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Abstract: Thick films of (Cu1−x Agx)2 ZnSnS4 (CAZTS), with a thickness of 500 nm, were deposited using electron beam gun
technology. This study explores how varying silver (Ag) content influences the properties of CAZTS films. Structural characteristics
were investigated using X-ray diffraction (XRD). Film thickness and refractive index were determined from transmission spectra
using Swanpoel’s method, and high-precision thickness measurements were further confirmed with spectral ellipsometry, employing
three optical layer models. The absorption and extinction coefficients were calculated from transmittance and reflectance data in the
strong absorption region, with bandgaps assessed accordingly. The bandgap decreased from 1.75 eV to 1.51 eV as Ag content
increased, highlighting the probable of CAZTS films as absorber layers in solar cells. A Ni/n-CdS/p-CAZTS/Pt heterojunction was
successfully fabricated, and its photovoltaic performance was estimated. By changing Ag content, the current-voltage characteristics
of the heterojunctions were examined, suggesting that CAZTS thin films are promising candidates for solar cell absorber materials.
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1 Introduction

Recently, Cu2ZnSnS4 (CZTS), a quaternary material, has drawn a lot of interest as a capable absorber material for solar
cell systems. It has a kesterite crystal structure and is composed of earth-abundant, non-toxic similar zinc (Zn), tin (Sn),
copper (Cu), and sulfur (S). Due to these characteristics, CZTS is a viable substitute for existing thin-film PV materials
that use pricy and poisonous metals similar cadmium (Cd) and indium (In). All things considered, CZTS is a capable
for thin-film PV requests because it is made up of numerous, non-toxic elements and has the right optical and electrical
properties for solar cell technology. CZTS-based solar cells could replace conventional silicon-based and thin-film PV
technologies as a result of additional study and development [1,2,3,4,5].

Since the spin coating is quick and inexpensive, it is a common technique for depositing CZTS thin films. The
procedure entails coating a substrate with a thin layer of a precursor solution before rapidly spinning the substrate to
equally disperse the solution. The precursor is then heated to form a solid CZTS coating on the substrate [6,7,8].
Another popular method for depositing CZTS thin films is sputtering. High-energy ions are used to bombard a target
material in this process, causing atoms to be expelled and deposited onto a substrate. The composition and qualities of
the CZTS film can be controlled by sputtering with a variety of gases, such as argon [9,10,11]. In thermal evaporation,
the precursor substance is heated in a vacuum chamber until it vaporizes, and then allowed to deposit onto a substrate
where it condenses into a solid film. High-quality CZTS films with good crystallinity and purity can be produced using
this technique [12,13]. Pulsed Laser Deposition (PLD) is a process that ablates a target material with a high-energy laser
before depositing it onto a substrate. With perfect control over the deposition rate and composition, this technique may
make CZTS films that are very uniform, dense, and of the highest quality [14,15]. In order to generate a CZTS film, a
preliminary film of electron-beam-evaporated precursors is heated in the presence of sulfur gas after being deposited
onto a substrate by electron beam evaporation. Using this technique, superior CAZTS films with good regularity and
crystallinity may be created [16,17]. In spray pyrolysis, a precursor solution is sprayed onto a hot substrate, which
causes it to break down and produce a CZTS film. Although this technique is rather straightforward and can make
large-area CZTS films, it can be hard to regulate the film’s thickness and homogeneity [18,19].
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The PCE for pure CZTS solar cells is currently recorded at 9.2%, whereas the PCE for pure CZTSe solar cells is
reported at 11.6%. Mixed CZTS/CZTSe solar cells have a PCE that is marginally higher at 12.6%. These efficiencies,
however higher than those of CIGS and CdTe solar cells, which have shown efficiencies of up to 21.7%, are still below
those of those solar cells. Notwithstanding their lower efficiency, CZTS-based solar cells continue to spark a lot of research
interest because of their inexpensive, non-toxic, and readily available constituent materials. Researchers are investigating
a number of methods to increase the stability and efficiency of CZTS-based solar cells, including optimizing deposition
techniques, engineering the band structure, and creating new device topologies [20,21,22,23].

