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The SnS and CdS thin films were chemically prepared from the bath solutions with different pH values of 9.8, 9.9, and
10, and 11.3, 11.4, and 11.5 respectively. The X-ray diffraction confirmed the formation of orthorhombic SnS with a preferred
orientation along the 013 plane and cubic CdS along the 311 planes. Crystallite size and lattice strain were calculated from the
Williamson-Hall plot, and it was found that the crystallite size increased as pH increased. Raman spectra showed the prominent
peaks of SnS and CdS thin films. Optical studies revealed a decrease in the optical band gap of both samples with increasing pH
values. SnS films showed needle-like morphology with agglomerates and CdS flake-like interconnected structures. From the
EDS analysis, it was noticed that both the SnS and CdS thin films shifted to a metal-rich composition with the increase in the
pH of the bath solution. Finally, a solar cell (ITO/SnS/CdS/Ag) was made, and it was found that cell structures formed with SnS
and CdS that were deposited with pH values of 10 and 11.3 showed better performance.
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1 Introduction

One of the most promising and environmentally
friendly energy sources, solar energy, is the subject of
extensive research. Due to their low manufacturing
costs, high-throughput processing techniques, and
ease of junction formation, thin film-based solar cells
offer a wide range of applications'.As a potential
absorber material for solar cells, orthorhombic tin
monosulfide (SnS), which is abundant on earth and
has ideal electronic properties such as an ideal band
gap (~1.3 eV), a high optical absorption coefficient of
10 cm™, and intrinsic p-type conductivity, has
attracted a lot of interest”*. Charge transmission
between SnS thin layers is supposedly resistant to
flaws and impurities, unlike in silicon, which needs
high purity and crystal perfection to generate efficient
but expensive solar cells. Even in the presence of
oxygen and moisture in the atmosphere, SnS is stable.
As a result, SnS has a better chance of remaining
stable over time than organic solar cells and
perovskites, which are damaged by oxygen and
moisture. Furthermore, SnS is non-toxic’. Theoretical
studies by Loferski®and simulations by Abdul Kuddus
et al.’showed that SnS-based solar cells are capable of
a sunlight conversion efficiency of more than 20%" It
thus represents a potential option for use as an
absorber layer in a thin-film solar cell. However, the
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reported power conversion efficiency () of SnS-
based solar cells remained below 4%°. There have
been numerous attempts to increase the effectiveness
of SnS solar cells. The presence of an indirect band
gap and the layered crystal structure of the SnS thin
film are also limitations’. The main challenges to
improving the efficiency of SnS-based solar cells are
the production of high-quality SnS thin films and
selecting the appropriate n-type semiconductor'’.
Boubakri et al.'" simulated SnS-based solar cell and
studied the effect of the quality of the window and
buffer layers on the performance of the solar cell. For
the window layers of solar cells, semiconductors
having band gaps matching the longest wavelength in
the visible spectrum are suitable’. The CdS, an n type
semiconductor with a bulk band gap of 2.42 eV, is a
promising window layer material used in both
commercial modules and lab research"'*"

Vacuum evaporation'*", sputterlng1617 CVD'™",
electrodeposition’®',  pulsed-laser  deposition®*,
spray pyrolysis’*®, SILAR***’, and chemical bath
deposition (CBD)***are some of the techniques used
for the deposition of SnS and CdS thin films. CBD is
one of the most widely used synthesis routes for the
production of inorganic metal chalcogenide and oxide
semiconductor thin films due to its many advantages,
including large area deposition, relatively low
temperature  processes, repeatability, and most
importantly, low equipment cost.
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Numerous writers have claimed that the structural,
optical, morphological, and chemical characteristics of
the various constituent layers have an impact on the
efficiency of thin film solar cells . Various factors can
be varied to optimize the properties of SnS and CdS thin
films,which includes the annealing temperature’**
bath composition'™, deposition time** and pH of the
bath solution®***. Nasr et al.®® proposed that the
physical properties of the ZnS thin film can be modified
by pH, and V. S. Raut etal *investigated the impact
ofthe pH of the bath solution on the structural, optical,
and morphological properties of CdSe thin films.In this
work, SnS and CdS thin films were prepared chemically,
and the influence of pH on their properties was
investigated. SnS/CdS heterojunctions were fabricated
by taking different combinations of films. The
performance of the cells was also evaluated.

