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 In this study, the electrochemical deposition was used to synthesize Zr-doped CrS for 

photovoltaic application. The XRD diffraction angle of CrS and Zr-doped CrS material at 2θ 

= 25.256o and 27.009o confirmed the existence of CrS and Zr-doped CrS material. The 

diffraction peaks at 2θ = 25.256o, 30.329o, 34.426o, 41.198o, 45.678o, 56.389o and 65.231o 

correspond respectively to the diffraction planes of 111, 112, 116, 200, 201, 211 and 300 of 

CrS materials. And the diffraction peaks at 2θ = 27.009o, 34.321o, 38.471o, 52.345o, 55.177o, 

62.397o and 66.548o correspond respectively to the diffraction planes of 111, 112, 116, 200, 

201, 211 and 300 of Zr-doped CrS materials. The analysis reveals that the films contain 

nanoparticles of various sizes, from a few nanometers to tens of nanometers. At a dopant 

concentration of 0.01 M, the nanoparticles aggregate and have irregular shapes. When the 

concentration reaches 0.03 M, the irregular particles change into nano balls. The energy 

bandgap of CrS is 2.35 eV, but when Zr is doped into CrS, the energy bandgap ranges from 

2.01 to 1.55 eV. 
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1 Introduction 

The industrial revolution has led to a substantial rise in carbon 

dioxide (CO2) emissions into the environment in recent years. 

The usage of fossil fuels primarily caused this exponential 

increase in CO2 emissions. Converting light energy into 

electricity, photovoltaic systems provide a promising 

alternative for a carbon-free society. Conventional amorphous 

and crystalline silicon solar cells currently control around 

95% of the photovoltaics market. The reason is their easy 

accessibility and high-power conversion efficiencies in 

outdoor lighting. However, conventional Si solar cells have 

drawbacks, including fragility, fixed bandgaps, low 

absorption rates, complicated manufacturing methods, and 

weak performance indoors [1]. Therefore, these limitations 

restrict their use in self-powered wearables, implants, and 

architecture applications. 

2D transition metal dichalcogenides (TMDs) are bringing 

great promise to the semiconductor field, particularly in high-

specific power technologies for photovoltaics. TMDs possess 

adjustable energy band structures, high carrier mobilities, and 

exceptional optical transparency. TMDs have the potential to 

reach light absorption coefficients that are ten times higher 

than those of traditional direct-bandgap semiconductors. Self-

passivated surfaces and nearly perfect band gaps enable 

efficient solar energy capture [2]–[7].  

TMDs, at a thickness of only 20 nm, can absorb nearly all 

light in the visible spectrum. Thus, TMDs with band gaps 

between 1.0 and 2.5 eV work well for both single-junction 

and tandem double-junction solar cells. The absence of 

surface dangling bonds in stacked TMDs allows for the 

creation of lattice-mismatch-free heterostructures. This 

improves the efficiency of the photovoltaic process. These 

advantages expand the design possibilities in TMD-based 

photovoltaics [8]–[13].  

Two-dimensional materials allow for the creation of intricate 

multilayer systems that traditional electrochemical deposition 

techniques cannot produce due to the principles of 

electrolysis. Artificially engineered vertical 2D 

heterostructures exhibit fascinating physical and chemical 

properties, different from 3D materials. The discovery of 

unconventional superconductivity in twisted bilayer graphene 

opens up new possibilities for finding high-temperature 

superconductors. Recently developed 2D heterostructures that 

merge organic and inorganic materials have showed enhanced 

mechanical and energy storage capabilities [14]–[19].  

The demand for harnessing solar energy is increasing daily 

because of insufficient electricity from other sources. The 

depletion of resources and environmental issues are being 

exacerbated by the use of petroleum fuels in thermal power 

plants. Converting and storing renewable energy sources, like 

solar energy, is essential as nonrenewable fossil fuels dwindle 

and contribute to environmental issues. Global scientists are 

searching for earth abundant materials and composites to 

produce affordable, stable, and clean energy through solar 

power.  

Photovoltaic technology, materials, and devices enable the 

conversion of sunlight into electricity. Semiconductor p-n 

junctions enable solar cells to convert sunlight into electricity 

[20], [21]. Electron-hole pairs are generated in the 

semiconductor when light of a specific wavelength reaches 

the p-n junction, and the junction barrier subsequently 

separated them. The study of metal chalcogenide thin films 

has received significant attention in recent years due to their 

potential uses in photovoltaic and opto-electronic devices. 