Highly effective (Cu1−x Agx)2 ZnSn(S,Se)4 solar cells were studied by Xue Yu and colleagues for the use in flexible
Mo foil [23]. Cu2ZnSn(S,Se)4 encoded as (CZTSSe) junction’ efficiency is significantly increased by cation substitution.
The band gap of (CAZTSSe) thin layers can be changed in this study by doping with Agx (where x is the content of
Ag ranging from 0 to 5%. Additionally, it was discovered that Ag doping could clearly raise the CAZTSSe absorber’s
average grain size from 0.4 to 1.1 mm. Furthermore, the open-circuit voltage (Voc) steadily drops as a result. An increase
in power conversion efficiency (PCE) from 4.34% to 6.24% was achieved. The study aimed to assess how varying Ag
content affects the structural, optical, and electrical properties of ultra-thin (Cu1−x Agx)2 ZnSnS4 layers, with x ranging
from 0 to 0.5%. Film thickness and refractive index were determined from transmission spectra using Swanpoel’s method,
and high-precision thickness calculations were further confirmed with spectral ellipsometry, employing three optical layer
models.The energy gap of the CAZTS films was determined from the strong absorption regions of their transmission and
reflection spectra. Additionally, a p-n junction of Ni/n-CdS/p-CAZTS/Pt heterojunction was successfully fabricated, and
the dark and light current-voltage characteristics of these heterojunctions were analyzed for various CAZTS layers with
different Ag contents.

2 Experimental techniques

2.1 Chemicals

Silver nitrate Ag(NO3) as a source for Ag, copper (II) nitrate Cu(NO3)2 for obtained Cu, zinc acetate Zn(CH3COO)2 for
formating the Zn atoms, stannous chloride encoded as (SnCl2), citric acid incarnated (C6H8O7) form, deionized water,
sulfide amine solution, and pure alcohol were the components used to synthesis the CAZTS thin layers. Without any
additional purification, all of the used compounds and precursors were used.

2.2 Constructing CAZTS layers

The silver, copper, zinc and antimony precursors mentioned in the chemicals section were used to prepare an aqueous
solution prepared for the synthesis of CAZTS thin samples by dissolving mixtures of the four precursors in equal
proportions equivalent to one mole/ liter. In order to produce a translucent solution, after 10 minutes of mixing and good
stirring of the aqueous solution in the preparation flask, metal ions from the aforementioned precursors were added to
citric acid (C6H8O7) and deionized water. As a complexing agent, citric acid (C6H8O7) was used. At 150°C, 6 mL of
Sulphide amine solution was added to the flask and allowed to react for roughly 30 minutes. Following that, the CAZTS
nanoparticles were separated via a centrifuge. Powder nanoparticles were dried in a vacuum oven to generate the CAZTS
powder, which is the final product used to prepare thin films by thermal evaporation. These glass substrates were
likewise cleaned with ultrasonic and allowed to air dry after numerous 30-minute rinses in distilled water and pure
alcohol. The electron beam gun (DV 502 A-type) coating device was set and calibrated at a deposition rate close to 20
angstrom/second and at high pressure in the vacuum chamber of 10-7 mbar, to obtain thin films at fixed substrate
temperature equal 200 oC. The influence of film thickness was minimized by putting the same weight on the boat with
the same thickness of thin films using the FTM6 thickness monitor. With astonishing accuracy, the film thickness was
determined using a spectroscopic ellipsometry method.

