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Abstract. Indonesia is located in the Ring of Fire, which produces abundant mineral resources suitable
for research on solar cell materials. CZTS thin-film solar cells are believed to compete with silicon solar
cells due to their material abundance and performance. This research first reports the solar cell structure
ITO/Ti02/Cu2ZnSn(S,Se)’HTM/Pt, using elemental Cu, Zn, Sn, and S precursors for the
Cu2ZnSn(8S,Se), absorber layer. The Mo-free CZTS was fabricated using the solution-process method.
The analysis of crystallinity, morphology, optics, and electronics of solar cells will be further
investigated. (1) The result shows that kesterite crystals have been successfully synthesized based on
Cu-poor Cu/(Zn + Sn) = 0.86 and Zn-rich Zn/Sn = 1.25. (2) The crystallinity analysis indicates that the
sample had 17.40-31.97% crystallinity. CZTSSe N has the lowest secondary-phase percentage, at
16.2%. (3) The morphological crystal analysis proves that the addition of Se atoms to CZTS L and
CZTS N has reduced the grain size from 195.9 to 98.1 nm and 32.8 to 10.7 nm, respectively. (4) The
optical analysis shows that the Se atom addition contributes to the absorbance peak redshift and a
bandgap decrease of 0.08-0.28 eV. (5) The electronic analysis indicates that the synthesized CZTSSe
N is closest to the non-stoichiometric Cuz.1Zn;.25SnS2Se; reference, having the slightest error of 16.0%.
CZTSSe N exhibits the smallest bandgap of 1.16 eV, contributing to the highest LHE value of 88.12%
and the highest efficiency of 0.166%. Interestingly, the local material-based CZTSSe L efficiency is
92%, close to that of CZTSSe N.
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1. Introduction

The B.P. Statistical Review of World Energy in 2019 stated that 85% of the world's current energy
needs, totaling 159.200 TWh, come from fossil fuels such as natural gas, coal, and petroleum [1]. Data
from the Central Bureau of National Statistics in 2015 revealed that coal accounted for 61.6% of the
total energy generated, 161.798 GW, in 2011 — 2015 [2]. This dependence on non-renewable fossil
energy continues due to energy needs and is unlikely to impact the depletion of these energy sources
[3]. In 2018, it was estimated that the potential for fossil energy from petroleum was around 57 x 10%!
J, with consumption of 18 x 10" J per year [4, 5]. Therefore, it is estimated that it will run out in 316
years. At the same time, the potential for coal-based fossil energy is around 909 billion tons, with
consumption increasing by 5% per year. Thus, it is estimated that this energy will last only 155 years
[6]. Moreover, environmental and global warming problems arising from CO, emissions from fossil
fuels worsen the conditions that occur [7]. Therefore, the increasing demand for energy in recent years



and the need to protect the earth from global warming and environmental pollution have heightened
enthusiasm for realizing environmentally friendly renewable energy that can meet energy needs.

Solar energy is one of the promising renewable energy sources for the future that could replace fossil
fuels [8]. Moreover, converting solar energy through solar cells produces no environmental pollution
[3]. The energy transmitted by the sun to the Earth annually is about 5.6 X 10** joules, equivalent to
10.000 times the world's current energy consumption [9, 10]. As a tropical country, Indonesia has
sources of solar energy of up to 4.8 kWh/m?/day with an area of about 2 million km? or about 112.000
GWp5 [11]. Based on Presidential Regulation No. 5 0f 2006, Indonesia plans to optimize the management
of solar energy sources by 5% of the total solar energy demand in 2025 [12]. However, Indonesia's
basic solar cell fabrication still heavily relies on supplies from developed countries. Therefore, research
into developing solar cells is critical to supporting the independence of Indonesia's solar cell industry.

Solar cells are devices that directly convert solar energy into electrical energy. [13]. Solar cells are made
of p-type and n-type semiconductor materials that are connected, allowing charge carriers to diffuse
and form a depletion region. [14-16]. Sunlight illuminating solar cells will form electron-hole pairs,
which are then separated by an internal electric field in the depletion area. Thus, an electric current is
generated [17-19]. This event is called the photoelectric effect, in which there are two types of photons
in the broad spectrum of sunlight: photons with energy below the bandgap of solar cell absorbers and
photons with energy above it. Photons with less energy will not be absorbed, while photons with greater
energy will be absorbed partly into electrical energy and partially into heat energy. Thus, the solar cell
absorber absorbs about 45% of the energy from the sunlight spectrum with a bandgap of 1.1 — 1.4 eV
[20-22].

Solar cells could be classified into three classes based on their origin. [23]. First, solar cells are made
from Si (homojunction and heterojunction), GaAs, and GalnP, which have a very high S-Q efficiency
(>75%) [24-26]. Second, multi-crystalline and polycrystalline solar cells with high S-Q efficiency (50-
75%), for example, Si, CulnGa(Se,S), ("CIGS"), CdTe, methylammonium lead halide perovskite
[CH3NH;Pd (I,CLBr)s3], and InP [16, 27-32]. Third, microcrystalline or nanocrystalline and amorphous
solar cells with low S-Q efficiency (<50%), such as Si, Cu,ZnSn(Se,S)s (CZTS), dye-sensitized TiO,,
organic materials, polymers, and quantum dot materials [10, 18, 19, 33-46]. Research on solar cells
made from CZTS as an absorber layer (p-type) has recently become widely discussed [18, 35, 37].
Various studies have been carried out to improve the performance of these solar cells so that they can
reach >20% [47]. Compared to previous generations of thin-film solar cells such as CdTe, GaAs, and
CIGSe, CZTS-based thin-film solar cells have the advantage of being abundantly available with
nontoxic elements [36, 48, 49].

