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40000, Morocco. E-mail: a.elhichou@uca.m

Cite this: RSC Adv., 2023, 13, 27106

Received 14th June 2023
Accepted 16th August 2023

DOI: 10.1039/d3ra03996j

rsc.li/rsc-advances

27106 | RSC Adv., 2023, 13, 27106–2
es of the low-cost CZTS absorber
layer deposited by spin-coating: effect of the
copper concentration associated with SCAPS-1D
simulation

Sana Zakaria, Elyazid El mahboub and Ahmed EL Hichou *

Five samples of copper zinc tin sulfide (CZTS) thin films were deposited by a spin-coating technique at

various copper concentrations ranging from 0.5 M to 2.5 M in steps of 0.5 M, in order to improve their

stability, efficiency, performance, and reduce the production costs. The XRD patterns showed the

existence of the three main characteristic peaks of CZTS (112), (220), and (312), which indicated the

formation of the kesterite structure of CZTS. The gap energy of the thin films was calculated based on

the derivation method using the absorbance data, and the values obtained varied from 1.46–1.58 eV

for 0.5, 1, 1.5, 2, and 2.5 M copper molarity, respectively. Hall effect measurements were used to

determine conductivity, which in turn increased with the concentration of copper in the films. The

characterization results showed that the sample C3, which represents the 1.5 M copper concentration,

exhibited higher crystallinity and better optical and electrical performance than the others. Finally,

a theoretical efficiency of 11.6% was obtained when simulating the solar cell using the CZTS thin film

(CZTS/ZnS/S:ZnO) in the SCAPS-1D simulation program using the parameters obtained in this study.

Under the adopted synthesis conditions, the theoretical simulation corroborated the experimental

findings, thus confirming that the synthesized material is a promising candidate for solar cell

applications as an absorber layer.
Table 1 Comparative costs of different solar cells
1. Introduction

Nowadays, most companies aim to fabricate photovoltaic (PV)
solar cells using ecofriendly and low-cost materials with good
efficiencies, but this is a difficult double-edged sword strategy to
achieve. Quaternary semiconducting materials based on the
kesterite (A2BCX4) mineral structure are good candidates to
address this challenge.1,2 Most PV solar cells are manufactured
using CdTe or CIGSe materials;3 however, the toxicity of sele-
nium (Se) and the low abundance of indium (In) and gallium
(Ga) make the production of CdTe and CIGSe more difficult and
hence affect the utility of these low-cost quaternary materials.

Table 1 gives an insight into how much different solar cell
types cost, showing that CZTS solar cells, which cost $0.23/W,4

are the most economical, followed by CIGS at $0.30/W,4

monocrystalline silicon, or M–Si, at $0.56/W,5 and cadmium
telluride, or CdTe, at $0.84/W.6 When assessing the economic
feasibility of various solar cell technologies for different appli-
cations, the cost per Watt might be a crucial aspect to take into
account.
atériaux Optoélectroniques, Faculté des
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7115
Copper zinc tin sulde (CZTS) is a promising absorber
material for thin lm heterojunction solar cells with optimal
solar cell characteristics, such as an ideal band gap (1.4–1.5 eV),
high absorption coefficient (104 cm−1), and p-type conductivity.7

Further, this was rst deduced from CIGSe by replacing In with
Zn, Ga with Sn, and Se with S.8 CZTS is oen found in two forms
depending on the position of the Cu and Zn atoms: kesterite
and stannite.9 Several physical and chemical techniques have
been used to synthesize this material, such as electrodeposi-
tion,10,11 spray pyrolysis,12 and sputtering deposition.13,14,16

However, only a few studies have been devoted to the deposition
of CZTS by spin-coating via a sol–gel method without any sul-
furization, which can be classied as a low-cost, simple, non-
vacuum, ecofriendly, and suitable large-scale fabrication tech-
nique, while additionally having the capacity to generate highly
homogenous lms rapidly and facilely.
CZTS 0.23$/W

CIGS 0.30$/W
M–Si 0.56$/W
CDTe 0.84$/W

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The theoretical efficiency of PV solar cells of CZTS as an
absorber material is between 31–33% according to Shockley–
Queisser photon-balanced calculations.15 Nevertheless, the exper-
imental efficiency of CZTS lags behind and only increased from
6.7% in 2008 [ref. 13] to 11.1% in 2012 (ref. 17). Wang et al. ach-
ieved the highest photovoltaic conversion efficiency of CZTS(Se),
which was 12.6%, by exploiting a hydrazine-based approach.18

