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Abstract. This research reports the deposition of fluorine-doped tin oxide (FTO) thin films,
which were used as conducting electrodes for the deposition of Cu,CoSnS, (CCTS) thin
films, with an indigenously designed spray pyrolysis setup. Both FTO and CCTS thin films
have been deposited using the chemical spray pyrolysis method. The CCTS thin films were
deposited with a constant quantity of the precursor solution of 80 ml. The deposition
temperature was 350 °C for CCTS thin films, and the ratio of cations to anions was 1:7 in
the precursor solution. The deposited CCTS thin films were studied using X-ray diffraction,
scanning electron microscopy, and Raman spectroscopy. Additionally, the photoactivity
study was carried out. It was obtained that the efficiency of photoelectrochemical solar cells
fabricated with a thiourea concentration of 1:7 for cations is 2.33%.
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1. Introduction

Photovoltaic (PV) cells are solar cells that directly
convert sunlight into electricity and offer a clean and
renewable source of energy. PV cells are typically
constructed of semiconductor materials, namely silicon,
to absorb photons and form electron-hole pairs. When
light is incident, electrons are excited to higher energy
levels, which produces an electric field inducing current
flow [1]. PV cells can be constructed from various
materials and processes and are continuously researched
to enhance efficiency and reduce production costs. Thin-
film solar cells employ transparent conductive oxide
(TCO) layers, namely fluorine-doped tin oxide (FTO),
that are optically transparent but facilitate the transport of
charge carriers. Among the numerous materials
considered for thin-film solar cells, the chalcogenide
Cu,ZnSnS, (CZTS) has been of tremendous interest as an
active layer. CZTS is a p-type semiconductor with a high
optical absorption coefficient (> 10* cm™) and an ideal
bandgap of approximately 1.5 ¢V [2]. However, its true
efficiency in practical applications is limited by a huge
open-circuit voltage (V,.) deficit relative to the
Shockley—Queisser limit [3, 4]. A number of studies have
attributed this efficiency limitation to Cu-Zn antistite
defects, which are regarded as the most significant for
further performance improvement [5]. To mitigate this
issue, scientists attempted partial or total substitution of

transition metals and formed compounds of the type
Cu,XSnS, (X = Co, Fe, Ni, Mn, etc.). These compounds
have already been found to possess new optoelectronic
properties and are under investigation for multifunctional
applications [6]. Specifically, Cu,CoSnS,; (CCTS) thin
films have been of special interest as potential absorber
layers for PV cells due to their high visible and near-
infrared absorption and direct bandgap of approximately
1.5eV. Different deposition techniques for nano-
structured CCTS thin films have been reported. Recent
studies have highlighted the fact that nanostructuring can
significantly improve the performance of CCTS by
enhancing light absorption, charge carrier behavior, and
interface quality.

High surface-to-volume ratio in nanostructured
materials enables the physical and chemical properties to
be controlled by shaping and sizing the particles.
Nanostructured materials can be created through various
physical and chemical processes. Additionally, the
deposition method also plays an important role in
controlling material performance, quality, and production
costs. Various techniques have been investigated for the
synthesis of CCTS thin films, including spray pyrolysis
[7, 8], electrodeposition [9-13], thermal evaporation
[14], green synthesis [15], spin coating [6], and sol-gel
processes [16]. Among the mentioned methods, chemical
spray pyrolysis (CSP) is a scale-up, low-cost, and repro-
ducible process with the added advantage of mass pro-
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duction of nanomaterials with fair reproducibility. CSP
has been employed successfully for depositing various
forms of nanopowders, 3D nanostructured films, and thin
films, which have been applied in solar cells, sensors,
energy storage devices, and bio applications [17-24].
TCO materials are of great interest in research due
to their exceptional optoelectronic properties. Thin film
solar cells (TFSCs) include TCO thin films to transmit
the light onto absorber layers and as electrode materials
to transport the charges away from the absorber layers.
FTO thin films play the role of TCO in our study. FTO
allows the incident light to pass through it towards the
light-absorbing material. Moreover, FTO thin films are
also beneficial for making the Ohmic contact with the
light-absorbing layers and transporting the charge
carriers. The deposited FTO thin films are utilized as
conducting electrodes to investigate the photoactive
nature of the CCTS absorber. CCTS is a p-type
semiconductor analogous to Cu,ZnSnS, with an optical
band gap between 1.46 and 1.61 eV. The direct band gap
reduces the amount of material needed for fabricating
efficient solar cells compared to other indirect band gap
materials, namely, the crystalline silicon [25]. In our
previous work [26], we explained the effect of substrate
temperature (250 °C to 400 °C) on the properties of
CCTS thin films prepared with a thiourea concentration
of 1:5 for cations. The CCTS films at 350 °C exhibited
1.78% efficiency in photoelectron-chemical (PEC) solar
cells. In this work, we are reporting the effect of thiourea
concentration on the properties of CCTS thin films. This
work aims at the utilization of an indigenously designed
chemical spray pyrolysis set-up to deposit FTO thin films
and CCTS thin films and the evaluation of their
structural, morphological, and optical properties.