CZTS material is highly suitable for use as an absorbent layer in thin-film solar cells because it closely
resembles CIGS [50]. CZTS is a quaternary semiconductor whose atoms are bonded to form a crystal
arrangement of the kesterite or stannite type [51]. Both crystal structures are tetragonal, like CIGS
chalcopyrite, but are distinguished by the opposite positions of the Cu and Zn atoms [52]. CZTS-based
material is also a p-type semiconductor with a direct band gap (1.0 — 1.5 eV) with an absorption
coefficient of 10* — 10° cm™ [53]. CZTS also has a high hole density of approximately 10'® cm™ [54].
Empirically, the composition of the CZTS constituent atoms is generally organized into non-
stoichiometric states, Cu-poor and Zn-Rich (fewer Cu atoms than Zn), to produce high efficiency [55-
57]. The current world record for the efficiency of CZTS-based thin-film solar cells is 12.6%, achieved
through solution-process-based fabrication with CZTS deposition using a spin coater [58]. However,
various phenomena that occur in both bulk CZTS and its interfaces, such as recombination and
secondary phases, cause the efficiency of CZTS solar cells to remain, in practice, lower than that of
CIGS-based solar cells. In addition, the use of molybdenum material (IDR 500.000/piece), which is
relatively difficult to find, makes this research necessary to be done to find more effortless sources of
material with conductivity capabilities that are almost equivalent to molybdenum, such as Indium Tin
Oxide (ITO) (IDR 30.000/piece). The vacuum fabrication and sulfurization process of CZTS, which
requires a 3-zone furnace, makes non-vacuum solution-based CZTS fabrication difficult, given the
difficulty of achieving a good p-n junction separation that produces the expected open-circuit voltage.



This research contributed to the development of a p-n junction structure in CZTS with a Molybdenum-
Free conductive layer via non-vacuum fabrication.

Indonesia has the potential of abundant metal mineral wealth to support the development of the solar
cell industry (especially in West Java), such as 10.3 tons of gold (Au), 28.44 tons of silver (Ag), 221.2-
kilo tons of Zinc (Zn), 14.4-kilo tons of copper (Cu), 60-kilo tons of tin (Sn), 2.7 million tons of
Titanium (Ti) [59, 60]. To support Law No. 4 of 2009 in place of Law No. 11 of 1967 as an effort to
develop third-generation solar cells [61]. Thin-film solar cells based on CZTS are believed to have the
potential to become the future solar cells that can replace conventional silicon-based solar cells. The
availability of abundant materials for CZTS, which can reduce dependence on rare materials such as In,
Ga, and As, and on toxic materials such as CdTe, is an important reason to pursue continuous
development. Therefore, intensive research is needed to increase its efficiency to> 20% so it can be
commercialized. The research utilized local materials Cu, Zn, Sn, and S as the main precursors for
CuzZnSnS4 and Cu,ZnSn(Se,S), absorber layers. These two materials were chosen because the CZTS
and CZTSSe have a band gap of about 1.0-1.5 eV. Thus, the research results can inform the development
of independent and competitive techniques for depositing Mo-free CZTS via a solution-process method
on TiO»/ITO films. Considering that the TiO»/ITO layer has been analyzed comprehensively in several
previous studies [38, 41, 43, 62, 63]The use of toxic material Cadmium (CdS) as a standard n-type
buffer layer in the CZTS cell structure will be replaced with Hole-Transport-Material, which has been
optimized in previous studies [39]. Therefore, the novelty of this research is the use of locally sourced,
element-based Mo-free CZTS with a buffer layer of a Cd-free hole-transport material, forming a
complete structure of ITO/Ti0,/Cu2ZnSn(S, Se),/HTM/Pt. Optical and electronic characterization will
be performed to analyze the performance of Cu,ZnSn(S, Se), solar cells. The percentages of
Cu2ZnSnS4 and Cu2ZnSnSe4 crystals in the absorber layer were also analyzed using the reference
intensity ratio (RiR) method.

2. Experiment Method
2.1. Materials

This research method is divided into two stages: cell fabrication and characterization. The experiment
used local element material precursor powders: Cu, Zn, Sn, and S 99.9% as test parameters, as shown
in Fig 1. Precursors of Cu(CH3C02)2‘H20, ZH(CH3C02)2‘2H20, SnCl,- 2H20, SC(NHz)z, and Se from
Merck were used as standard materials as tabulated in Table 1. Indium Tin Oxide (ITO—sheet resistance
6 Q/sq) conductive transparent film, TiO, nanomaterial, I/I3” based hole transport material containing
lodine/Lithium iodide/1-butyl-3-methylimidazolium-iodide/4-tert-butyl-
pyridine/Acetonitrile/Polyethylene-oxide, counter electrode Pt Platinum used as the control parameter.

Figure 1. Local Element Powder Materials (Cu, Zn, Sn, and S — from left to right)

Table 1. Sample composition for CZTS synthesis

No CZTS L CZTS N Molarity (mmol)
1 Cu Cu(CH3CO»), - H,O 15,3
2 /n ZI’I(CH3C02)2 . 2H20 10
3 Sn SnCl, - 2H,0 8
4 S SC(NH2): 32




No CZTS L CZTS N Molarity (mmol)

No CZTSSe L CZTSSe N Molarity (mmol)
1 Cu Cu(CH3C02)2 ‘H,O 15,3
2 /n Zn(CH3C02)2'2H20 10
3 Sn SnCl, - 2H,O 8
4 S SC(NH-): 16
5 Se Se 16

This study used four samples, namely CZTS L, CZTS N, CZTSSe L, and CZTSSe N, as shown in Table
1. First, the CZTS absorber solution was made with the four samples. Second, it was fabricated using
the sol-gel method. Third, a standard TiO» paste and an I-/I3- electrolyte were prepared. Fourth, the
samples were deposited using a spin-coating technique. Then, the sample was sandwiched between the
working electrode TiO./Cu,ZnSn(S, Se), and the reverse electrode Pt by inserting it between the
transport holes of the solid electrolyte-based material I and I5".

