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INFLUENCE of the preparation method and different precursors are important for the 
absorber photovoltaic layer parameters of SnS. Synthesis of SnS compounds was carried 

out via two preparation methods; solid state reaction and hydrothermal; using different sulfur 
precursors. The morphology of particles and phase identification were studied using Field 
Emission Scanning  Electron Microscope (FESEM) and X-ray diffraction (XRD) techniques. 
The XRD diffraction pattern of SnS revealed the existence of two crystal structure phases: 
the major is orthorhombic and the minor phase is tetragonal. The optical properties were 
determined using UV-Vis spectrophotometer showing absorbance peaks around 485 nm. 
The lowest bandgap of 1.74 eV is for SnS sample prepared from L-cystine. Electrochemical 
impedance spectroscopy (EIS) revealed that SnS cell prepared from L-cystine gave the lowest 
resistance of 171Ω. The photoelectrochemical measurements of this cell showed the highest 
power conversion efficiency per unit area of 2.5%.

Keywords: SnS absorber layer,  Electrochemical impedance spectroscopy, Photoelectrochemical 
investigation. 
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considered as a good and promising candidate. It 
has a direct band gap semiconductor compound. 
Also, it has recently received great attention due 
to its unique properties during the last years [4]. 
This is due to its suitable optical and electrical 
properties to be applied as an absorbent material 
for thin film photovoltaic cell.  Because of low 
cost, absence of toxicity and good abundance 
in nature, it becomes a candidate for future 
multifunctional devices particularly for light 
conversion applications. Although the current 
efficiencies are low, the cost-per-Watt is becoming 
attractive and competitive.  Also, it has other 
applications such as lithium batteries.

SnS characteristics are highly affected 
by the preparation method. Clearly, SnS is a 
p-type semiconductor with either tetragonal or 
orthorhombic unit cell depending on synthesis 
method [4]. It was reported that preparation 

Introduction                                                                       

Among various renewable energy precursors 
developing nowadays, solar cells have the greatest 
potential to provide clean and safe power since 
their “fuel” is abundant, limitless and clean that 
is solar light. The solar cell components include 
a semiconductor layer that absorbs part of the 
light. Thus, it generates charge carriers and then 
separates them. Therefore, such layer can be 
considered as one of the most important part of 
a solar cell. Good absorber material has to be a 
semiconductor with an absorption coefficient of 
105 cm-1, a bandgap of ~1.5 eV, high quantum 
efficiency of excited carriers, long diffusion 
length and low recombination velocity. Besides, 
the constituent materials must be abundant, cheap 
and non-toxic [1-3].  

In this regard, Tin (II) sulphide (SnS) is 
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method determines also important parameters like 
band gap width. 

SnS has direct 1.2–1.5 eV [5,6] and indirect 
optical band gap of 1–1.2 eV [7, 8]. It has a high 
absorption coefficient, conductivity, α more than 
104 cm-1[9], a high carrier concentration and 
mobility (hole mobility ~ 90 cm2 V−1 s−1) that have 
made it a promising candidate for photovoltaic 
[2,10,11], photoelectrochemical cell [12,13], 
Li ion battery anodes [14], electrochemical 
capacitors [15] and photodetectors [16].

The crystal structure and lattice parameters 
were studied at normal temperature and pressure 
(NTP) [4]. The SnS compound usually possesses 
orthorhombic disorder crystal-structure with 
a space group  of having 
a=0.432, b=1.12 and c=0.398 nm (JCPDS card 
No: 39-0354) as lattice parameters. Also, it was 
reported that the synthesis at room temperature, 
SnS found a stable low symmetric, double-
layered orthorhombic crystal structure, having 
a=3.978, b=4.328, and c= 11.193 Å, as lattice 
parameters [17]. Above 875 K, SnS undergoes an 
orthorhombic-to-tetragonal phase transition. The 
lattice parameters of the high-temperature phase 
are:  a= 4.23 Å and c= 11.51 Å.

Influence of synthesis parameters was 
extensively studied in the work of Robles et.al. 
[18], where tin sulfide thin films were prepared by 
co-evaporation at operating temperatures ranging 
from 200 to 400°C. The structural, chemical, 
optical and electrical properties were found to 
be strongly dependent on subtrate annealing 
conditions. 