2 Experimental Details

2.1 Preparation of SnS Thin Films

In this work, stannous chloride (SnCl,.2H,0) and
thioacetamide (CH3;CSNH,) were used as tin and
sulphur precursors, respectively, to prepare SnS thin
films. As complexing agents, triethanolamine N
(CH,CH,OH); (TEA), and trisodium citrateNa;Cq
Hs;0,.2H,0 (TSC), were used to avoid sudden
precipitation. All the chemicals used in this work were
of analytical grade and were purchased from Merck.
Firstly, 0.3 M SnCl,.2H,0 dissolved in glacial acetic
acid was added to 5 ml of 0.6 M trisodium citrate,
which was followed by the sequential addition of 5 ml
of TEA and 5 ml of 0.1 M thioacetamide. To adjust the
pH of the bath solution, Sp. gr.. 91 pure ammonia
solution was added. After the addition of the required
amount of ammonia, the final solution was made up to
100 ml by the addition of deionized water, and
thoroughly cleaned glass substrates were immersed in
it. The clear solution was gradually changed to yellow,
which eventually turned chocolate brown. The dark
brown SnS thin film was obtained at room temperature.
For varying the pH, ammonia solution was added in
amounts of 3 ml, 4 ml, and 5 ml, and the pH values
obtained were 9.8, 9.9, and 10, respectively. The
deposition time decreased considerably with the
increase in pH. The film formation was completed
within 12 hours, 10 hours, and 9 hours for the pH
values of 9.8, 9.9, and 10. It was observed that when
the pH of the source solution was below 9.8, film
formation did not take place even after 48 hours at
room temperature. For solutions with a pH value
greater than 10, the chemical reaction took place at a

faster rate in the ambient conditions, and the film was
not formed. The films that were obtained had a dark
brown colour. The films were annealed at 60 °C for
30 minutes, and the characterizations were done.

2.2 Preparation of CdS Thin Films

CdS thin films were prepared from a chemical bath
containing 0.1 M cadmium acetate ((CH3COO),
Cd.2H,0) as a cationic precursor, 0.3 M thiourea
(CH4N,S) as an anionic precursor, triethanolamine
(TEA) as a complexing agent, and ammonia as buffer
solution’’ Three different bath solutions with pH values
of 11.3, 11.4, and 11.5 were used to make the films. The
films were not formed for pH values outside this range
at ambient conditions. The deposition times for pH
values 11.3, 11.4, and 11.5 were respectively 5 hours,
4 hours, and 2 hours. The prepared CdS thin films were
yellow in colour and were homogeneous, smooth, and
adherent to the substrate. The samples were annealed at
60 °C for 30 minutes and characterized using various
techniques.

2.3 Fabrication of SnS/CdS Heterojunction

The heterojunction was formed on a thoroughly
cleaned ITO substrate. Firstly, the SnS thin film was
coated and annealed as mentioned before, followed by
the deposition of CdS. The whole structure was then
annealed at 60 °C for 30 minutes. A thin silver contact
was taken on the heterojunction. The junction was
fabricated by choosing different thin films of SnS and
CdS prepared from varying pH of the source solutions,
as mentioned earlier, and the I-V characteristics were
studied using a Keithley source meter.

