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The structural, optical, morphological, and electrical properties of polycrys-
talline copper-doped tin sulfide (Cu-Sn2S3) thin films with different concen-
trations of Cu dopants were synthesized using the spray pyrolysis method.
Structural characterizations (powder XRD) revealed orthorhombic Sn2S3

crystal structure with Pmma space group. The XRD spectra showed improved
crystalline quality and preferential orientation for the Cu-doped Sn2S3 thin
films. Morphology of the prepared samples revealed sharp needle-shaped
grains uniformly distributed throughout the sample. The UV spectroscopy
results show 70–75% transmittance for 6 wt.% and 8 wt.% Cu-doped Sn2S3

thin films in the visible region. The bandgap values are decreased for the 4
wt.% sample and increased with an increase in the Cu concentration for 2
wt.%, 6 wt.%, and 8 wt.% with Sn2S3 thin films. The dielectric constant,
dielectric loss, and electrical and optical properties were analyzed using UV
data. Negative Hall coefficient values of prepared samples confirm the n-type
semiconductor nature. Electrical conductivity increases with an increase in
Cu concentration. These results indicate that the samples have potential
applications in the optoelectronic field.

INTRODUCTION

In recent years, chalcogenide semiconducting
thin films such as tin sulfide (SnS), SnS2, and
Sn2S3 have gained attention because of their
physical and chemical properties. These properties
are more favorable to potential applications in
photovoltaic and optoelectronic devices.1–4 Among
these, Sn2S3 thin films turned out to be the most
promising material of the IV–VI group of

semiconductors, which crystallizes in orthorhombic
crystal structure.1,5–7 The Sn2S3 thin films exhibit
n-type conductivity with a direct bandgap that lies
between 0.9 eV and 2.2 eV.7,8 The observed high
values of the direct band gap of 2.8–2.9 eV range
can be used for the buffer layer of solar cells.9

Therefore, Sn2S3 thin films reported various band
gap energies with an anisotropic conduction nat-
ure which can be used for suitable semiconductor
materials for building photovoltaic p–i–n or p–n
structure.10 The Sn2S3 thin film shows an electri-
cal resistivity of 0.864 X cm at an energy band gap
of 1.06 eV.11 The conductivity in Sn2S3 thin films(Received May 28, 2023; accepted October 31, 2023;
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mainly depends on Sn vacancies, which can act as
acceptor defects, and electron traps can be created
due to the vacancy of S. Sn2S3 single-phase films
would be interesting to determine the transport
properties by controlling the Sn and S vacancies,
which can be used for photovoltaic applications. In
addition to being highly conductive and transpar-
ent, ITO-Sn2S3 films were effectively sensitive to
visible light and can be of use in developing
photoconductive sensors.12 Sn2S3 thin films were
also studied for dielectric constant, carrier concen-
tration, effective mass, and plasma frequency.8,12

The complex dielectric constant is directly related
to the deposition time. Therefore, the deposition
time significantly influences the structural and
optical properties of Sn2S3 thin films.2 To achieve
single-phase Sn2S3 thin film, it is important to
control the self-compensation effect of sulfur
vacancies, which can be achieved through doping.
Doping with elements such as accepter-type impu-
rities can enhance photo-response characteris-
tics.13–16 Notably, Cu doping with CdS, ZnO, and
SnS compounds shows a reduction in its photocur-
rent and high-value conductivity in p-type semi-
conductors.14,16–19 The formation of Sn2S3 films is
usually in the form of interconnected spherical
particles because of the presence of various bound-
aries of particles19 which can create low electron-
transport efficiency due to which electron-hole
recombination is achieved, thereby reducing the
efficiency of solar cells and other applications.10

