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Abstract Thin films of zinc-based materials were produced on glass substrates using the chemical bath deposition method. The
study examined the effects of bath temperature and deposition time in the solution on the structural, surface, and optical properties
of the deposited films. The results obtained led to the determination of the optimal deposition parameters, enabling the production of
higher-quality zinc-based thin films. This research aimed to improve the understanding of the potential of zinc-based thin films and
contribute to the development of higher-efficiency materials for applications in fields such as solar cells and optoelectronics. The
solar cell layers in the GPVDM software were simulated by adding thin films of ZnO, ZnS, and ZnSe. The effect of layer thicknesses
on the bandgap energies of zinc-based layers in solar cells was examined. It has been determined that zinc-based thin films have
different bandgap energies and their optical properties vary. This phenomenon alters electron transport mobility and affects the layer
thicknesses to achieve high efficiency in solar cells. Simultaneously, the influence of layer thicknesses on the efficiency of solar
cells was investigated. When a zinc-based layer was used, it was found that the power conversion efficiency (PCE) reached up to 14
percent. The easy, economical production of thin films with desired characteristics will contribute to reducing the production cost
and increasing the efficiency of solar cells, thus benefiting future solar energy technologies.

1 Introduction

The development and improvement of solar cells as an alternative to fossil fuels, which have limited resources and negative effects
on the environment, are crucial for meeting the demand for clean and sustainable energy. The use of semiconductor thin films such
as zinc oxide (ZnO), zinc sulfide (ZnS), and zinc selenide (ZnSe) in solar cells holds great potential. The energy band gaps of these
materials, including ZnO, ZnS, and ZnSe, are important parameters that determine their optical and electronic properties [1]. ZnO
typically has an energy band gap ranging from 3.2 to 3.4 eV [2, 3]. The energy band gap of ZnS usually falls between 3.5 and 3.8
eV [4–6], while ZnSe exhibits an energy band gap ranging from 2.4 to 2.8 eV [7, 8]. These band gaps determine the interaction
of materials with photons and their electronic structures. A wider energy band gap enhances the ability of a material to absorb
higher-energy photons and provides more efficient performance in optical applications [9–11]. Furthermore, the energy band gap
also affects the semiconductor properties of the material and the degree of electronic conductivity [12]. ZnO exhibits high electron
mobility and good conductivity, while ZnS and ZnSe may show lower conductivity compared to ZnO. The choice of material can
influence the absorption spectrum of the cell and how it captures light. Optical properties encompass factors such as absorption
coefficients, reflection, and transmission characteristics of the materials [13–17]. The use of ZnO, ZnS, and ZnSe thin films in solar
cells has both advantages and disadvantages. The surface properties of these films, such as ZnO films typically having a flat and
smooth surface, ZnS films composed of smaller and denser grains with a potentially rough surface, and ZnSe films characterized by
large and irregular grains with a rough surface, may vary. These differences can be attributed to variations in the material’s crystal
structure, growth methods, and processing conditions. Various techniques can be employed to produce ZnO, ZnS, and ZnSe thin
films, including physical vapor deposition (PVD) [18], chemical vapor deposition (CVD) [19], liquid phase deposition (LPD) [20],
atomic layer deposition (ALD) [21, 22], and electrochemical deposition (ECD) [23]. PVD involves evaporating the material under
vacuum and depositing it onto a substrate [24, 25], while CVD forms films through chemical reactions of reactive gases [26, 27].
LPD works by depositing material ions from a solution onto the substrate [28, 29], while ALD is an alternative technique where
layers are deposited using alternating reactive gases [30]. ECD is a film growth process based on electrochemical reactions [31].
These methods allow for the production of ZnO, ZnS, and ZnSe films with different properties, which can be chosen based on
application requirements. Chemical bath deposition (CBD) is widely preferred for depositing ZnO, ZnS, and ZnSe thin films due to
its advantages such as low cost, simple process steps [32], and enabling large film areas [33]. This study focuses on the materials,
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process parameters, production, and structural, surface, and optical characterization of ZnO, ZnS, and ZnSe thin films using the
CBD method. PANalytical Empyrean X-ray diffraction (XRD), ZEISS Supra 40VP field emission scanning electron microscope
(FESEM), Bruker energy-dispersive X-ray (EDX) detector, and UV–Vis spectrophotometer PerkinElmer Lambda 25 are used for
comparative analysis to determine the crystal structures, surface morphologies, and optical properties of the films. The potential
use of these thin films in solar cells is also evaluated. Furthermore, the results obtained using the GPVDM simulation program and
their effects on solar cell performance are discussed. This study aims to improve our understanding of the potential of ZnO, ZnS,
and ZnSe thin films in photovoltaic technology and contribute to the development of more efficient solar cells in the future.