2.3 Characterization and measurements

X-ray diffraction (XRD) patterns (Cu-Kα1 radiation (λ = 1.54056) with a Philips diffractometer (1710) ) were used to
determine the structural phase and parameters such as crystallite size and strain. Optical characteristics were investigated
using spectroscopic ellipsometry (SE) with a VASE (J. A. Woollam Co., Inc.), where data were collected across a
wavelength range of 300 to 1100 nm at an incidence angle of approximately 70◦. The SE data were analyzed with the J.
A. Woollam Complete Ease software. Optical transmission and reflection spectra of the thin films were measured using a
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double-beam, computer-controlled spectrophotometer (UV-2101, Shimadzu) over a wavelength range from 300 to 2500
nm. A CdS thin layer was deposited directly onto the CAZTS layer (5 µm thick) with varying Ag content on pre-cleaned
glass substrates to fabricate a p-n junction, specifically n-CdS/p-CAZTS heterojunctions. The heterojunctions, consisting
of ”ITO (100 nm)/n-CdS/p-CAZTS/Mo (100 nm),” were fabricated by layering materials through thermal evaporation
(CdS) and electron beam gun deposition (CAZTS, Mo, and ITO). This layered structure is essential for optoelectronic
devices such as solar cells, with each material and deposition method chosen to achieve optimal device performance.
Illumination current-voltage (I-V) characteristics were measured using a Keithley 2400 device under standard conditions
with AM1.5G illumination and a power density of 1800 mW/cm² produced by a 150W lamp.

3 Results and discussion

3.1 EDX and Structural studies

A summary of the EDAX results of (Cu1−x Agx)2 ZnSnS4 thin layers is recorded in Table 1. The X-ray diffraction (XRD)
patterns of (Cu1−x Agx)2 ZnSnS4 thin film with varying Ag content are presented in Fig 1(a). The XRD results confirm
the formation of crystalline CAZTS phases.

x Cu(mV) Ag(at/%) Zn(at/%) Sn(at/%) S(at/%)
0 20.43 0 11.83 11.71 56.03

0.1 18.54 1.989 11.93 11.82 55.73
0.2 16.69 3.969 11.9 11.81 55.63
0.3 14.59 5.998 11.8 11.79 55.83
0.4 12.49 8.35 11.94 11.75 55.47
0.5 10.55 10.01 11.97 11.81 55.66

Table 1: Summary of the EDAX results of (Cu1−xAgx)2 ZnSnS4 thin films with various Ag contents (0,0.1,0.2,
0.3,0.4,0.5)

The CAZTS thin layers exhibit diffraction peaks at 28.53◦, 47.32◦, and 56.19◦, corresponding to the diffraction planes
of (112), (220), and (312), respectively. These planes are extracted from JCPDS card with no.26-0575. This provides
strong evidence for the formation of CAZTS in a tetragonal phase. Furthermore, the CAZTS layers exhibit a sharper
peak at (112) plane, indicating an improvement in crystal quality with an increase in Ag content. Fig. 1(b) illustrates the
peak shift of (112) plane. A shift is observed in the diffraction angle towards smaller angles with increasing Ag content.
The shift towards smaller diffraction angles in XRD (X-ray diffraction) curves with increasing Ag (silver) content can be
attributed to a decrease in the interatomic distance between the atoms in the crystal lattice of the sample. The position of
the diffraction peaks depends on the spacing between the atoms in the crystal lattice, which is determined by the atomic
radii and the crystal structure. As the Ag atoms are substituted for other atoms in the crystal lattice, the interatomic distance
between the atoms changes, leading to a shift in the position of the diffraction peaks. As Ag has a smaller atomic radius
compared to the Cu element, the substitution of Ag atoms for Cu atoms results in a decrease in the interatomic distance,
and thus a shift towards smaller diffraction angles in the XRD curve. This behavior can be used to identify the presence of
Ag in a sample and to study the impacts of Ag substitution on the crystal structure and properties of the material [24,25].
The Debye-Scherrer equation is commonly used to determine the average crystallite size in polycrystalline materials from
X-ray diffraction data. The equations relate the crystallite size (D) and lattice strain (e) to the main X-ray wavelength (λ ),
the diffraction angle (Bragg’s angle θ ), and the full width at half maximum (β ) of the diffraction peak [26,27]:

