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Abstract 

This research aims to enhance the optoelectronic properties of Ag-doped ZrS through 

electrochemical deposition. Different characterization techniques were employed to examine 

the optical, structural, and morphological properties of the synthesized material, with results 

showing that the absorbance of ZrS and Ag-doped ZrS changes with the applied voltage, 

enhancing carrier concentration and mobility at higher voltages to enhance absorption 

properties. ZrS displays a bandgap energy of 2.00 eV, showing its potential as a semiconductor 

material, while Ag-doped ZrS results in higher bandgap energies between 2.15 eV and 2.50 eV, 

leading to modifications in its electronic characteristics. The crystal planes of 101, 103, 111, 

and 112 are identified by precise 2θ angles of 23.59°, 34.91°, 48.42°, and 62.62° for ZrS and 

19.64°, 33.61°, 44.48°, and 63.31° for Ag-doped ZrS. Altering voltages (10, 12, 14 V) affect 

the electrical structure in XRD analysis, influencing peak positions and intensities. A more 

evenly distributed Ag layer, preserving surface smoothness, results from lowering the voltage 

while introducing Ag. The interaction of Ag and ZrS leads to localized structural changes. As 

the voltage increases, the surface roughness of Ag-doped ZrS increases more than the undoped 

ZrS. The resistivity values decrease as the voltage increases, suggesting enhanced conduction 

and more charge carriers. The increased conductivity values (4.34, 4.58, 4.71 and 4.78 S/m) 

indicate that higher voltage enhances conductivity, benefiting applications needing efficient 

charge transfer. 
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I. INTRODUCTION 

nergy storage devices have become vital as renewable 

energy sources become more prevalent and place greater 

demands on the grid infrastructure. To tackle these crucial 

problems, we need affordable and eco-friendly materials for 

harvesting and energy storage [1]–[4]. Nanostructures have 

attracted considerable attention from researchers due to their E 
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synthesis, characterizations, and wide-ranging applications. 

The properties of these nanostructures differed from their bulk 

properties. The properties of nanostructured materials, such as 

nanotube nanocrystals and nanoribbons depend on their 

structures, morphologies and sizes. The focus of materials 

scientists is on developing innovative means of fabricating 

nano-sized materials with specific properties [5], [6]. 

Adjusting the size of nanomaterials allows for significant 

control over their properties, making them ideal for electron 

transistors, spintronics, LEDs, solar cells, quantum dot lasers, 

and optoelectronics [7]–[9]. One of their fundamental 

properties is how the bandgap energy depends on the 

nanocrystal size when smaller than the Bohr exciton radius. 

The research community has been highly interested in 

nanosized structures due to their exceptional physical, 

chemical, mechanical, and electrical properties in recent 

years. Nanostructured components can boost the efficiency of 

solar panels and hydrogen fuel cells, meeting the rising energy 

demands. Utilizing renewable resources is an eco-friendly 

way to reduce CO2 emissions, a growing concern today [10]. 

The past decade has witnessed a significant increase in interest 

in these materials, driven by the intriguing changes in 

electrical, optical, and magnetic properties as the material 

transitions from a solid to a particle comprising atoms. Recent 

progress in synthesizing and studying functional 

nanostructured materials highlights the unique physics and 

chemistry that emerges when electrons are confined in 

nanoscale semiconductors and metal clusters and colloids 

[11]. The role of carbon-based nanomaterials and 

nanostructures, such as fullerenes and nanotubes, is becoming 

increasingly significant in nanoscale science and technology.  

The information age heavily relies on optoelectronic 

materials for its technologies. Thin-film transistors, light-

emitting diodes, solar cells, sensors, and quantum-information 

systems all utilize them. Advances in semiconductor growth 

processes brought about the discovery of recent phenomena 

and exponential growth in technological applications. 