2 Material and method

The production process of ZnO films begins by preparing a solution of 0.15 M zinc nitrate hexahydrate (Zn(NO3)2.6H2O), which is
procured from Sigma-Aldrich. To ensure rapid and homogeneous dissolution of the solution, it is stirred using a magnetic stirrer for
15 min. Subsequently, the pH of the solution is adjusted to 10 by adding a 25% aqueous ammonia (NH4OH) solution. This step renders
the solution alkaline by generating hydroxide ions (OH−) in acidic solutions. As a result, the zinc ions in the solution react with the
hydroxide ions, leading to the precipitation of ZnO. Thus, the presence of zinc ions in the solution creates an appropriate environment
for the formation of ZnO films. Additionally, the alkaline environment facilitates the deposition of ZnO and ensures the desired
crystalline structure of the film. For the production of ZnSe films, the compounds zinc sulfate heptahydrate (ZnSO4.7H2O) and
selenourea (SeC(NH2)2) are sourced from Sigma-Aldrich, while hydrazine hydrate (N2H5OH) and 2% aqueous ammonia (NH4OH)
are obtained from Merck. In the production process, equal volumes of 0.25 M zinc sulfate heptahydrate, 0.2 M selenourea, and
0.25 M hydrazine hydrate are dissolved in 100 mL of distilled water to prepare the initial compounds required for the formation
of ZnSe films. The resulting solutions are then mixed together to obtain a homogeneous mixture. Elevating the pH to 10 is carried
out to accelerate the reactions of zinc sulfate heptahydrate, selenourea, and hydrazine hydrate, promoting the precipitation of ZnSe
films from the solution. In the case of ZnS film production, the compounds zinc acetate dihydrate (Zn(CH3COO)2.2H2O), trisodium
citrate (Na3C6H5O7.2H2O), and thiourea (N2SCH4) are sourced from Sigma-Aldrich, and 25% aqueous ammonia (NH4OH) is
obtained from Merck. The initial step involves preparing 0.075 M zinc acetate dihydrate, 0.25 M trisodium citrate, and 0.5 M
thiourea solutions in 100 mL of distilled water. This mixture provides the starting compounds necessary for the formation of ZnS
films. Subsequently, controlled addition of 25% aqueous ammonia (NH4OH) to the mixture generates hydroxide ions (OH−) in the
solution, raising the pH to a constant value of 10. This process ensures that the pH of the solution reaches the desired level, creating
a suitable environment for the formation of ZnS films. The chemical bath method is a process used to apply a coating with the
desired properties onto the surface of materials. Figure 1 presents the schematic representation of the chemical bath process we have
designed. Additionally, it is a method that requires careful implementation of factors such as the precise formulation of recipes for
coating materials with the desired properties, temperature control throughout the process, homogeneous distribution of the solution,
and maintaining stable pH values. This method is widely employed across various industries to enhance material properties and
improve their performance.