D =

(
0.94

β

)
· λ

cosθ
&e =

β

4tanθ
and β =

√
β 2

obs −β 2
std (1)

β is the widening equivalent of the difference in profile width between the films (βobs) and the standard silicon (βstd).
The size of the crystallites increased as a result of increasing the Ag content, as seen in Fig. 2, whereas the lattice strain
values dropped with increasing Ag concentration. The size of crystallites rises when Ag content increases because it serves
as a site of nucleation for the development of new crystals or as a catalyst for the production of existing crystals. This
is due to the possibility of extra nucleation sites for crystal growth being provided by the existence of Ag atoms, which
encourages the building of bigger crystals. Lattice strain, on the other hand, measures the departure from the ideal crystal
structure and can be caused by a variety of things, such as impurities or flaws in the crystal lattice. Because more Ag atoms
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Fig. 1: (a) XRD patterns of (Cu1−x Agx)2 ZnSnS4 thin films, (b) peak shift of (112) plane.

can aid in reducing strain in the crystal lattice, the lattice strain values decrease as the Ag content rises. This is because Ag
atoms have a higher atomic radius than the host metal atoms, which can cause the crystal lattice to be distorted. More Ag
atoms are integrated into the lattice as the Ag concentration rises, which can aid in restoring the optimum crystal structure
and lowering lattice strain. Overall, as a result of Ag’s influences on crystal development and lattice distortion, an increase
in Ag concentration causes crystallites to grow larger and lattice strain values to drop.

Fig. 2: crystallite size and lattice strain of (Cu1−x Agx)2 ZnSnS4 films as a function of Ag content.
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Fig. 3: The spectral variation of the transmittance and reflectance of (Cu1−x Agx)2 ZnSnS4 films with various Ag contents.

3.2 Optical properties

Fig. 4 describes the transmission and reflection spectra of thin films of (Cu1−x Agx)2 ZnSnS4 with varying Ag
concentrations. These spectra were analyzed in the wavelength range of 300 to 2500 nm. It was observed that the
transmittance (T) decreases with increasing Ag content in the film, particularly in the near-infrared region, where the
lower transmission values were found to range from 60% to 70%. This decrease in transparency due to Ag doping makes
these films suitable for use in the absorber layer of photovoltaic solar cells. The uniformity of film thickness, as well as
the smoothness of the film surface, was confirmed by the presence of interference fringes. These fringes result from the
coherence of multiple transmitted light waves at the interface between the film and substrate. This indicates that the film
has a thickness uniformity of 0.5 µm and a smooth surface, which are desirable properties for various applications,
including solar cells.

Fig. 4: Experimental and modeled ellipsometric optical parameters Psi and Delta for calculating the film thickness of
(Cu1−x Agx)2 ZnSnS4 films.
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The film thickness was determined using spectroscopic ellipsometry, where the parameters Ψ and ∆ were measured
over the wavelength range of 300 to 1100 nm. This measurement was carried out with a rotating compensator instrument,
specifically the J.A. Woollam M-2000.

The methodological details are extensively covered in references [28,29,30,31]. The data acquisition is performed
at a 70° incident angle. Utilizing the WVASE32 program, as illustrated in Fig. 5, a sophisticated approach employing
three optical layer models is employed to accurately ascertain the film thickness. These models encompass a Cauchy layer
representing the substrate, a B-spline layer representing the (Cu1−x Agx)2 ZnSnS4 film, and a surface roughness layer.
This methodology ensures high precision in determining the film thickness.

Fig. 5: The absorption coefficient versus photon energy of pure and Cu doped CdTe of (Cu1-xAgx)2ZnSnS4 films with
various Ag contents.

