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Energy harvesting from renewable energy sources is one of the burning topics in today’s research community.
Solar cells are emerging as a potential candidate to harvest solar energy into electrical one. Here, we tested a
series of pure and Sn-doped CdS as photoabsorbers in solar cells prepared by the sol-gel technique via the green
synthesis route. The formation of a hexagonal wurtzite crystal structure of pure and Sn-doped CdS is confirmed
using X-ray diffraction analysis. Doping of Sn caused a slight change in lattice parameters, crystallite size, d-
spacing, and dislocation line density. UV-vis measurement revealed the direct bandgap nature of the material
with bandgap value of 2.50 eV which reduced the 2.20 eV upon 3% Sn doping. Optical parameters, including
extinction coefficient and refractive index, are measured. The film prepared with 3% of Sn doping has a high
refractive index, i.e., 2.56. In addition, the imaginary and real parts of the dielectric constant are measured in the
frequency range of 20Hz to 20 MHz, which exposed the presence of different relaxation phenomena in this
composition. The solar cell prepared with 3% of Sn doping has a high value of current density (3.57 mA-cm™2),
open circuit voltage (0.49 V), fill factor (0.654) and efficiency (1.14%). This solar cell is a stable cell due to the
absence of liquid corrosion like in dye-sensitized solar cells.

1. Introduction

Earth abundance is regarded as a key condition for photovoltaic (PV)
absorbers that can not only meet but also maintain the terawatt energy
output target [1]. The two most emerging thin-film technologies,
achieving this aim (i.e., CdTe [2] and Cu(In,Ga)Se; [3] are concern due
to supply and cost issues of Ga, In, and Te [4]. In some cases, attempts
are made to substitute tin and zinc for the expensive and scarce indium
in Cu(In, Ga)Sey (CIGS), resulting in Cuz(ZnSn)(SSe)s (CZTS) [5].
However, theoretical analyses have shown numerous significant diffi-
culties with CZTS [6], the majority of which stem from the multi-valence
of Sn and the material’s restricted stability range [7,8]. As a result,
simple binary Earth-abundant absorbers like CdS [9], FeSy [9], and
Cuy4S [10] have lately piqued the PV community’s interest [11].

The practical uses of II-VI nanomaterials in a range of
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optoelectronics, such as highly efficient thin film transistors, electron-
beam pump lasers, light-emitting diodes [12], and electroluminescent
devices [13-15] are now of significant interest. Due to their unique
features, semiconductors materials are used to make the majority of PV
cells. The semiconductors material absorbs photons at a certain wave-
length and produces free electrons, which provide an electric current
[16]. CdS has emerged as a promising material for a variety of photo-
voltaic applications. The thermal and optical characteristics of solar cells
have received special attention in order to increase their performance.
The absorbance spectrum may generally be measured using the tradi-
tional transmit intensity method, but samples must be suitably thin and
have an excellent quality surface as a result of pretreatments [17].
However, the undoped CdS films have a high electrical resistance at
room temperature [18], limiting their utility in solar cells. The dark
resistivity of undoped CdS films should be decreased from 107-10° Qcm
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to at most 10 Qcm to make them useable in optoelectronic applications
[19]. Although it is highly dependent on its preparation procedures, thin
films cannot be prepared to the required standards. Some
post-deposition techniques, on the other hand, have been observed to
lower electrical resistivity [20]. An external atom with fewer or more
valence electrons than the pristine atom is another effective technique to
get the desired features. Impurities with fewer electrons act as acceptors,
resulting in p-type conductivity, whereas those with more electrons
function as donors, resulting in n-type conductivity. Lee et al. [21]
investigated the electro - optic characteristics of chemical
bath-deposited B-doped CdS films. Sebastian [22] also reported in bath
deposited p-type Cu-CdS thin films. Megahid and his colleagues [23]
used electron beam evaporation to create In doped CdS thin films with
n-type conductivity [24].

Sn is a good electron-efficient material and it reacts with sulphur to
form a promising semiconductor material for photovoltaic applications.
The recombination of electron and hole in CdS-based solar cells is a
major issue which affects the efficiency of solar cells. Sn reduces the
recombination rate; therefore, it increases the efficiency and stability of
solar cells. Therefore, Sn has been doped in CdS film to improve its
electrical and photovoltaic properties.