Within the scope of the study, chemical solution preparation, cleaning of the substrate, dipping-withdrawal from the solution, and
rinsing steps were applied, respectively. In the initial step of the process, suitable recipes were formulated in specified proportions
to allow the material to be coated in the desired manner. After the solutions were prepared in beakers, they were placed in a bath
in a larger beaker. The aim here is to keep the temperature of the coating solution constant at a certain degree. Two glass substrate
samples with dimensions of 26 mm x 76 mm, which were pre-cleaned, were fixed to each other with the help of a holder and dipped
in the solutions. In this way, it was aimed to cover only one surface of the base. They were kept in the solutions for 15 min, 30 min,
45 min, and 60 min. A magnetic stirrer heater was used to deposit the solution homogeneously on the substrate and to increase the
temperature to the desired value. The magnetic fish in the coating solution was moved simultaneously with the magnetic spinner at
the bottom of the beaker. The solution was applied at three different temperatures, 70 ◦C, 80 ◦C, and 90 ◦C, during the deposition
process. Temperature control realized through temperature probe. In the coating process, the pH value of the solution is a critical
parameter. The pH value was checked with a pH meter for an effective coating process. After the coated films were withdrawn from
the bath, they were washed with distilled water to remove excess solution residues. This washing process ensured that the films had
a pure and clean surface. Finally, the films were dried at room conditions. The chemical bath deposition (CBD) process on glass
substrates has been conducted in a laboratory environment for controlled evaluation and analysis of the process. However, for the
design of a thin film solar cell intended for industrial production, zinc-based films may be grown on alternative substrates such
as ITO/coated glass, FTO/coated glass, or TiO2, taking into consideration factors including the solar cell structure to be created,
production method, and application requirements.
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Fig. 1 Schematic illustration of
chemical bath deposition method

3 Results and discussion

3.1 Deposition and characterization of zinc-based thin films

Within the scope of the study, the structural properties of ZnO, ZnS, and ZnSe films obtained at different bath temperatures of 70◦C,
80◦C, and 90◦C, as well as at different deposition times of 15, 30, 45, and 60 min were investigated in detail by X-ray diffraction
(XRD) method. The measurements were carried out in a PANalytical-Empyrean model X-ray machine using CuKα (λ �1.5405Å)
beam at 2θ (20◦-80◦), 2◦/min scan rate.

When the XRD spectra of ZnO films deposited at 70◦C, 80◦C, and 90◦C bath temperatures were analyzed, as shown in Fig. 2(a),
(010), (002), and (011) peaks of the hexagonal structure of ZnO (ASTM reference code: 98-005-7478) were observed at angles of
2θ� 31.72◦, 34.35◦, and 36.24◦, respectively. Also, for 90◦C, peaks (012), (110), (013), and (020) were observed at 2θ=47.26◦,
56.50◦, 62.80◦, and 66.27◦, respectively. The peak intensities increased in parallel with the increase in temperature. At 70◦C, three
peaks belonging to the hexagonal structure of ZnO were detected, while this increased to seven at 90◦C. It was observed that the
peak intensities reached the highest values at 90◦C. According to these results, it is understood that the crystallinity of ZnS increases
as the temperature rises. When the bath temperature exceeds 90◦C, it is anticipated that the evaporation in the coating solution will
increase, potentially leading to the concentration exceeding a tolerable level. For this reason, experiments were not conducted at
temperatures above 90◦C. Once it was understood that the best crystallinity occurred at 90 ◦C, time trials were carried out at the same
temperature. XRD spectra of the ZnO films produced at the determined 90 ◦C bath temperature for 15, 30, 45, and 60 min in solution
are given in Fig. 2(b). At 15th min, it was observed that no crystalline structure was formed, and ZnO structure started to form after
30th min. It was determined that the best crystallization occurred at 45th min. It was observed that the peak intensities decreased
at 60th min with increasing deposition time and the structure started to deteriorate. The XRD spectra of zinc sulfide (ZnS) films
fabricated at bath temperatures of 70◦C, 80◦C, and 90◦C revealed the presence of peaks corresponding to the cubic ZnS (ASTM
reference code: 98-016-2754), respectively. As shown in Fig. 2(c), the crystallinity of the ZnS structure is poor. It is also reported in
the literature that the ZnS structure is a poor crystal [34, 35]. The films deposited at 70 ◦C bathing temperature did not show any peak
formation. With the increase in temperature, the (111) peak of the ZnS structure started to appear at 2θ ≈27.31◦ and the (022) peak
at 2θ ≈47.68◦ at 80 ◦C bathing temperature. When the bathing temperature was increased to 90 ◦C, the (113) peak was observed at
2θ ≈57.87◦ in addition to the other two peaks. It was also found that the intensities of the peaks formed in the film deposited at 90
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Fig. 2 XRD analysis spectra of zinc-based thin films at different temperatures and deposition times ZnO thin films (a)at different temperatures(b)at different
deposition times ZnS thin films (c) at different temperatures (d) at different deposition times ZnSe thin films (e) at different temperatures (f) at different
deposition times