Cu doping has increased the acceptor carrier
concentration; in Cu:SnS/In2S3 heterojunction
devices,> 462 mV VOC (in the device) is
achieved, which is more than double than that of
the un-doped case. The Cu-doped Sn2S3 thin film
revealed the minimum resistivity for 2 wt.% Cu
concentration and exhibited improved physical
properties. Semiconductor doping thus has great
importance in optoelectronic device applications.
The Sn2S3 thin films can be prepared using
various techniques such as chemical vapor depo-
sition,20 thermal evaporation,21 electrochemical
deposition,13 molecular beam epitaxy,3 SILAR,22

and spray pyrolysis.23 Among these deposition
techniques, one of the most significant techniques
is spray pyrolysis; it can be used to deposit thin
film using a glass substrate, which is very simple,
more flexible, inexpensive, and capable of produc-
ing large-area coating. The reports on Cu-doped
Sn2S3 thin films are sparse, and there is a huge
scope to understand the properties of Sn2S3 thin
films under the influence of Cu. In this regard, the
present investigation author synthesized Sn2S3

thin film using spray pyrolysis technique with
different doping concentrations of Cu (x = 0 wt.%,
2 wt.%, 4 wt.%, 8 wt.%) and explored the struc-
tural, optical, and dielectric properties of Cu on
Sn2S3 thin films.

EXPERIMENTAL PART OF CU-DOPED SN2S3

Sample Preparation

The Cu-doped Sn2S3 thin films were deposited
using the spray pyrolysis technique on a glass
substrate. Initially, the glass substrates were thor-
oughly cleaned using deionized (DI) water followed
by isopropyl alcohol and acetone successively.
Chemicals of analytical grade are used to synthesize
the desired thin films. The solution of 0.1 M
SnCl2.2H2O and 0.1 M N,N-dimethyl thiourea was
dissolved in 400 ml deionized water. Furthermore,
10 ml hydrochloric acid was added to the total
volume of 400 ml, and then the solution was well
mixed using a magnetic stirrer for nearly 2 h
maintaining a constant temperature of 60 �C. The
0.1 M of copper chloride (CuCl2) solution was used
as the dopant, doping with 2 wt.%, 4 wt.%, 6 wt.%,
and 8 wt.% Cu concentrations. The substrate tem-
perature was kept at 350 �C, and the solution flow
rate was maintained at 1 ml/min. The substrate to
the substrate distance was kept at about 16 cm, and
2 ml min�1 gas pressure was maintained. Further-
more, after completion of the deposition process, the
thin films were annealed at 350 �C.

Characterization Techniques

The prepared thin films were characterized to
study their structural and physical properties. The
structural properties were characterized using XRD
(Bruker’s) source of 1.5406 Å wavelength. The sur-
face morphology of prepared thin films was ana-
lyzed by using high-resolution scanning electron
microscopy (HR-SEM). The optical properties like
absorption coefficient, transmittance, and optical
energy bandgap (Eg) were determined using a Cary
5000 UV-visible-NIR spectrophotometer. Hall coef-
ficient, mobility, and carrier concentration were
quantified using the Ecopia HMS-5500 Hall effect
measurement system by the Van der Pauw
technique.

RESULTS AND DISCUSSION

Structural Properties

Figure 1 shows the observed major reflections of
XRD patterns corresponding to the orthorhombic
Sn2S3 crystal structure with Pnma space group
(ICCD No. 00-030-1377). The presence of a peak
indicates polycrystalline nature with preferential
orientations along the (211) planes. No additional
peaks were identified that corresponded to the other
sulfides of tin, which implies the deposition of thin
films has single-phase Sn2S3 without any phase
segregation. The observed results were well
matched with those of other researchers.7,16 The
plane (2 1 1) intensity increased for 2% of Cu doped
with Sn2S3 thin films, which confirms its improved
crystallinity. Thereafter, the observed intensity is
decreased by increasing the concentration of Cu
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from x = 0.4–0.8% with Sn2S3 thin films. Several
factors may lead to a slight decrease in crystalline
quality: (1) saturation of the formation of newer
nucleation centers; (2) when more Cu2+ ions enter
Sn2+ lattice sites, lattice distortion intensifies,
which leads to greater strain in the films, which
affects grain growth.24 Notably, peaks are shifted to
a higher angle side up to 4 wt.% Cu-doped thin
films, and the peak shifts towards a lower angle side
for the 6 wt.% and 8 wt.% Cu-doped Sn2S3 thin
films. These results suggest that the lattice param-
eter values are changing with an increase in the
concentration of Cu in Sn2S3 thin films. The inten-
sity of the XRD peak for the doped films has been
considerably reduced compared to the pure Sn2S3,
and this can be ascribed to the replacement of the
smaller Cu2+ ions (0.73 Å) by larger Sn2+ (0.93 Å)
ions at the cationic site. This causes internal stress
in the crystal lattice without affecting the crystal
structure in a significant way. Doped films exhibit
increased crystallinity for a dopant concentration of
4 wt.%, and as the dopant concentration is
increased, the film’s crystallinity decreases.