Solar photovoltaic power is a highly promising solution for 

the global energy crisis. For solar cells to be competitive, they 

must be both reliable and cost effective. Wafer, thin film, and 

organic solar technologies have undergone extensive research 

and achieved remarkable success in terms of reliability, cost-

effectiveness, and efficiency.  

Crystalline silicon has proven highly successful in 

transitioning from the lab to commercial use, with a 

dominating 90% share of the global PV market. Using less 

material and increasing energy conversion efficiency shows 

cost effectiveness. Wafer technology achieves high efficiency, 

while thin films minimize material usage. Simultaneously 

meeting both goals is necessary for low-cost electricity 

production and widespread adoption of solar power. The three 

most commonly used thin film solar cells are α-Si, CdTe, and 

CIGS. All three materials have a direct band gap, allowing for 

the use of thin layers. Their temperature coefficient is very 

low. Building integrated photovoltaics can include the 

incorporation of three technologies. Consumer electronics like 

calculators and watches primarily utilize the amorphous 

silicon solar cell. 

In this study, we used electrochemical deposition to 

synthesize Zr-doped CrS for photovoltaic application and we 

conducted a characterization of the synthesized films for their 

optical, electrical, structural, and surface morphological 

analysis. 

2 Experimental Procedure 

The electrochemical deposition technique was used to 

synthesize CrS and Zr-doped CrS material. The chromium 

(III) chloride (CrCl3.6H2O), zirconium (IV) oxychloride 

octahydrate (ZrOCl2.8H2O), Thioacetamide (C2H5NS), are 

part of the electrochemical bath system. A magnetic stirrer 

was used to stir the reaction bath. The electric field (DC 

voltage) was generated by the power supply, with the cathode 

made of conducting glass and the anode composed of carbon 

and fluorine electrodes. The consistent thin film deposition 

was achieved through electrochemical deposition.  

The FTO-coated working electrode, measuring 2.5 cm × 1.5 

cm, was fragmented and cleaned with dishwashing liquid. To 

deposit CrS and Zr-doped CrS, mix 0.01 mol of chromium 

(III) chloride (CrCl3.6H2O), zirconium (IV) oxychloride 

octahydrate (ZrOCl2.8H2O), Thioacetamide (C2H5NS). Three 

electrodes are utilized in the synthesis process. Platinum is 

used for the anode, while the reference electrode consists of 

silver and silver chloride (Ag/AgCl), and the cathode is made 

of FTO (fluorine-doped tin oxide). The counter and reference 
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electrodes were vertically placed in the beaker on the FTO-

coated substrate.  

To synthesize, maintain a potentiostatic condition of -200 mV 

versus SCE for 5 seconds. The synthesized films were cleaned 

and dried using the hand dryer. During synthesis, target 

materials and precursors were poured into beakers in equal 

amounts. The films underwent a 20-minute annealing 

treatment to relieve internal stress. The optical, structural, 

elemental, and electrical characteristics of the synthesized 

materials were thoroughly assessed using appropriate tools. 

3 Results and Discussions 

3.1 Structural Analysis of CrS and Zr-doped CrS Deposited 

At Different Molar Concentrations 

The XRD study reveals the crystal structures of CrS and Zr-

doped CrS material, as presented in Figure 1. The XRD 

diffraction angle of CrS and Zr-doped CrS material at 

2θ=25.256o and 27.009o confirmed the characteristic peak of 

CrS and Zr-doped CrS material. The diffraction peaks at 2θ = 

25.256o, 30.329o, 34.426o, 41.198o, 45.678o, 56.389o and 

65.231o correspond respectively to the diffraction planes of 

111, 112, 116, 200, 201, 211 and 300 of CrS materials. And 

the diffraction peaks at 2θ=27.009o, 34.321o, 38.471o, 

52.345o, 55.177o, 62.397o and 66.548o correspond 

respectively to the diffraction planes of 111, 112, 116, 200, 

201, 211 and 300 of Zr-doped CrS materials.  