Recently, there has been great interest in improving the
efficiency of CZTS solar cells, Haddout et al. introduced
a modeling procedure to predict the effect of each layer of the
solar cell, whereupon they found that the CdS layer and the CdS/
CZTS interface contribute to the performance degradation.19 On
the other hand, by including ZnO/CdS/CZTS in the SCAPS-1D
simulation program by optimizing the thickness of each layer
and all the electrical parameters, the theoretical efficiency was
found to be 14.09%.20

Several studies have reported increases in the efficiency of
CZTS recently depending on many parameters, such as solvent,
temperature, and elemental concentration, However only few
researchers have deployed the use of an initial experimental
method in which one of those variable factor have been
considered alone in order to enhance the performance of CZTS
solar cells.

In previous studies, difficulties were found in obtaining an
adequate copper concentration that would lead to a perfect
absorber material, although only few researchers investigated
the effect of the precursor molarities on the physical properties
of CZTS thin lms prepared using the sol–gel method, which
are well known for their high purity and ability to obtain a nal
homogeneous structure. Ynineb et al. found that the deposition
of CZTS by spray pyrolysis with different concentrations led to
a good lm with a nearly stoichiometric form and a desirable
band gap of 1.51 eV at 0.015 M copper molarity.21 Choudhari
et al. found that the Cu-rich structure resulted in disorder in the
kesterite structure.22 Moreover, the electrical properties of CZTS
are extremely sensitive to the ratio of Cu and Zn in the lms.

This work aimed to study the variation in the elemental
concentration to obtain a pure kesterite phase and thereby an
Fig. 1 Overview of the experimental techniques used.

© 2023 The Author(s). Published by the Royal Society of Chemistry
efficient photovoltaic solar cell. CZTS thin lms were synthesized
by a spin-coating technique without sulfurization. The effect of
the copper concentration on the physical properties was investi-
gated. The solar cell performance was also determined by
utilizing the experimental values of the physical properties of
CZTS found in this work when applied in a solar cell and input-
ting them into a solar cell capacitance simulator (SCAPS-1D).23

2. Experimental details
2.1. Chemicals

The precursors used in order to prepare the CZTS thin lms
here were: copper chloride(II) (CuCl2), zinc chloride(II) (ZnCl2),
tin chloride (IV) (SnCl2), and thiourea (SC(NH2)2) as the metal
precursors and sources of Cu, Zn, Sn, and S, respectively, with 2-
methoxyethanol and MEA (monoethanolamine) used as the
solvents. All the chemical grade reagents and solvents were used
without further purication.

2.2. Synthesis procedure

CZTS thin lms were deposited on soda lime glass substrates
using the spin-coating technique, aer rst being prepared
using the sol–gel method, the precursor solution was obtained
using metal chloride precursors that were dissolved in 10 mL of
2-methoxyethanol mixed with 10 mL of MEA in themolar ratio of
x : 1 : 1 : 8 for Cu, Zn, Sn, S, respectively, where x represents the
variation of the copper concentration (x = 0.5, 1, 1.5, 2, 2.5 M).
The mixture of these elements was stirred for 20 min at 25 °C
until obtaining a clear yellow solution. Before deposition, the
substrates were cleaned ultrasonically, and soaked in acetone,
ethanol, and then distilled water. The solutions were spin-
coated at 3000 rpm for 30 s in the air, followed by preanneal-
ing on a heating plate at 280 °C, and these steps were repeated
twice in order to obtain the desired layer. Fig. 1 presents an
overview of the experimental techniques used. Finally, the
samples were annealed at 340 °C in the oven for 20 min. The
samples were identied as C1, C2, C3, C4, C5, related to the
copper concentration varying from 0.5–2.5 M, in steps of 0.5 M.
RSC Adv., 2023, 13, 27106–27115 | 27107
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Fig. 2 X-ray diffraction spectra of the CZTS thin films prepared at
different copper concentrations for samples: C1, C2, C3, C4, and C5.
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2.3. pH measurement

