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Abstract

Tin mono-sulfide thin films were prepared using a two-step process consisting of DC sputtered deposition of Sn precursors
over glass substrate held at 150 °C, followed by sulfurization for 1 hour at different temperatures ranging from 250 °C to
400 °C. The influence of the sulfurization temperature on resultant films was studied in terms of its structure, morphology
and opto-electronic properties. X-ray diffraction study revealed that the films sulfurized at lower temperature (~250 °C) had
prominent SnS, phase in addition to SnS. A single-phase tin mono-sulfide planes corresponding to orthorhombic structure
has been observed at 300 °C and found to be highly crystalline at 350 °C. Further, three distinct Raman modes observed at 95,
190 and 218 cm™ for Sn precursors sulfurized at 350 °C, strongly supporting the formation of single phase SnS. The
optimized SnS film showed a direct band gap of 1.35 eV with an absorption coefficient of 5 x 10* cm™. The valence states of
Sn (+2) and S (-2) determined from X-ray photoelectron spectroscopy analysis for Sn precursors sulfurized at 350 °C,
indicating the existence of SnS. These films had stoichiometric atomic ratio of Sn/S ~ 1 with surface roughness of 20 nm.
All the films have shown p-type conductivity and the Sn precursors sulfurized at 350 °C exhibited relatively high
conductivity of 0.947 x 10%(Q cm)™. The optoelectronic properties of SnS films reported in the present work would be
highly suitable for device fabrication and promising as an alternative absorber for thin film solar cells. Copyright © 2017
VBRI Press.
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Moreover, the existences of secondary phases are
detrimental to obtain higher efficiencies. Several new

Introduction

In recent years, alternative to CulnGaSe, (CIGS), the
quaternary and ternary compounds like Cu,ZnSnS,
(CZTS) and Cu,SnS; etc., are emerging as promising
photovoltaic materials for the fabrication of low-cost and
environmentally benign solar cells [1-3]. However, the
issues related to the single-phase growth of CZTS such as
co-existence of secondary phases and narrow phase
region in phase diagram of CZTS, strongly demonstrating
research towards novel and simpler materials [4, 5].

Copyright © 2017 VBRI Press

materials have been proposed alternative to CZTS in
recent past [6]. Amongst, SnS is a simple binary absorber
material [7], which has optimum energy band gap of 1.3
eV and high absorption coefficient of 10° cm™ with p-type
electrical conductivity and hence most attractive for
absorber material in thin film photovoltaic applications [8,
9, 10]. SnS belongs to IV-VI group of semiconductor
compounds, where tin and sulfur acts as cation and anion
respectively. SnS is a layered semiconductor with a weak
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van der Waals bonding between the different layers and
crystallizes in orthorhombic structure [10]. A variety of
deposition techniques such as electro-deposition [11, 12],
evaporation [13-15], chemical vapor deposition [16],
atomic layer deposition [17, 18], plasma-enhanced CVD
[19], spray pyrolysis [20, 21] and brush plated technique
[22] has been successfully demonstrated for the growth of
SnS thin films. Although there have been several
investigations, to date, SnS has demonstrated conversion
efficiency of 3.8 % using thermal evaporation [23], which
is far behind from its predicted theoretical efficiency of
24 % and also from earlier counterparts [24, 25, 26]. The
low conversion efficiencies of SnS strongly demanding
further systematic and in-depth research on this material
[27, 28]. Hence, in the present study, an attempt has been
made to synthesize device quality SnS using a two-step
methodology of sputtering followed by sulfurization. The
present paper reports the successful synthesis of SnS films
and the effect of sulfurization temperature on the physical
properties of SnS films.