Lattice parameters are calculated using the fol-
lowing formula:

1

d2
hklð Þ

¼ h2

a2
þ k2

b2
þ l2

c2
ð1Þ

The values are tabulated in Table S1 (Supple-
mentary content), showing that the lattice param-
eters a and b decreased for 2 wt.% compared to pure,
then they increased for 4 wt.%. Later, they show an
the increasing trend with Cu doped with Sn2S3 thin
films. For the parameter c shows variation in values
with Cu doping. The volume of Cu-doped Sn2S3 thin
films is observed to decrease for 2 wt.% Cu doped;
then, it increases with increasing concentration of
Cu in Sn2S3 thin films. This might be caused by the
presence of a defect within the crystal’s cell, which
results in local changes in the crystalline structure
and their lattice parameters.

From the x-ray patterns, the crystalline size (D)
for the prepared thin films has been calculated

using Scherrer’s formula. The dislocation density
(dÞ, lattice strain (e) associated with lattice mis-
match, and the number of crystallites (N) per unit
volume are evaluated using the following
formulae.11,24,25

D ¼ 0:9k
b cos h

ð2Þ

d ¼ 1
�
D2 ð3Þ

g ¼ bCosh
4

ð4Þ

N ¼ t

D3
ð5Þ

where h is the Bragg’s angle, b is the full width at
the half maximum (FWHM), and k is the wave-
length of the X-rays. Table S1 (Supplementary
content) represents the variation of calculated
parameters of Cu-doped Sn2S3 thin films. The
crystalline size is decreased for 2 wt.% Cu, sample,
and it is increased for 4 wt.% Cu-doped thin films.
Again, it decreased for 6 wt.% and 8 wt.% Cu-doped
thin films compared with pure Sn2S3 thin films.
Thin films prepared from Cu2+ ions replace the
larger Sn2+ ionic site with the smaller Cu2+ ion, as
illustrated by the reduced crystallite size compared
with pure Sn2S3. The decrease in crystal size can be
explained based on Vegard’s law.26 A uniform
crystal contraction occurs when the substitution
atoms (Cu2+) of a smaller radius than the host (Sn2+)
atoms are present and are proportional to their
concentration. As a result of a smaller grain size, a
smaller barrier height reduces the recombination
speed at grain boundaries. Consequently, reduced
crystal size will reduce the grain boundary scatter-
ing of charge carriers, which results in a larger
surface-to-volume ratio, which further influences
the structural and optical properties of film sam-
ples. For the 4 wt.% concentration sample, the
increased crystal size may be due to either agglom-
eration of Cu clusters or occupation at the intersti-
tial sites. In addition, the Cu has a greater affect on
Sn2S3 film, which can increase the lattice defect,
and the result may cause the variation in the
dislocation density (dÞ, lattice strain (e), and number
of crystallites (N) per unit volume values in these
thin films. The observed data show that Cu doping
to Sn2S3 can profoundly alter the structural prop-
erties of Sn2S3 thin films.

Morphology

The surface morphology of pure Sn2S3 and doped
with Cu was studied using Hi-resolution scanning
electron microscopy (HR-SEM) and is shown in
Fig. 2. Figure 2a–e shows the clearly distinguished
variation of morphology in the film because of the

Fig. 1. XRD patterns of pure and Cu-doped Sn2S3 thin films.