Therefore, the aim of this work is to prepare 
pure SnS materials using two different methods, 
solid state reaction (SSR) in case of elemental 
S and different raw-materials as S-precursors in 
the hydrothermal reaction (HTR). In addition, 
sufficient comparative studies are conducted 
to investigate the optimum structures and 
physicochemical properties that could lead to 
increase in: (i) absorbance of sun-light, (ii) active 
surface area, (iii) electrical conductivity and (iv) 
solar cell conversion efficiency.

Experimental                                                                          

Synthesis of SnS from different precursors of 
Sulphur (S).

Different samples of SnS were prepared 
following hydrothermal approach by using the 
stoichiometric ratios of SnCl2.2H2O and one of 

the initial materials, Na2S.9H2O, thio-acetamide 
(TAM), thiourea (TU), thio-acetic acid (TAA) 
and L-cystine. The precursors were dissolved 
separately in small amount of distilled water, 
mixed with SnCl2.2H2O  and heated at 100°C 
for 6 h under stirring. This solution was treated 
hydrothermaly in a Teflon Vessel with stainless 
steel cover autoclave of volume 250 cm3 at 200 
°C for 24 hours. The prepared black precipitate of 
each sample was filtered off, washed with distilled 
water and ethanol and then dried in an oven at 
60°C for 6 h. The powders and also SnS  prepared 
from elements powders (Sn and S) using SSR 
method were mixed and ground. After that, they 
were transferred into a crucible boat, heated at 
500°C under argon with 5 % H2 atmosphere in a 
tube furnace, kept for 8 hours and cooled down to 
room temperature. 

Characterizationand measurements.
The dried powder was investigated by 

XRD on a Brucker axis D8 diffractometer with 
crystallographic data software Topas 2 using Cu-
Kα (λ= 1.5406 nm) radiation, operating at 40 
kV and 30mA. The angle scan rate was set at 2°/
min.The microstructure and morphology of the 
samples were characterized by Field emission 
electron microscope (FE-SEM QUANTAFEG 
250).

The optical measurements were performed 
using UV–Vis–NIR Spectrophotometer (Perkin 
Elmer lambda 1050 Spectrophotometer, USA). 
The electrochemical impedance spectra (EIS) and 
photoelectrochemical cell measurements were 
carried out with SnS coated on conducting indium 
tin oxide (ITO) glass substrate ( SPI Company, 
USA). The coated area was 2.5 cm x 4 cm. The 
signal amplitude was 10 mV and the frequency 
range was 106 Hz -10 mHz. EIS measurements 
were carried out using PARASTAT 4000 
(Princeton, USA). The photoelectrochemical cell 
configuration was set up as: Glass/ITO/ SnS/ 0.5 
M KI + 0.5 M I2 + 0.5 M NaOH/C (graphite). 
Xenon arc lamp 150 W was applied as a light 
source with solar simulator Sciencetech SS150W- 
AAA. The cell was exposed to light intensity 1 Sun 
(100 mW/cm2) using Air Mass 1.5 Global Filter. 
A 2400 Keithley Source Meter SSIVT-60WC was 
used as I-V meter. The calibrated reference cell 
consists of a 20 x 20 mm monocrystalline silicon 
(model SC-LT) photovoltaic cell encased in a 92 
x 70 x 16 mm metal enclosure with a protective 
quartz window. The reference detector (SSIVT-
refl) effective in sensing wavelengths between 
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190 nm and 1100 nm is calibrated with the 1 sun. 
Parameters measured by IV Software program 
wereVoc, Isc, Pmax, Rseries, Rshunt and FF (where: 
Voc stands for  open circuit potential of the 
working electrode, Isc denotes short circuit current 
measured at zero voltage, Pmax = Vmaxx Imax ,Vmax, 
and Imax are the maximum voltage and current of 
the I-V  relation, Rseries: series resistance, Rshunt: 
shunt resistance, FF: filling factor).