In this study, we have used Sn as a dopant material to improve the
stability and photovoltaic properties of CdS-based solar cells. Sn has
reduced the Eg and recombination rate of CdS. This will increase the
cell’s efficiency. There is no study related to Sn-doped CdS-based solar
cells in the literature.

2. Experimentation

Aloe vera gel extract was used in the hydrothermal preparation of
Cd-SnS materials. Aloe vera gel quickly reduced the metals by reacting
with them. SnS content was created as a result in about 8 h. The syn-
thesis process took 14-18 h if just water was utilized. For making cad-
mium sulfide, take the amount of 4 ml ethylene glycol, CANO3 (3.0847)
g\mole and thiourea (0.7612) g\mole mix in 100 ml of green extract
water, stir for 1 h at 410 rpm and name it as solution 1. Take another
breaker, add 100 ml of water, and mix 12 g NaOH. The solution of NaOH
will be continuously added by using the pipette dropwise into the so-
lution 1 until the pH reaches 7. Similarly, three more solutions were
prepared. In these solutions (1, 2, and 3 wt%) of SnCl, were added
before adding the NaOH. After that, the NaOH was introduced dropwise
and continuously stirred until the formation of gel took place. These
remedies lasted for 22 h. Four slides of FTO-glass substrates were rinsed
with di-ionized water, ethanol, and ultrasonically. Films of (0, 1, 2, and
3%) Sn-CdS were prepared by adding four drops of solutions on FTO-
glass substrates having 2000 rev/min. these films were heated at
100 °C for 10 min. After those four films of (0, 1, 2, and 3%) Sn—CdS
were prepared on FTO-glass substrates.

An X’Pert Philips diffractometer (XRD) was used to assess structural
properties (XRD). A 3700 UV-VIS-NIR SolidSpec Shimadzu spectro-
photometer was used to analyze the optical properties. A precise
impedance analyzer was used to measure the dielectric characteristics.

2.1. Solar cells fabrication

The soluble Sn-CdS solution (0, 1, 2, and 3%) were deposited on
TiOy/FTO/glass substrates using a spin coater with a speed of 2000 rev/
min in order to construct solar cells. The same method used in our
previously published article was adopted to deposit TiO film on FTO/
glass substrates [25]. A P3HT polymer layer that serves as a hole
transport layer was applied above all of the films using a spin coater with
a 6000 rev/min rotating speed. A gold (Au) contact was created above
that. Glass/FTO/TiO,/CdS/P3HT/Au made up the cell’s new shape.

A surface profilometer was used to measure the film thickness. The
thickness of TiO,, CdS, and P3HT are 300 nm, 450 nm, and 200 nm,
respectively. A solar simulator (Kiethley 2400, 100 mW/cm? irradiation,
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recorded on the AM 1.5 spectra) was used to characterize solar cells.
Fig. 1 depicts the layer-by-layer deposition in steps.

3. Results and discussion
3.1. Structural analysis

Fig. 2 (a) shows the XRD patterns of pure and Sn-doped CdS, which
are used to calculate the interplanar spacing, size of crystallite, lattice
parameters, and dislocation line density. The diffracted peaks that
appeared at 20 values of 28.292°, 36.152°, 43.803°, and 47.807° were
indexed as (101), (102), (110), and (103). These peaks were matched
with PDF # 65-3414, which assured the formation of a wurtzite hex-
agonal phase of CdS [26]. When 1%, 2% and 3% Sn is doped in CdS it did
not introduce any new phase therefore, no new peak is appeared.
However, there is a tiny movement in the peaks towards larger 2 values,
which suggests that the volume of the unit cell has increased. Overall, it
has been found that peak intensity increases as Sn concentration does,
which indicates that the doping of Sn facilitates the crystal growth.