Effect of Cu Doping on Structural, Optical, and Electrical Properties of Sn2S3 Thin Films
Prepared by Spray Pyrolysis

637



effect of Cu ion in Sn2S3 thin films. On the smooth
surface, flattened sharp needle-shaped grains dis-
tributed without any voids are present in pure
Sn2S3 and 2 wt.% Cu-doped Sn2S3 thin films. For
the 4 wt.% Cu doped Sn2S3 thin film, densely packed
sharp needle-shaped grains are observed. The sur-
face shows the agglomeration and coalescence of
sharp needles present in some parts for the 6 wt.%
Cu-doped Sn2S3 thin films. For the 8 wt.% Cu-doped
Sn2S3 thin film grains appear in the spherical with
the smallest size. A similar type of morphology for
Sn2S3 thin films has been already
reported.1,7,15,16,24,27 Thus, the film morphology
confirmed that prepared films are modified with
Cu-doped Sn2S3 thin film from flattened sharp-
needled grains to small spherical grains with Cu
doping.

OPTICAL PROPERTIES

Figure 3a shows the optical absorption spectrum
of thin Sn2S3 films with and without Cu doping.
Absorbance decreases with increasing wavelength
for the entire region. In all the films, a sharp
absorption edge is observed, which is like the
behavior of semiconductor films. It is apparent from
the inset in Fig. 3a that 2 wt.% and 4 wt.% doped
films exhibit an increased absorbance value com-
pared to pure films in the range of 350–600 nm,
possibly because of defects introduced by doping.
Furthermore, as Cu concentration increases in
Sn2S3 thin films at higher wavelengths, the absor-
bance decreases because of the film’s crystalline

size. Figure 3a shows that absorbance decreases
with increasing concentration for the entire wave-
length for 6 and 8 wt.% Cu-doped Sn2S3 thin films.

Figure 3b shows the % transmittance spectra of
Cu-doped Sn2S3 thin films in the range of 300–
2400 nm. The transmittance is decreased for 2 and 4
wt.% whereas it increased for 6 and 8 wt.% Cu-
doped Sn2S3 thin film in the wavelength range 300–
650 nm. The transmittance is observed as nearly
70–72% for pure and 2 wt.% doped, 70–75% for 6
wt.% and 8 wt.% doped thin films, and 61–67% for 4
wt.% doped thin films in the higher wavelength
range. These results suggest that for the small ionic
radius of Cu ions compared to Sn ions, Cu ions have
a more significant effect on Sn2S3 thin films.

Absorption and extinction coefficients are the
most important factors in optical analyses, which
can be estimated by absorbance and reflectance
values across the entire wavelength range in optical
studies. Therefore, the equation a = 2.303A/t can be
used to estimate the absorption coefficient (a) by
using the data of measured absorbance (A), and t is
the prepared thin film thickness (i.e., t = 460 nm).
Figure 4b shows that at lower wavelengths the
value of a decreases near the band edge for all the
thin films. The extinction coefficient of the Cu-doped
Sn2S3 thin film is calculated using the formula
k ¼ ak=4p11 and is plotted as shown in Fig. 4a. It is
noticed that doped Sn2S3 thin films exhibit extinc-
tion coefficient values ranging from 0.38 to 0.10.
These low extinction coefficient values suggest the
low surface roughness of the film.

Fig. 2. SEM images of (a) pure Sn2S3, (b) 2% Cu-doped Sn2S3, (c) 4% Cu-doped Sn2S3, (d) 6% Cu-doped Sn2S3, and (e) 8% Cu-doped Sn2S3

films.
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The energy bandgap of Cu-doped Sn2S3 thin films
is evaluated from the relations ahv ¼ A hv� Eg

� �m
,

where A is a proportionality constant, Eg represents
the energy bang values, h is Planck’s constant, and m
is photon frequency. Also, m value is a constant that
depends on the type of transition, and for the direct
transition m value is 1/2; for the indirect transition
m value is 2. The curve (ahm)1/2 for the indirect
transition does not support linearity. This suggests
that Cu-doped Sn2S3 has a direct bandgap, and it is
shown in Fig. 5a. The energy band gap values were
obtained by extrapolating the linear behavior of
(ahm)2 versus the photon energy (hm) plot. The
estimated value of the energy band gap is tabulated
in Table S1 (Supplementary content). The observed
result of pure Sn2S3 thin film is in good agreement
with reported values.16,21,28,29 The observed band
gap values decrease for Sn2S3 thin films doped with
2 wt.% Cu and then increase slightly for higher Cu
doping concentrations. An increase in carrier con-
centration can lead to a reduction in the energy
band gap due to the band shrinkage effect.16,23 Also,
there may be volatility in the Sn/S stoichiometry
ratio, which can induce lattice defects in the films.
An increase in the energy band for higher concen-
tration is due to the effective incorporation of Cu-