The pH levels of the solutions were measured and found to be
2.72, 2.58, 2.49, 2.27, and 2.21 for copper concentrations of 0.5,
1, 1.5, 2, and 2.5 M, respectively. It was found that when the
copper concentration in the solution was higher, the pH was
lower. The stirring temperature (50 °C) could also reduce the pH
level, as the temperature and pH are known to be inversely
proportional parameters, whereby the vibrations of the mole-
cules in solution increase when increasing the temperature,
causing an ionization and the formation of H+ ions. More H+
ions then lead to a more acidic behavior. Several researchers
have added different alkaline solutions in order to increase the
pH; for instance,24,25 some added a few drops of triethanolamine
to the nal solution, which had a positive effect on enhancing
the crystallinity and the absorbance, which moreover could
improve the stability and performance of the high-quality CZTS
absorber layer in applications.26
2.4. Experimental methods

The crystalline structure of the lms was conrmed by X-ray
diffraction (XRD) measurements using a Bragg–Brentano
geometry (Bruker D8 Advance), with Cu Ka radiation (l= 1.5418
Å). Raman spectroscopy was performed to study the phases of
the CZTS samples under a laser wavelength of l= 532 nm in the
wavenumber range of 200–500 cm−1. The thin lm morpho-
logical surface and elemental analysis were examined using
eld emission scanning electron microscopy (FE-SEM) (JEOL
J7600F) and energy-dispersive X-ray spectrometry from a unit
attached to the SEM instrument. SEM images were acquired
using a xed electron beam at a low accelerating voltage (10 kV).
Optical studies were performed using a computer-controlled
ultraviolet-visible-near infrared spectrophotometer (UV-
3101PC-SHIMADZU) in the spectral range of 300–1100 nm.
Bare glass substrates were used as references for the trans-
mittance measurements. To determine the electrical properties,
the resistivity of the samples was measured using the van der
Pauw method at room temperature (Ecopia HMS – 5500).

SCAPS is a one-dimensional (1D) solar cell simulation soware,
developed by several researchers at the Department of Electronics
and Information Systems (ELIS) of the University of Gent, Bel-
gium. We performed a numerical simulation of a CZTS solar cell
using SCAPS-1D to calculate the theoretical efficiency of the solar
cell and output parameters, such as the J–V characteristics.27
Table 2 Crystalline size, microstress, and dislocation density of CZTS
thin films prepared at different copper concentrations: C1 = 0.5 M, C2
= 1 M, C3 = 1.5 M, C4 = 2 M, and C5 = 2.5 M

Samples FWHM (b)
Crystallite
size (nm)

Dislocation
102

Microstrain
103

C1 2.04 4.21 5.64 8.15
C2 1.36 6.3 2.45 5.43
C3 1.34 6.47 2.38 5.35
C4 1.04 8.34 1.43 4.15
C5 8.5 1.02 95.97 33.95
3. Results and discussion
3.1. Structural properties

The crystallographic properties of CZTS thin lms with different
copper molarities were characterized by XRD. Fig. 2 shows three
major peaks at Bragg's angles of 2q= 28.59°, 47.41°, and 56.01°,
which were assigned to the lattice planes (112), (220), and (312),
respectively. The values above well matched with the standard
diffraction data of the Joint Committee on Powder Diffraction
Standards (JCPDS) data No. 00-26-0575, and all the thin lms
crystallized in the kesterite structure. The higher intensity of
(112) in all the samples improved the kesterite structure of the
27108 | RSC Adv., 2023, 13, 27106–27115
CZTS thin lms and indicates a preferential orientation along
the (112) direction. In addition, the XRD spectra showed a high
dependency on the molarity of copper, and the intensity of the
(112) peaks increased until 1.5 M copper molarity. However, the
intensity of the XRD peak decreased beyond 1.5 M, and when
the copper concentration was 2.5 M, the spectrum exhibited
some weak peaks. Therefore, a higher concentration of copper
includes the appearance of other phases rather than just the
pure kesterite one,22 and this can provide Cu-rich conditions in
the lms that have an enhanced negative effect on the growth of
the cell. Ahmed et al. attributed the appearance of secondary
phases to the ambient oxygen, which combines with elements
in the material to form oxide phases.27

The average crystallite size (D) was determined from Scher-
rer's formula:28

D ¼ Kl

b cos ðqÞ (1)

where l is the wavelength of the X-ray diffractometer, q is the
Bragg diffraction angle, b is the full width at half maximum
(FWHM), and K is the Scherrer constant, which has a value of
0.9. Table 2 shows that as the copper concentration increased,
the growth of the crystallite size varied from 4.21 nm to 8.34 nm,
which was in agreement with the literature.26,29 The crystallite
size values showed that all the lms were composed of nano-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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sized CZTS crystals, and the maximum crystallite size was ob-
tained for sample C4 synthesized with a 2 M copper
concentration.