Equation 1 was used to calculate the size of the material's 

crystallite. The analysis in Table 1 is the calculated crystallite 

size of CrS and Zr-doped CrS materials. Changing the 

concentration from 0.01 to 0.03 M leads to structural 

modifications in both CrS and Zr-doped CrS materials during 

deposition. This process influences the material's properties 

and performance. The CrS and Zr-doped CrS material's 

crystallite size grows as the molarity rises. This suggests an 

improvement in the crystallinity and growth of the material's 

grains. Molar concentration can significantly affect the crystal 

structure of CrS and Zr-doped CrS films. these studies have 

shown that increasing the molar concentration of the 

precursor solution can lead to changes in the film's 

crystallinity, phase composition, and crystallite size. 

 

 

Figure 1: XRD pattern of CrS and Zr-doped CrS  

Table 1: CrS and Zr-doped CrS structural properties 

 

a)  b)  

c)  

Figure 2: Surface morphology of a.) CrS b.) 0.01 Zr-doped 

CrS/Zr and c.) 0.03 Zr-doped CrS/Zr films 

3.2 Surface Morphology Analysis of CrS and Zr-doped CrS 

Material Deposited At Different Molar Concentration 

Figure 2 illustrates the surface morphology of chromium 

sulphide (CrS) and Zr-doped CrS films deposited at various 

molar concentrations. The deposition technique and 

parameters used have a significant impact on the micrograph. 

The surface reveals that the films contain nanoparticles of 

various sizes, from a few nanometers to tens of nanometers. 

At a dopant concentration of 0.01 M, the nanoparticles 

aggregate and have irregular shapes. When the concentration 

reaches 0.03 M, the irregular particles change into nano balls. 

Zirconium dopant enhances the surface morphology of the 

deposited films, making them suitable for photovoltaic 

applications.  

Films  2θ  

(deg.)  

d 

(spacing)  

Å  

 (Å) (β)  (hkl)  (D) 

 nm  

 𝛔 

lines/m2  

X 1015                                                                    

CrS pristine 25.256 3.525 6.106 0.5902 111 2.390 5.133 

 30.329 2.946 5.893 0.5961 112 2.384 5.236 

 34.426 2.604 5.209 0.5972 116 2.353 5.148 

 41.198 2.190 4.898 0.5974 200 2.418 4.947 

 45.678 1.985 4.864 0.5977 201 2.417 4.800 

 56.389 1.631 4.614 0.5979 211 2.416 4.393 

 65.231 1.430 4.044 0.5981 300 2.415 4.015 

CrS/Zr 0.01 mol 27.009 3.300 5.717 0.5531 111 2.550 4.575 

 34.321 2.612 5.224 0.5534 112 2.568 4.423 

 38.471 2.339 4.679 0.5536 116 2.538 4.322 

 52.345 1.747 3.907 0.5538 200 2.609 3.908 

 55.177 1.664 4.076 0.5541 201 2.607 3.815 

 62.397 1.488 4.208 0.5543 211 2.606 3.556 

 66.548 1.404 3.973 0.5546 300 2.605 3.401 

CrS/Zr 0.03 mol 27.009 3.300 5.717 0.5356 111 2.634 4.290 

 34.321 2.612 5.224 0.5362 112 2.651 4.152 

 38.471 2.339 4.679 0.5363 116 2.620 4.056 

 52.345 1.747 3.907 0.5371 200 2.690 3.675 

 55.177 1.664 4.076 0.5372 201 2.689 3.586 

 62.397 1.488 4.208 0.5373 211 2.689 3.341 

 66.548 1.404 3.973 0.5382 300 2.684 3.203 
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The micrograph reveals that the surface of CrS films is 

smooth, compact, and has dispersed grains. The films exhibit 

a porous and interconnected network structure with nano balls 

and grains at a concentration of 0.03 M. The formation of CrS 

and Zr-doped CrS is evident in energy dispersive X-ray 

(EDX) presented in Figure 3. 

 

Figure 3: EDXs spectrum of CrS and Zr-doped CrS 

The Table 2 represents the variation of electrical properties of 

the prepared (CrS/Zr) samples with concentration. For the 

CrS/Zr samples, it is observed that the resistivity fluctuates 

between 5.29×105 Ωm and 3.92×105 Ωm as the Zr 

concentration increases from 0.00 M to 0.03 M. The electrical 

conductivity fluctuates oppositely as resistivity between 

1.89×104 Ωm and 2.55×104 Ωm as the Zr concentration 

increases from 0.00 M to 0.03 M. The lowest value of 

resistivity is obtained when the Zr ions concentration reaches 

the maximum value of 0.03 M.  