2. Materials and methods

The spray setup used in this study consists of a DC motor-
driven nozzle assembly. The temperature controller
comprises an Arduino microcontroller with a MAX-6675
thermocouple for accurate temperature sensing and a
relay-controlled heater for automated regulation. A 16 X
2 LCD provides real-time monitoring of the temperature.

2.1. Experimental details
2.1.1. Deposition of FTO and CCTS thin films

For the preparation of FTO thin film, the precursors used
were SnCly-5H,0, and fluorine doping was achieved by
NH,F. The precursor solution for the deposition of FTO
thin film was prepared by mixing NH4F solution with
SnCl,-5H,0 solution. The final molarities of ‘Sn” and ‘F’
in the precursor solution were 0.47 M and 2.25M,
respectively. The pH of the resulting solution was equal
to 1. 60 ml of the precursor solution was sprayed with a
flow rate of 6 ml/min onto soda-lime glass substrates,
which were preheated to a temperature of 450 °C.

For the deposition of CCTS thin films, the sources
of copper, cobalt, tin, sulfur were 0.05 M CuCl, 2H,0,
0.025 M CoCl6H,0, 0.025 M SnCl,-5SH,0O and CH4N,S,
respectively. The ratio of cations (Cu+Co+Sn) and anions

(S) in the precursor solution was 1:7. The CCTS thin
films were deposited at a substrate temperature of
350 °C. The 80 ml of precursor solution with methanol as
a solvent was sprayed onto preheated substrates with a
flow rate of 5 ml/min. After deposition, the samples were
cooled naturally and investigated using various
techniques. The PEC cells based on CCTS thin films
with a thiourea concentration of 1:7 for cations provided
an efficiency of 2.33%.

2.1.2. Characterizations

The thickness measurements of the films were carried out
using a surface profiler (Ambios, XP-I stylus profiler,
USA). The FTO thin films sheet resistance is measured
with a digital multimeter (RISH Multi, 12 S, India).
X-ray diffractometer (Bruker D2 Phaser, USA) operated
at 40kV, 30 mA with CuK, radiation (A =1.5406 A)
was used to study the structural properties of the
deposited films. The surface morphology of the films
was investigated using a MIRA 3, FE-SEM microscope
equipped with an EDS detector (TESCAN, Czech
Republic). UV-visible absorbance spectra of the films
were recorded using a UV-visible spectrophotometer
(UV 1800, Shimadzu, Japan). The photoactivity of CCTS
films was investigated using the potentiostat
PGSTAT302N (Metrohm Autolab, Netherlands). The
PEC solar cell is fabricated with the structure: CCTS
(working electrode) / Na,SO, (electrolyte) / platinum
coated FTO (counter electrode). A 500 W tungsten lamp
with an intensity of 60 mW/cm® is utilized as a light
source for photoelectrochemical measurements.

3. Results and discussion

The thickness of the FTO film was found to be 530 nm.
The sheet resistance (R,) value of the FTO thin films
varies from 8 to 42 Ohm/square. The thickness of spray-
deposited CCTS films was found to be 383 nm.

Fig. 1a shows the XRD pattern of the FTO thin film
deposited at a substrate temperature of 450 °C.

The weak reflexes attributed to (110), (101), (211),
(310), and (301) planes are observed at 26.50°, 33.84°,
51.72°, 61.75°, and 65.70°, respectively. The strong
reflex attributed to the (200) plane is observed at a
diffraction angle of 37.95°. The spray-deposited FTO
thin film is polycrystalline and shows a preferred
orientation along the (200) plane. The XRD pattern
confirmed that the spray-deposited FTO thin film
exhibits a tetragonal structure compared to the standard
JCPDS card — 00-021-1250 of SnO, [27].