Researchers harnessed quantum confinement effects to 

achieve control over energy levels and densities of states in 

semiconductor nanostructures like quantum dots and quantum 

wells. These revolutionary progressions altered almost every 

dimension of present-day existence [12]. Despite the ongoing 

dominance of growth processes, there is an emergence of new 

synthetic approaches and device process approaches that offer 

the potential for lower cost and less energy-intensive 

fabrication of complex functional materials and devices while 

allowing targeted molecular designs for desired properties 

[10]–[14]. 

Silver (Ag) doped zirconium sulfide (ZrS) has received a 

lot of attention in materials research because of its potential 

qualities for a variety of applications, such as optoelectronics, 

photonics, and solid-state devices. ZrS, a wide bandgap 

semiconductor, has unique optical and electrical properties 

that can be increased by doping. The addition of Ag, a 

transition metal to the ZrS lattice, can alter its structural, 

electrical, and optical properties, enhancing its performance in 

technological applications [15]. Dopants such as Ag can affect 

the carrier concentration, mobility, and overall conductivity of 

a material. This is significant for applications in electrical 

devices that require efficient charge transmission. The 

capacity to tune these features through controlled doping 

opens the door to the development of innovative materials that 

fulfil the needs of modern technology [16], [17]. The 

structural properties of Ag-doped ZrS have been widely 

investigated. According to research [18-19], including Ag in 

the ZrS lattice can alter the lattice characteristics and 

crystallinity. Studies utilizing X-ray diffraction (XRD) have 

demonstrated that adding Ag causes a modest expansion of the 

lattice, which can be attributed to Ag's greater ionic radius 

than Zr. This structural alteration is important because it can 

affect the material's electrical characteristics. The electrical 

characteristics of Ag-doped ZrS have been the focus of 

investigation [18], [19]. Doping with Ag has been shown to 

greatly increase the conductivity of ZrS. Studies have shown 

that altering Ag concentrations between 0.01 and 0.05 mol can 

optimize carrier concentration, resulting in increased electrical 

performance [15], [19]. The mechanisms underlying this 

increase frequently involve the formation of extra charge 

carriers and enhanced mobility due to reduced scattering. The 

optical characteristics of Ag-doped ZrS are also quite 

interesting, especially for photonic applications [20]. 

Research [19]-[21], has shown that Ag doping can affect ZrS's 

bandgap, making it appropriate for specific optical 

applications. Photoluminescence investigations show that Ag-

doped samples have higher luminescence qualities than 

undoped ZrS [19]. This boost is ascribed to Ag-induced defect 

states, which can accelerate radiative recombination. 

Ag-doped ZrS is synthesized using a variety of processes, 

including solid-state reaction, co-precipitation, and 

electrochemical deposition [16], [19]–[21], [22]–[30]. The 

advantages of each process can influence the material's final 

qualities. Electrochemical deposition gives fine control over 

doping concentration and homogeneity, which is critical for 

achieving desired electrical and optical properties. The 

exploration of Ag-doped ZrS materials has risen as they have 

advanced in many applications [18], [31], [32]. 

Optoelectronics researchers are investigating their 

advantageous bandgap and luminescence features for usage in 

LEDs and laser diodes. Their increased electrical conductivity 

makes them potential candidates for solid-state batteries and 

other electronic components. ZrS doped with Ag is a material 

system with superior characteristics for a variety of 

applications [17], [20], [21], [33], [34]. The incorporation of 

Ag into ZrS is projected to accelerate significantly the 

development of future electrical and optoelectronic products.  

We intend to take advantage of silver doping's benefits to 

create a diverse and high-performance material for advanced 

technology applications. Silver doping in ZrS results in unique 

electronic and structural alterations, a property not seen in 

other materials with similar modifications. Merging ZrS's 
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intrinsic qualities with Ag creates a synergy, boosting 

performance beyond the capabilities of either material 

individually. These findings open new possibilities for ZrS-

based materials in optoelectronics, thermoelectric, 

photovoltaics, and catalysis, broadening their potential uses. 

