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Article Info ABSTRACT

. . Dual perovskite materials that are lead-free remain of great interest to the
Article history: research community due to their potential utility in photocatalysis and
Received: 17, 11, 2025 electronics, and, without lead, they can be used as non-environmentally toxic
Revised: 30, 12, 2025 materials. In light of the global trend towards replacing lead-containing

materials with safer alternatives, this study focuses on employing ZnSnO3 as
a lead-free option to reduce the environmental and health risks associated with
conventional photovoltaic materials while maintaining electronic and optical
properties suitable for solar applications. This work developed a low-cost,
environmentally friendly method to produce ZnSnOs composites and to test
their effectiveness as an active layer in solar cells. The device consists of an
FTO/Ti02/ZnSnO5/CuO/Al stack structure. The ZnSnO:; film is very crucial
due to its ability to harvest visible light and accelerate the charge transfer.
The samples were examined by X-ray diffraction (XRD), ultraviolet-visible
(UV-Vis) spectroscopy and field emission scanning electron microscopy
(FESEM). This indicated that the nanoparticles have a uniform morphology
and unique optical properties. Measurements indicated that the ZnSnO3 has a
direct band gap of around 3.32 eV. This makes it able to absorb a lot of
sunlight. At an illumination of under 100 mW/cm?2, the cell prepared with this
structure also showed a power conversion efficiency of 5.6%. Such results
indicate that room temperature ZnSnQOs is a possible attractive medium to
enhance environmentally friendly solar cells
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1. INTRODUCTION

There are two primary configurations of planar-structured perovskite solar cells (PSCs): n-i-p and p-i-n.
A perovskite active layer is inserted between an electron transport layer (ETL) and a hole transport layer
(HTL) in these cells[1]. Perovskite materials are becoming increasingly popular as semiconductors, largely
because they have a high absorption coefficient for light (which is good for use in solar cells). Nanomaterials
have been the subject of much recent interest due not only to their potential to improve device performance,
but also the distinct physical and chemical properties with which they set themselves apart from bulk
materials[2] . The efficiency with which perovskite solar cells turn power into electricity has also skyrocketed,
from just 3.8% to 25.5%[3] . That it is among the best of new technologies for turning out cheap solar cells.
Some semiconductors, like CuO[4], ZnSnOs and TiO, environmental safe materials. They draw a lot of
curiosity, because they have rich photoconductivity and show high photochemical performance. These
materials are characterised by high optical conductivity and active photochemical activity, making them useful
for a variety of applications, including photovoltaic energy conversion devices and gas sensors[5][6] [7]. In
this instance, a metal-oxide-based active electrode is employed in PSCs (metals such as TiO, ZnSnOs or CuO
that are deposited as thin films on fluorine-doped tin oxide (FTO) glass).
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The ZTO composite can perform better than the pure oxides in the aspects of thermal stability, electrical
conductivity and response in the visible-ultraviolet range. Some studies have shown that ZnSnO3 has a wide
energy gap and optical properties suitable for photovoltaic applications, as its nanoparticles were prepared by
the sol-gel method while studying its structural and optical properties [8]. Other studies have shown that thin
films of ZnSnO3 have high transparency, exceeding 85% in the visible range, with an energy gap of
approximately 3.3 electron volts, which enhances their potential use in optical devices and solar cells [9].
Several researchers have also pointed out that ZnSnQOj3 is a perovskite oxide with a wide energy gap, ranging
from 3.5 to 3.6 electron volts depending on the preparation method, which makes it suitable for energy
conversion and photovoltaic applications [ 10]. The present work aims to explore the feasibility of using lead-
free double-structured perovskite (ZnSnO;) as an active layer for solar cells, which is fabricated as a thin film
by a simple and environmentally friendly solution process, and to propose an innovative solar cell architecture
based on FTO/ TiOy/ ZnSnOs3/CuO/Al. The research serves as a normative data model to systematically
correlate the structure and optical properties of ZnSnO3 with its application performance, guiding this solar
cell innovation toward sustainable energy production.

2. Experimental Methodology
2.1 Materials.

A conductive FTO glass substrate with a surface resistivity of 15 Q was used in this study, and distilled
deionized water was used as the solvent. We have also employed hydrated tin chloride (SnCly 2H,0, 99%
purity, Sigma Aldrich), zinc chloride (ZnCl,, 99.9% purity, BHD) and ammonium hydroxide (NH4OH, 99.9%
purity, FlukaChemika), as well as aluminum wire (Al, 99.9% pure) for the synthesis of the studied objects.