2.2. Kesterite Absorber Layer Synthesis

The fabrication of kesterite absorber layers began with the preparation of tools and materials, as shown
in Table S1. The synthesis was performed by dissolving all the ingredients in 2-methoxyethanol, then
heating at 50 °C for 2 hours. Afterward, the solution was left for 12 hours and filtered. A few drops of
trimethylamine (TMA) and monoethylamine (MEA) were added to the CZTS precursor solution. The
absorber layer was deposited on an ITO glass substrate by spin-coating and preheated at 170 °C for 2
minutes. Spin coating and preheating were repeated to gain the expected thickness. Next, the sample
was heated at 500 °C for 30 minutes at a heating rate of 2 °C/minute, then cooled to room temperature.

2.3. Standard TiO; Synthesis

The fabrication of TiO; films was carried out utilizing a sol-gel approach. Initially, the base solvent was
prepared by combining equal volumes (30 mL each) of water and acetic acid, which was then agitated
at 600 rpm for 5 minutes. To inhibit particle agglomeration, 1.5 g of polyethylene glycol (PEG, MW =
20,000) alongside 5 g of P25 TiO; powder were introduced into the mixture, followed by continuous
stirring at 600 rpm for 3 hours. Subsequently, a few drops of Triton-X100 were incorporated, and
hydrochloric acid was gradually added to adjust the acidity to pH 1.0. This acidification is a crucial step
to stabilize the nanoparticles and promote anatase phase crystallization. The suspension was then heated
to a steady 80 °C under constant 600 rpm stirring, followed by a 3-hour ultrasonication treatment to
produce a highly homogeneous TiO» paste. For the deposition phase, the resulting paste was spin-coated
at 4000 rpm for 30 seconds onto Indium Tin Oxide (ITO) glass substrates (dimensions: 2 x 2.5 cm?,
active frame: 0.5 x 0.5 cm?). This coating cycle was repeated until ted a target thickness of 10.58 um.
Ultimately, the samples underwent a sequential, three-stage annealing process at a heating rate of 2
°C/min: 125 °C for 15 minutes, 325 °C for 15 minutes, and concluding at 450 °C for 30 minutes [9,10].

2.4. Hole Transport Material Preparation

To formulate the liquid electrolyte, 0.1 M lithium iodide (Lil) and 0.05 M iodine (1) were first dissolved
in 100 mL of acetonitrile. This initial mixture was agitated at 300 rpm for 5 minutes to ensure complete
homogeneity. Subsequently, 0.6 M 1-butyl-3-methylimidazolium iodide (BMII) and 0.5 M 4-tert-
butylpyridine (TBP) were incorporated into the solution, which was then subjected to continuous
mechanical stirring overnight [9,10]. The resulting [/Is~ redox electrolyte was transferred to an amber
glass vial and stored at ambient room temperature before its application.

2.5. Preparing TiOy/'Cu>ZnSn(S,Se);Solar Cells

First, the synthesized standard TiO, was deposited onto the ITO glass and heated in three steps, as
mentioned in the previous standard TiO» synthesis. Second, a CZTS absorber layer was added and



heated at 500°C for 30 minutes. Next, the quasi-solid-state electrolyte was added to the TiO,/CZTS
film. Then, the TiO,/CZTS film layer was covered with Pt/ITO glass 2 X 2.5 cm?inssize.

2.6. Materials Characterizations

Characterizing the crystal structure using X-ray diffraction (XRD) was intended to determine the crystal
phase formed in the CZTS absorber layer and the number of phases present. A Bruker Advanced D8
instrument assisted the characterization with Cu-Ko excitation. Based on the diffraction pattern
obtained, the XRD characterization results were processed using Match! Phase Analysis used Powder
Diffraction 3.3 to determine the percentage of each phase formed in both the kesterite and secondary
phases using the reference intensity ratio (RiR) method.

Microstructural analysis by Scanning Electron Microscope (SEM) was conducted to examine the
absorber layer and the cross-section of the CZTS solar cell. The SEM test equipment is the HitachiTM
SU-3500. UV-Vis spectroscopy is used to characterize the optical properties of the CZTS absorber
layer. This characterization could determine the optical properties (Absorption, Transmittance) and the
Bandgap (Eg). The UV-Vis spectrometer was equipped with a computer for data analysis.
Characterization of UV-Vis spectra was performed using a UV-Vis Spectrophotometer 1600PC. The J-
V characteristics of solar cells were needed to find out the photocurrent density (Ji.), the open circuit
voltage (Voo), the fill factor (FF), and the efficiency (1) of the solar cells using a 200W LED Solar
Simulator Lamp filtered with AM 1.5 100 mW/cm?. An ADCMT6342 digital multimeter recorded
current and voltage.