The dislocation density r is the number of dislocations per
unit volume, which was calculated using the following
equation:

r ¼ 1

D2
(2)

where D is the crystallite size of the CZTS thin lms obtained at
different copper concentrations. Stress is an unfavorable factor
that can affect the structural properties and source microstrains
in the lms.21 The microstrains 3 were thus determined using
the following relation:

3 ¼ b cosðqÞ
4

(3)

where b is the full width at half maximum (FWHM) and q is the
Bragg angle. The values of the microstrain and dislocation
density (3, r) varied along with the copper molarities, and these
parameters are presented in Table 2. Sample C4 showed the
greatest crystalline size (D = 8.34 nm), with the minimum
dislocation density and minimum microstrain. Thus, these
observations suggest that the optimal molarity of copper is
1.5 M for enhanced crystallographic and microstructural
properties.
Fig. 3 Raman spectra of the CZTS thin films prepared at different
copper concentrations for samples: C1, C3, and C5.
3.2. Raman spectroscopy

Raman spectroscopy was performed to accomplish the XRD
analysis, thus, conrming the crystalline structure and phase
formation of the lms. Fig. 3 shows the Raman spectra of the
CZTS thin lms prepared with different copper concentrations.
All the spectra exhibited only one single and specic peak
position in the Raman scattering in the range of 329–338 cm−1.
These values were close to the characteristic peak for CZTS thin
lms.30,31 Furthermore, the absence of impurity peaks and
secondary phases in the prepared samples resulted in the
evolution of pure and high-quality CZTS thin lms. These
results were in good agreement with the XRD analysis and
conrmed the presence of phase-pure kesterite CZTS in the
spin-coated samples. A higher concentration of copper lead to
an increased crystallinity as studied in the XRD part, and,
consequently, a lack of secondary phases being observed in the
Raman analysis. In addition, the peak observed at 333 cm−1

related to C5 = 2.5 M was very weak and shied toward the le
compared to the others, which was due to the excess Cu
concentration in the sample. In fact, there are other factors that
could contribute to the peak shi, such as the phonons, non-
homogeneity of the size distribution, connement, strain
defects, and non-stoichiometry during lm preparation.32
3.3. Morphological and elemental characterization

The surface morphology and elemental composition of the
CZTS thin lms were investigated by scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDS). The SEM micrographs presented in Fig. 4 were
© 2023 The Author(s). Published by the Royal Society of Chemistry
clearly affected by the variation in copper molarity and revealed
that the surface of the lms formed a uniform and dense layer.
In contrast, sample C5 (Fig. 4E) presented cracks and voids,
indicating a degradation of the crystallinity of the lm. The
cross-sections for all ve samples indicated that the lm
thickness increased with the increase in copper concentration.
The thickness size was found as: 1.67, 1.89, 2.12, 2.18, and 3.78
mm for the 0.5, 1, 1.5, 2, and 2.5M prepared lms, respectively. A
clear interface with no voids or cavities between the substrate
and the lm were observed, indicating the growth of a uniform
and continuous layer. Higher copper concentrations tended to
promote greater grain growth, resulting in an increase in the
RSC Adv., 2023, 13, 27106–27115 | 27109
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Fig. 4 SEM images. (A), (B), (C), (D), and (E) surface morphology of the samples C1, C2, C3, C4, and C5 respectively, and cross-sections of C1, C2,
C3, C4, and C5, respectively, shown to visualize the thickness of the films prepared.
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grain size, as found in the XRD analysis, whereby the crystallite
size increased with the copper concentration. Fig. 4 demon-
strates that more agglomerated and grouped grains were
27110 | RSC Adv., 2023, 13, 27106–27115
essentially concentrated when the molarity of copper was
higher and reaching the concentration of 2 M; however, for the
C5 sample, the presence of voids or pores in the material was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 EDS results for the CZTS thin films for samples C1, C2, C3, C4,
and C5