Fig. 1b shows the XRD pattern of CCTS films. The
strong reflex of (112) plane is observed at 28.64°. The
stannite structure of the films is confirmed by comparing
XRD patterns with the standard JCPDS Card no. 00-026-
0513 [28].

The crystallite sizes (D) of FTO and CCTS thin
films are calculated using Eq. (1) [29]
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Fig. 1. XRD patterns of (a) FTO thin film deposited at
a substrate temperature of 450 °C and (b) CCTS thin film.
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Fig. 2. Raman spectrum of CCTS thin film.

where k is the shape factor (usually taken as 0.9 for
spherical crystallites), A is the wavelength of the X-ray
used, B is the FWHM (full width at half maximum), and
0 is Bragg’s angle of diffraction. The crystallite sizes of
24.55, 14.63, 20.64, 17.90, 13.45, and 22.29 nm were
observed along (110), (101), (200), (211), (310), and
(301) reflexes. The average crystallite size for FTO thin
film is 18.91 nm. The crystallite size along (112) plane
for CCTS thin film is 16.81 nm. The structural
parameters of FTO and CCTS thin films obtained using
XRD data are represented in Table 1.

The comparison of FTO thin films in this work with
other research groups based on substrate temperature,

surface morphology, crystallite size/ grain size, and
preferential orientation is summarized in Table 2.

XRD patterns of secondary phases, namely Cu,SnS;
(CTS) and CCTS, show close resemblance, which limits
the discrimination of CTS and CCTS structures using
only X-ray diffraction data. Therefore, Raman analysis is
carried out to confirm the phase purity of spray-deposited
CCTS thin films. Fig. 2 shows a typical 200...450 cm™'
Raman spectrum of CCTS thin films deposited at 350 °C
for a 1:7 thiourea concentration. The most intense peak is
observed at 320 cm™', which can be assigned to the
symmetry mode A;. It is mainly due to vibrations of S
anions. The peak appearing at 350 cm ' in the Raman
spectrum of CCTS represents the existence of metal
polysulfide impurities of the types SnS, and CuCoS,
[35]. As no such intense peak is appearing in the Raman
spectrum of the spray-coated CCTS thin films, this
signifies phase purity of the deposited material.

Fig. 3a shows an FE-SEM image of an FTO thin
film deposited at a substrate temperature of 450 °C. One
can see that the surface of the film is covered by densely
packed grains, free from voids, and homogeneous.

The surface morphology of CCTS thin film is
shown in Fig. 3b. One can see a flake-like surface
morphology, which seems uniform and compact. The
EDS spectrum of CCTS thin film deposited at a substrate
temperature of 350 °C is shown in Fig. 4.
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Fig. 3. FE-SEM micrographs at x25,000 magnification of
Microscope (a) FTO film deposited at 450 °C (b) CCTS thin
film deposited at 350 °C.
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Fig. 4. EDS spectrum of CCTS thin film deposited at 350 °C.
The composition ratio of Cu:Co:Sn:S is 2.09:1:1.54:4.45,
whereas the ratio of S:(CutCo+Sn) is 0.96.
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Table 1. The structural parameters of FTO and CCTS thin films.

. Substrate .Ml.ller S'tanda.rd Qbserv.ed Calculated FWHM Crystallite
Material tempera- indices diffraction diffraction d(A) (rad) size D (nm)
ture (°C) (hkl) angle (20)° angle (20)°

(110) 26.57 26.5 3.36 0.0058 24.55

(101) 33.87 33.84 2.64 0.0099 14.63

(200) 37.95 37.95 2.36 0.0071 20.64

FTO 450

(211) 51.75 51.72 1.76 0.0086 17.90

(310) 61.89 61.75 1.50 0.012 13.45

(301) 65.96 65.7 1.42 0.0074 22.29

CCTS 350 (112) 28.56 28.64 3.11 0.008 16.81

Table 2. Comparison of FTO thin films in this work with other research groups based on substrate temperature, surface
morphology, crystallite size/ grain size, and preferential orientation.