3. Results and Discussion
3.1. Solar Cell Fabrication Analysis

Synthesis of CZTS precursors used the solution-process method, with precursors as previously
described in Table 1. In addition, the non-stoichiometric CZTS absorber layer synthesis based on Cu-
poor Cu/(Zn+Sn) = 0.86 and Zn-rich Zn/Sn = 1.25 was used as the basis for calculating the precursor
ratio [64-66]. Figure 2 shows the synthesis results of CZTS L and CZTSSe L made from local element
materials and CZTS N and CZTSSe N made from standard materials.
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Figure 2. Synthesized local and standard CZTS precursors

The synthesized solutions of CZTS and CZTSSe made locally are orange, whereas those made from
standard sources are light blue and dark blue-black. The results of synthesized CZTS and CZTSSe on
the TiO»/ITO films are shown in Figure 3. TiO2/Cu,ZnSn(S, Se) solar cells were fabricated by adding
material transport holes and covered with Pt/ITO reverse electrodes, as illustrated in Figure 4.
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Figure 3. CZTS N, CZTS L, CZTSSe N, and CZTSSe L thin films (left to right)
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Figure 4. CZTS solar cell design (top) and TiO»/Cu,ZnSn(S,Se), solar cell fabrication (bottom)

3.2 Crystallinity Analysis

The crystal structures of the samples were characterized by X-ray Diffraction (XRD), as presented in
Figure 5. XRD characterization was carried out to analyze the structure of Cu2ZnSn(S, Se). formed
after calcination, secondary phase, crystallinity, non-stoichiometric ratios of Cu/Zn+Sn, Zn/Sn, and
S/Se post-synthesis, as well as grain size based on full-width at half maximum (FWHM) data of the
kesterite diffraction peak. In addition, x-ray diffraction pattern analysis of the film semiconductors was
conducted using the reference intensity ratio (RiR) method with Match!. Phase Analysis using Powder
Diffraction software version 3.3. The results of the analysis are also presented in Figure 6.
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Figure 5. X-ray diffraction patterns of CZTS-L, CZTS-N, CZTSSe-L, and CZTSSe-N kesterite
semiconductors

Based on XRD analysis, the secondary phases observed were Cu,S, Cu,Se, CuxSnS3, Cu,SnSes, ZnS,
ZnSe, SnS, SnSe, SnS,, SnSe,. The secondary phase was observed by comparing the reference
diffraction pattern taken from each secondary Phase's Crystallography Open Database (COD). Table
S2 describes the reference standards used for crystal analysis. TiO,/Cu,ZnSn(S, Se), solar cells were
fabricated by adding material transport holes and covered with Pt/ITO reverse electrodes, as illustrated
in Figure 4.3. Crystal analysis employed the reference intensity ratio (RiR) method, which uses a COD



reference to analyze secondary phases formed in the absorber layer. The graph in Figure 6 shows the
peaks corresponding to the secondary phases formed in the absorber layer.
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Fiéufe 6. X-ray diffraction pattern analysis 6f CZTS-L, CZTS-N, CZTSSe-L, and CZTSSe-N
semiconductors using the reference intensity ratio (RiR) method

Table 2. Kesterite crystals analysis by the reference intensity ratio (RiR) method

Sample Elementary Ratio  Crystallinity (%) Secondary Phase (%) Amorphous (%)
CZTS L Cui8ZnSn; 3Ss 25.31 23.54 74.69
CZTS N Cuz.4ZnSn3 1Se9 21.99 20.16 78.01
CZTSSe L CuZnSn; 3S19Se1.4 31.97 29.32 68.03
CZTSSe N Cuo,sann1,4sl,6Sel_4 17.40 16.20 82.60
Reference Cuz.1Zn; 255nS,Se; 100.00 0.00 0.00

Table 2 revealed that all the samples made have crystallinities between 17.40 and 31.97%. CZTSSe L
produced the best crystallinity of 31.97%, while CZTSSe N produced the lowest crystallinity of 17.40%.
This result occurs because the CZTS crystals, which should have formed in the kesterite phase, did not
fully form. Based on previous studies, higher-concentration CZTS structures can be obtained by
sulfurization in an N> + H»S gas atmosphere, resulting in higher, sharper diffraction peaks compared to
the room atmosphere. [67]. Based on this result, the 68.0-82.6% amorphous content in the absorber
layer observed in this experiment was due to the lack of H»S sulfurization. Therefore, the absorber layer
results in a more amorphous formation than crystals. It can also be seen that the peaks in the sample are
not as sharp as those in the reference.



Table 3. The percentage of kesterite crystals in the absorber layer was analyzed based on the reference
intensity ratio (RiR) method

Sample CuzZnSnS4 (%) CuZnSnSes (%) Cu/Zn+Sn  Zn/Sn S/Se % error
CZTSL 1.75 - 0.55 0.43 - 66.0
CZTS N 1.80 - 0.84 0.32 - 74.3
CZTSSe L 0.86 1.82 0.44 0.77 1.37 37.8
CZTSSe N 0.61 0.57 0.20 0.74 1.15 16.0
Reference 50.00 50.00 0.85 1.25 1 0

The results indicated that the CZTSSe N elemental ratio has a minor error and is closest to the expected
non-stoichiometric reference ratio, with a standard error of 16.0%, as shown in Table 3. In addition,
CZTSSe N has the lowest secondary phase percentage (16.2%) among the samples. On the other hand,
the presence of selenium atoms in CZTS crystals can bind Cu,ZnSn atoms better than sulfur atoms.
Consequently, they have a minor error (16.0-37.8%) than the CZTS structure (66.0-74.3%).

