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Abstract

Cu,ZnSnS; is a promising material for low-cost thin-film solar cells. This paper reports a new
approach to fabricating a solar cell using a Superstrate and Substrate configuration. We utilized
a non-vacuum deposition process to deposit Copper Zinc Tin Sulfate (CZTS) and Cadmium
Sulphate (CdS) on a glass substrate. To achieve this, we adopted the sol-gel spin coating
method for CZTS and the Chemical Bath Deposition (CBD) method for the CdS layer. The
solar cell has two structures: ITO/Cu,ZnSnS4/CdS/Ag for substrate configuration and
ITO/CdS/Cu,ZnSnS4/Ag for superstrate configuration. The Cu/(Zn+Sn) atomic ratio was set
to 0.86, while Zn/Sn was set to 1.25. Our CZTS/CdS solar cell achieved a 48.7 x 10-6 % power
conversion efficiency with a 1.40 eV band gap and 98.71 % external quantum efficiency at
373 nm for the superstrate configuration. For the substrate configuration, the power conversion
efficiency was 19.0 x 10-6 % with a 1.49 eV bandgap and 95.74 % external quantum efficiency
at 321 nm. Based on the results presented in the text, the CZTS solar cell with a superstrate
configuration achieved a higher power conversion efficiency and external quantum efficiency
than the substrate configuration. The superstrate configuration allowed for better light
absorption in the CZTS layer and reduced the reflection of light back into the substrate. This
configuration also prevented the back diffusion of CdS into CZTS and improved the electrical
performance of the solar cell. Therefore, the superstrate configuration is more efficient than
the substrate configuration for CZTS solar cells.
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. Introduction

The issue of energy has become a critical topic in human civilization as the demand for energy continues
to increase, particularly the use of electrical energy for daily activities [1], [2]. With the global population
constantly increasing, and massive industrialization contributing to environmental pollution, it is becoming
increasingly evident that humans need to adopt green energy policies. This is not only to provide a sustainable
solution to the increasing demand for energy but also to mitigate the negative impacts of industrialization on
the environment. Therefore, there is a need to shift towards the use of clean and renewable energy sources that
are sustainable and have a minimal impact on the environment. This shift will require significant changes in
the way we generate, distribute and consume energy. Governments, industries, and individuals must work
together to adopt green energy policies and technologies that promote the use of renewable energy sources,
such as solar, wind, and hydroelectric power, to ensure a sustainable future for the planet [3], [4].

Solar energy is an excellent alternative renewable energy source in the future to replace fossil fuels [1],
[5]-[9]. This statement is that solar cells do not produce environmental pollution and can fulfill energy needs
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because of their abundant materials [10]-[13]. Various studies have been conducted in recent years to reduce
the cost of manufacturing solar cell systems [14], [15]. The cost of producing solar cells also needs to be
reduced significantly to produce cheap solar cells with good performance so they can compete in the market
to enter the multi-terawatt era (TWatt). Solar cell efficiency is essential for minimizing production costs [16]—
[18].

Solar cells have evolved over the years, and significant advancements have been made to improve their
efficiency and reduce their cost [19]. The first-generation solar cells, which were made of crystalline silicon,
dominated the market for several years [20]. However, their high cost and low efficiency led to the
development of second-generation solar cells, which used thin-film materials like Cadmium Telluride and
Copper Indium Gallium Selenide [21]. These cells were cheaper to produce and had higher efficiencies than
first-generation cells.

More recently, third-generation solar cells have been developed, which aim to overcome the limitations
of previous generations. These cells use new materials and technologies, such as dye-sensitized solar cells
[22], organic solar cells [23], kesterite solar cells [5], [24] and perovskite solar cells [25], which have the
potential to achieve higher efficiencies and lower costs.

The development of these new materials and technologies is crucial for the continued growth of the solar
industry, as they offer the potential for higher efficiency and lower costs, making solar energy more accessible
to a wider range of people [1], [26], [27]. Additionally, the use of these new materials and technologies is more
environmentally friendly, as they require fewer resources to produce, and have a lower environmental impact.
As such, the continued development of first, second, and third-generation solar cells is important for the growth
of the solar industry and the transition to a more sustainable future. Consequently, the third generation
emerging solar cell was now investigated by several researchers around the world to attain a qualified solar
cell with high material availability.

In recent years. Kesterite solar cells are a type of thin-film solar cell that has gained significant attention
due to their potential for high efficiency, low cost, and the use of earth-abundant materials [28]-[31]. The
kesterite structure consists of a tetrahedral network of Cu, Zn, Sn, and chalcogenide (Se, S) ions [15], [32],
[33]. The unique feature of the kesterite structure is that it has a high degree of structural flexibility, which
enables the substitution of different elements in the structure without altering its properties. This makes it
possible to optimize the composition of the kesterite material to improve its efficiency.