Substrate Surface morpholo Crystallite size Preferential Crystal Ref
temperature (°C) P &Y /grain size (nm) orientation structure
350-500 Dense, compact, uniform ~190 (200) Tetragonal | [30]
grains
Fine-grained, compact, (200), varies
400-500 improved with doping S0-130 with doping Tetragonal [31]
Granular; roughness
~400 increases post.treatment 140 (110), (200) Tetragonal [32]
Rough, high haze for .
450-550 enhanced light scattering Not reported Not emphasized Tetragonal [33]
Columnar at high tempe-
300-550 rature; denser morphology 20-200 (200) Tetragonal [34]
at low temperature
450 Dense and compact 18.91 (200) Tetragonal This
P ' g work
Table 3. Comparison of CCTS and other quaternary semiconductors.
Material Deposition conditions Surface morphology | Optical properties Ref.
Potentiostatic electrodeposition
at —0.98 V vs. Ag/AgCl; Compact microsheet Band gap
Cu,NiSnS, (CNTS) aqueous solution with Cu*", morphology with ~1.6 eV; [36]
Ni**, Sn*', and $,0;,>; homogeneous texture suitable for PV
sulfurization at 500 °C
Electrodeposition at —0.9 V vs Dense and compact; Band gap
CuyFeSnS, (CFTS) Ag/AgCl; Fe** concentration morphology depends ~1.5¢eV; [37]
varied; sulfurization at 450 °C on ‘Fe’ content good for PV
Cu,CoSnS, (CCTS) . o additives improve ~1.5¢eV; [10]
annealing at 500 °C in sulfur . ..
crystallinity promising PV use
atmosphere
Cu,CoSnS, (CCTS) Spray pyrolysis Flake-like, dense 1.53 eV Pvrf(ffl?t
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Fig. 5. (a) Transmittance spectrum of FTO film deposited at
450 °C, (b) plot of (ahv)* vs photon energy (hv) of CCTS thin
film deposited at 350 °C.

Fig. 5a shows the transmittance of the FTO film
deposited at a substrate temperature of 450 °C. The
transmittance of FTO thin film is more than 75% within
the range 400...800 nm. Fig. 5b shows the plot of (a/v)’
vs photon energy (4v) of CCTS thin film deposited at
350 °C.

/ Incidentlight
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thin films

Pt coated FTO Sodium Sulfate

Kapton masking
tape

Fig. 6. Scheme of PEC solar cells fabricated with CCTS films.

The optical band gap of CCTS thin film (1.53 eV) is
obtained by extrapolating the linear portion of the plots
(0hv)* vs photon energy (hv) at o= 0. The comparison of
physical properties of CCTS and other quaternary
semiconductors reported by other research groups is
summarized in Table 3.

Fig. 6 shows the scheme of PEC solar cells
fabricated with CCTS films.

Fig. 7 shows the current density-voltage (J—F)
characteristic of the CCTS thin film-based PEC solar cell
under illumination.

The fill factor (FF) of the PEC solar cells and power
conversion efficiency (n %) are evaluated using Egs. (2)
and (3) [38—40]:

FF:%’ (2)
sc oc
n =T e om0, 3)

1243
where V. is the open circuit voltage, J;. — short-circuit
current density, Viax maximum voltage, Jp.x —
maximum current density, FF — fill factor, and P;, — input
power density of the incident light.

Table 4. The PEC performance parameters of CCTS thin film deposited at an optimized substrate temperature of 350 °C.

Material Joo (uA/cm?) V,.(mV)

Jinax (WA/cm’)

Vinax (mV) FF Efficiency (n)%

CCTS 29 151

82 0.32 233

Table 5. Comparison of the studied spray-deposited CCTS thin films with those reported by other research groups.

Synthesis temperature Solvent Surface morphology Energy bandgap (eV) Photoactivity study Ref.
o double-distilled 1.41-1.12 changing with

300°C water homogencous film thickness B [41]

(400 £10) °C aqueous solution irregular particle size 1.3-1.85 - [42]

200 °C, deposited films

were annealed in the L

sulfur atmosphere at deionized water granular and rough 1.72 - [43]

550 °C for 30 min

5 . granular, rough, and 1.75 for a substrate B
280-360°C distilled water compact temperature of 320°C [44]
. . PEC cell provided .

350 °C methanol flake-like, uniform, 1.53 2.33% power con- This

and compact . . work
version efficiency
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Fig. 7. The current density-voltage (J—F) characteristic of the
CCTS thin film.