Table 4. Analysis of the secondary phase of the formation of kesterite crystals
Cu;S CuzSe CuxSnS; CuSnSe; ZnS ZnSe SnS SnSe SnS:; SnSe;

Sample

(%) () (%) () () (%) (%) (%) (%) (%)
CZTSL 225 - 5.87 - 349 - 1023 - 170 -
CZTSN 928 - 3.61 - 205 - 312 - 211 -
CZTSSe L 1.02 096  4.54 2.88 329 454 460 432 1.57 1.60
CZTSSe N 026 035  0.85 073 171 3.17 351 339 099 1.24

Table 4 presents the secondary-phase analysis of Cu,S, Cu,Se, CuxSnSs3, CuxSnSes, ZnS, ZnSe, SnS,
SnSe, SnS,, and SnSe; in the absorber layer. First, the mass percentage of each secondary Phase formed
in the absorber layer was determined using the reference intensity ratio (RIR) method. Next, the
percentage of secondary-phase crystals was analyzed by comparing the mass percentage with the
relative molecular mass and the total crystallinity in the absorber film. Based on the analysis, it was
known that CZTS produces a secondary phase of Cux(S/Se), which is more dominant than CZTSSe.
The results indicated that Se atoms could bind Cu more strongly, producing a kesterite structure with
higher crystallinity than S atoms. The higher Cu elemental ratio values also reinforced this in CZTS
compared to CZTSSe, as shown in Table 3. Consequently, CZTS produces a lower fill factor (46.3-
49.0%) than CZTSSe (49.8-50.5), as presented in Table 9.

Table 9. Solar cells performance

Eg Eg‘Voc LHE z]s(_' Voc FF n

Devices (eV) V) (%)  (mA.cm?) (\%) (%) (%)

TiO,/CZTS L/HTM/Pt 3.26/1.54 1.24 80.42 0.972 0300 463 0.135
TiO,/CZTS N/HTM/Pt 3.26/1.44 1.05 87.64 0.806 0.390 490 0.154
TiO»/CZTSSe L/IHTM/Pt  3.26/1.46 1.12 84.49 0.901 0.340 49.8 0.153
TiO/CZTSSe N/HTM/Pt  3.26/1.16 0.74 88.12 0.782 0420 505 0.166
TiO,/HTM/Pt 3.26 2.88 16.44 0.560 0.380 47.7 0.102

Local element materials produced higher Cu,Sn(S/Se); and Sn(S/Se) secondary phases than standard
materials. This finding is due to the absence of dissolved Zn atoms during synthesis, which made it
easier for Cu-Zn-S/Se to form a secondary phase. In subsequent studies, the order of powder mixing
and several parameters, such as reaction temperature and the length of the synthesis process, need to be
re-examined to improve the synthesis results and reduce the secondary Phase. [68, 69]. This data was
supported by the invisible absorption peak at 705-713 nm in the local kesterite material, as observed in
the standard kesterite material. Consequently, local materials in solution and crystalline states after
deposition on TiO; resulted in lower light-harvesting efficiency values (80.42-84.49%) than standard
materials (87.64-88.12%). Therefore, the surfactants could be In addition, the content of the secondary
phase Cu>Sn(S/Se)s and Sn(S/Se) would have an impact on reducing the efficiency of the kesterite solar
cell because the secondary phase interface will cause an increase in the recombination rate where the
secondary Phase has a bandgap close to the kesterite. [70-73]. Furthermore, upon formation of the
secondary phase, the electric field will inhibit electron transfer across the p-n junction. [72].



The total secondary Phase and distribution for each sample are easier to read in Figure 7. The net
diagram of the secondary phase in the kesterite semiconductor showed that a smaller area indicated
lower secondary-phase content in the sample. Based on Figure 7, CZTSSe N has the smallest area,
indicating the lowest secondary phase content.
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Figure 7. The net diagram of the secondary Phase of the kesterite semiconductor based on the analysis
of the X-ray diffraction pattern of the semiconductor using the reference intensity ratio (RiR) method

CZTSSe produced higher Zn(S/Se) and Sn(S/Se), secondary phases than CZTS. It was easier for Se
atoms to bind Zn atoms than S atoms to Zn atoms, as described in Table 4, wherein CZTSSe L, ZnSe
formed was 4.54% compared to ZnS formed at 3.29%. In CZTSSe N, the ZnSe formed was 3.17%,
compared to 1.71% for ZnS. In addition, Se atoms are also easier to bind to Sn than S atoms bind to Sn.
In CZTSSe L, the SnSe; formed was 1.60%, compared to 1.57% for SnS2. Likewise, in CZTSSe N, the
SnSe; formed was 1.24%, compared to 0.99% for SnS,. The formation of an electric field by the
secondary phases Zn(S/Se) and Sn(S/Se)2 will inhibit the electron-transfer rate. Thus, it was proven
that CZTSSe produces a lower electric current (0.024-0.071 mA/cm?) than CZTS. Reducing the
secondary phase in Zn(S/Se), which is more dominant than in Sn(S/Se)2, is key to increasing electron
transfer in kesterite solar cells. This evidence supports the previous findings of Refantero et al. [35] and
Ashfaq et al.[70], Liu et al. [74] et Mendis et al. [72].

3.3 Kesterite Crystalline Morphological Analysis

The morphological characteristics of kesterite crystals were tested using a Scanning Electron
Microscope (SEM). Using this method, the surface microstructure of the CZTS absorber layer could be
analyzed and corroborated by grain-size data from FWHM analysis of XRD data. The surface
microstructure of the absorber layer of each sample is shown in Figure 4.7. To measure the mean grain
size of the material from the XRD diffraction pattern, the Full Width at Half-Maximum height (FWHM)
data was processed using the Debye Scherrer formula [75, 76], as shown in Eq. 1.

KA
- PcosO (1)

Where A is the X-ray wavelength used during the test, which is 1.54187 A, K is a constant with a value
of 0.9, fis FWHM, and D is the average grain size formed on the absorber layer. The average grain
size of the absorber layer for each sample was presented in Table 5.