% Atomic C1 C2 C3 C4 C5

Cu 6.37 8.80 10.55 15.91 14.84
Zn 13.09 9.58 9.27 7.88 6.37
Sn 10.89 12.72 10.08 8.88 5.20
S 32.85 31.63 24.47 18.60 6.11
Si 0.52 0.2 0.83 0.45 1.62
C 25.94 24.72 26.35 20.74 17.19
Cl 3.06 3.53 3.54 4.40 2.52
O 7.27 9.02 14.92 23.15 46.15
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noticeable, which could affect the electrical and optical prop-
erties of the absorbent layer. The increase in the lm thickness
might be due to the agglomeration of grains when the
concentration of copper was increased because of the high
surface energy.33 In addition, Jain et al. found that when the lm
was Cu rich, the distribution of grains was more uniform,
leading to a compact form with fewer cracks.35

The EDX results are listed in Table 3 and show that all the
samples contained the principal elements of CZTS (Cu, Zn, Sn,
and S) with different atomic compositions, which were similar
to the stoichiometric form. The presence of oxygen and silicon
was attributed to the composition of the glass substrate.
Fig. 5 Transmittance and reflectance spectra vs.wavelength for CZTS
thin films prepared at different copper concentrations for samples: C2,
C3, C4, and C5.
3.4. Optical properties

UV-visible spectroscopy was performed at room temperature to
characterize the optical transmittance (T) and reection (R) of
the CZTS thin lms with different copper concentrations in the
spectral range of 280–1000 nm, as shown in Fig. 5. As the Cu
concentration increased to 2 M, the samples exhibited lower
transmittance and reectance. Further, it is noteworthy that
both R and T kept the movement constant as the wavelength
increased, which was attributed to the good deposition of the
CZTS thin lms. The C3 and C4 samples presented the lowest
transmittance and reectance, which conrmed that these thin
lms absorbed the majority of the radiation, while C5 showed
the maximum transmittance and reectance.

The absorption coefficient a was determined from the
transmittance and reectance results for the CZTS lms ob-
tained with different copper concentrations using the following
relation:

a ¼ 1

d
ln

 
ð1� RÞ2

T

!
(4)

where d is the lm thickness estimated from the SEM image
(Fig. 4e). All the thin lms had absorption coefficients between
(104 to 105 cm−1), which shows an improvement in the quality of
the prepared absorber materials, and makes them suitable for
use as absorber layers in solar cell devices.

Absorbance is an important property of CZTS thin lms, as
they are considered absorber materials. Fig. 6 presents the
spectra of the ve samples, where it can be seen that their
absorbance decreased with increasing the wavelength; however,
© 2023 The Author(s). Published by the Royal Society of Chemistry
C3 presented the highest value of absorbance (2.68%),
Furthermore, thicker layers of CZTS tended to have a higher
absorbance due to the longer path length of the light through
the material, which was the case for sample C3, representing
the lm prepared with 1.5 M copper concentration. As the
thickness is related to the rpm, so this can also affect the
absorbance of the kesterite. Islam et al. found that the absor-
bance decreased with the rpm, and the optimum rpm was
found to be 2500 rpm for spin-coating kesterite.34

The band gap energy was calculated using the rst derivative
of the absorbance with respect to the energy (dA/dE), with the
maximum peak of the derived spectrum and the lower side of
the energy giving the band gap energy, as shown in Fig. 7. The
band gap values of the CZTS thin lms with different Cu
concentrations are presented in Table 4. We noted that the
band gap energy decreased with the increase in the crystalline
size D calculated from XRD until 1.5 M copper concentration.
Further, it has been clearly reported that the larger the grain
size, the smaller the band gap. This behavior can be explained
RSC Adv., 2023, 13, 27106–27115 | 27111
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Fig. 6 Absorbance spectra vs. wavelength for the CZTS thin films
prepared at different copper concentrations for samples: C2, C3, C4,
and C5.

Fig. 7 Variation of dA/dE versus E for the CZTS thin films prepared at
the copper concentration of 1.5 M for sample C3.