◦C bathing temperature were larger than the peak intensities of the other series. The peak intensities were also found to increase as
the bathing temperature increased. The XRD spectra of ZnS films produced at 90◦C bathing temperature for four different bathing
durations (15, 30, 45, and 60 mins) are shown in Fig. 2(d). It was observed that the peak intensity gradually improved after the
30th minute, reaching its highest value at the 45th minute, and then diminishing toward the 60th minute. Therefore, a 45-minute
duration was determined as the optimal time for operation at the ideal working temperature of 90◦C. The XRD spectra of zinc
selenide (ZnSe) films fabricated at bath temperatures of 70◦C, 80◦C, and 90◦C revealed the presence of peaks corresponding to
the cubic ZnSe (ASTM reference code: 98-004-1983), respectively. As shown in Fig. 2(e), the crystallinity of the ZnSe structure is
poor. The poor crystallinity of the ZnSe structure has also been reported in the literature [36]. The films deposited at 70 ◦C and 80
◦C bathing temperatures showed no peak formation. When the deposition temperature was increased to 90 ◦C, peaks at 2θ ≈28.65◦
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(111), 2θ ≈33.20◦ (002), and 2θ ≈47.66◦ (022) were observed in addition to the other two peaks (113). It was determined that
crystallization occurred in the film deposited at 90 ◦C bathing temperature. When the XRD spectrum in Fig. 2(f) of ZnS deposited as
a thin film for 15, 30, 45, and 60 min was examined, three peaks were observed. ZnS with a cubic structure showed poor crystalline
properties. The peaks are at 2θ angles 28.65◦, 33.20◦, and 47.66◦ for the (111), (002), and (022) planes, respectively, as depicted.
At 15th min deposition time, no peak formation was observed. It was observed that the peak intensity gradually improved after
the 30th minute, reaching its highest value at the 45th minute, and then diminishing toward the 60th minute. Therefore, 45-minute
duration was determined as the optimal time for operation at the ideal working temperature of 90◦C. SEM analyses were initially
conducted on thin films of ZnO, ZnS, and ZnSe deposited on glass substrates using a ZEISS Supra 40VP field emission scanning
electron microscope. The acquired SEM images were processed using image processing techniques such as contrast enhancement,
noise reduction, and edge detection to create 3D models containing the topographical information of the surfaces. Subsequently,
Gwyddion software was employed to transform these SEM images into AFM (atomic force microscope) images. This process led
to the enhancement of surface images of ZnO, ZnS, and ZnSe thin films, and density maps were generated.

The SEM image in Fig. 3(a) reveals that the glass substrate samples coated with ZnO thin films exhibit a morphology resembling
nano-rods, and these nano-rods appear to amalgamate into a flower-like structure. This observation aligns with the structure mentioned
in the literature [37, 38]. According to the AFM images, it was ascertained that the coating thickness for ZnO films reached up to
700 nm at the apexes of the nano-rods, with an average thickness of approximately 500 nm.

When examining the surface images of the ZnS thin films in Fig. 3(b), it is observed that the surface is created by nearly
homogeneously distributed nanoparticles. Additionally, it is evident that there are very few accumulations and voids on the surface,
to the extent that they can be disregarded, indicating a better adhesion of the nanoparticles to each other. When AFM images
were examined, it was determined that in some areas, the coating thickness reached up to 600 nm, with an average thickness of
approximately 400 nm. The average roughness and particle sizes of the ZnS thin film were obtained with the optimized parameters
in this study. Although the average thickness is reported as 400 nm, as seen in AFM analysis, the surface roughness is homogeneous
at the nanoscopic scale and no clustering or large voids are observed. Therefore, it is thought that the ZnS film is suitable for thin
film cells and the surface roughness does not negatively affect the performance.

The surface images of the ZnSe thin films presented in Fig. 3(c) reveal the presence of nano-sized particles, along with the
observation that these particles form clusters. It has been determined that these nanoparticles cover the entire surface and create
regional accumulations. The coating thickness of ZnSe films has been determined to be an average of 600 nm from the AFM images.