Table 5. Grain size analysis of kesterite crystals based on XRD diffraction patterns

Sample 0 (rad) FWHM d (nm)
CZTSL 0.143 0.00072 195.9
CZTSN 0.162 0.00429 32.8
CZTSSe L 0.144 0.00143 98.1
CZTSSe N 0.143 0.01311 10.7

Figure 8 shows the surface morphology of the CZTS absorber thin film for the four samples, CZTS-L,
CZTS-N, CZTSSe-L, and CZTSSe-N. It could be assumed that the CZTS L sample has a uniform shape
with CZTSSe L in sheet form. At the same time, CZTS N has a uniform shape, whereas CZTSSe N is



round and smaller than the local materials. These findings supported the grain-size analysis based on
the XRD results in Table 5.

100KV X300k SE,

CZTSSe-L

SU3500 10.0kV X730 Ok SE & .'lm SUIS00 10.0kV X300k SE “ v
Figure 8. Scanning electron microscope (SEM) photo of the crystalline ﬁlm surface (a) CZTS-L, (b)
CZTS-N, (c) CZTSSe-L, (d) CZTSSe-N with 30,000 times magnification

Further investigation indicated that the addition of Se atoms to CZTS led to a 2-3-fold decrease in grain
size in both local and standard materials. For example, the grain size of CZTS-L, whose original size
was 195.9 nm, became 98.1 nm after adding Se atoms in CZTSSe-L. While the grain size of CZTS-N,
whose original size was 32.8 nm, became 10.7 nm after the addition of Se atoms in CZTSSe L. With a
smaller grain size, the crystals will be more readily adsorbed on the porous surface of TiO.. As a result,
they could increase the amount of kesterite adsorption on the TiO> film.

Table 2 presents the decrease in Cu concentration according to elemental ratio analysis: from Cul.8 to
Cul.0 in CZTS L and from Cu3.4 to Cu0.5 in CZTS N in CZTSSe. The decrease in crystal size has
been previously studied by Kumar et al. [77], where the decrease in Cu concentration in the crystals
contributes to a decrease in grain size. Bhosale et al. [78] Also found that grain size increased with
increasing Cu concentration in CZTS.

The entire sample is also porous, allowing it to be well adsorbed onto the TiO2 layer, forming a p-n
junction. The absorber layer’s pore formation would reduce the film's reflectance, thereby increasing
the amount of light absorbed. It would help reduce the bandgap and improve light-harvesting efficiency.
Porus, in this case, would provide a quantum confinement effect, thereby reducing electron-hole
recombination and increasing solar cell efficiency. The data in Table 8 indicates that the bandgap
CZTSSe L (1.46 eV) < CZTS L (1.54 V), and also the bandgap CZTSSe N (1.16 eV) < CZTS N (1.44
eV). The data in Table 7 also show that light-harvesting efficiency (LHE) of CZTSSe L (84.49%) >
CZTS L (80.42%), and LHE of CZTSSe N (88.12%) < CZTS N (87.64%).

3.4. Kesterite Solar Cells Optical Properties

The optical characteristics of the kesterite absorber layer were analyzed using UV-Vis spectroscopy.
Figure 9 reports the absorption of UV-Vis light of CZTS N, CZTS L, CZTSSe N, and CZTSSe L post-
synthetic samples before calcination.
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Table 6. Uv-Vis absorbance analysis

Sample A1 (nm) A (a.u.) A2 (nm) A; (a.u.)
CZTSL 300 2,19 418 0,32
CZTS N 306 3,91 705 0,85
CZTSSe L 302 2,56 423 0,34
CZTSSe N 308 4,25 713 1,06

Based on the analysis of UV-Vis absorption peaks in Table 6, the CZTS synthesis solution has the main
peak at 300-308 nm, the second peak for local materials at 418-423 nm, and the standard material at
705-713 nm. The first peak contributed to the absorber film's maximum light-harvesting efficiency,
which ranged from 99.8% to 99.9%, as shown in Table 4. This finding was in line with the research of
Refantero et al. [35] and Katagiri et al. [79, 80]. Another promising finding was that the addition of Se
atoms contributed to the redshift of each peak, which decreased the bandgap by 0.08-0.28 eV, as shown
in Table 8. CZTSSe N in this study exhibited high light absorption because its smallest particle size
(10.7 nm) facilitated greater absorption, and the smallest total secondary Phase compared to other
crystals (16.20%). Based on Table 4, it can also be inferred that the standard material exhibited a red
shift towards local materials because the salt precursor bonds used were more readily dissolved in the
solvent 2-methoxyethanol than in Cu, Zn, Sn, and S powders.

40 ——CZTSN ----CZTSL
' —CZTSSe N -==--CZTSSe L
) 0.010
839 [\,
[} ‘\‘
e 0.005 | s .
© AN
g 2.0
@ 0.000 —
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1.0

0.0
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Wavelength (nm)

Figure 9. UV-Vis absorption spectrum of the synthesized kesterite solutions CZTS N, CZTS L,
CZTSSe N, and CZTSSe L before calcination

In addition, analysis of absorbance data and light-harvesting efficiency was carried out by plotting
absorbance versus wavelength and percentage of LHE. Light-harvesting efficiency (LHE) is defined as
the fraction of the incident light intensity absorbed by the crystal at a specific wavelength. [81]. The
percentage of LHE is calculated in Eq. 2.

LHE (%) = (1 — 107%) x 100% 2)
The LHE graph is shown in Figure 10.
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Figure 10. Light harvesting efficiency of solar cells CZTS N, CZTS L, CZTSSe N, CZTSSe L, TiO,

Figure 10 shows that, after sulfurization, the four kesterite samples have similar LHE spectral patterns
across all absorption peaks compared to TiO,. The three-wave peaks at 450, 586, and 851 nm of the
solution-processed kesterite sample are shown in Figure 9. This result indicated that the four samples
formed a kesterite structure with compositional details described in the previous crystallinity analysis.
The kesterite structure broadens the absorption range from a maximum at 381 nm in TiO2 to 1069 nm,
thereby increasing light-absorption efficiency by up to 71.68%.