3 Results and Discussion

Structural studies of SnS thin films were performed
using the Bruker D8 Advance X-ray diffractometer
(Cu Ko source). Raman analysis was done using a
Horiba Labram HR Evo Raman spectrometer. The
annealed films were optically characterized using an
Intek UV-vis spectrophotometer. The wavelength
used for the characterization was in the range of
190 nm to 1190 nm. Deuterium was used as the
source for UV and Tungsten for visible radiation. The
morphology of the films was studied using a field
emission scanning electron microscope (FESEM
SUPRA 55 VP-4132 Carl Zeiss). Energy dispersive
spectra (EDS) were recorded along with FESEM to get
a better understanding of the chemical composition.

3.1 Reaction Mechanism
The four processes—the simple ion-ion mechanism,
simple hydroxide cluster mechanism, the complicated
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ion-by-ion decomposition mechanism, and the complex
cluster decomposition mechanism—are active during
nucleation and film growth in CBD. Ions diffuse over to
the substrate in the initial phase of the straightforward
ion-ion reaction. The substrate promotes nucleation by
acting as a catalyst. As ions in the solution are absorbed,
nucleation expands and new crystals are formed.
Crystals come together to form a film that uses Van der
Waals forces to bind to one another. Hydroxide colloidal
particles diffuse to the substrate and adhere there in a
straightforward hydroxide colloidal mechanism. Free
ions interact with hydroxide colloidal particles that are
attached to the substrate. The free ion displaces the
hydroxide as a result of this reaction. The first particles
produced by reaction stick together to form an
aggregated film. In last two processes, the initial ions
diffuse to the substrate to generate heterogen nuclei that
develop or exist as complexed nuclei colloids in the
solution. In the intricate breakdown procedure, first
nucleation is exposed to chemical interactions to create a
film. To get a high-quality film from CBD, it is
necessary to ensure that the reaction in the solution is
realized gradually. Metal ions can form a complex with
a legend to stop the solid chemical from precipitating
quickly. This reaction suggests that film generation can
happen via complex mechanisms in addition to simple
ion-by-ion or cluster methods. On the basis of all this
knowledge about the procedure, it has been assumed that
the mechanism below is effective in the creation of SnS
thin films on a substrate™®:

[Sn(TEA)]*+CH;CSNH,+20H —
SnS+TEA+CH;CONH,+H,0

During the initial stages of deposition, Sn** ions
formed bonds with the triethanolamine (TEA) ligand to
form Sn [TEA]*". This complex served to prevent the
precipitation of undesirable materials like [Sn(OH),],
and at a later stage, the complex broke down to form
bonds with sulphur ions, forming SnS compound.
Trisodium citrate (TSC) can be substituted for TEA in a
similar calculation®. When the pH increases, the
[Sn(TEA)]*" complex releases more Sn*" ions. As SnS
precipitates more quickly in more basic solutions, this
results in speedy SnS deposition with increasing
ammoniaconcentrations®. The same reaction mechanism
is applicable to the formation of Cadmium sulphide'.

3.2 Structural properties

The X-ray diffraction patterns of the prepared
samples of SnS (pH: 9.8, 9.9, and 10), and CdS (pH:
11.3, 11.4, and 11.5) with various pH values were

displayed in Figs 1(a) & (b), respectively. In SnS thin
films, an intense peak was observed at 20 value of 31.6°,
which corresponds to the diffraction from the (0 1 3)
plane, while the other peaks determined at 30.5° and
445° were indexed with the (I 1 0) and
(0 2 2) planes, respectively. All the peaks were indexed
and compared with the standard ICDD data card of SnS
(ICDD file no. 001-0984), and the crystal structure was
found to be orthorhombic. The intense peak observed for
CdS thin films was at 51.9°, associated with the (3 1 1)
plane of cubic CdS. The miller planes (1 1 1) and (2 0 0)
correspond to the minor peaks at 26.5° and 30.6°,
respectively. The peaks from the XRD pattern were
indexed using the cubic CdS standard card (ICDD file
no. 065-2877). It was found that the intensity of the
XRD peaks increased with the pH value of the bath
solution for both SnS and CdS films.
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Fig. 1 — X-ray diffraction pattern of (a) SnS and (b) CdS thin
films for different pH of the bath solution
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3.2.1 Williamson—-Hall Method

The Williamson-Hall plots were drawn to
determine the crystallite size and strain of the films.
The width of the XRD peaks was due to two reasons,
one from the crystallite size and the other from lattice
strain broadening. The broadening is measured in
terms of full width at the half maximum ().