When examining the AFM images, it was observed that the surface roughness was highest in ZnO and lowest in ZnS thin films.
This variation in surface roughness is due to changes in the atoms that bond with zinc. Even though ZnO, ZnS, and ZnSe thin films
were produced under the same growth conditions and surface cleanliness, one of the most important reasons for their different surface
roughness is their crystal structures. The distinct crystal structure of each material affects the arrangement of bonds between atoms
and the topographic features of the surfaces. ZnO has a wurtzite structure, while ZnS has a zinc blend structure. These differing
structures also result in different surface roughness.

In conclusion, despite having the same processing conditions, the natural crystal structures of the materials are a significant
factor in influencing surface roughness. Since the images were observed at the nanoscale, there are occasional small variations in
accumulation in certain areas. However, when considering the average surface roughness, these variations do not pose a problem
for measurement.

The RMS (root mean square) roughness value, expressed in nanometers, was determined by averaging the height differences
across the entire surface or in specific sections. The surface roughness values of the coated thin films are provided in Table1

The elemental atomic percentage values of the films have been obtained using an energy-dispersive X-ray spectrometer (EDX)
detector and are presented in Table 2. Based on the atomic percentage values in the table, it can be observed that the coatings have
been formed on the surface as desired.

The absorption spectra of the deposited thin films were collected within the wavelength range of 300–1000 nm. Figure 4(a)
provides a comparative representation of the room temperature fundamental absorption spectra of ZnO, ZnS, and ZnSe. Figure 4(b)
provides a comparative presentation of the optical transmittance spectra for all the series. In the visible region (400–800 nm), it
was observed that ZnS exhibited a lower transmittance, while ZnO and ZnSe displayed values that were closer to each other. The
comparative graph of (αhμ)2 plotted against (hμ) for ZnO, ZnS, and ZnSe thin films is presented in Fig. 4(c). The values for the
bandgap energy determined by the intersection of the linear part of the graph with the hμ axis are consistent with the eV values
found in the literature [39–43].

3.2 Solar cell modeling and simulation method

The schematic representation of the simulated solar cell is shown in Fig. 5. This includes the arrangement and placement of
the layers in solar cells according to their energy levels. Within the scope of this study, solar cells composed of ITO (indium
tin oxide)/PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate)/P3HT:PCBM/ZnO (zinc oxide)/Al (aluminum)
layers were designed. As an alternative layer, ZnS and ZnSe were utilized for the designed solar cells. Different layer thicknesses
were investigated for their effects on power conversion efficiency (PCE). Initially, through preliminary experiments and literature
research, the layer thicknesses were determined as 100 nm for ITO, PEDOT:PSS, Al layers, and 220 nm for P3HT:PCBM [44–46].
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Fig. 3 SEM images of thin films and AFM images converted with Gwyddion software (a)Images of ZnO thin films (b) Images of ZnS thin films (c) Images
of ZnSe thin films
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Table 1 Roughness values of thin
films

Coating material ZnO ZnS ZnSe

RMS roughness (nm) 146,1 90,11 116,3

mean (nm) 124,1 67,63 94,2

Table 2 EDX results of thin films ZnO ZnS ZnSe

Element Zn O Zn S Zn Se

Atomic (%) 60.84 39.16 61.72 38.28 50.31 49.69

Fig. 4 (a) Absorption spectra of thin films (b) The optical transmittance spectra of thin films (c)The energy band gap of thin films

Solar cells were designed using GPVDM (General-purpose Photovoltaic Device Model) software to determine photovoltaic
parameters and to compare the effect of thickness on these photovoltaic parameters. Solar cell performance tests were conducted at
300 K temperature and under 1 sun illumination with the AM 1.5G spectrum, taking into account the real atmospheric reflections
of sunlight and its spectral distribution. The data obtained from the software were subsequently analyzed. Adsorption, optical
transmittance, and energy band gap data obtained through optical characterization for ZnO, ZnS, and ZnSe were input into the
GPVDM simulation program to create a new material. According to the specified plan, ZnO, ZnS, and ZnSe layers were defined
as new materials and integrated separately. Dependent on the thickness of the placed layers, Vo c(open-circuit voltage), Js c (short-
circuit current), and fill factor parameters were determined using simulation software. Based on these data, Pm a x (maximum power
output) values were calculated. The impact of layer thickness on photovoltaic conversion efficiency (PCE) was examined.