This study contributes significantly to our knowledge of 

doped chalcogenides due to the limited existing research on 

Ag-doped ZrS. 

The study explores the improved optoelectronic properties 

of Ag-doped ZrS using electrochemical deposition, analyzing 

the optical, structural, and morphological features of the 

synthesized material.  

II. EXPERIMENTAL PROCEDURE 

A. Material 

The reagents used for the synthesis are zirconium (IV) 

oxychloride octahydrate (ZrOCl2.8H2O), thioacetamide 

(C2H5NS), silver nitrate (AgNO3), Acetone, hydrochloric acid 

(HCl), distilled water, Carbon electrode, Fluorine doped tin 

oxide as substrate (FTO), Potentiostat which supplies a DC 

voltage in a two-electrode cell setup. 

B. Preparation of FTO substrate 

A 15-minute cleaning process, including ultrasonic baths 

and various cleaning agents, was applied to the FTO before 

deposition. An electric thermostatic oven dried the FTO at 65 

°C for a specific duration. FTO's wide band gap makes it 

highly transparent in the visible light range, making it perfect 

for solar cells and optoelectronic devices. The material's high 

conductivity, achieved through oxygen vacancies and fluorine 

doping, creates a low electrical resistance when used as a 

substrate. FTO's chemical stability makes it more reliable in a 

variety of experimental circumstances than other conducting 

glasses. The FTO-immersed area measured approximately 2.5 

cm2. The FTO's resistivity measures 15.5 ohm/square. ZrS 

and Ag-doped ZrS were used to coat the FTO substrate. 

C. Synthesis of ZrS and Ag-doped ZrS material 

A solution with 0.01 M concentration and 10 ml volume is 

mixed with zirconium (IV) oxychloride octahydrate 

(ZrOCl2.8H2O)nSO4, thioacetamide (C2H5NS), and silver 

nitrate (AgNO3),  ranging from 0.02 in a 20/25 ml electrolyte 

solution. ZrS and Ag-doped ZrS material were subjected to 

ECD analysis. Fig. 1 illustrates the ECD setup, which 

comprises a DC power supply connected to a three-electrode 

cell. At room temperature, the deposition stayed the same for 

5 seconds with a voltage of 10 V and pH of 5.6 in every 

experiment. Testing was conducted on the synthesized ZrS 

and Ag-doped ZrS material, with controlled parameters in 

place. A potential of 10 V was applied for deposition in a 50 

ml beaker containing solvents for the undoped sample. By 

optimizing the deposition voltage from 10 to 14 V, the 

electrochemical bath was successfully established. 10 ml of 

precursors and 5 ml of the dopant precursor were added to the 

bath system. When the films were heated to 120 ºC for 45 

minutes, the tension of the material dissipated. The films' 

structural properties were analyzed using a Bruker D8-

Advance X-ray diffractometer and Cu-Kα radiation (ʎ = 

1.5406 Å) in continuous-scan mode. MIRA3 TESCAN 

scanning electron microscopy was used to analyze the film's 

surface morphology. The 756S UV-visible spectrophotometer 

was utilized to measure optical material wavelength, spanning 

from 300 to 1100 nm. The absorbance values were analyzed 

through optical spectral analysis to determine the optical and 

solid-state properties of the films. By employing the Jandel 

four-point probes method, we investigated their electrical 

characteristics. 

 
Fig. 1. Schematic diagram of electrochemical deposition 

technique (ECD). 

III. PUBLICATION PRINCIPLES 

A. Optical study of ZrS and Ag-doped ZrS material 

The absorbance of ZrS and Ag-doped ZrS is affected by the 

voltage applied, with higher voltage boosting carrier 

concentration and mobility, resulting in improved absorption 

properties. Changes in voltage (10 V, 12 V, and 14 V) impact 

how charges are distributed and the electric fields in the 

materials, leading to changes in their optical properties, as 

shown in the absorbance data in Fig. 2 (a). Silver (Ag) doping 

in ZrS leads to the generation of supplementary energy levels 

within the bandgap, promoting novel electronic transitions. 