One of the main advantages of kesterite solar cells is their potential for high efficiency. Currently, the
record efficiency for CZTS kesterite solar cells is 12.6%, which is comparable to the efficiency of second-
generation thin-film solar cells [34]. Additionally, kesterite solar cells have the potential to be produced at low
cost, since they can be fabricated using non-vacuum methods, such as solution-based techniques like chemical
bath deposition or spray pyrolysis. Another advantage of kesterite solar cells is that they are made of abundant
elements, which makes them more sustainable and environmentally friendly than other solar cell technologies.
The use of abundant elements also reduces the reliance on rare and expensive materials, such as those used in
first-generation solar cells.

Despite their potential advantages, kesterite solar cells still face some challenges that need to be addressed,
such as improving their stability and increasing their efficiency. However, the continued research and
development of kesterite solar cells is expected to result in improved performance and lower costs, making
them a promising candidate for future photovoltaic technology [34].

Copper zinc tin sulfide (CZTS) solar cells are a type of thin-film solar cell that is based on abundant and
environmentally friendly materials, making them a promising candidate for low-cost and sustainable
photovoltaic technology. There are two types of CZTS solar cell structures: substrate configuration and
superstrate configuration [35], [36].

In the substrate configuration, the solar cell structure is built on a substrate material such as glass or metal
foil. The layers of the solar cell are deposited sequentially onto the substrate in a specific order to form the
final structure. In CZTS solar cells, the substrate configuration typically consists of a layer of transparent
conductive oxide (TCO) on top of the substrate, followed by a layer of CZTS as the absorber layer, a layer of
cadmium sulfide (CdS) as the buffer layer, and a layer of metal (e.g. silver) as the back contact [35], [36].

In the superstrate configuration, the solar cell structure is built on a transparent material such as glass.
The layers of the solar cell are deposited sequentially onto the transparent material in a specific order to form
the final structure. In CZTS solar cells, the superstrate configuration typically consists of a layer of TCO on
the bottom, followed by a layer of CdS as the buffer layer, a layer of CZTS as the absorber layer, and a layer
of metal (e.g. silver) as the back contact [35], [36].
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The superstrate configuration offers several advantages over the substrate configuration. Firstly, since the
TCO layer is on the bottom, it provides a smooth and uniform surface for the deposition of subsequent layers,
which can improve the overall performance of the solar cell. Secondly, since the superstrate configuration is
built on a transparent material, it allows more light to enter the absorber layer, which can increase the overall
efficiency of the solar cell. Lastly, the superstrate configuration allows for easier encapsulation of the solar
cell, which can improve its durability and stability. Furthermore, the substrate configuration also has some
advantages over the superstrate configuration. One advantage is that it is less sensitive to moisture and oxygen,
which can degrade the performance of the solar cell over time. Additionally, the substrate configuration can
be more suitable for flexible and lightweight solar cell applications, since it can be fabricated on flexible
substrates such as metal foils [35].

The Shockley and Queisser limit photon-balanced theoretical calculation estimates that the efficiency of
CZTS thin-film solar cells can reach about 32.2% [24], [37], [38]. On the other hand, due to their features that
allow for the rapid fabrication of tandem devices and the lack of surface encapsulation, the superstrate type
solar cells still need to receive more research. [39]. In addition, compared to substrate-type solar cells, this
type of solar cell allows the transparent conductive oxide (TCO) contact materials to be easily deposited on a
glass substrate without the need for a vacuum-based approach. Although the superstrate arrangement has some
advantages, the low annealing treatment is blamed for the absorber materials' poor crystallinity. Inter-diffusion
between the n-type buffer and the p-type absorber layers occurs when the annealing temperature is raised to
enhance the crystallinity of the absorber. This phenomenon affects the device efficiency adversely [10], [29],
[40].

This work will directly compare superstrate and substrate configuration and deposition of CZTS and CdS
using the non-vacuum method. We provided two CZTS samples (substrate and superstrate) with the same
treatment and different structure configurations. The film used the same solution, and the CZTS substrate type
was followed by the same sulfurization process, while the CZTS substrate was without the sulfurization
process. Usually, substrate-type solar cells have been used with molybdenum back contact, but we will report
the use of ITO glass for comparing both samples and using copper powder (99% purity) as west java local
material in this work for the first time.

1. Methods

Film Preparation: The thin films were deposited using the spin-coating process. The spin-coating solution
was made by dissolving copper (0.52 mol L™", 99% purity, obtained from west java raw materials), zinc acetate
dihydrate Zn(CH;COO);-2H,0 (0.33 mol L"), tin chloride dihydrate SnCl, -2H,0 (0.27 mol L), and
thiourea CH4N,S (2.06 mol L") in 2-methoxy ethanol at 50°C for 2 h. The solution's nominal Cu/(Zn + Sn)
and Zn/Sn ratios are 0.86 and 1.25, respectively. Moreover, a few drops of trimethylamine and monoethyl
amine were added to the solution. And then make a buffer layer. The CdS solution was prepared by diluting
0.75 M Thiourea, 0.015 M CdSOy4, and 0.015 M NH3 in 40 ml deionized water stirred at 50°C for 15 minutes.