Results and Discussion                                                                  

 Material characterization
The prepared SnS samples from different 

precursors of S were characterized after annealing 
by XRD as shown in Fig.1. The peaks of SnS 
reveal the existence of two crystal structure 
phases: one phase is a tetragonal [14], which is 
minor at 14.56° (110) & 21.6° (202) and the other 
major one is orthorhombic [11, 15, 16] at 16.12° 
(004), 26.09° (201) , 27.35° (210), 30.5° (101), 
31.55 (111), 39° (311), 42.46° (210), 44.9° (411), 
45.4° (002)  and 48.28° (211), 51.3° (121), 66.24° 
(800). The sample prepared  by hydrothermal 
reaction (HR) shows wider diffraction peaks 
rather than the sample obtained using solid-state 
reaction from elemental sources. This is due to 
the lower particle and crystallite sizes of samples 
prepared by HR. 

The crystallite size “L” of the samples was 
calculated using the X-ray line width, β at full 
width half maximum (FWHM) according to the 
Scherer formula [19, 20]:

L= 0.94 λ/β cos θ                                 (1)

Where; L is the crystallite size, λ is wavelength 
of the target (0.15406 nm for Cu) and θ is the 
chosen diffraction angle [14]. Using 2θ equals to 
32.16° for SnS, the crystallite sizes for all samples 
are calculated and the values are presented in 
Table 1. The lowest value of 35.6 nm is obtained 
for the sample prepared from using L-Cystine.

SEM characterization
The influence of the preparation method, and 

the S-precursors, respectively, on the morphology 
of the obtained materials was assessed with the aid 
of FESEM. It is revealed that solid state reaction 
from elements provides oblong oval particles 
with average size of 1μm. Moreover, tiny and 
rectangular-like shape is observed for materials 
produced by Na2S and has sub-micron particle 
size. Furthermore, the platelet-like morphology is 
obtained for using TAM as S-source. The fused, 

high dense and flattened particles are revealed 
for sulphide material prepared from TAA. 
Finally, the SnS sample prepared from L-cystine 
displayed a flower-like structure as shown in 
Fig. 2.  The comparison between the two routes 
applied (solid state and hydrothermal reactions) 
for SnS formation showed that higher grain sizes 
and roughness were obtained by sulfurization of 
metallic precursors rather than crystal growth 
of the SnS prepared by hydrothermal reaction at 
T=200°C.

Optical spectra and electrical measurements
Optical characteristics of the material, such as 

high absorption coefficient and optical energy band 
gab are of a crucial importance for its potential 
application in the solar cell. Therefore, the optical 
spectra of the six samples were measured using 
the spectrophotometer and the results are shown 
in Fig. 3. All samples show highest absorbance 
around 485 nm. The absorption of the sample 
prepared from TAM is the weakest, represented 
by a tiny single peak, while all other samples 
display a peak with higher intensity widen by a 
shoulder that is located at 446 nm. 

The absorption coefficient “α”, a very 
important parameter for an absorber material is 
given by the following relations [21-23]:

 Log (1 / T) = α t                                             (2)

The absorbance A = Log (I° /I) = α t            (3)

 Transmittance % T = 100 (I / I°)                  (4)

where; T is the transmittance of the spectra, t is the 
film thickness and I and I° are the intensities of the 
incident and transmitted light through the sample. 
From these spectral data, the absorption coefficient 
(α) for direct electron transition  semiconductors 
is given by [21-23]:

  αh = A (h-Eg)
0.5                                               ( 5)

Eg is the optical band gap or energy gap, A is a 
constant, h is Plank`s constant, ν is the frequency 
of the incident radiation or light (ν= c/λ; where c 
is the velocity of sun light and λ is the wavelength 
of the incident light).  The absorbance coefficients 
of the samples are calculated and their values 
are given in Table 1. In general, the absorption 
coefficients of the samples are more than 104 cm-1. 
The highest coefficient, 8.78 x 104 cm-1 is obtained 
when using L-cystine as an initial S-material, 
which is near to 105 cm-1.
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1- Elements 2- Na2S