The analysis of the figures suggests that as the Ag content increases, the transmittance in transparent regions also
increases, while the reflectance decreases. This phenomenon can be attributed to several factors, including changes in
the crystal structure or morphology of the thin films due to Ag substitution. The introduction of Ag into the (Cu1−x Agx)2
ZnSnS4 films may lead to a more organized crystal structure or a reduction in defects that would otherwise absorb or scatter
light. This improvement in crystal structure or defect reduction enhances the transparency of the films. Additionally,
higher Ag content may contribute to smoother film surfaces, thereby reducing scattering losses and facilitating better
transmission of light through the material.Overall, the observed increase in transmittance and decrease in reflectance with
increasing Ag content suggest that Ag doping positively influences the optical properties of the (Cu1−x Agx)2 ZnSnS4
films, potentially making them more suitable for various optoelectronic applications. However, the decrease in reflectance
with increasing Ag content suggests alterations in the surface and electronic structure that make the surface less reflective.
This could be due to a smoother surface, as mentioned, or changes in the electronic states at the surface, affecting how
light interacts with the material. Increased Ag content might improve optical impedance matching between the film and its
substrate, thus reducing the amount of light reflected from the surface. This effect would enhance the efficiency of optical
devices by minimizing energy losses due to reflection. A decrease in reflectance, coupled with an increase in transmission
in specific regions, might also suggest that absorption in other wavelength regions could be changing. This is critical for
applications like photovoltaics, where controlling absorption profiles is essential for maximizing efficiency. The described
changes in the optical properties of (Cu1−x Agx)2 ZnSnS4 thin films with different Ag concentrations have significant
implications for photovoltaic applications, particularly in designing more efficient solar cells. By tailoring the Ag content,
it might be possible to optimize these materials for maximum light absorption and conversion efficiency, leveraging the
enhanced transmission and reduced reflectance. The transmission curve shows a sharp drop at the absorption edge, which
is mainly due to the transition of electrons from the valence band (VBM) to the conduction band (CBM). Additionally, with
increasing Ag concentration in (Cu1−x Agx)2 ZnSnS4, the absorption edge shifts towards longer wavelengths, indicating
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Fig. 6: (αhν)2 versus hν of (Cu1−x Agx)2 ZnSnS4 films at different Ag contents.

a reduction in the fundamental energy gap of the material with higher Ag doping levels. Figure 6 displays the absorption
coefficient as a function of photon energy for Ag-doped (Cu1−x Agx)2 ZnSnS4 films. This coefficient was calculated from
transmission and reflection measurements in the strong absorption region, using the methodology detailed in references
[32,33,34].

α(λ ) =

(
1
d

)
ln
(
X′×Y′) (2)
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[(
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)(
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(4)

In the provided relation for the absorption coefficient, d represents the film thickness, and the terms R′
1, R′

2, and
denote the Fresnel reflection coefficients for the air-film interface, film-substrate interface, and substrate-air interface,
respectively. The films exhibit a notably high absorption coefficient value, approximately (≈ 105cm−1), indicating strong
absorption properties. This high absorption coefficient renders the films suitable for application as an absorber layer in
solar cells. Interestingly, the results indicate that the absorption coefficient decreases with increasing Ag concentration.
Furthermore, it’s observed that the absorption value undergoes a sudden decrease at the absorption edge, which also
shifts towards lower energy levels as the level of Ag incorporation increases. This trend underscores the influence of Ag
doping on the optical properties of the (Cu1−x Agx)2 ZnSnS4 films, offering insights into their potential application in
optoelectronic devices.

The absorption coefficient (ℵ), which is impacted by different of variables including the composition, thickness, and
microstructure of the material, offers information on how strongly the material absorbs light at a specific wavelength in the
instance of CAZTS/glass layers with varied Ag contents. One may ascertain the optical characteristics of these materials
and their prospective uses in optoelectronics, photovoltaics, and other sectors by determining the absorption coefficient
for varied Ag concentrations of CAZTS/glass layers [35,36,37,38].