Table 7. Data analysis of light harvesting efficiency and absorption peaks of solar cells

LHE jeqp, LHE ¢4k, LHE ¢4k, LHE,,,, LHE»50_1100

Sample (%) (%) (%) (%) (%)

Ti0,/CZTS L 92.824500m 77.74586nm 78.10851nm 99.94234nm 80.42
TlOz/CZTS N 92-82450nm 85.43586nm 90.08851nm 99.94234 nm 8764
TiO,/CZTSSe L 90.90450nm 84.23536nm 82.50851mm 99.95,440m 84.49
Ti0,/CZTSSe N 92.594500m 91.015860m 85.828500m 99.85249nm 88.12
Ti0; 0 0 0 99.79130m 16.44

The data in Table 7 showed that using Se material in CZTS did not shift the absorption peak of the
CZTS absorber layer but managed to increase the average efficiency of light absorption by 0.49-4.07%.
TiO,/CZTSSe N layer produced the highest LHEpoo-1100) value of 88.12%. The presence of the
secondary phase content of Cu,Sn(S/Se)s and Sn(S/Se) in the local material, which was higher than the
content of the secondary phase in the standard material, causes the average LHE of the local material
to be lower than that of the standard material. The smaller particle size of CZTSSe, compared with
CZTS, also contributes to improved light-harvesting efficiency. According to this analysis, locally made
Cu-Zn-Sn-S materials with insignificant differences in optical characteristics offer strong potential for
developing low-cost, high-performance solar cells in subsequent studies. The main challenges are to
reduce the concentrations of the secondary Cu2Sn(S/Se)s and Sn(S/Se) phases during the formation of
kesterite crystals and to increase Cu-Zn-Sn-S bonding in research on the development of locally
sourced, material-based kesterite materials.

3.5. Kesterite Solar Cells Performance Analysis

The band gap is determined using Tauc's Plot Method, estimated by Eq. 3 [82, 83].
1
ahv ~ (hv— E,)" 3)
The band gap is determined by e, alpha = 0. E.g., the bandgap value is related to the light absorption
value, and Av is the photon energy. Where n = %2 for allowed direct transitions, n = % for forbidden

direct transitions, n = 2 for allowed indirect transitions, and n = 3 for forbidden indirect transitions.
Considering that CZTS is a material with a direct allowed bandgap, the bandgap of this material is
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determined using 'z [84]. UV-Vis spectroscopy data were analyzed to determine the bandgap of the
kesterite semiconductor using Tauc's Plot method, as described in Eq. 3.

(ahv)? (eV.cm™)?

1.45

25

20

-=-=-CZTS L

=-===CZTSSe L

1.7

1.8

1.9

hv (eV) hv (eV)
Figure 11. Graph of direct bandgap analysis of CZTS N, CZTS L, CZTSSe N, and CZTSSe L crystals
based on Tauc's plot analysis

Table 8. Direct bandgap data of kesterite crystal films based on Tauc plot analysis and their
relationship to LHE and solar cell efficiency

Eg d LHEp0-1100 n
Sample (V) (nm) (%) (%)
CZTS L 1.54 195.9 80.42 0.135
CZTS N 1.44 32.8 87.64 0.154
CZTSSe L 1.46 98.1 84.49 0.153
CZTSSe N 1.16 10.7 88.12 0.166

Figure 11 reports Tauc’s curve to determine the bandgap of the four kesterite samples. Table 8 relates
the bandgap trend to the morphological properties of grain size. Based on the data, it could be concluded
that the smaller the kesterite grain size, the smaller the kesterite bandgap. This result is due to the content
of the secondary phases, Cu2Sn(S/Se)3 and Sn(S/Se), in the local material, which affects the large grain
size in CZTS L and CZTSSe L. In addition, forming pores in the absorber layer with a small grain size
will reduce the film's reflectance. Consequently, the absorbed light could increase due to the presence
of pores. Therefore, CZTSSe N, with the smallest bandgap, contributed the most significant LHE
(88.12%) among the samples. As a result, CZTSSe N achieved the highest efficiency among the
samples. On the other hand, the efficiency of CZTSSe L was 92%, close to that of CZTSSe N.

The overall efficiency of the DSSC (1) is determined by the short-circuit density (Ji), open-circuit
voltage (Voc), cell fill factor (FF), and incident light intensity (Is), as described in the following Eq.

4.

]SC'VOC'ff
n==" “)

The other parameter that affects DSSC efficiency is the fill factor (FF), as shown in Eq. (4). This
parameter quantifies how well the system operates. The light absorption efficiency, the number of
electrons generated and flowing out of the film, is represented by the value of FF.

—_ Vmax-]max
FF= Voclse )

Figure 12 demonstrates the [-V characteristic curves for the six samples. The graph indicated that the
TiO,/CZTS L solar cells produced the highest Jsc (0.972 mA.cm™), and the low secondary Phase of
CusS and ZnS contributed to the high LHE value at the first peak, thereby reducing recombination and
increasing the sample Jsc. TiOo/CZTSSe N solar cells achieved the highest Voc and F.F. (0.42 V and
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50.5%, respectively). The low energy gap and the small size supported this data. In addition, CZTSSe
N has a minor error or is closest to the non-stoichiometric ratio of the expected Cu,.1Zn;.25SnS,Se»
reference with a standard error of 16.0% [85, 86]. CZTSSe N also has the lowest secondary phase
percentage (16.2%) among the samples, thereby contributing to the high Voc and electrical contact.
Compared to TiO; cells alone, adding a kesterite structure could increase the maximum performance of
TiOs solar cells by up to 63%. The high potential for E,-V,c drop in local materials poses a challenge in
reducing the secondary Phase during the synthesis and calcination of kesterite.
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Figure 12. I-V characteristics of CZTS N, CZTS L, CZTSSe N, CZTSSe L, and TiO; solar cells