3.2.1 Simulation of solar cells and determination of photovoltaicparameters by adding zinc-based thin film layers

The photovoltaic parameters of the designed solar cells were determined by varying the ZnO, ZnS, and ZnSe layer thicknesses in
the range of 100–1000 nm within the initially specified layer configurations. In Fig. 6(a)(b)(c), the effects of the thicknesses of ZnO,
ZnS, and ZnSe layers added to the solar cell on the Voc, Jsc, and fill factor values are provided, respectively.

When the simulation data were analyzed in detail, it was determined that the optimal thickness of the ZnO layer for
ITO/PEDOT:PSS/P3HT:PCBM/ZnO/Al solar cells was 500 nm. This value was determined as the optimal layer thickness to maxi-
mize energy conversion efficiency (PCE). Following the determination of the optimal ZnO thickness, experiments were carried out
with a more detailed approach. The thickness of the P3HT:PCBM layer was varied between 100 and 500 nm, and then the thickness
of the PEDOT:PSS layer was also adjusted within the same range. These experiments aimed to understand how different thicknesses
of these two layers affect the performance of the solar cell. Analysis of the data revealed that the optimum thickness of the ZnS layer
to obtain the best photovoltaic parameters was 600 nm. The ZnS layer thickness was kept constant at this value, and subsequent
experiments were conducted to vary the thickness of the PEDOT:PSS and P3HT:PCBM layers, respectively. When investigating the
effect of ZnSe layer thickness on the photovoltaic parameters of the solar cell, it was found that the optimal thickness of the ZnSe
active layer is 400 nm. It was observed that values significantly decreased when the layer thickness exceeded 500 nm. The ZnO
layer thickness was kept constant at 400 nm, and then, the thicknesses of the PEDOT: PSS and P3HT: PCBM layers were varied to
determine their effects on the solar cells. In solar cells with added zinc-based thin film layers, the individual effects of PEDOT:PSS
layer thicknesses on the photovoltaic parameters are provided in 6(d)(e)(f), respectively. Similarly, the effects of P3HT:PCBM layer
thicknesses on the photovoltaic parameters are given in 6(g)(h)(i), respectively.

The detailed analysis of photovoltaic parameters presented in 6clearly demonstrates the effects of the thicknesses of the zinc-based
thin film layer, as well as the P3HT:PCBM and PEDOT:PSS layers, on the efficiency of the solar cell. Additionally, the effects of
layer thicknesses on the efficiency of solar cells with added ZnO, ZnS, and ZnSe layers are shown in 7(a)(b)(c), respectively.

The detailed analysis of photovoltaic parameters reveals the impact of ZnO, P3HT:PCBM, and PEDOT:PSS layer thicknesses
PCE. According to the simulation results, we determined the most appropriate thickness values for the solar cell by examining the
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Fig. 5 Schematic representation of the simulated solar cell and layer energy levels

Fig. 6 hl Voc (V) Values of (a) ZnO, ZnS, and ZnSe layers of various thicknesses(b) PEDOT:PSS layers of various thicknesses (c) P3HT:PCBM layers of
various thicknesses Jsc (A/m2) Values of (d)ZnO, ZnS, and ZnSe layers of various thicknesses (e) PEDOT:PSS layers of various thicknesses (f) P3HT:PCBM
layers of various thicknesses fill factor (%) Values of (g) ZnO, ZnS, and ZnSe layers of various thicknesses (h) PEDOT:PSS layers of various thicknesses
(i) P3HT:PCBM layers of various thicknesses

effects of layer thicknesses on the performance of the solar cell. The ideal ZnO layer thickness was found to be 500 nm. While the
optimum thickness for the PEDOT:PSS layer was 100 nm, it was determined as 225 nm for the P3HT:PCBM layer. These values
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Fig. 7 Comparison of the effect of the thickness of (a) ZnO, ZnS, and ZnSe layers (b) PEDOT:PSS layers (c) P3HT:PCBM layers on PCE