(1)

The Scherrer equation can be used to calculate the
crystallite size broadening while the other uses the
strain equation.

IBtotal = ﬁcrystallite size T ﬁmicro strain

kA

,Btotal = D cosd + 4¢ tanf

. (2)

In the equation (2), k is the shape factor of the
value 0.9, A is the wavelength of the x-ray, which is
1.5406 A, D is the crystallite size, 0 is the Bragg
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angle, and ¢ is the micro strain of the lattice. A
straight-line equation can be obtained by rearranging
this equation.

kA sinf
D cos6

. ()
ey

Now equation (4) is in the form of the straight-line
equation y = mx + ¢, where m and ¢ are the slope and
intercept, respectively. A  straight line with
microstrain (g) as the slope and kA/D as the intercept
can be obtained by drawing a graph with 4sinf on the
x-axis and Biicosd on the y—axis40’41. As long as the
values of k and A are known, the crystallite size can be
calculated from the intercept.

Figures 2(a-c) & (d-f) show the Williamson-Hall
plots of samples prepared from different bath solutions
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Fig. 2— Williamson-Hall plots of (a-c) SnS and (d-f) CdS thin films fordifferent pH of the bath solution
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with varying pH values for SnS and CdS thin films,
respectively. As by equation (4), the microstrain and
the crystallite size were obtained from the slope and
the intercept of the straight line that was linearly fitted
to the obtained points. The crystallite size was found
to be 19.3 nm, 33.9 nm, and 37.2 nm for the pH
values of 9.8, 9.9, and 10 for SnS thin films,
respectively. For CdS thin films, it was found to be
15.2 nm, 16.2 nm, and 19.47 nm for the pH values of
11.3, 11.4, and 11.5. It was observed that as the pH
increased, the crystallite size increased, which in turn
enhanced crystallinity. Moreover, as pH rises, OH-
ions from the ammonia solution increase, which
causes more cations to get into the solution, making
the thin film more homogeneous and crystalline. The
slope of the fitted line gives the micro strain, and it
was found to have positive values showing lattice
expansion. The internal stress during the formation of
the thin film causes a change in the crystallization,
and this deformation is termed as microstrain. The
microstrain values were 0.00226, 0.00384, and
0.00443 for the pH values of the bath solution, which
were 9.8, 9.9, and 10 for SnS thin films, respectively.
This is because, as mentioned above, as pH increases,
more tin ions get into the solution and make the film
denser, which is consistent with the FESEM images.
This increase in density increases the strain in the
lattice. For the CdS thin films, it was found to be
0.00114, 0.00129, and 0.00209 for the pH values of
11.3, 11.4, and 11.5. The microstrain increases as the
pH of the solution increases because more cations in
the solution increase the density of the thin films,
which causes an increase in the strain.

3.3 Raman Analysis

The Raman spectra of SnS and CdS thin films are
shown in Figs 3(a) & (b), respectively. The prominent
peaks related to SnS phonon modes are clearly
observed at 94 cm™ (A,), 160 cm™ (Bs,), and 221 cm’™
(Ap) in the spectra. The B,, mode represents the
interaction through the interlayer b axis, whereas the
A, mode indicates the symmetric Sn-S bond stretching
in the a-c plane. The spectra are comparable to those
of the bulk crystal and concur with past studies on
SnS thin films. These results suggest that a SnS thin
film with good crystallinity has been synthesized on
the glass substrate. Among the Ag modes identified,
the peak at 221 cm™ was attributed to the longitudinal
optical (LO) mode, while the peak at 94 cm™ was
assigned to the transverse optical (TO) mode *.The
films made from bath solutions with high pH values

were found to have strong and sharp Raman line
intensities, emphasizing good formation in these
films.The peak intensities of the SnS thin films
increase as the pH of the bath solution increases,
which is consistent with the XRD patterns.