Several factors became limitations in the experimental activities conducted. One of them was the
absence of a vacuum tube during the sulfurization process in an H2S environment, which led to high
amorphous production. Thus, it is not easy to get better efficiency. The effect of sulfurization is very
significant since sulfur atoms are needed to completely bind Cu-Zn-Sn atoms and reduce the formation
of the secondary Phase. The unavailability of a sputtering device to deposit the ITO conductive layer
above the buffer layer was resolved by adding material transport holes, enabling the solar cell
fabrication process to proceed without sputtering. As a result, the solar cell structure
ITO/Ti02/Cu2ZnSn(S, Se)’’HTM/Pt is the first reported in this study. Hence, the development of
locally made materials significantly contributes to the development of low-cost, silicon-free solar cells
without sputtering.

4. Conclusion

The results of the fabrication of TiO»/Cu,ZnSn(S, Se), solar cells indicated that the kesterite crystal was
successfully synthesized, based on Cu-poor Cu/(Zn+Sn) = 0.86 and Zn-rich Zn/Sn = 1.25, which were
used as the basis for the precursor ratio calculations. The synthesized solutions of CZTS and CZTSSe
made locally are physically orange, while those made from standard are light blue and dark blue-black.

Crystallinity analysis of CZTS-L, CZTS-N, CZTSSe-L, and CZTSSe-N semiconductors was carried
out using the reference intensity ratio (RiR) method. The secondary phases formed include Cu.S, Cu,Se,
CuSnS;, Cu,SnSes, ZnS, ZnSe, SnS, SnSe, SnS,, SnSe,. All the samples made had crystallinity
between 17.40 and 31.97%. CZTSSe L produced the best crystallinity of 31.97%, while CZTSSe N
produced the lowest crystallinity of 17.40%. 68.0-82.6% amorphous in the absorber layer in this
experiment was caused by the treatment without H,S sulfurization. CZTSSe N also had the lowest
percentage of secondary phase (16.2%) among the samples. CZTS produced a secondary phase of
Cu(S/Se), which was more dominant than the CZTSSe phase. The results showed that Se atoms could
bind Cu more strongly, producing a kesterite structure with higher crystallinity than S atoms. The higher
Cu elementary ratio values also strengthened it in CZTS compared to CZTSSe. Local materials
produced higher CuzSn(S/Se)s and Sn(S/Se) secondary phases than standard materials. The lack of
dissolved Zn atoms in the synthesis process made it easy for Cu-Zn-S/Se atoms to form a secondary
phase.
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Material grain-size data supported the morphological analysis of kesterite crystals using XRD-based
FWHM analysis. The surface morphology of the CZTS absorber thin film was for the four samples:
CZTS-L, CZTS-N, CZTSSe-L, and CZTSSe-N. It could be concluded that the CZTS L sample has a
uniform shape with CZTSSe L in sheet form. At the same time, CZTS N has a uniform shape, whereas
CZTSSe N is round and smaller than the local materials. The addition of Se atoms to CZTS leads to a
2-3-fold decrease in grain size in both local and standard materials. The grain size of CZTS L was
originally 195.9 nm to 98.1 nm. Meanwhile, the grain size of CZTS N was originally 32.8 nm to 10.7
nm.

Analysis of the optical characteristics of TiO»/CuxZnSn(S, Se), solar cells found that the CZTS
synthesis solution has a main peak at a wavelength of 300-308 nm and a second peak for local materials
at 418-423 nm, while the standard material is at 705-713 nm. The addition of Se atoms contributed to
the redshift of each peak, which decreased the bandgap by 0.08-0.28 eV. The kesterite addition
broadened the absorption range from a maximum at 381 nm in TiO2 to 1069 nm, thereby increasing
light-absorption efficiency to 71.68%. The use of Se material in CZTS did not shift the absorption peak
of the CZTS absorber layer but managed to increase the average efficiency of light absorption by 0.49-
4.07%. The presence of the secondary phase content of Cu,Sn(S/Se); and Sn(S/Se) in the local material
is higher than the content of the secondary Phase in the standard material, causing the average LHE of
the local material to be lower than that of the standard material.

Analysis of the electronic characteristics of TiO2/Cu,ZnSn(S, Se) solar cells indicated that the smaller
the kesterite grain size, the smaller the kesterite bandgap. The content of the secondary phase
CuzSn(S/Se); and Sn(S/Se) in the local material impacts the large grain size in CZTS L and CZTSSe L.
The formation of pores in the absorber layer with a small grain size will reduce the film's reflectance.
Thus, the absorbed light could increase due to the presence of pores. Therefore, CZTSSe N, with the
smallest bandgap, contributed the most significant LHE (88.12%) among the samples. As a result,
CZTSSe N achieved the highest efficiency among the samples.

On the other hand, the efficiency of CZTSSe L was 92%, close to the efficiency of CZTSSe N.
TiO»/CZTS L solar cells produced the highest Jsc (0.972 mA.cm™), and the low Cu.S and ZnS
secondary phases contributed to the high LHE value at the first peak, thus contributing to reduced
recombination and high sample Jsc values. TiO»/CZTSSe N solar cells achieved the highest Voc and
F.F. (0.42 V and 50.5%, respectively). The low energy gap value and small grain size support this data.
CZTSSe N has a minor error or is closest to the non-stoichiometric ratio of the expected
Cuz.1Zn;.255nS;Se; reference with a standard error of 16.0%. CZTSSe N also has the lowest secondary
phase percentage (16.2%) among the samples, thereby contributing to the high Voc and electrical
contact.
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