The first spin-coating CZTS was prepared for substrate configuration where ITO glass was placed on the
spin coater and turned on spin coater. The CZTS solution was dropped on the surface and spun at 4000 rpm
for 30 seconds. The film was afterward placed on a 200°C hotplate surface for 2 minutes and cooled down for
3 minutes. The same spin coating processes were repeated 5 times. Next, the sulfurization was started by
placing the sample into a furnace tube. The sulfur powder on the tube's side was set to 550°C for 30 minutes.
The process was followed by the chemical bath deposition method at 80°C for 9 minutes to make the ~60 nm
CdS film. The film was then washed using a water air blower and placed in an oven at 50°C for 15 minutes.
Finally, the ITO/CZTS/CdS film was prepared as a sample substrate.

Moreover, for the superstrate type, first, make the CdS film by chemical bath deposition with the same
treatment at the structure Substrate. Then is followed by spin-coating CZTS. Afterward, annealing film at
550°C for 30 minutes without using sulfur. Finally, the ITO/CdS/CZTS film was prepared as a sample
superstrate. After both samples were prepared, the silver paste was used as the top contact. Next, the paste was
heated at 50°C for 3 minutes, and the sample was prepared for future analysis.

Characterization: Optical absorption characterization using UV-Vis Spectrometry is aimed at determining
the optical characteristics of the CZTS absorber layer. With this characterization, the optical properties
(absorbance) and Bandgap Energy (Eg) can be determined.

Electrical characteristics that are tested include the /-V characteristics of the solar cell which are necessary
to determine the generated current density (/sc), open-circuit voltage (Voc), efficiency, and fill factor (FF) of
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the tested solar cell. The /-V characteristics of the solar cell are necessary to determine the generated current
density (Isc), open-circuit voltage (Voc), efficiency, and fill factor (FF) of the tested solar cell. A xenon lamp
with a power of 450W was used to measure the current and voltage using the ADCMT DC Voltage/Current
Source/Monitor 6242.

To determine the absorption characteristics of the CZTS absorber layer, characterization testing is
performed using UV-Vis spectroscopy. The results of the testing are used to determine the energy gap (Eg)
and light harvest efficiency (LHE). To determine the effect of absorbance on wavelength, the absorbance is
plotted against the wavelength. There is a relationship between LHE and. The LHE value can be obtained
using the absorbance data (« ) as shown in Equation (1).

LHE(%) =1-10"% x100% (1)

To determine the bandgap energy, the Tauc plot method is used [41], [42]. The Tauc plot method involves
drawing a straight line between the product of the absorbance coefficient (« ) and the absorbed photon energy
(hv). This results in the bandgap energy value. Here, a is the absorbance, /4 is Planck's constant, and vis the
frequency obtained by inserting the wavelength data into Equation 2:

v=c/A (2)

The data is then plotted against energy (/v ) to obtain a Tauc plot graph, and the bandgap value is read

based on the straight line drawn between iv and (ahv)?. Next, an analysis is performed and the results of the

UV-Vis characterization data are compared by comparing the different Cu concentrations in each sample, in
order to determine the effect of Cu concentration on the optical absorption characteristics.

I1l. Results and discussion

The architectural design and the photograph of the CZTS solar cell are shown in Figure 1. The figure
discussed the photograph for substrate and superstrate film.
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Figure 1. Superstrate and Substrate configurations of a solar cell (/eff) and the photograph of CZTS solar cells (right)
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Figure 2. Film absorbance (/eft), Band gap analysis of Cu2ZnSnS4 thin-film solar cells
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Figure 3. The light-harvesting efficiency of solar cells (/eft), J-V curves of solar cells (right)

The Optical Bandgap is determined from the Tauc equation [41], [42]:
ahv = A(hv—Eg)" (3)

Where « is the absorption coefficient, /v is the energy of the incident photons, n = %,%,2 , and 3 for direct

allowed, direct forbidden, indirect allowed, and indirect forbidden transitions, respectively, and A is constant.
The absorption coefficient @ can be determined by mathematical treatment of the absorbance vs. wavelength
spectrum for the wavelength range obtained in Figure 2. Tauc's plots were drawn between photon energy and
(ahv)* . The optical band gap is deduced by extrapolating the linear portion of the (ahv)* vs. hv plot to meet

the hv axis where the value of ahvis zero, the intercept of the x-axis gives the Bandgap Eg.