dopant into the Sn2S3 lattice since Cu ions are well
replaced with Sn ions, which can enhance the value
of the band gap.16,29 Therefore, these results con-
firm that Cu is more effective in the properties of
Sn2S3 thin films.

The Cu-doped Sn2S3 thin film refractive index
values were calculated using the Fresnel formula
for pure and Cu-doped Sn2S3.13,30,31

n ¼ 1 þ R0:5

1 � R0:5
ð6Þ

The refractive index of the Cu-doped Sn2S3 thin
films with variation of wavelength are presented in
Fig. 5b. The observed value of the refractive index is
found to be increasing with doping Cu up to 4 wt.%
and decreased for 6wt.% and 8 wt.% in the UV-
visible range. The value of the refractive index
decreases with an increased wavelength from
650 nm to 1100 nm for all the samples. Further-
more, the values increase with the increase in the
wavelength. These behaviors are because of encum-
bering the Sn2S3 thin film, and it may be due to the
porosity in the films. The observed values vary from
1.45 to 1.31 in the visible region, and the refractive
index is increasing with increasing wavelength.

Fig. 3. Plots of (a) absorbance and (b) transmittance for pure and Cu-doped Sn2S3 films.

Fig. 4. Variation of (a) extinction coefficient (k) and (b) absorption coefficient (a) for pure and Cu-doped Sn2S3 thin films.
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The values of the real and imaginary part of the
dielectric constant along with loss tangent were
calculated for Cu-doped Sn2S3 thin films. Their
constraints are extremely applicable for significant
applications of thin films in dynamic random access
memory (DRAM) and capacitive storage
devices.32,33 The real and imaginary parts of the
dielectric can be determined using the value of n
and k from the following relation18,25,34 and are
shown in Fig. 6a and b.

er ¼ n2 � k2 ð7Þ

ei ¼ 2nk ð8Þ

The real part values are more than those of the
imaginary part values of Cu-doped Sn2S3 thin films.
These results suggest that the good quality of the
grown film and its improved optical properties can
be highly suitable for optoelectronic applications.

The dielectric loss tangent (tan d) values can be
estimated for all the samples using the following
equation and are shown in Fig. 7.

tan d ¼ ei
er

ð9Þ

As wavelength increases, the tangent values
decrease, and a sharp decrease in dielectric loss
can be observed between 450 nm and 650 nm while
remaining constant at higher wavelengths. These
results suggest that the photons and electrons are
interacting at shorter wavelengths in thin films.

The rate at which electrons lose energy through
materials is a significant factor in determining
dielectric constants. This can be explained based
on the surface energy loss function (SELF) and
volume energy loss function (VELF). It is possible to
calculate these parameters using the real and
imaginary parts of the dielectric constant, which
can be calculated as follows.35,36

VELF ¼ �Im
1

e

� �
¼ ei

e2
r þ e2

i

ð10Þ

SELF ¼ �Im
1

eþ 1

� �
¼ ei

ðer þ 1Þ2 þ e2
i

ð11Þ

The observed values of SELP and VELF with the
function of wavelength are shown in Fig. 8a and b.
The values of SELF and VELF decrease with an
increasing wavelength indicating a reduction in the

Fig. 5. Variation of (a) direct energy bandgap and (b) refractive index (n) for pure and Cu-doped Sn2S3 thin films.

Fig. 6. Plots of (a) real and (b) imaginary parts for pure and Cu-doped Sn2S3 thin films.
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electron energy loss at a higher wavelength. The
main reasons for nearly identical behavior between
VELF and SELF are the traveling of free charge
carriers through the surface and volume. Therefore,
these results confirm the inelastic scattering of
electrons within the framework of the dielectric
theory. However, these films experience greater
volumetric energy loss as a function of wavelength
than surface energy loss.