The full width at half maximum (FWHM) (f) for the largest peak’s
intensity is noted and used to calculate the size of crystallite using the
Scherrer formula [27]:

0.91

b=5coso M

where A and 0 are wavelength and Bragg’s angle, respectively. The
calculation of D leads to determining the dislocation line density (). The
§ is linked with the D as:

1
5= E (2)

The small value of 8 confirms that Sn doping may produce CdS
nanostructures with low defects. Thus, in present case, a smaller value of
8 reflects the better quality of thin films. The dislocation line density
relates to the defects inside the crystalline materials, while crystallite
size is related to the length of the grains. For pure CdS, the value of
crystallite size is noticed as 14.8 nm and the value of dislocation line
density is 0.45 x 10'® m™? as shown in Fig. 2(b). The ‘D’ increases to
15.7 nm when doped with 1% Sn, but & decreases to 0.40 x 10'% m2.
This increase in crystallite size is attributed to the Sn doping and it
particularly occurs near the grain limits. For 2% and 3% doping of Sn,
these values are noted as 18.9 nm and 0.27 x 10 m~2 and 25.2 nm and
0.15 x 10'® m™2, respectively. This increase in D and decrease in & is
good for the photoelectrode functionality of solar cells [28]. The
measured values of  and D are shown in Table 1.

The change of d-spacing with doping concentration is shown in Fig. 2
(c). The interplanar spacing (d) is another key factor to estimate the size
of the crystal. The d is calculated using Bragg’s diffraction condition
[29]:

7n/1
" 2sin 6

3

The value of d-spacing for pure and 1% Sn-doped CdS is noticed as
3.150 A, which increased to 3.160 A when 2% Sn is doped. 1% doping
did not change the d-spacing because all Sn took the interstitial positions
however, when doping concentration is increase there are fewer inter-
stitial sites available and doping started affecting the d-spacing. How-
ever, 3% doping again caused a decrease in d-spacing. This reduction in
d-spacing can be brought on by the unit cell volume contracting. All
these noted values are very similar to the standard values. Fig. 2(d)
shows the variation of lattice parameters of pure and Sn-doped CdS. The
lattice parameters of the hexagonal wurtzite unit cell can be calculated
using the following relation [30].

2 2 2
Ld(remeey o @

d 3

a?
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Spin Coated TiO, Layer

Spin Coated P3HT Layer

Fig. 1. Step wise deposition of different layers.
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Fig. 2. (a) XRD patterns for all the synthesized Sn—CdS samples, (b) variation of § and D, (c) d-spacing and (d) variation of lattice constants of pure and Sn doped CdS.

Table 1

Calculated values for 8, D, and d-spacing for all compositions.

Table 2

Lattice parameters values and volume of unit cell.

Composition Dislocation Line Density (8) Grain Size D(nm) d-spacing A) Composition Lattice Parameter (A) Unit Cell Volume (A)3
Pure CdS 0.45 x 10'° 14.8 3.15 Pure CdS a=b=4.07,c=6.00 99.8
1% Sn-CdS 0.40 x 10 15.7 3.15 1% Sn-CdS a=b=4.07,c=6.96 99.8
2% Sn-CdS 0.27 x 10 189 3.16 2% Sn-CdS a=b=4.08,c=6.93 99.9
3% Sn-CdS 0.15 x 10'° 25.2 3.18 3% Sn-CdS a=b=4.06,c=6.97 99.5
Here, a and c being lattice parameters, (hkl) and d are miller indices, and parameters.

interplanar spacing, respectively. The value of a and c remains almost

constant for pure and 1% doped Sn. The ‘a’ parameter increases while

the c decreases in a 2% and reciprocal happened for 3% Sn-CdS thin
film. The reason for this is that Sn atoms bend the crystallites of the

Sn—-CdS thin film, causing compressive strain and changing the lattice

3.2. UV results

UV-Vis spectrophotometer is a powerful technique to study the op-

tical characteristics of undoped and Sn—CdS thin films, such as extinc-
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tion coefficients (k), dielectric constants, band gap energy (Eg), and
refractive index (n). To compute Eg of pure and Sn—CdS, the tauc plot is
drawn as shown in Fig. 3 [31].