Table 4 summarizes the PEC performance
parameters of CCTS thin film deposited at an optimized
substrate temperature of 350 °C. The PEC solar cell
exhibits a power conversion efficiency of 2.33%.

The comparison of spray-coated CCTS thin films
from this work with those reported by other research
groups, concerning substrate temperature, surface
morphology, optical energy bandgap, and photoactivity,
is summarized in Table 5.

4. Conclusions

The XRD study of FTO thin films deposited by CSP
confirmed their tetragonal structure. The optical study
revealed that they exhibit transmittance higher than 75%
within the range 400...800 nm. The sheet resistance of
the studied FTO films ranges from 8 to 42 Ohmy/square.
These FTO thin films have been utilized as conducting
electrodes for depositing CCTS thin films. The XRD
study of CCTS thin films fabricated with a 1:7 thiourea
concentration provided a tetragonal crystal structure with
preferred orientation along the (112) plane. The study of
surface morphology revealed a compact flake-like
morphology. The EDS analysis revealed the presence of
Cu, Co, Sn, and S as the constituent elements in the
deposited films. Among the tested conditions, the film
synthesized at 350 °C with methanol as the solvent
showed the best performance, exhibiting a uniform,
flake-like morphology, a moderate bandgap (1.53 eV),
and a notable power conversion efficiency of 2.33% for
the PEC solar cells fabricated with CCTS thin films with
a 1:7 thiourea concentration. In contrast, films made with
aqueous solvents at other temperatures had rougher
morphologies,  inconsistent  bandgap, and no
photoactivity. These findings emphasize the importance
of solvent selection and synthesis temperature in
optimizing CCTS films for photovoltaic applications.

The present investigation offers a cost-effective
approach to the fabrication of TFSCs.
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HocainxenHs ¢ortoenexkTpoximMiunoi aii ToHkux miiBok Cu,CoSnS,, HaHeceHNX po3nujeHHsAM Ha miakaaaky FTO

P.S. Maldar, S.N. Pusawale, A.S. Tambat

AHoTauig. Y mpoMy IOCHIIKEHHI MPEACTAaBICHO pPE3yNbTaTH OCAIKEHHS TOHKUX IUTIBOK OKCHAY OJIOBA, JIETOBAHOTO
¢dropom (FTO), siki BUKOPUCTOBYBAIHCS SK MPOBITHI €NEKTPOAX M ocakeHHs ToHKHX miiBok Cu,CoSnS, (CCTS), 3a
JIOTIOMOT'OI0 BJIACHO PO3pO0JICHOT ycTaHOBKH crpeii-miponizy. Tonki miiBku FTO ta CCTS Oymm ocamkeHi METoaoM
XiMigHOTO iponizHoro posmwieHHs. Torki riiBku CCTS ocaukyBaHcs 31 CTANOK0 KUTBKICTIO pO3YHHY-TIpeKypcopa 80 Mt
NUISIXOM 3MiHM KOHIICHTpalii TIOCEYOBMHM BITHOCHO KaTiOHIB y cmiBBimHomieHHi 1:7. TemmepaTypa ocakeHHs Oyia
BcTaHoBleHa Ha piBHI 350 °C i Tonkux miiBok CCTS, a CIiBBIIHOIICHHS KaTIOHIB 10 aHIOHIB y PO3YMHI-IPEKypcopi
cranoBwio 1:7. Otpumani ToHki Bk CCTS gocnipkeHO MeTolaMHu PEHTTeHIBChKOT MU paKilii, CKaHYIYO0l eIeKTPOHHOT
MIKPOCKOIIii Ta paMaHiBChbKOI CLIEKTpOCKoMiil. BctaHOBIICHO, 1110 €PeKTUBHICTH (DOTOETEKTPOXIMIYHUX COHSIYHUX €JIEMEHTIB,
BHUTI'OTOBJICHUX 3 KOHIICHTPAIII€0 TIOCEYOBUHU 1:7 BIIHOCHO KaTiOHIB, CTAHOBUTH 2,33%.

Kunrouosi cnoBa: Torki miiBku FTO, Torki miiBku Cu,CoSnS,, miponizHe po3MIIeHHS, (JOTOCIEKTPOXIMITHHI €IeMEHT.
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