The optical absorption coefficient and refractive
index values are used to estimate the optical (ropt)
and electrical conductivity (rele), and these param-
eters can be determined by using the following
relations.36,37

ropt ¼
anc
4p

ð12Þ

rele ¼ 2kropt

a
ð13Þ

The optical and electrical properties as a function
of wavelength using the speed of light (3 9 108 m/s)
were calculated and are shown in Fig. 9a and b. The
ropt value decreases with increasing wavelength, as

shown in Fig 9a. Figure 9b shows that rele increases
with wavelength, which suggests that thin films of
Cu-doped Sn2S3 show better conductivity. The
results suggest that the enhanced conductivity is
observed because of a reduction of grain boundaries
caused by dopants influencing charge carriers.

Non-linear Optical Studies

As thin films exhibit good nonlinear polarizabil-
ity, nonlinear susceptibility of second and third
orders is extremely important in optoelectronic
applications. Whenever the suitable incident light
interacts with a display device, a nonlinear refrac-
tive index can be used as a measure of the display
device’s light-gathering capability. The following
equations can be used to determine nonlinear
polarizability (PNL)36–39

P ¼ v 1ð ÞEþ PNL ð14Þ

where PNL ¼ v 2ð ÞE2 þ v 3ð ÞE3, the polarizability can
be represented by P, the second order is v 2ð Þ, and the
linear optical susceptibility is v 1ð Þ. The linear refrac-
tive index n(k) can be calculated using following
equation.36–39

n kð Þ ¼ n0 kð Þ þ n2 E2
� �

ð15Þ

where n0 kð Þ is the intensity-dependent linear and
n2 kð Þ is nonlinear refractive index.

The value of n kð Þ can be expressed as
n0 kð Þ � n2 kð Þ. Therefore, the mean square of the
electric field is written as n kð Þ ¼ n0 kð Þ. The value of
linear optical susceptibility v 1ð Þ can be calculated
using n values based on the following relation.

v 1ð Þ ¼ n2 � 1
� �

=4p ð16Þ

Based on the linear optical susceptibility, the
n0 kð Þ and third-order nonlinear optical susceptibil-
ity can be calculated as follows.

v 3ð Þ ¼ A v 1ð Þ
� �4

ð17ÞFig. 7. Dielectric loss values for pure and Cu-doped Sn2S3 thin films
for different wavelengths.

Fig. 8. Plots of (a) SELF and (b) VELF for pure and Cu-doped Sn2S3 thin films.
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The above Eq. 17 can be modified using the
Eq. 16, and it can express as follows.

v 3ð Þ ¼ A

4pð Þ4
n2

0 � 1
� �4 ð18Þ

where the value of A is constant (i.e., A = 1.7 �
10�10 esu.) Therefore, a simple equation can be used
to determine the non-linear refractive index

n2 ¼ 12pv 3ð Þ

n0
ð19Þ

Figure 10a and b shows the linear and third-order
nonlinear susceptibilities of Sn2S3 with doping of Cu
and pure Sn2S3 as a function of wavelength. Fig-
ure 11 shows the nonlinear refractive index of Sn2S3

with Cu doping as a function of wavelength. As can
be seen, linear and third-order nonlinear suscepti-
bility values show similar behavior as nonlinear
refractive index values, which are also the same as
refractive index values. The observed pure and Cu-
doped Sn2S3 samples results of v 1ð Þ, v 3ð Þ, and n2 were
found to be in the range from 0.059 to 0.104 esu.,
2.4 9 10�15–2 9 10 �14 and 6.20 9 10�14–
4.99 9 10�13, respectively. It can be concluded that

Cu is more significantly affected by Sn2S3 thin films,
and these results can be applied to nonlinear optical
applications.