Table 4 Band gap energies of the samples C1, C2, C3, C4, C5 of CZTS
thin films

Samples Gap energy (eV)

C1 (0.5 M) 1.58
C2 (1 M) 1.5
C3 (1.5 M) 1.46
C4 (2 M) 1.53
C5 (2.5 M) 1.49

Table 5 Hall effect characteristics: Conductivity and resistivity of the
C1, C2, C3, C4 CZTS thin films

Samples Conductivity (U−1 cm−1) Resistivity (U cm)

C1 5.4 × 10−4 1.83 × 103

C2 3.14 × 10−4 1.62 × 103

C3 1.85 × 101 5.38 × 10−2

C4 4.73 2.11 × 10−1

C5 — —
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by the connement effect.36 Khare et al. showed there was an
increase in the optical band gap with a decrease in the crystal-
line size.37,39 All the samples were found to be near optimum for
27112 | RSC Adv., 2023, 13, 27106–27115
CZTS photovoltaic solar conversion in a single-band-gap device,
and they exhibited better optical properties for solar cell
applications.38–40 Note that the optical band gaps found in all
the samples were in the optimum range for photovoltaic
applications.
3.5. Electrical properties

The electrical characteristics of CZTS thin lms with different
copper concentrations were determined using the four-point
method. Table 5 lists the conductivities and resistivities of the
CZTS thin lms. It is noticeable that all the lms were p-type,
and on the verge of being suitable for heterojunction solar
cells with n-type layers. Besides, the copper concentration has
an effect on the electrical performance of the lms, and here C3
showed the maximum of conductivity (18.5 U−1 cm−1) corre-
sponding to a minimum of resistivity (5.38 × 10−2 U cm). The
resistivity values were compared with those obtained by Tanaka
et al. for CZTS thin lms obtained by a dip-coating method41

and by Daranfed et al. for CZTS thin lms synthesized by spray
pyrolysis.42 The obtained electrical resistivity values are suitable
for solar cell applications.43 Furthermore, the electrical prop-
erties of sample C5 have not been uploaded owing to the Cu-
rich conditions; these latter conditions make the lm disad-
vantageously critical, and full of dislocations, whereby the four
points were unreachable.
4. Simulation SCAPS-1D

Simulation is an essential tool for fully understanding the
performance of CZTS thin lm solar cells. In this study, a solar
cell capacitance simulator (SCAPS 1D) program was used. This
soware provides some descriptive factors of solar cells, such
as the open-circuit voltage Voc, short-circuit current density Jsc,
FF ll factor, and h efficiency. The ndings in this study give
great hope for CZTS thin lms as better candidates for the
absorber layer in a solar cell, especially sample C3 synthesized
with 1.5 M copper molarity. This sample showed great crys-
tallinity, optimum values for optical properties, and good
electrical conductivity. A solar cell was fabricated with the
structure shown in Fig. 8. This was composed of a p-type CZTS
absorber layer, n-buffer layer (ZnS), and n-type i:ZnO. Molyb-
denum (Mo) was inserted as a back-contact metal on a glass
substrate. Mahbub et al. found that a solar cell with a ZnS
buffer layer had the highest efficiency (efficiency = 26.82%, FF
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Solar cell structure using the C3 sample as the absorber layer.

Fig. 9 J–V characteristics of the CZTS thin films prepared with
a copper concentration of 1.5 M for sample C3.
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= 69.44%, Jsc = 53.312 mA cm−2, and Voc = 0.724 V) among
a range of considered buffer layers, such as CdS, In2S3, and
ZnSe.44 The physical parameters of CZTS, ZnS, and ZnO:I used
in the simulation46 are listed in Table 6. For sample C3, the
important input parameters used in the simulation were
adopted from the results obtained above. Note that all the
parameters were considered to be constant during the simu-
lation. The default illumination spectrum and operating
temperature were set to the global AM1.5 standard and 300 K,
respectively.

The SCAPS 1D results are shown in Fig. 9. The variation of
the simulation current versus the voltage of the sample C3
absorbent layer can be clearly seen. The important descriptive
parameters of SCAPS 1D, namely the Voc, Jsc, FF, and efficiency
h, are listed in Table 7.