3 -TAM 4 -TU

Fig. 2   FESEM of SnS samples prepared from different Sulfur precursors, (1) 
elements, (2) Na2S, (3) TAM, (4) TU, (5) TAA and (6) L-cystine .
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Fig. 1. X-ray diffractograms of  SnS prepared from different Sulfur precursors.
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Compound L [nm]

absorption 
coefficient, 

α x 104 cm-1
Optical 

band gap, eV

Cell charge 
transfer 

resistance 
[Rct], Ω

Double 
layer 

capacitance 
[Cdl], F

L-Cyst. 35.62 8.78 1.74 171 5.94E-05
TAA 57.31 8.18 1.79 177 5.63E-05
TU 71.72 7.75 1.81 187 3.70E-05

TAM 79.22 7.32 1.85 296 1.73E-06
Na2S 88.13 6.48 1.88 448 1.69E-06

Elements 117.11 5.66 1.95 847 1.42E-06  

TABLE 1. The calculated crystallite size "L" using the X-ray at 2q = 32.16° after heat treatment, optical and EIS 
parameters  of SnS samples prepared from different sulfur precursors.

Fig. 3   Optical absorbance spectra of SnS prepared from different sulfur precursors.
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Analysis of optical absorption spectra is 
important for determining the optical band gap 
of the film. The value of the latter defines the 
light absorption ability in a specific wave length 
region.The relation between the energy gap, hν 
and the absorbance coefficient energy, (αhν)2 
is demonstrated in Fig. 4. The energy gap is 
determined by extrapolation of the curve down to 
x-axis and the values are presented in the Table 1. 
The highest value is obtained for sample prepared 
by elements (1.95eV), while the lowest one is 
achieved for L-cystine SnS (1.74eV), suggesting 
the latter would be the most appropriate 
choice for achieving higher power conversion 
efficiency.  

 The electrochemical impedance spectroscopy 
(EIS) is a powerful technique that is able to 
detect different underlying chemical processes 
such as charge transfer, mass transport, phase 
transitions [24]. This method is often applied 
to investigate the resistance of a material. The 
photo-electrochemical impedance behavior of 
SnS prepared from different precursors of S is 
depicted in Fig.5. It is observed that SnS cell 
prepared from L-Cystine has the lowest resistance 
value, 171 Ω compared to the cells prepared from 
other S-precursors. The charge transfer resistance, 
Rct and the double layer capacitance, Cdl for all 
samples are represented in Table 1.
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Fig. 4 Dependence of (αhν)2 photon energy on hν for SnS prepared from different Sulfur 
precursors.
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Fig. 5 EIS of  photoelectrochemical cells for SnS prepared from different Sulfur precursors.
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It is observed that the lowest charge transfer 
resistance Rct, highest conductivity and the highest 
Cdl are achieved for SnS prepared from L-cystine. 
It can be explained by the smallest grain size and 
highest surface area, which provide large mobility 
of charge carriers.  To obtain the power output 
characteristics of the photo electrochemical cell 

(PEC), Voc and Isc are recorded for the prepared 
CTS samples. I–V curves are illustrated in Fig. 
6. The power conversion efficiency (α %) and fill 
factor (FF %) , measures of  device performance 
are given by the following equations [24]:

FF = (Vmax. Imax / Voc.. Isc). 100                            (6)
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h  = (Vmax. Imax / Pin. A). 100                              (7)

where: A = 10 cm2 denotes area of the working 
electrode, and Pin is the incident intensity of the 
light (100 mW cm-2=1Sun). The achieved solar 
cell parameters and efficiencies are given in Table 
2. It is noticed that the photoelectrochemical 
SnS cell prepared from L-cystine has the highest 
power efficiency of 2.5% in comparison with the 
other cells. The high power efficiency of SnS 
prepared from L-cystine is attributed to the great 
conductivity, 1.6x10-6 Scm-1 (Table 1), which 
promoted by the largest mobility of charge carriers 
as discussed in the electrochemical impedance 
spectra measurements. Besides, the lower energy 
gap, 1.74 eV of this compound enhances the 
transition of the electron- hole pairs between the 
valence and conduction bands.