ELECTRICAL PROPERTIES

Hall Effect

The Hall effect measurement is performed at
room temperature for prepared thin films. From the
Hall measurements, we can observe conductivity
(r), resistivity (q), Hall coefficient (RH), mobility (l),
and charge carrier density (n). All observed values
are presented in Table S2 (Supplementary content).
Hall coefficient values indicate the negative sign,
which suggests the n-type semiconductor behav-
ior.8,24 From Table S2 (Supplementary content), the
resistivity is increased for 2 wt.% Cu-doped Sn2S3

thin film; thereafter, the resistivity decreases with
increases in the concentration of Cu in Sn2S3 thin
films. For the 2 wt.% Cu doping, the resistivity
increased because of scattering of grain boundary
effect to the thin films, and observed results have
smaller grain size and volume compared to pure and
higher doping of Cu concentration.23,29,30 From
Table S2 (Supplementary content) resistivity and
mobility values are increasing with increasing Cu

Fig. 9. Variation of (a) optical conductivity and (b) electrical conductivity of pure and Cu-doped Sn2S3 thin films.

Fig. 10. Variation of (a) linear susceptibility v 1ð Þ� �
, (b) third order nonlinear susceptibility v 3ð Þ� �

of pure and Cu-doped Sn2S3 thin films.

Nagaraja, Girija, Mahendra, Pattar, Gurumurthy, Ravikirana, Rao, and Shyam Prasad642



concentration from 4 wt.% to 8 wt.% Cu concentra-
tion in Sn2S3 thin films. This can be attributed to
the presence of Cu ion in the replacement of Sn ion
sites which leads the carrier concentration, and
results will increase the electrical conductivity or
decrease the resistivity. In addition, Cu ions in Sn
sites can create sulfur vacancies, resulting in an
increased concentration of carriers for every Cu
addition.6,7,29 In thin films, the inter-granular effect
may play a significant role in the transport of
carriers, which may explain the decrease in charge
carrier concentration for the Sn2S3 doped with 8
wt.% Cu.7,25 Therefore, Cu doping in Sn2S3 thin
films can improve their electrical properties by
increasing their charge carrier density, reducing
their resistance and Hall mobility.

I-V Characteristics

I-V characteristic behavior of Cu-doped Sn2S3

thin films is shown in Fig. 12. The observed results
show ohmic behavior for prepared thin films and
confirm that increasing reverse bias voltage linearly
increases current generation in the depletion
region. Increasing I–V characteristics increase the
concentration of Cu up to 4 wt.%; thereafter, it is
decreased for further doping. In this study, the
variation in I–V characteristics may be attributed to
the lattice defects and disordered arrangements on
the surface of the film, which can enhance the
scattering effect. Based on these results, we can
conclude that the thin film’s conductivity is
increased by Cu ions occupying the Sn2S3 lattice
and contributing an electron to the conduction band.

CONCLUSION

The structural, morphological, and optical prop-
erties of polycrystalline pure and copper-doped tin-
sulfide (Cu-Sn2S3) thin films were prepared by the
spray pyrolysis method. XRD patterns of the Cu-
doped Sn2S3 correspond to the orthorhombic phase

with Pnma space group. Doped thin films showed
decreased crystallite size due to replacement of
larger Sn2+ ions being replaced by Cu2+ ions. The
morphology of Sn2S3 thin films shows distribution of
loosely packed flattened needle-shaped grains
whereas after doping the morphology shows densely
packed needle-shaped particles. The band gap val-
ues changed with an addition of Cu because of
replacement of Sn by Cu, which can introduce the
traps and intermediate energy levels. Optical and
electrical conductivity changes because of addition
of Cu. The optical properties showed that the
materials can be engineered by proper doping with
Cu. From the I–V measurements, electrical conduc-
tivity increased for 2 wt.% and 4 wt.% Cu-doped
thin films because of addition of charge carriers,
whereas for higher concentration the addition of Cu
may create traps for the charge carriers leading to
decreased conductivity. From the Hall measure-
ments, the negative value of the Hall coefficient for
all the thin films suggests n-type semiconductor
nature. Further Cu doping in Sn2S3 increased the
charge carrier density and hence reduced the resis-
tance and Hall mobility.

Therefore, from the optical and electrical mea-
surements it is concluded that Cu-doped Sn2S3 thin
films exhibit potential features for photovoltaic
applications as well as optoelectronics.
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