(ahv)* = B(hv — E,) 5)

The Tauc plot is a graph between (ahv)” and hv where h, o, and v are
the Planck’s constant, absorption coefficient, and incidence photon
frequency. Constant n is determined by the kind of transition. For direct
band transition, its value is 2, and for indirect bandgap it is 1/2 [28]. For
the forbidden region, its value becomes 1/3 and 2/3 for direct and in-
direct bandgap materials. These tauc plots expose the direct band gap
nature of these compositions. The value of bandgap (Eg) is determined
by drawing a tangent to the line somehow parallel to the y-axis. The Eg
value is provided at the location where this line crosses the x-axis [8].
The Eg value of pure CdS film is 2.50 eV. Doping a CdS thin film with 1%
Sn reduced the Eg to 2.44 eV. This reduction in bandgap is due to the fact
that Sn doping introduced new energy levels in the bandgap [28]. When
2% and 3% Sn are doped into the CdS, Eg is further reduced to 2.34 and
2.20 eV, respectively. This reduction in Eg value is also linked with the
increase in crystallite size. Therefore, we can say that doping of Sn in
CdS introduces more energy levels inside the Eg of the CdS film as a
result, Eg shift to a lower value. This fact can also be linked with the
quantum confinement phenomenon according to the Brus equation. This
equation states that the Eg increases as the size of the nanoparticle de-
creases, and vice versa [32]. At 4% doping, the Eg is increased. The high
amount of Sn is spread on the surface due to the limited number of
vacant sites in CdS. Therefore, the band gap has increased.

3.3. Refractive index

Refractive index (n) is one of the key factors to map the path of light
particularly when it transmit from one medium to other medium and
thus provide help to determine the relative speed of light in different
media. The ‘n’ and ‘Eg’ are related as [33]:

n*E, =95 eV (6)

The band gap energy and optical refractive index are Eg and n,
respectively. The reflective index is increased by doping Sn into the CdS
films, as shown in Fig. 4 [34]. (0%, 1%, 2%, 3%, and 4%) Sn—CdS films
have refractive indices of 2.512, 2.534, 2.571, 2.626, and 2.594,
respectively. The refractive index values of all the CdS films are very
similar, with little change. Similarly, the refractive index has another
expression [33].

3.5x10°
Pure CdS
1% Sn doped CdS
3.0x10°
X 2% Sn doped CdS
& . 3% Sn doped CdS
£ 2.5x10° 4% Sn doped CdS
S
3 2.0x10° 4
NA
> 1.5x10° -
<
g
1.0x108 -
5.0x10°
pm————
00 T T ! !

0.0 0.5 1.0 1.5 2.0 2.5 3.0
hv (eV)

Fig. 3. Bandgap calculation of pure and Sn-doped CdS.
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Fig. 4. k and n of pure and Sn doped CdS.

A 2
n=4/1+ (m) )

where B (3.4 eV) and A (13.6 eV) are constants [35]. It is observed that
the reflective index increases by Sn—CdS (0%-3%). It is supposed that
the increasing refractive indexes overcome by CdS films due to Sn
doping make them suitable for use as anti-reflection coatings and will
increase the efficiency of solar cells [36].

3.4. Extinction coefficient (k)

The determination of the rate of decrease of transferred light via
dispersion and absorption in any medium is known as the extinction
coefficient. The formula below is used to determine the ‘k’ of pure and
Sn—CdS films [37,38]:

n

k=—
G ®)
Here k and y = —0.32 are constants, (n) refractive index and (4y")

electro negativity difference.

The variation of the extinction coefficient with the doping of Sn is
presented in Fig. 4. The extinction coefficients of (0%, 1%, 2%, 3%, and
4%) is noticed as 1.880, 1.883, 1.891, 1.830, and 1.879, respectively.
From Fig. 4, it can be seen that with the increase of Sn doping concen-
tration up to 2%, 3%, the values of extinction coefficient decrease to
1.83 and the value of reflective index increases to 2.56. When 4% Sn
doping concentration is reached, the value of the extinction coefficient is
increased to 1.88 and the value of the reflective index is decreased to
2.54. The change in value of ‘k’ and ‘n’ refers to the chemical charac-
teristics of CdS film altering with doping [39]. The presence of free
electrons in strongly doped CdS leads to greater absorption of incoming
visible light, which enhances the photovoltaic performance of SnS-based
solar cells [40].