Energy band diagrams for the 
photoelectrochemical cell of SnS prepared from 
L-cystine is shown in Fig. 7. It was reported that 
SnS semiconductor is p-type [5, 25-28]. The 
graphite has energy band gap 0.04 eV [29]. The 
absorption of photons generates excited electronic 
states in illuminated semiconductor system such as 
SnS. These excited states have lifetimes of limited 
duration. Without the charge separation, their 
intrinsic energy would be lost through relaxation 
(recombination) as explained in equations 8 &9. 
Light absorption
        hν + SnS         h+SnS + e-SnS       (8)
Recombination
       h+

SnS + e-
SnS                           heat                (9)

The mechanism of charge separation 

Fig. 6 Power output plot of the Photo Electrochemical  cells of SnS prepared 
from different Sulfur precursors..
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Type 
of cell 

preparation
Voc [V] Isc [A] Pmax[W]

Rseries
[Ω]

Rshunt
[Ω] FF[%] h[%]

Elements 1.37 2.66E-02 7.03E-03 63.84 39.52 19.29 0.70

Na2S 1.38 2.87E-02 8.09E-03 58.02 35.33 20.42 0.80
TU 1.39 3.25E-02 9.55E-03 52.10 35.31 21.14 0.95

TAM 1.40 3.27E-02 9.94E-03 46.31 37.36 21.66 0.99
TAA 1.40 3.83E-02 1.30E-02 41.26 38.96 24.17 1.31

L-cystine 2.72 4.24E-02 2.50E-02 35.23 40.12 21.63 2.51

TABLE 2 . Photo electrochemical cells (PEC) parameters of SnS prepared from different S-sources.

has been considered in designing efficient 
photoelectrochemical systems. At illuminated 
semiconductor/liquid interfaces, an electric field 
(the space charge layer) occurs concurrent with 
charge/ion redistribution at the interface. Upon 
photogeneration of electron/hole pairs, this 
electric field impedes recombinative processes 
by oppositely accelerating and separating these 
charges, resulting in minority carrier injection 
into the electrolytic redox couple as explained by 
equations 10&11. 

Charge separation
         e-

SnS               e
-
bulk                                (10)

   h+
SnS          h+

surf                        (11)

The electrolyte has the following ions:
   KI + I2                            I3

- + K+                   (12)

This concept of carrier generation is illustrated 
in Fig. 7 for  p-type SnS PEC with graphite as 
counter electrode  is the theoretical basis for 
several efficient SnS semiconductor / I3

-
 /3I- 

redox couple PEC as revealed by the interfacial 
reactions in equations 13&14.

Interfacial reactions 
2e-

surf +I3
-(Ox)    3I-    (Red)        (13)

2h+
surf+3I-(Red)     I3

-   (Ox)       (14)

Conclusion                                                                               

SnS was synthesized by different routes: (i) 
direct solid state reaction from elementary Sn 
and S; (ii) hydrothermal reaction using different 
precursors of S, like Na2S, TU, TAA, TAM and 
L-cystine.The XRD analysis showed that SnS with 
tetragonal symmetry is obtained in all cases.  The 
SEM investigation showed that the preparation 

method affect the morphology to a great extent. 
Thus, using solid state reaction from elements 
delivers mostly ellipsoidal particles, while SnS 
prepared from L-cystine has flower-like shape. 
The optical study reveals that the maximum  of the 
optical absorbance of the SnS samples occurred at 
about 485 nm. The lowest band gap was observed 
for the sample, prepared from L-cystine as a 
sulfur – precursors.  The comparison between the 
two routes applied for SnS formation showed that 
higher grain sizes and roughness were obtained 
by sulfurization of metallic Sn rather than crystal 
growth of the ones prepared by hydrothermal 
reaction at T=200°C. The crystalline SnS phase 
obtained by both methods exhibited band 
gap energy of about 1.72-1.95 eV, absorption 
coefficient (α) > 104 cm-1. The highest coefficient, 
8.78 x 104 cm-1 is obtained when using L-cystine 
as an initial S-material, which is near to 105 cm-

1. The electrical conductivity of is about 1.6x10-6 

Scm-1. The L-cystine sample showed the lowest 
resistance value and the highest conversion 
efficiency per unit area, 2.5%. The properties 
of the prepared materials can fulfill all the basic 
requirements for efficient absorber layer in a 
photovoltaic cell.
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