by
the buffer CdS layer [25]. The low Jsc is also one of the factors for
lower efficiency in the present SnS solar cell device, which is due
to the high charge carrier recombination at junctions as well as
minority carrier lifetime [1]. The lower efficiencies are due to the
more defects in the absorber or bad p-n junction formation. More
considerable efforts are in progress to enhance the efficiency of
SnS solar cells. To enhance the SnS solar cells efficiency, majorly,

Fig. 4. Reflectance spectra of the SnS films deposited for different
tin metal thicknesses.

Fig. 5. Efficiency report of the SnS thin film sulfurized for Sn-500.

Fig. 6. EQE plot of the SnS thin film sulfurized for Sn-500.
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high quality SnS absorber is required and the formation of the p-n
junction at lower recombination rate must be achieved [26].

Fig. 6 shows the SnS/CdS device spectral response for SnS films
sulfurized at Sn-500. As seen, the maximum quantum efficiency is
around 50% and there is no spectral response for other sulfurized
films. The EQE of SnS solar cell show relatively lower value above
800 nm due to the bulk recombination in SnS [3] and poor charge
collection at the p-n junction. The onset absorption of SnS has a
bandgap of 1.35 eV. The sharp drop at ~500 nm from Fig. 6 indi-
cates the absorption edge of CdS (2.4 eV). In polycrystalline mate-
rials, the lower response of spectra at longer wavelengths indicates
smaller values of minority carrier diffusion length. Increment or
decrement of EQE response depends on the recombination rate
by varying the defects concentration [27].

CONCLUSIONS

SnS solar cells were fabricated by sputtering followed with the
effusion cell evaporation method. The physical properties of the
sulfurized SnS films were investigated. XRD showed the formation
of orthorhombic-SnS compound with (040) as preferred orienta-
tion peak. Raman modes of 69 cm1, 95 cm1, 165 cm1, 192 cm1,
and 219 cm1 confirmed the strong evidence of the formation of
the orthorhombic-SnS compound. The film sulfurized for Sn-500
showed remarkable homogeneous morphology with the bandgap
energy of 1.35 eV. The film sulfurized for Sn-500 showed the best
device efficiency of 0.74% with an open-circuit voltage of 267 mV,
short circuit current of 8.47 mA/cm2, and fill factor of 54.16 under
AM1.5. Our results motivate enhancing of SnS solar cell effi-
ciency in the near future.
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