2.2Preparation of Lead-Free Double Perovskite (LFDPVS)

Zinc stannate perovskite solutions and thin films are prepared by various methods. Most previous studies
have indicated that the formation of ZnSnOsnanoparticles typically occurs via the reduction reaction of a
mixture of zinc and tin salts dissolved in aqueous medium, in the presence of ammonium hydroxide, under
hydrothermal conditions[11]In this work, a similar approach was adopted to prepare ZnSnOs;(Chemical
precipitation), following the chemical pathway shown in the following reaction equations[12].
ZnCl, + Sn Cl,.5H,0 + 6NH,OH — ZnSnO; + 6NH,Cl + 8H,0..(1)

10 g of hydrated tin chloride (SnCls - SH20) was dissolved in 50 ml of distilled, deionised water in a
glass flask, which was placed on a hot plate at a constant temperature of 70 °C and stirred continuously for 30
min. Similarly, 3.887 g of zinc chloride (ZnCl,) was dissolved in 50 ml of distilled deionised water in another
flask under similar heating and stirring conditions. After obtaining two homogeneous solutions of zinc and tin
salts, they were combined with continuous stirring for 30 min, followed by the addition of 6.18 ml of
ammonium hydroxide (NH4OH) solution to the mixture. The mixture was then heated with continuous stirring
for 60 min, resulting in the precipitation of a yellowish-white solid, representing the initial phase of the
intermediate compound ZnSnOs.

Figure (1): Form of the prepared material (ZnSnOs)

2.3 PV Device Fabrication

The initial (TiO2) solution was deposited onto a transparent, conductive glass (FTO) substrate using a
drop-casting method at 70 °C, yielding a substrate surface resistivity of 15 Q. A perovskite (ZnSnO3) solution
was then deposited onto the preheated FTO/ TiO2 substrates at the same temperature (70 °C) using the same
technique. Copper oxide (CuO) was then deposited onto the FTO/ TiO2/ ZnSnOj3 substrates to obtain the final
FTO/ TiO2/ ZnSnOs3/CuO samples. A 0.1 cm? aluminium foil was then placed on top of the CuO layer as an
electrode, as shown in Figure 2, which illustrates the thin-film structure of the photovoltaic (PV) device.
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Figure (2): Diagram of Photo-Voltaic showing(FTO/ TiO2/ ZnSnOs/CuO/Al)layer deposited on FTO.

2.4 A characterisation of the sample
The structure of the thin films was studied using a Shimadzu 6000 equipped with Cu-Ka radiation, using
X-ray diffraction (XRD). The average crystallite size (D), which can be estimated using Scherrer’s formula:
A

Where (D) is the Crystallite size,(K) is the shape factor(taken as 0.94), (A) is the wavelength (1.5406 A) of the
X-ray, and (p) is the full peak width at half maximum (FWHM). To analyse the morphology of the crystalline
films, the samples were examined using a scanning electron microscope (SEM), manufactured by Bruker Nano
GmbH in Germany. Absorption and transmittance measurements were also performed using a UV/Vis Double
Beam (UVD-3500) spectrometer. From the absorption peak, the energy band gap was calculated using the
Tauc relation:

(ahv) =B (hv-Eg) ".......... 3)

Where (o) is the absorbance coefficient, (h) is Planck’s constant, (B) is the empirical constant, (v) is the
light frequency, Eg is the energy band gap,(n) is a constant, which depends on the transmission either (1/2)
for direct(allowed). The current-voltage (I-V) characteristics of the LFPVSC device were studied using a
Keithley 2400 source/measurement meter, under simulated standard illumination conditions of AM 1.5 G with
a light intensity of 10> W . m™2. The PCE of a solar cell may be determined with the use of equation (4) [13]

JimVm Voc “ Isc - FF
PCE = = *100% ... ... ©))
Prn P % Agc
Where, F.F: Fill Factor, Vi,: Maximum Voltage, J,: Maximum current density, Im: The maximum value of the
current, A: Area of the solar cell, and P,: maximum power.

3. RESULTS AND DISCUSSION

3.1. XRD analysis
X-ray diffraction (XRD) was used to determine the crystal structure, crystallite size, and phase of the
fabricated thin film.
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Figure 3: XRD pattern of ZnSnO3 thin film
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Figure 3 shows the XRD patterns of a ZnSnOs thin film deposited on a glass substrate by the drop-coating
method. Specific peaks were observed at 20 angles of 26.67°, 32.89°, and 51.45°, corresponding to the
tetragonal phase planes (102), (104), and (116), respectively. The detected XRD pattern closely matches the
data in JCPDS card No. 28-1486. As there are no other peaks, the material is therefore determined as pure in
crystalline nature. We also observe that the widening of the diffraction peaks is likely related to the small
crystal size and the presence of lattice stress, which is commonly associated with nanomaterials. It should also
be noted that some of the peak widening may be due to the instrument's response during measurement. As high
charge mobility is pretty essential for high-quality solar cells, the perovskite films with well-packed crystalline
sections show an enhanced charge transfer. This leads to the possibility of improving the performance of
optoelectronic devices by increasing the crystallinity of the perovskite layer and orienting its crystals. The
crystal size was determined using the Debye—Scherrer equation, yielding an average crystal size of = 33 nm.