3.5. Dielectric constants

Dielectric constant is another optical parameter used to investigate
the optical behavior of the material. It is a complex quantity and related
directly with the k and n [38].

e=¢ +¢ 9

The real part of the dielectric constant measures how much light is
absorbed by the material for later use, and the imaginary part quantifies
the proportion of light that is lost by dispersion or absorption. The ab-
sorption of light occurs due to the polarization of atoms and molecules
present in the material. However, energy loss is quantified by the ratio of
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¢ and ¢ [41]. The relation of dielectric constant with the refractive
index and extinction coefficient are given below:

’

e=n-k (10)

e =2nk an

The variation in the dielectric constants is shown in Fig. 5. The
dielectric constant of pure and Sn-doped (0%, 1%, 2%, 3%, and 4%) thin
films is 2.630, 2.691, 2.793, 3.217, and 2.923, respectively. It is
observed that with an increase of Sn concentration to 1% and 2%, the
value of imaginary and real dielectric constants (¢”, £) is increased.
When Sn concentration is increased to 3%, the ¢” is decreased and the ¢
is increased. When 4% Sn is doped into the CdS, its ¢” is increased and its
¢ is decreased. Photon energy is used by both &’ and ¢ parts. For our
films, the imaginary portion (¢”) is greater in value than the real portion
().

The frequency-dependent dielectric behavior of these compositions
is shown in Fig. 6. Fig. 6 (a) shows the variation of the real part of the
dielectric constant (¢') against the frequency (Logf). From this diagram,
it has been observed that in the low frequency region, the value of ¢ is
maximum which exponentially decreases with frequency (f) and became
almost independent on frequency in the high region of frequency [42].
This type of behavior is understood on the basis of interfacial polariza-
tion caused by the accumulation of charges at the interfaces [43]. In the
low frequency region, the charges at the interface get maximum time to
polarize and give a maximum value of ¢'. As the frequency is increased,
the value of ¢ is decreased, which is attributed to the decrease in
relaxation time of charges at the interface. Fig. 6(b) shows the changing
of loss tangent (tand) with frequency. The value of tand is also high in
the low frequency zone, which decreases as frequency increased. The
peaks that appear in these graphs, particularly for 2% and 3% Sn
doped-CdS, are relaxation peaks and thus show the presence of relaxa-
tion phenomena present in these compositions [44]. It is obvious from
these graphs that peaks are shifted towards high frequency value which
indicates the decrease in relaxation time.

Fig. 7 (a) shows the variation of real part of impedance (Z') with
frequency (Logf). This graph shows identical behavior as that of ¢ i.e.,
maximum value in the low frequency range. The value of Z’' quantifies
interface resistance in the multilayer system. The interface region is
frequency sensitive and shows different behavior in different frequency
regimes. In the low frequency region, it offers more resistance. However,
as the frequency increases, the resistivity of the interface diminishes and
becomes almost constant in the high frequency zone.

The graph between imaginary (Z") and real (Z') part of impedance is
called Nyquist plot and is more reliable approach to distinguish the
behavior of different electroactive regions in different frequency

3.3
V4
9.55 m-€ [
, A n L 3.2
-m-E
9.50 4 L 3.1
L 3.0
9.45 4
N N
w o9 W
9.40 4 J y [, g
o35 /= / 2.7
L 26
9.30

CdS  1%Sn-CdS 2%Sn-CdS 3%Sn-CdS 4%Sn-CdS

Fig. 5. Imaginary and real parts of dielectric constant of pure and Sn
doped CdS.
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domains [45].

The Nyquist plot for all these compositions is shown in Fig. 7 (b). For
all compositions, it is semicircular in shape. For pure and 1% Sn doping,
there are two overlapped semicircles, while for 2% and 3% Sn doping,
only one semicircle is achieved. The diameter of these semicircles gives
rise to the value of interface resistance. It has been observed that doping
of Sn causes an increase in the resistance of CdS. This is because of the
fact that Sn is more electropositive [46]. As its concentration increases,
it provides more electrons which accumulate at the interface and give
rise to a high value of impedance.