Figure 3(b) depicts two distinct bands in the Raman
spectra of CdS films at various pH values. These two
peaks, which were observed at 300 cm™ and 600 cm™,
respectively, represent the CdS crystal's first and
second-order longitudinal optical phonon (LO)
modes. The results match those of the bulk crystal and
are consistent with earlier studies on CdS thin films*.
The Raman peak intensities of both films rose as the
pH values increased, which is consistent with the
XRD patterns.

3.4 Optical Properties

Figures 4(a) & (b) show the absorption spectra
(inset) and tau plot of annealed SnS and CdS thin
films prepared at different pH values of the source
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Fig. 3 — Raman analysis of(a) SnSand (b) CdS films deposited
with various pH of the bath solution



JOHN et al.: CHEMICALLY PREPARED SnS AND CdS THIN FILMS 331

solutions. The absorption spectra showed a red shift
as pH values increased for both SnS and CdS thin
films.

The tauc relation connecting bandgap energy and
absorption coefficient () is given below.

ahv = A (hv- Eg) " .. (5
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Fig. 4 — Absorption spectra (inset) and Tauc plots of (a) SnS and
(b) CdS films deposited with various pH of the bath solution
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Where A denotes a constant, h denotes photon
energy, v the frequency, E, denotes the allowed energy
gap, and n = 1/2 denotes the allowed direct transition.
For a direct bandgap semiconductor, a tauc plot is drawn
with hv on x the axis and (chv)* on the y axis. The
presence of the linear portion in the curve indicates the
presence of a direct optical transition in the material. The
energy band gap can be determined by extrapolating the
straight portion of the plot to the energy axis. The energy
gap increases as the pH of the bath solutions decreases
for both SnS and CdS. The increase in the energy gap
may be due to the existence of grain boundaries in the
polycrystalline structures, which results in free carrier
concentrations and the existence of potentials in the
boundaries. Therefore, an electric field was formed, and
the band gap increased. SnS thin films had band gaps of
1.71 eV, 1.68 eV, and 1.52 eV, corresponding to pH
values of 9.8, 9.9, and 10, respectively. CdS, on the
other hand, had larger band gaps of 2.37 eV, 2.01 eV,
and 1.89 eV for pH values of 11.3, 11.4, and 11.5,
respectively. Due to its wider optical band gap, CdS can
be used as a window layer for the solar cells. Similarly,
moderate values of band gap in SnS thin films make
them suitable candidates for absorber layers.

3.5 Morphological Studies

Figure 5 displays FESEM images of the SnS and
CdS films. While analyzing the morphology of SnS
films (Figs. 5(a)—(c)), it was evident that the number of
clumps in the film increased and more homogeneous
structures formed at higher pH levels. Additionally, it
was discovered that the density of clusters gathered at
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Fig. 5 — Field emission scanning electron microscopy (FESEM) images of (a-c) SnS and (d-f) CdS thin films deposited with various pH

of the bath solution
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the lowest pH level of 9.8 was low, leaving voids and
creating a more porous structure. Fig. 5(d)—(f) depicts
the surface morphology of a CdS thin film, which
displayed a well-adhered, homogeneous, densely
packed, and pinhole-free film. The micrograph also
revealed that the films were continuous and had a
flake-like morphology. As the pH of the bath solution
increased, the interconnected nanoflakes were observed
to develop an asymmetrical nanosheet-like morphology
and spread throughout the surface.