Table 1. The IPCE analysis for the Cu,ZnSnS4 thin-film solar cells

Samples Amax(nm)  LHE max(%) Eg(eV)
Superstrate 373 98.71 1.40
Substrate 321 95.74 1.49

Table 1 shows the results of IPCE (incident photon-to-current conversion efficiency) analysis for two
types of Cu,ZnSnS; thin-film solar cells, one with a superstrate configuration and the other with a substrate
configuration. The first column lists the samples, while the second column indicates the wavelength (in
nanometers) at which the maximum IPCE was achieved. The third column shows the maximum LHE (light
harvesting efficiency) in percentage, which indicates the percentage of light energy converted into electrical
current. The last column shows the bandgap energy (in electron volts, eV) of the samples, which is the
minimum energy required for an electron to move from the valence band to the conduction band and conduct
electricity. The data suggests that the superstrate configuration has a higher LHE and a lower bandgap energy
compared to the substrate configuration.

Figure 2 presents that the CZTS layer absorbs the wavelength spectrum between 200-1100 nm. As seen
in Table 1, the bandgap analyzed from the LHE plot results in 1.40 and 1.49 eV for sample superstrate and
substrate, respectively. The narrower superstrate's sample bandgap is due to the absorber layer being better at
0.9% kesterite phase. The incident photon-to-current conversion efficiency also supports the broadening light
absorption spectrum for sample superstrate with a higher maximum peak at 570 nm, and the maximum light-
harvesting efficiency (LHE) is 98.71%, as also seen in Figure 3.

Light harvesting efficiency (LHE) in Figure 3 measures how effectively the device converts incident light
into usable electrical energy. It is calculated as the ratio of the number of photons that are converted into
electrical energy to the total number of photons that are incident on the device. The higher the LHE, the more
efficient the solar cell is in converting light into electricity. LHE is an important parameter to consider when
designing and optimizing solar cells for maximum efficiency and performance.

The power conversion efficiency # of solar cells is calculated using
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J Vo FF
7 =X 100% (4)

mn
where FF is the fill factor and is determined as:

J Ve
FF: max "~ max 5
IV, ()

sC” oC

Table 2. Photovoltaic performance for the Cu,ZnSnS; thin-film solar cells

Parameters Ise Ve Jmax V' max FF n X 106
(pA.cm™) (mV) (pA.cm™) (mV) (%) (%)
Superstrate 17.71 12.32 8.00 6.09 223 48.7
Substrate 9.14 8.70 6.29 3.02 23.9 19.0

Table 2 reports Jmax (maximum current density), Vmax (maximum voltage), V. (the open-circuit voltage),
Jsc (the short circuit current density), and Pi, (the incident light's power density). The maximum efficiency of
48.7x10°° % with open-circuit voltage Vo. 12.32 mV, current density Jsc 17.71 pA.cm™and fill factor of 22.3%
for CZTS superstrate, and efficiency of 19.0 x10° % with open-circuit voltage Vo 9.14 V, current density Js.
9.14 pA.cm™and fill factor of 23.9% for CZTS substrate. Based on this result, it can be found that solar cells
with superstrate configuration have higher efficiency than substrate configuration CZTS solar cells. The higher
the film absorbance and the lower the film band gap contribute to improving the cell performance.

Based on Table 2, the limiting factors for the efficiency of the Cu,ZnSnS4 thin-film solar cells are the
low short-circuit current density (Js) and the low fill factor (¥F) for both superstrate and substrate samples.
The open-circuit voltage (Vo) and maximum power output (Pmax) are relatively similar for both samples,
indicating that the current and fill factor are the main limiting factors for the overall efficiency of the cells.
This suggests that improving the charge carrier generation and collection within the cell, as well as reducing
the series and shunt resistances, could lead to higher Ji and FF values, resulting in a more efficient solar cell.

IV. Conclusions

We have successfully presented utilizing local materials for Cu>ZnSnS4 thin-film solar cells. Solar cells
with superstrate and substrate configuration are obtained by depositing Copper Zinc Tin Sulfate (CZTS) and
Cadmium Sulphate (CdS) non-vacuum process. The solar cell fabricated based on Cu,ZnSnS4/CdS solution
process exhibits the new achievement by utilizing material local of power conversion efficiency of 48.7x107°
% with 1.40 eV bandgap and 98.71% external quantum efficiency at 373 nm for superstrate configuration and
power conversion efficiency for substrate configuration 19.0x10° % with 1.49 eV bandgap and 95.74 %
external quantum efficiency at 321 nm. In this work, we find solar cells with superstrate configuration have
higher efficiency than substrate configuration CZTS solar cells. This suggests that improving the charge carrier
generation and collection within the cell, as well as reducing the series and shunt resistances, could lead to
higher Ji. and FF values, resulting in a more efficient solar cell.
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