Experimental
Materials and methods

SnS films were prepared by using two-step process of
sulfurization of sputtered Sn precursors. In the first step,
the Sn precursor was deposited on soda lime glass (7.5 x
2.5 cm?) substrate at temperature (S;), 150 °C using DC
Magnetron sputtering unit (Model -VRT SPU 06D,
Bengaluru). Prior to Sn deposition, the substrates were
ultrasonically cleaned with double de-ionized water
followed by acetone wipe off. The 4N pure (99.99 %) Sn
sputter target with 2” dia and 3 mm thickness purchased
from Testbourn Ltd., UK has been used in the present
study. The target was made to function in sputter down
configuration with magnetron assembly embedded in it by
facing normal to the substrate. The distance between
source and substrate was set to 5 ¢cm by adjusting the
target assembly/substrate holder vertically. Prior to
deposition, the base chamber was evacuated to ~ 5 x 107
mbar and Ar pressure was set to 0.20 mbar using mass
flow controller. The Sputter power for Sn was optimized
as 40 W for better glow discharge and sputtering yield.
The substrate rotation was fixed at 6 rotations per minute
in order to ensure uniform deposition. In the second step,
the sputtered Sn precursor films were sulfurized using two
zone tubular furnace of 1.2 m length with 50 mm inner
diameter and 55 mm outer diameter (INDFURR,
Chennai). The N, gas cylinder and rotary pump was
connected to the two ends of the quartz tube for vapor
carrier and evacuation, respectively. The Molybdenum
boat containing elemental sulfur powder (Aldrich-414980,
Germany) was placed in Zone-l and sputtered Sn
precursors (1cm x 1 cm) kept in graphite holder was
placed in Zone-1l. The temperature of sulfur powder zone
was maintained constantly at 130 °C and the temperature
of Sn precursor zone was varied from 250 to 400 °C in
multiples of 50 °C and set at each temperature for 1 hour.
After the sulfurization, the samples are allowed for
natural cooling to room temperature. Throughout the
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annealing process the pressure was maintained around 20
mbar in quartz tube.

Characterization

The structural properties of Sn precursors sulfurized at
different temperatures was studied using X-ray
diffractometer (Rigaku Miniflex 600, Japan) with CuKa-
radiation (A=1.5406 A) operated at room temperature. The
XRD spectra was recorded in the diffraction angle (20)
range, 10-80° with a step size of (20) 0.0331°. The
composition of the films was estimated using EDS
attached to Field Emission Scanning Electron Microscopy
(FESEM, Model: Inspect™ S50) operated at an
accelerated voltage of 20 kV. The nature of surface
morphology was analyzed using both FESEM and atomic
force microscopy (AFM, Model: Innova SPM Atomic
Force Microscope). The valence (oxidation) state of
constituent elements of SnS layers were confirmed using
X-ray photoelectron spectroscopy (XPS: Kratos XPS
Ultra DLD). The Raman spectroscopy (Lab RAM HR
Raman) was operated in backscattering mode using Nd-
YAG laser with excitation wavelength 532 nm to identify
the phases present in the films. The electrical conductivity
of the films was studied by Hall effect technique. The
transmittance spectra of the films were recorded using a
UV-VIS-NIR Spectrophotometer (Model: Shimadzu UV-
3600 UV-VIS-NIR Spectrophotometer) over the
wavelength range 300-2000 nm to estimate the energy
band gap and absorption coefficient.

T =400°C

Counts (a.u)

20.30.40‘50'60.70.80
20 (degree)

Fig. 1. XRD spectra of Sn layers sulfurized at 250 °C, 300 °C, 350 °C
and 400 °C.
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Results and discussion
Structural properties

The visual observation of Sn precursor sulfurized at
various temperatures indicates that the films were pin-
hole free and uniform. The scotch tape test confirms that
the layers were strongly adhered to the substrate surface.
Fig. 1 shows the X-ray diffraction pattern of the Sn layers
sulfurized at various temperatures. It is observed that the
films sulfurized at T,= 250 °C, shows (210) and (114)
planes of SnS, at 34.8° and 36.4° in addition to various
peaks corresponding to SnS phase [29, 30]. With the
increase of sulfurization temperature to 300°C, SnS,
dissociated into SnS and S, resulting in the complete SnS
formation and exhibited the (111), (040), (002) and (250)
planes that corresponds to the orthorhombic crystal
structure of SnS [31, 32]. The further rise in temperature
from 300 to 350 °C, the intensity of the (111) plane
became stronger, which indicates that the layers are
completely transformed into orthorhombic SnS with
improved crystallinity. Further raise in temperature to
400 °C leads to re-evaporation of film due to variation in
partial pressures at elevated temperatures.

The crystallite size (D) and lattice strain (¢) was
calculated using XRD data from the following relations.

D= K 1
"~ PBcosb @

0
£= BCZS 2)

where, K is constant and is ‘1’ for spherical shape
crystallites, A is the wavelength of the CuKa X-rays, P is
the full width at half maximum intensity of the (111)
plane, 0 is the Bragg diffraction angle. Table 1 shows the
variation of crystallite size and lattice strain with
sulfurization temperature. From the Table 1, it can be
noticed that the crystallite size was increased while the
lattice strain was decreased with the sulfurization
temperature and reaching their maximum crystallite size,
30 nm and lowest strain, 28 x 10™ at 350 °C.