CAZTS materials are quaternary semiconductors that have undergone substantial research in preparation for their
prospective application in photovoltaic solar cells. Efficiency as a solar absorber is greatly influenced by the material’s
optical properties, particularly its energy band gap. For extracting the energy band gap of semiconductors, researchers
frequently utilize the Tauc expression. It is based on a material’s ability to absorb photons of a particular energy, as
determined by the material’s absorption coefficient. The following can be used to express the Tauc expression [39,40,41]:
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(αhν) = A′ (hv−Eopt
g
)r (5)

In this formula, r and A′ incarnate exponent and constant. The index value, r is a parameter that depends on the nature
of the band gap (direct or indirect) and determines the transition type from VB to CB. For the polycrystalline character of
the CAZTS layers under investigation, the permitted direct transition is dominant with (r = 1/2) [42,43,44]. Fig. 7 shows
the plotting of (αhν)2 versus hν for different Ag contents of CAZTS layer. The energy band gap Eopt

g was determined by
subtracting the measured data’s intercept from the absorption coefficient’s linear extrapolation to zero after the measured
data had been fitted to the Tauc expression. As the Ag concentration in the CAZTS layers increases, the band gap value
for the CAZTS/glass film drops (see Fig. 7) as sigmoidal behavior. This is due to the possibility that the addition of Ag
will cause some Zn and/or Cu sites in the CAZTS lattice to partially substitute. The band gap of the material decreases
as a result, the impact of doping Ag (silver) atoms into a CAZTS (Copper Zinc Tin Sulfide) lattice, specifically how it
affects the band gap of the material. Silver (Ag) has a lower electronegativity compared to Zinc (Zn) or Copper (Cu).
Electronegativity is a measure of an element’s tendency to attract electrons towards itself in a chemical bond. Because Ag
has a lower electronegativity, it’s more willing to give up its electrons. When Ag atoms are doped into the CAZTS lattice,
they contribute electrons to the lattice. This is due to the lower electronegativity of Ag. These extra electrons can affect
the electronic structure of the material. The extra electrons from the Ag doping contribute to the conduction band of the
material. The conduction band is the energy band in a material where electrons are free to move and conduct electricity.
When there are more electrons in the conduction band, the band gap decreases. Lowering the band gap means it requires
less energy to excite an electron from the valence band (where electrons are normally located) to the conduction band
[45,46,47]. This can have implications for the material’s optical and electronic properties. Several other factors besides
doping can affect the decrease of band gap of a material. These include structural factors [48], defects in the lattice and
stress in the material’s surface [49,50,51].

Fig. 7: Optical energy gap of (Cu1−x Agx)2 ZnSnS4 thin films as a function of Ag content.

The refractive index of semiconducting plays a vital role in the design and optimization of solar cells and
photovoltaic devices. Several methods have been employed to calculate the refractive index of semiconductor thin films,
as detailed in references [37,38,1,40,41,42]. In the case of Ag-doped (Cu1−x Agx)2 ZnSnS4 films [43,44]. The detailed
procedure of this method is explained elsewhere [45,46]. Fig. 8(a, b) illustrates the envelope approach to the optical
transmittance of (Cu1−x Agx)2 ZnSnS4 films at Ag concentrations of x = 0 and x = 0.5, serving as examples of the
method’s implementation. This methodology provides valuable insights into the optical properties of the films,
facilitating their characterization and potential application in optoelectronic devices. Fig. 9 illustrates the spectral
variation of the refractive index for Ag-doped (Cu1−x Agx)2 ZnSnS4 films. The figure exhibits a normal dispersion
behavior, wherein the refractive index increases with decreasing wavelength. An important observation is that as the
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level of Ag incorporation increases, there is an overall increase in the refractive index of the films. This rise in refractive
index correlates with the observed decrease in the optical band gap energy with increasing Ag incorporation level. This
correlation is well-established through various empirical models [47,48,49]. The Lorentz-Lorenz equation directly links
the refractive index with the polarizability of the material. The substitution of Cu, which has a lower atomic radius (1.17
Å), with Ag, having a larger atomic radius (1.45 Å), leads to an increase in the density of the material. Consequently, this
substitution enhances the polarizability of the material [50], thereby contributing to the observed increase in the
refractive index with increasing Ag content. However, another contributing factor could be the reduction in crystallinity
and grain size of (Cu1−x Agx)2 ZnSnS4 films as the Ag concentration increases. This decrease in crystallinity and grain
size may also contribute to the observed increase in refractive index [51].
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Fig. 8: (a, b): The optical transmittance, T (λ ) and reflectance R(λ ) spectra of (Cu1−x Agx)2 ZnSnS4 (with x = 0 and
5at.%) thin films at thickness 0.5 µm.
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Fig. 9: The spectral dependence of the refractive of (Cu1−x Agx)2 ZnSnS4 films with different Ag concentrations.