3.6. J-V measurement

To estimate the photoconversion efficiency of pure and Sn-doped
CdS, fill factor (FF), current density (Jsc), efficiency (), and open cir-
cuit voltage (Vo) are measured. Fig. 8 shows the J-V curve of different
solar cells. The value of Jsc, depends on initially generated photo-
generated carriers, injection efficiency, and recombination rate [47].
The recombination rate is governed by the oxidized dye in the electro-
lyte. The value of open circuit voltage is determined by:

VOC = |El~ - Ereduxl (12)

Here, the electrolyte’s energy level is called E eqox, While the fermi level
is known as Eg. If Vo is large, it means there is a large difference be-
tween fermi and redox level [48]. The values of FF and n are computed
using the following relations [49]:

Imax >< Vmax
FF=———— (13)

Jsc x Voc
:FF X Voc X Jsc 14)

Pin

Here, Inax and Vpax are the maximum values of current and voltage,
respectively (see Table 2). For pure CdS, the value of V., Jg, 1, and FF
are noticed to be 0.489 V, 2.68 mA-cm 2, 0.482 and 0.63%, respec-
tively. When 1% Sn is doped in CdS, the value of Jg¢ increased from 2.68
to 3.00 mA-cm’Z, Voc remained constant (0.489 V), FF increased from
0.482 to 0.532, which resulted in an increase in efficiency from 0.63 to
0.78. The increase in Jsc speaks about the enhancement of injection
efficiency of the cell with the reduction of the recombination rate.
Electron transfer efficiency, light scattering, and efficiency of adsorption
of dye all have an impact on Js. [50-52].When more electrons will
transfer then recombination rate will reduce. Similarly, the increased
value of n convinces that Sn doping improved the electronic features of
pure CdS. When the doping concentration of Sn is increased to 2% and
3%, the percentage efficiency increases to 0.95 and 1.14, which repre-
sents the reduction in recombination rate of hole-electron pairs [53].
However, when the doping amount is increased to 4%, the efficiency is
slightly decreased. To enhance the 1 of photoanode of DSSCs, the value
of Jsc and V. need to be increased. Since the quantum efficiency of
DSSCs depends upon the absorption capacity of sensitizer dye, which is
one of the possible causes of the increase in efficiency of DSSCs in the
present case. When the Sn doping amount is increased to 4%, the values
of Jsc and FF are decreased, which is due to the high recombination rate
of hole-electron pairs caused by the overdoping of Sn. This decrease in
efficiency is also attributed to the creation of an additional accepter level
above the fermi level of CdS. 3% Sn-doped CdS is an optimized
composition because it gives the maximum value of power conversion
efficiency [54]. The measured values of all these factors are summarized
in Table 3.

4. Conclusion

In this study, we employed the sol-gel method via the green synthesis
route to prepare undoped and Sn-doped CdS films. According to XRD,
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Table 3
Voo, Jses M, and FF of pure and Sn-CdS solar cells.
Samples Jse (mA-cm™2) Voe (V) FF n%
CdS 2.68 0.489 0.482 0.63
1% Sn-CdS 3.00 0.489 0.532 0.78
2% Sn-CdS 3.21 0.487 0.609 0.96
3% Sn-CdS 3.57 0.49 0.654 1.14
4% Sn-CdS 3.39 0.49 0.639 1.06

the films were made of hexagonal wurtzite crystals. The Sn doping in the
CdS film was 3%, and the grain size was large (25.2 nm). This film also
includes d-spacing (3.15 A), dislocation line density (0.15 x 10'° m™),
and lattice parameters (a = b = 4.06 A, ¢ = 6.9 A). By using UV-Vis
spectroscopy, the dielectric constants, refractive index, bandgap energy,
and extinction coefficients are calculated for pure and Sn-doped CdS
films. The formation of increased energy levels inside the CdS bandgap
resulted in a reduction in Eg4 (2.20 eV) for 3% Sn doped CdS film. The
highest refractive index was observed in the CdS film produced with 3%
Sn doping (2.54). Because of its high dispersion, this material is suitable
for solar cells. According to the J-V curve, the 3% Sn-CdS-based solar
cell has the highest efficiency (1.14%) of all produced cells due to its
large Js (3.57 mA/cm’Z), Voe (0.49V), and fill factor (0.654). Due to Sn
doping, the electron transport rate has improved and charge recombi-
nation has been retarded at the CdS-dye interface, resulting in increased
efficiency.
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