Table 1. Structural parameters of SnS films.

Sulfurization Crystalline Strain

Temperature (°C) size (nm) (x 10
250 14.33 97
300 19.77 64
350 30.01 28
400 29.06 31

Raman spectroscopy analysis

Further, the structure of the SnS films was studied in
detail using Raman spectroscopy, since the Raman
vibrational spectrum related directly to the mean bonding
states in the coordination poly-hedra of a material. In
orthorhombic SnS, 24 vibrational modes are represented
by the following irreducible representations at the center
of Brillouin zone.

T =44, + 2B, + 4By, + 2B3, + 24, + 4By, 2By, + 4Bs,
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Fig.2. Raman spectra of the Sn precursor film sulfurized at 350 °C.

Among them, there are 21 optical phonons, of which 12
are Raman active modes (4Ag, 2B14, 4B,4 and 2B;g), 7 are
infrared active modes (3By,, 1B,, and 3B3,) and 2 are
inactive (2A) [33]. Fig. 2 shows the Raman spectra of the
SnS thin film sulfurized at temperature of 350 °C. In the
range of 50-400 cm™, there are three distinct major peaks
and one minor peak corresponding to the A; mode and
B,y/Bsg 0f SnS were clearly seen at 95 cm™, 190 cm™, 218
cm™ and 163 cm™ respectively. The observed vibrational
modes are in good agreement with the literature and
group theory analysis of SnS discussed by Chandrasekhar
et al. [34] Sohila et al. [35]. None of the Raman peaks
corresponding to SnS, (312 cm™) and Sn,S; (307 cm™)
were observed and thus confirming the single-phase
growth of SnS.

Fig.3. SEM images of Sn precursor layers sulfurized at different
temperatures.

Microstructure and composition

The SEM observations demonstrate that the surface
morphology of films depends on sulfurization temperature
and the corresponding images are shown in Fig. 3. The
film sulfurized at 250 °C had agglomeration appearance
while the films sulfurized at T, = 300 °C consisting more
number of smaller spherical grains. The size of these
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grains increased with increase of T, = 350 °C and they are
uniform without cracks, but however, the grains are not
densely packed. Further increase of T to 400 °C had
shown smoother morphological features with reduced
number of grains, which is due to the partial re-
evaporation of sulfur.

The chemical composition of SnS films was evaluated
by EDS and found significant changes in the composition
of Sn and S with sulfurization temperature. The variation
of Sn to S atomic ratio with Tgis shown in Fig. 4, which
indicates the loss of sulfur content in the layers with the
increase of T,. The films grown at T, = 250 °C are sulfur
rich in nature with Sn/S atomic ratio of 0.69, however,
with the increase of sulfurization temperature to 350 °C,
the Sn/S ratio attained stoichiometry i.e. Sn/S ratio is 1.0
and thereafter a significant loss of Sn has been noticed.

SnIS ratio (at %)
°
©

250 300 350 400
Sulfurization Temperature (°C)

Fig.4. Variation of Sn to S atomic ratio with Sulfurization temperature
(left) and EDS spectra of Sn precursors sulfurized at 350 °C (right).

Fig.5. The planar (top) and 3D (bottom) view of AFM pictures of Sn
layers sulfurized at temperatures 250 °C, 300 °C, 350 °C and 400 °C.

AFM analysis

The planar and 3D view of AFM images for Sn films
sulfurized at different temperatures are shown in Fig. 5. It
is observed that the films sulfurized at 250 °C revealed
that the grains are sparsely distributed on the surface. On
the other hand, the morphology of the Sn films sulfurized
at 350 °C was compact, dense, uniform and smooth since
the resulting films are single phase SnS as evidenced from
XRD and Raman analysis. The increase in sulfurization
temperature leads to the formation of SnS films with good
crystalline and uniform distribution of grains. The surface
roughness of the films is found to be 10-20 nm.