The extinction coefficient (k) of (Cu1−x Agx)2 ZnSnS4 films is determined using a specific equation α = 4πk/λ . The
spectral performance of the extinction coefficient for these films is depicted in Fig. 10. Notably, the extinction coefficient
experiences a significant drop to its lowest value in the strong absorption region, attributed to the absorption of incident
photons at the central absorption edge. Furthermore, the figure illustrates that the overall extinction coefficient increases
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with higher levels of Ag incorporation. This trend further supports the effect of Ag doping on the optical behaviors of the
films, underscoring its potential significance in various optoelectronic applications.
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Fig. 10: The spectral variation of k for (Cu1−x Agx)2 ZnSnS4 films with different Ag concentrations.

3.3 Photovoltaic characteristics for p-n junction

The p-n junctions were manufactured with thin CdS layer (∼80 nm) as n-type and 0.5 µm of (Cu1−x Agx)2 ZnSnS4
layer with variable Ag content (n- CdS/p-(Cu1−x Agx)2 ZnSnS4) as depicted in Fig. 11. It should be noted that the main
parameters of the fabricated p-n junctions are extracted as a function of Ag content of p-(Cu1−x Agx)2 ZnSnS4) layer to
determine the behaviour of dark (I-V) characteristics for the forward and reverse bias applied in the range of (-2 to 2
volts).

The relationship between current (I) and applied voltage (V) in a diode can be described by the diode equation, which
is given by [52]:

I = I0

(
e

qV
nkT −1

)
(6)

Where I is the diode current, Io is the reverse saturation current (a characteristic parameter of the diode), is the
electronic charge which equals to (1.6 × 10−19C), V is the applied voltage across the diode, n is the ideality factor,
typically between 1 and 2, k is Boltzmann’s constant, T is the temperature in Kelvin. This equation describes the behavior
of ideal diodes under different biasing conditions. In practice, diode characteristics can be affected by various factors such
as temperature, doping concentration, and material properties. So, the specific parameters of the fabricated diode will
determine its behavior. The quality factor of the fabricated diode is a measure of how ”good” the diode is at storing and
releasing energy efficiently. The quality factor can vary significantly depending on factors like the purity of the materials
used, the manufacturing process, and the intended operating conditions.

Fig. 12 (a) depicts the dark (I-V) characteristics for the fabricated junction in forward and reverse bias for the variable
Ag content with applied voltage in the specified ranges. The increasing current with increasing voltage indicates that
the solar cell is operating in the forward bias region. In the forward bias region, the diode allows current to flow more
easily as the voltage increases. This is typical behavior for a solar cell when it’s generating power under illumination. In
general, the higher current in forward bias than reverse bias because in the forward bias region, the p-n junction generates
electrical current as it absorbs photons and converts their energy into electron-hole pairs, allowing them to flow through
the external circuit. In the reverse bias region, the flow of current is significantly reduced as the diode junction becomes
more resistant to current flow. It is clearly seen that the current increases as the Ag content increase in (Cu1−x Agx)2
ZnSnS4 layer. Fig. 12 (b) depicts the dependence of the I on the applied V in the forward and reverse biases. Solar
cell efficiencies are often reported under this standard spectrum because it closely approximates sunlight conditions on
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Fig. 11: The diagram of fabricated p-n junction n-CdS/p-CAZTS.