Figure 4 depicts the relationship between resistivity and 

conductivity with deposition parameter. 

Table 2: Electrical study of chromium sulphide and chromium 

sulphide doped zirconium synthesize at different zirconium 

molarity 

 

a) b)  

Figure 4: Plot of resistivity and conductivity Vs thickness and 

zirconium molarity 

 

 

3.3 Optical Study Of CrS and CrS/Zr Thin Film 

Synthesized At Different Dopant Concentration For 

Photovoltaic Application 

Figure 5 illustrates the absorbance, transmittance, reflectance, 

and bandgap energy of CrS and Zr-doped CrS material at 

different dopant concentrations. The absorbance decreases as 

the wavelength of light radiation increases from 300 to 1100 

nm in Figure 5a. The absorbance decreases in the visible 

range from (400 – 600 nm) and the increase in the ultraviolet 

range from (700 – 1100 nm) of the spectra. The addition of 

zirconium dopant improved the synthesized material across 

both spectra regions. Zirconium dopant affects the absorbance 

of chromium sulfide material, especially at different molar 

concentrations. As the zirconium dopant concentration 

increases, so do the absorbance values. The concentration-

dependent relationship between zirconium dopant and 

absorbance is evident [22]. The effect is less noticeable at 

lower concentrations (0.01 mol), but at higher concentrations 

(0.03 mol), there is a significant increase in absorbance. 

Zirconium ions in the material's structure modifies its 

electronic properties, causing shifts in light absorption 

behavior. 

The transmittance increases as the wavelength of light 

radiation increases from 400 to 1100 nm. The transmittance 

increases in the visible range from (400 – 600 nm) and the 

increase continues to accumulate in the ultraviolet range from 

(300 – 400 nm) of the spectra in Figure 5b. The addition of 

zirconium dopant has been found to improve the transparency 

of chromium sulfide films with molar concentrations between 

0.01 and 0.03 mol, enhancing the synthesized material across 

both spectra regions. Increasing the amount of zirconium 

dopant leads to better optical characteristics, including 

enhanced UV–VIS–NIR transmittance [22].  

We conducted a study to find the ideal dopant level that 

improves transmittance by analyzing how zirconium doping 

affects chromium sulfide materials. The addition of zirconium 

enhances the photocatalytic activity of the materials. This 

implies that doping could have synergistic effects on 

chromium sulfide thin films, potentially resulting in improved 

optical and functional properties. 

The reflectance decreases as the wavelength of light radiation 

increases from 300 to 1100 nm. The reflectance decreases in 

the visible range from (400 – 600 nm) and the increase in the 

ultraviolet range from (700 – 1100 nm) of the spectra in 

Figure 5c. Zirconium has altered the reflectance properties of 

chromium sulfide materials, deposited at different molar 

concentrations (0.01 to 0.03 mol) doping. The increase in 

zirconium dopant concentration causes a shift to lower 

wavelengths in the transmittance edge, resulting in a rise in 

overall reflectance. The dopant concentration in doped 

chromium sulfide and other chalcogenide materials can vary 

from 0.01 to 0.03 mol.  

The experimental determination of the optimal dopant 

concentration is necessary for the desired reflectance and 

other properties. Tuned reflectance properties in zirconium-

doped chromium sulfide materials have potential applications 
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in optoelectronics, energy storage, and catalysis. Being able to 

manipulate material properties through doping concentration 

is highly advantageous in material engineering and design. 

Doping with zirconium might modify the properties of 

materials, improving their characteristics for different uses 

[22]. As the zirconium dopant concentration increases, the 

optical band gap energy of chromium sulphide material 

decreases in Figure 5d, causing a shift in the transmittance 

edge to a lower wavelength. Doping with zirconium affects 

the thermodynamic, electronic, and optical characteristics of 

materials. The energy bandgap for CrS and Zr-doped CrS 

ranges from 2.35 to 1.55 eV [23], [24], [33], [25]–[32]. 

 

 

Figure 5: Plot of absorbance (a), transmittance (b), 

reflectance (c), and bandgap energy (d) Vs wavelength and 

photon energy 

Figure 6 shows the refractive index, extinction coefficient, 

optical conductivity, and dielectric constants (both real and 

imaginary) of CrS and Zr-doped CrS material at different 

dopant concentrations in Figure 6a. The refractive index 

dictates how light bends as it passes through different 

substances, like water or glass. It's the ratio between the speed 

of light in a vacuum and the speed of light in a specific 

medium. The refractive index (n) is calculated by dividing the 

speed of light in vacuum by the speed of light in the medium. 