Optical properties

The optical transmittance (T) spectra of the sulfurized
Sn precursors were recorded in the wavelength range
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300-2000 nm at room temperature using un-polarized
light operated at normal incidence. Fig. 6(a) shows the
corresponding optical transmittance spectra as a function
of wavelength for typical Sn films sulfurized at various
temperatures. The T versus A shows a sudden drop in the
transmittance below 850 nm for all the films indicating
the onset of absorption for respective phases. The
absorption edge shifted from lower wavelength region to
higher wavelength with the increase of T,. The presence
of additional humps in the films sulfurized at T,= 250 °C
can be attributed to the absorption regions corresponding
to the SnS, and SnS as evidenced by XRD analysis.
While the films sulfurized at 350 °C shows a perfect steep
absorption edge related to SnS. The optical absorption
coefficient ‘0’ was determined from the transmittance

data [a@ = G) In G)] and found to be ~ 5x10*cm™.
(a)

60+
T5=400°C
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~
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=
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Fig.6. (a) Transmittance Vs. Wavelength spectra and (b) (ohv)? Vs. hv
plot of Sn layers sulfurized at different temperatures.

The energy band gap of the films was estimated using
the following relation.
ahv = A(hv — Ep)" 3

where ‘t’ is thickness of the film (~0.5 um), A is a
constant and ‘hv’ is incident photon energy. In the present
study, Eqg. (3) is satisfied for n=1/2 indicating a direct
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allowed transition for all the films corresponding to
different sulfurization temperatures [36]. The optical band
gap of the films was estimated by extrapolating linear part
onto ‘hv’ axis in (ahv) % versus hv plots as shown in
Fig. 6(b). The films sulfurized at T,= 250 °C showed an
optical band gap close to 2.24 eV. The high energy band
gap of the layers might be due to the presence of SnS, (E,
= 2.44 eV) [37] as identified by XRD whereas for the
films formed at sulfurization temperature, T,= 350 °C had
nearly constant value of energy band gap close to 1.35
eV. It is in good agreement with the reported data for SnS
films grown by closed-spaced vapor transport [38].

XPS analysis

Fig. 7 shows the wide scan core level XPS spectrum of Sn
3d and S 2p for Sn layers sulfurized at 350 °C. The Sn 3d
spectrum showed two spin orbit split peaks corresponding
to Sn 3ds, and Sn 3ds, located at 485.7 eV and 494.1 eV,
respectively. The energy separation between these two
peaks is 8.4 eV, which is in agreement with the literature
values for Sn in +2 state [39]. The S 2p spectrum of sulfur
shows 2ps, and 2py, peaks located at 161.41eV and
162.58 eV with a separation of 1.1 eV and is in
consistence with the reported range, 160 to 164 eV for S
in sulfide form [40].
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Fig. 7. Typical high-resolution core level XPS spectra of (a) Sn 3d and
(b) S 2p for Sn precursor film at 350 °C.
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Electrical analysis

Hot probe test reveals that all the films shown p-type
conductivity. The electrical conductivity of the SnS films
as a function of sulfurization temperature is shown in
Fig. 8. The conductivity was slowly increased from
2.5 x 107 (Q cm)™ to 1x10% (Q cm)™ with the increase of
T, and the Sn layers sulfurized at T,=350 °C have shown
0.947 x 10 (Q cm)™. The low conductivity observed for
the layers sulfurized at T = 250 °C was to the presence of
mixed phases, change in grain size, and also the
composition of the films. The high conductivity for the
films sulfurized at 400 °C might be due to the decrease in
sulfur content as seen in EDS analysis that causes relative
increase of tin in the films. The presence of excess tin
might create excess of charge carriers in the films, leading
to high conductivity for T =400 °C [41].

1.2x107

1.0)(10'1" /

8.0x10° /

6.0x107

Conductivity (Q cm)'l

4.0x10°

N n
2.0x107 4

T T T T T T T T T ¥ T T T T T T T T
240 280 280 300 320 340 360 380 400 420
Sulfurization Temperature (°C)

Fig. 8. Variation of Electrical Conductivity of SnS films with respect to
Sulfurization temperatures

Conclusions

In Summary, Tin mono-sulfide (SnS) thin films have been
successfully grown using two-step process consisting of
sputtered Sn precursors followed by sulfurization. It was
found that sulfurization temperature has a great impact on
physical properties of SnS thin-films. XRD and Raman
study revealed the formation of the high crystalline
orthorhombic SnS without any secondary phases at
sulfurization temperature, T,=350°C. The crystallite size
calculated from (111) plane is found to be 30 nm. XPS
analysis confirmed the valence states of Sn*? and S in
SnS. The Sn precursors sulfurized at 350 °C have shown
optical band gap of 1.35 eV with electrical conductivity
0.947 x 102 (Q cm)™. The perfect single-phase growth of
SnS is an important step towards the realization of high
efficiency SnS based solar cells.
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