Earth’s surface. The observed increase in current with increasing Ag content in the (Cu1−x Agx)2 ZnSnS4 layer indicates
that the incorporation of silver (Ag) into the layer is enhancing the performance of the solar cell. Here’s a three possible
explanation for this behavior: the first is the addition of Ag to the (Cu1−x Agx)2 ZnSnS4 layer may modify its electronic
band structure. This modification can lead to a reduction in the bandgap energy of the material as mentioned in optical
section. A narrower bandgap allows the absorption of photons with lower energy, extending the absorption spectrum of
the solar cell into the visible and near-infrared regions. As a result, more photons can be absorbed, leading to an increase
in the generation of electron-hole pairs and hence an increase in current. The second is, the increasing of Ag content may
also improve the charge carrier transport properties within the (Cu1−x Agx)2 ZnSnS4 layer. This could include enhancing
carrier mobility or reducing recombination losses. Improved charge carrier transport facilitates more efficient extraction
of generated carriers, leading to higher current output. The third is the rising of Ag may influence the interfaces between
the (Cu1−x Agx)2 ZnSnS4 layer and adjacent CdS layers within the p-n junction structure. Optimizing these interfaces can
reduce losses due to recombination and enhance charge carrier collection efficiency, contributing to the observed increase
in current.
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Fig. 12: (a)The dark (I-V) characteristics for the fabricated solar cell and(b) the I-V characteristics under standard solar
simulated illumination (AM1.5G, 100mW/cm2 ) for the p-n junction solar cell in the range of (-2, 2) volts for (Cu1−x
Agx)2 ZnSnS4 thin films.
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4 Conclusions

Thin films with 0.5 µm of (Cu1−x Agx)2 ZnSnS4 (CAZTS) were deposited by the thermal evaporation technology. This
work investigated the effects of varying the Ag content on the structural, and optical properties of thin layers of CAZTS,
which were prepared via the thermal evaporation method. The XRD patterns revealed that the thin layers had a Kesterite
band structure, with a crystallite size ranging from 10 to 34 nm. Using spectroscopic ellipsometry, the three optical layer
models (adhesive layer of the substrate/B-spline layer of (Cu1−x Agx)2 ZnSnS4 films/surface roughness layer) were applied
to estimate the film thickness with high precision which calibrated in terms of Swanepoel’s method. Also, The refractive
index of the films were determined by envelope method that suggested by Swanepoel. In a strong absorption region
for transmittance and reflectance, the absorption coefficient thus the extinction coefficient, were calculated for (Cu1−x
Agx)2 ZnSnS4 films. The optical properties of the CAZTS/glass film were found to improve with increasing Ag content,
as demonstrated by an increase in the optical constants (n) and (k). Additionally, the direct transition energy decreased
from 1.75 to 1.51 eV. The Ni/n-CdS/p-CAZTS/Pt heterojunction was well constructed, and the primary photovoltaic
characteristics of the n-CdS/p-CAZTS junctions were examined for use in solar cells. The material’s conduction band
is improved by the additional electrons from the Ag doping. When a photovoltaic cell is worked in forward bias with
illumination, it products power. Different Ag contents of the CAZTS layers were used to determine the (current-voltage)
characteristics of the heterojunctions. All things considered, this work offers insightful information on the characteristics
and behavior of CAZTS thin layers with different Ag contents, information that may help advance the formation of solar
cell technologies that are more effective.
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