The refractive index becomes dimensionless due to the ratio 

of velocities.  

The refractive index rises with an increase in photon energy. 

The addition of zirconium dopants influences the refractive 

index of chromium. Higher concentrations of zirconium 

doping result in an increase in the refractive index. The molar 

concentration of the zirconium dopant can influence the 

refractive index of the deposited material, ranging from 0.01 

to 0.03 mol. Increasing the dopant's molar concentration leads 

to a higher refractive index.  

The extinction coefficient explains how light weakens when it 

goes through a substance. The increase in zirconium (Zr) 

dopant concentration from 0.01 to 0.03 mol in chromium 

sulfide films resulted in a higher extinction coefficient for the 

material in Figure 6b. Zr doping has the potential to improve 

optical properties for optoelectronic applications. The 

extinction coefficient rises with increasing photon energy.  

The optical conductivity of CrS and Zr-doped CrS rises with 

increasing photon energy. The optical conductivity of 

chromium sulfide (CrS) material can be influenced by the 

introduction of zirconium (Zr) as a dopant in Figure 6c. The 

tuning of optical properties in the CrS material is achieved by 

increasing the Zr doping concentration from 0.01 to 0.03 mol. 

Zr doping can alter the optical conductivity of the CrS 

material. The optical properties of the material can be 

adjusted by controlling the Zr doping level, as evidenced by 

the increasing optical conductivity values with higher Zr 

concentration.  

The dielectric constant of zirconium-doped chromium sulfide 

changes based on factors such as dopant concentration and 

synthesis conditions in Figure 6d&e. The 0.03 mol Zr dopant 

material exhibited the highest imaginary dielectric constant. 

Doping chromium sulphide (CrS) materials with zirconium 

(Zr) affects their real and imaginary dielectric constant. By 

adjusting the Zr dopant concentration from 0.01 to 0.03 mol, 

the dielectric properties of CrS can be modified [22]. The 

dielectric constant of CrS materials, both real and imaginary, 

experienced notable variations with increasing Zr dopant 

concentration from 0.01 to 0.03 mol. The dielectric constant, 

both real and imaginary, increases slowly as photon energy 

rises. 

  

  

 

Figure 6: Plot of refractive index (a), extinction coefficient 

(b), optical conductivity (c), and real (d) and imaginary (e) 

dielectric constant Vs photon energy 
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4 Conclusions  

The diffraction angle of CrS and Zr-doped CrS material at 

2θ=25.256o and 27.009o confirmed the characteristic peak of 

CrS and Zr-doped CrS material. The XRD diffraction peaks at 

2θ = 25.256o, 30.329o, 34.426o, 41.198o, 45.678o, 56.389o and 

65.231o correspond respectively to the diffraction planes of 

111, 112, 116, 200, 201, 211 and 300 of CrS materials. And 

the diffraction peaks at 2θ=27.009o, 34.321o, 38.471o, 

52.345o, 55.177o, 62.397o and 66.548o correspond 

respectively to the diffraction planes of 111, 112, 116, 200, 

201, 211 and 300 of Zr-doped CrS materials. The analysis 

reveals that the films contain nanoparticles of various sizes, 

from a few nanometers to tens of nanometers. At a dopant 

concentration of 0.01 M, the nanoparticles aggregate and have 

irregular shapes. When the concentration reaches 0.03 M, the 

irregular particles change into nano balls. The addition of 

zirconium dopant improved the synthesized material across 

the UV region. Zirconium dopant affects the absorbance of 

chromium sulfide material, especially at different molar 

concentrations. As the zirconium dopant concentration 

increases, so do the absorbance values. Zirconium has altered 

the reflectance properties of chromium sulfide materials, 

deposited at different molar concentrations (0.01 to 0.03 mol) 

doping. The increase in zirconium dopant concentration 

causes a shift to lower wavelengths in the transmittance edge, 

resulting in a rise in overall reflectance. The energy bandgap 

of CrS is 2.35 eV, but when Zr is doped into CrS, the energy 

bandgap ranges from 2.01 to 1.55 eV. 
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