were obtained through detailed analysis with the aim of maximizing the PCE of the solar cell. Taking these values into account can
potentially ensure that the solar cell operates at peak efficiency. It was found that the initial 100 nm increase in the thickness of the
PEDOT:PSS layer significantly reduced the PCE of the solar cell with added ZnS layer. It was also observed that the PCE value was
high at P3HT:PCBM layer thicknesses of 225 nm and 250 nm, but when these thicknesses were further increased, the PCE value
started to decrease again. Based on the analysis of the data collected, the optimal thicknesses for the PEDOT:PSS layer, ZnS layer,
and P3HT:PCBM active layer were determined to be 100 nm, 600 nm, and 250 nm, respectively. In cells with added ZnSe layer,
an increase in the thickness of the PEDOT:PSS layer starting from 125 nm led to a decrease in efficiency, and a more significant
decrease was observed after reaching 300 nm. Additionally, it was determined that the highest efficiency value occurred when the
thickness of the P3HT:PCBM layer was 225 nm and decreased after reaching 250 nm. Optimal thicknesses were observed to be 400
nm for ZnSe, 125 nm for PEDOT:PSS, and 225 nm for P3HT:PCBM layers, respectively.

4 Conclusion

Using a chemical bath method, zinc-based thin films have been successfully deposited at low cost and with repeatability, without
the need for vacuum or high temperatures. During this process, the risk of reducing the substrate material’s strength and altering
its physical properties has been minimized. In the experiments conducted for the deposition of zinc-based thin films, the pH was
maintained at 10, and different bath temperatures and deposition times were tested. The XRD results of all the tested samples were
compared. As a result, the ideal bath temperature was determined to be 90◦C, and the ideal deposition time was established as 45 min.
This led to an improvement in the quality of zinc films and made the production process more efficient. The SEM images obtained
revealed that ZnO thin films were formed in the shape of nano-rods on the surface, while ZnS and ZnSe films were formed in the
shape of nanoparticles. The AFM images were used to calculate the average coating thickness, which was found to be 500 nm for ZnO
films, 400 nm for ZnS films, and 600 nm for ZnSe films. Because ZnO films are composed of nano-rods and ZnSe films are made up
of smaller nanoparticles, the surface roughness was found to be higher in ZnSe films compared to ZnS films. The optical properties of
thin films were characterized, and their bandgap energies were calculated for use in solar cell simulations. The produced zinc-based
thin films were found to possess unique photovoltaic and electrical properties as well as varying surface roughness. Their suitability
for use as a layer in solar cells was tested. The solar cells formed in the ITO/PEDOT:PSS/P3HT:PCBM/Al layers were aimed to be
improved in efficiency by adding zinc-based layers after the P3HT:PCBM layer. Layer thicknesses were varied to study their effects
on efficiency. Prior to the addition of zinc-based layers, the photovoltaic parameters of ITO/PEDOT:PSS/P3HT:PCBM/Al layered
solar cells were determined as follows: fill factor 0.668274, Vo c 0.603952 V, and Js c −155.465 A/m2. The energy conversion
efficiency (PCE) was calculated to be 4.46%. When ideal thicknesses of ZnO, ZnS, and ZnSe were incorporated as layers in the solar
cell, PCE was calculated to be 14.3%, 13.5%, and 14.2%, respectively. The observed 14% efficiency indicates significant potential
for further improvements and optimizations. It is possible to enhance efficiency through improvements in parameters such as band
structure alignment between p-type and n-type layers, electron and hole transport, minimization of interface transition resistances,
and optimization of layer thicknesses. It was observed that the zinc-based layers significantly improved the efficiency of the solar
cell. The increase in layer thicknesses resulted in a decrease in transmission (%T) values, consequently leading to an increase in
the bandgap energies. The changing bandgap energies of zinc-based thin films have led to variations in electron transport mobility,
consequently affecting both their photovoltaic and electrical properties. Therefore, the ideal layer thicknesses have been determined
as 400 nm for ZnS with a bandgap energy of 2.92 eV, 500 nm for ZnO with a bandgap energy of 3.35 eV, and 600 nm for ZnSe with
a bandgap energy of 3.54 eV. It was observed that layer thicknesses have a direct impact on the bandgap energies, and an increase
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in the bandgap energy leads to an increase in layer thickness. Thus, it was revealed that the properties of zinc-based films can be
easily modified to enhance the efficiency of solar cells.
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