Table 1: Structural parameters of ZnSnO;

Prepared d-spacing

20 (deg) FWHM (deg)

crystal size (nm)

methods observed(A)
JCPDS No. 26.67 1.8980 3.42 (102) 41.5
28-1486 32.89 2.4516 2.81 (104) 35.1
51.45 3.8960 1.81 (116) 22.4
Average Crystallite size (nm) 333

3.2. FE-SEM analysis

The surface morphology of an LFDPVS thin film deposited on a glass substrate was examined using
field-emission scanning electron microscopy (FESEM). Figure 4 shows micrographs of a nanostructured
polycrystalline film, with spherical and non-spherical grains observed across the entire surface in different
sizes. Such structural distribution shows formation of perovskite grains in large size, which are crucial for
efficient charge transportation and low carrier recombination, implying this structure is favorable for high-
performance solar cells. Clusters of growing nanoparticles on the surface are also observed in the image, and
uniformly distributed micropores and microbridges enhance the effective surface area and promote interlayer
contact in a photovoltaic device.
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Figure 4: FE-SEM image of ZnSnO3 thin film

3.3. Optical Properties

The photovoltaic response of the ZnSnO; film was examined for optical absorption, Figure 5, after
deposition on the glass substrate using a UV-Vis spectrometer. The spectra exhibited high transparency in the
visible range (100—-1200 nm), indicating that this film is promising as a solar cell window layer. In contrast,
strong absorption was observed in the UV range (300—400 nm), with a sharp absorption edge at about 337 nm.
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Figure5: a. optical absorbance, b. calculating the energy gap using the Tauc equation
of the ZnSnO3double perovskite film. c. The absorption coefficient changes with the photon's energy.

Figure 5a shows the absorption spectrum, indicating that the material exhibits high absorption in the ultraviolet
region, while absorption gradually decreases in the visible region. This behavior is attributed to electron transitions from
the valence band to the conduction band, resulting in a distinct absorption edge at specific wavelengths related to the
material's energy gap. Figure 5 b shows the determination of the optical energy gap. Tauke's equation, suitable for direct-
transition semiconductors, was used to plot the relationship between and the photon energy. The linear portion of the curve
is clearly visible at higher energies, and by extending this portion to its intersection with the energy axis, the optical energy
gap was estimated to be approximately 3.3 eV. This value indicates that the material possesses a relatively wide energy
gap, consistent with the nature of semiconducting oxides. Figure 5c shows that the absorption coefficient (o) was calculated
from the absorbance data and then plotted as a function of photon energy. The results showed that the absorption coefficient
increases with increasing photon energy and becomes more pronounced near the absorption edge, indicating the presence
of strong electronic transitions in this spectral region. This optical behavior can also be attributed to the material's
nanostructure, as the small crystal size can influence the nature of electronic transitions and enhance the material's
interaction with light. Taken together, these results indicate that the material possesses optical properties suitable for use
in optoelectronic applications.

3.4. (I-V) Properties to solar cell

Measuring the current-voltage curve under illumination is one of the most important electrical tests for
solar cells. It is used to evaluate the cell's operational characteristics and extract its key parameters that
determine its efficiency. Figure (6) shows the current curves under a forward bias voltage under standard
illumination conditions (100 mW/cm?). It is observed that the photocurrent increases exponentially with
applied voltage under forward bias, due to the increased charge-carrier injection rate at higher voltages. The
open-circuit voltage (Voc) [14] was determined from the point of intersection of the curve with the x-axis at (I
= 0), while the short-circuit current (Isc) was obtained from the point of intersection of the curve with the y-
axis at (V = 0). The maximum power output from the solar cell is calculated from the product of the open-
circuit voltage and the short-circuit current (Pout = Voc x Isc).
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Figure 6: Performance of((FTO/ TiO2/ ZnSnOs/CuO/Al))solar cell.

Table (2) : also provides detailed values for the measured solar cell parameters.

solar cells

(Configurations)
FTSA
trio2 = 175.1 nm, and tzssnoz~ 150.2
nm and t cuo =151.2 nm.
R=3.3kQ 0.6 12.2 0.46 12.1 76 5.6
Rsni=4.62kQ

Based on these values, the photoconversion efficiency (1) was calculated using Equation (2) for all
studied samples. The highest efficiency (n = 5.6%) was achieved for the layered structure composed of:
(FTO/TiO2/ZnSnO3/CuO/Al). This performance can be explained by improved charge-carrier separation and
transport within the device, resulting from the alignment of the energy levels of the transport layers and the
active layer. The TiO: layer acts as an electron-transport layer, while the CuO layer contributes to hole
transport, thereby reducing charge-carrier recombination at the interfaces. Furthermore, the presence of the
ZnSnO:s nanolayer provides a large surface area and good optical properties, thereby enhancing light absorption
and facilitating charge transport. This is reflected in an increased current density (Jsc) and an improved fill
factor (FF), resulting in a higher photoconversion efficiency for the prepared solar cell.

4. CONCLUSION

In the present work, the prepared material was fabricated and investigated for its structural, optical ,
and electrical characteristics. The measurements demonstrated the success of the preparation and basic
properties for photovoltaic applications. The characteristic J-V (current density—voltage) curves for the solar
cell we prepared demonstrated a short-circuit current density value of (12.2 mA/cm2) and open-circuit voltage
of (0. 6V). The fill factor (76%) and photoconversion efficiency (5.6%) are typical, suggesting there is still
room for improvement. Thus, the study concludes that the synthesised material could be used in solar cells.
But the increased efficiency requires higher-quality structures and fewer surface and interfacial defects for
practical performance.
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