3.6 Chemical Studies
Figure 6 (a)—(c) indicates the EDS spectra of SnS

thin films with various pH values showing the
10.8K|
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presence of Sn and S peaks. The other unnamed peaks
arise from the substrate used. No other contaminant
peaks showed up in the spectra. The typical EDS
spectra of the CdS thin films for different pH values
of bath solution are given in Figure 6 (d)—(f). The
cadmium (Cd) and sulphur (S) peaks are clearly
visible in the spectra, and other contaminant peaks
were absent. The atomic ratios of Sn/S and Cd/S
obtained were greater than the expected
stoichiometric ratio of unity, which indicates the
surface of the sample was rich in metal. Both SnS and
CdS thin films go to a metal rich composition with
increasing pH values of the bath solution. This finding
is consistent with the fact that as the pH of the
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Fig. 6— EDS images of (a-c) SnS and (d-f) CdS thin films deposited with various pH of the bath solution
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Fig. 7—1-V characteristics of SnS/CdS photovoltaic cell.

solution increased, the OH-ions liberated more and
more cations into the solution.

3.7 I-V Characterization

Finally, a SnS based solar cell was fabricated using
commercial ITO (Indium Tin Oxide) as the rear contact,
CdS as an n-type semiconductor, SnS as a p-type
semiconductor, and silveras the front contact
(ITO/SnS/CdS/Ag). 1-V characterization for different
combinations of pH values is shown in Fig. 7. The table
displayed as an inset in the figure shows the open circuit
voltage (V,.) and short circuit current (Ji.) for all the
combinations. Better cell performance was exhibited by
the heterojunction fabricated with the combination of
SnS with the highest pH value (pH = 10) and CdS with
the lowest pH value (pH = 11.3) with a conversion
efficiency of 0.12x 107°%.V,.value mainly depend on the
crystallinity and the band gap of the absorber layer
which is better for the SnS thin films prepared from the
bath solution with pH value 10. The value of Ii;mainly
depends on the density of photons that reaches the
junction which is possible when the window layer has
wider band gap.In this combination, SnS thin films have
the high crystallinity, morphological uniformity, lowest
band gap, and high absorption required for an absorber
layer, while the CdS film has the highest band gap and
lowest absorption, making it suitable for a window
layer*™**#_ Generally, poor photovoltaic efficiency is
exhibited by SnS-based solar cells for a number of
reasons, including insufficient CBO (Conduction Band
Offset), carrier recombination, high resistivity of SnS
thin film, sulphur vacancies, low thickness, etc.>'°. The
light trapping techniques like back reflectors and anti-
reflective coatings can be used to get a better
performance.

4 Conclusions

SnS and CdS thin films were synthesized
chemically for different pH values of bath solutions.
The optimal pH values for SnS film formation were
9.8, 9.9, and 10, while the pH values for CdS were
11.3, 11.4, and 11.5. Film formation did not take
place outside this pH range at ambient conditions. The
structural, morphological, optical, and chemical
characterization revealed changes in the thin film
properties with the pH variation. Structural analysis
showed an increase in crystallite size for SnS and CdS
as the pH of the solution increased. The optical band
gap was found to decrease as the pH of the solution
increased for both materials. Morphological studies
showed that the film became more continuous and
uniform as the pH of the bath solution increased. The
atomic weight percentage of metal increased as the
pH increased, according to the EDS spectra of both
films. Photovoltaic cells were fabricated with an
ITO/SnS/CdS/Ag configuration, where the SnS thin
film deposited at pH = 10 and the CdS film deposited
at pH = 11.3 showed better performance. It was
observed that the pH of the bath solution has an effect
on the efficiency of the photovoltaic cell. Even
though, the cell performance of the fabricated
heterojunction was poor, the successful formation of
the p-n junction was confirmed. However, SnS thin
films are potential candidates for solar cells, and trials
can be made to improve the solar cell's performance
by optimizing the cell configuration.
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