A solar cell using ZnS as a buffer layer was reported with
excellent results, such as a high efficiency of 11.6%. In addition,
Table 6 Physical parameters used in the simulation

Material properties CZTS

Thickness [mm] 2.12a

Bandgap (Eg) [eV] 1.46a

Electron affinity c, [eV] 4.5
Dielectric permittivity 3, [cm3] 13.600
CB density of states [cm−3] 2.200 × 1018

VB density of states [cm−3] 1.800 × 1019

Electron mobility [cm2 V s−1] 1.000 × 102a

Hole mobility [cm2 V s−1] 4.433 × 101a

Donor density [cm−3] 1.000 × 1017a

Acceptor density [cm−3] 1.000 × 1018a

a Experimental data.

© 2023 The Author(s). Published by the Royal Society of Chemistry
ZnS is considered to be an earth-abundant and non-toxic
material, which is benecial for the nal solar cell. Some
researchers have used CdS as a buffer layer in the nal structure
of a CZTS solar cell, while this latter is not considered clean and
ecofriendly as CdS is a toxic layer, This variation in the buffer
layers could be due to the critical importance of the density of
the interfacial states, which increases with the increase in the
CdS layer thickness and results in a decrease in the solar cell
performance.45,47

To gain further insights into the device performance, the
external quantum efficiency (EQE) versus wavelength was
plotted, as shown in Fig. 10. The EQE is the ratio of the number
of charge carriers collected by the solar cell to the number of
incident photons received by that cell. The sample C3 showed
a signicantly high percentage of EQE (80.23%) in the wave-
length region from 400–900 nm. The curve shows absorption
behavior at a wavelength of 850 nm. This result matched well
CdS34,36,37 ZnS34,36,37 i-ZnO34,36,37

0.050 0.050 0.200
2.400 2.700 3.350
4.000 4.300 4.350
10.000 10.000 9.000
2.200 × 1018 2.200 × 1018 2.200 × 1018

1.800 × 1018 1.800 × 1018 1.800 × 1018

2.500 × 101 1.000 × 102 2.500 × 101

1.000 × 102 2.500 × 101 1.000 × 102

1.000 × 1018 1.000 × 1017 1.000 × 1018

0.000 × 100 0.000 × 100 0.000 × 100
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Table 7 Simulation SCAPS-1D results: Efficiency h, Vco open-circuit
voltage, Jsc short-circuit current density, and FF fill factor of a CZTS
solar cell made with sample C3

Sample H (%) FF (%) Vco (V) Jsc (mA cm−2)

C3 11.6 76.31 0.977 15.5

Fig. 10 EQE versus the wavelength for sample C3.
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with the band gap of the sample calculated from the optical
properties.

Fig. 11 presents the Band diagram of the Mo/CZTS/ZnS/
ZnO:S cell using C3 as an absorber layer. The band alignment
and the spike-like conduction make the transition of the elec-
trons from the p-CZTS absorber layer to the buffer layer happen
smoothly, thereby improving the open-circuit voltage (Voc) and
the ll factor, and thus the performance of the solar cell.

These results are in good agreement with those in the liter-
ature.48,49 Sample C3 provided an optimized, promising, and
good efficiency. Therefore, this sample has good potential for
use as an absorbent layer.
Fig. 11 Band diagram of the Mo/CZTS/ZnS/ZnO:S cell.

27114 | RSC Adv., 2023, 13, 27106–27115
5. Conclusions

CZTS thin lms were deposited on simple soda lime glass
substrates by spin-coating using the sol–gel method without
using any hazardous materials or environment (such as sulfu-
rization or selenization). The effects of the copper molarity on
the structural, morphological, elemental composition, optical,
and electrical properties of the CZTS thin lms were investi-
gated. The XRD results revealed a polycrystalline structure, and
the highest peak was along the (112) plane, corresponding to
the kesterite phase of the CZTS thin lms. Raman spectra were
used to conrm the phase purity and prove the existence of the
CZTS kesterite structure. The SEM image of sample C3 indi-
cated a homogenous and uniform surface morphology with
a thickness size of 2.12 mm. The optical band gap energy values
were found to be optimum for use as absorber layers. The
observed characteristics and results obtained in this study
support the use of spin-coated CZTS lms as absorber layers in
thin lm solar cells. SCAPS-1D was used for the numerical
simulation of the CZTS solar cell by exploiting the data from the
experimental work. The highest efficiency of 11.6% was ach-
ieved using SCAPS with ZnS as a buffer layer.
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