Incorporating Ag decreases absorbance, resulting in more 

material absorbing light at shorter wavelengths. The 

absorption spectrum is altered by the presence of Ag through 

localized states [5], [6], [9], [35]–[37]. Enhance the total 

absorbance by increasing interactions between the dopant and 

the host lattice. At a voltage of 10 V, the absorbance reflects a 

baseline pattern, indicating the dominance of ZrS's inherent 

characteristics. Enhancement was noticed in Ag-doped ZrS, 

although not fully optimized. As voltage goes up, the electric 

field intensifies, resulting in improved charge separation and 

potentially a significant rise in absorbance for both materials.  
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Fig. 2. (a) Absorbance (b) transmittance (c) reflectance, and (d) bandgap energy of ZrS and Ag-doped ZrS.

The presence of the Ag dopant causes more notable changes 

in the doped sample [5], [6], [9], [35]–[37]. At 14 V, the 

absorbance peaks as charge carriers exhibit their highest 

mobility and interaction. The addition of Ag to ZrS leads to a 

broader absorption spectrum or increased peaks, 

demonstrating enhanced optical properties. 

Fig. 2 (b) illustrates how the transmittance of ZrS and Ag-

doped ZrS changes at various voltages, indicating a significant 

impact of silver incorporation on the material's optical 

characteristics. The variations in the dielectric constant and 

band structure mainly caused the alteration resulting from 

doping. At voltage levels of 10 V, 12 V, and 14 V, the 

transmittance spectrum displays unique patterns, indicating 

that higher voltage levels impact the absorption and excitation 

of photons within the material. Increasing voltage enhances 

the excitation of electrons, leading to a potential rise in 

transmittance by encouraging electron movement between 

bands. The transmittance decreases at 10 V because there is 

less stimulation of charge carriers. Anticipate a slight rise in 

transmittance as additional electrons reach the energy for 

bandgap transition. A boost in transmittance may happen at 14 

V, potentially resulting in saturation effects that increase the 

material's conductivity and improve light transmission [5], [6], 

[9], [35]–[37]. Silver atoms produce specific states that help 

electron shifts. The existence of these states boosts optical 

absorption and transmittance at particular energy levels. The 
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transmittance of Ag-doped ZrS is higher at particular voltages 

than that of ZrS, thanks to the doping effects that change the 

electronic structure. 

The reflectance of ZrS and Ag-doped ZrS changes at 

different voltage conditions (10 V, 12 V, and 14 V) mainly 

because of variations in electronic properties like band 

structure and optical absorption. These variables are critical in 

influencing the reflectance levels presented in Fig. 2 (c). The 

doping effects alter carrier concentration and energy levels, 

leading to this behaviour. The reflectance of ZrS and Ag-

doped ZrS changes with voltage conditions (10 V, 12 V, and 

14 V) mainly because of shifts in electronic characteristics like 

band structure and optical absorption, which play a crucial role 

in reflectance determination. The doping effects are 

responsible for this behaviour by altering carrier concentration 

and energy levels. The application of voltage leads to the 

creation of an electric field that affects the distribution and 

mobility of charge carriers. Increasing voltage boosts the 

electric field, enhancing charge carrier movement and 

conductivity, potentially modifying reflectance [5], [6], [9], 

[35]–[37]. Reflectance is low because carrier activation is 

limited. The inherent qualities of ZrS prevail, causing a rise in 

absorption and a drop in reflectance. Reflectance increases as 

voltage goes up. By increasing the electric field, carrier 

mobility is enhanced, causing absorption to decrease and 

reflectance to increase. Reflectance continues to rise as the 

electric field boosts carrier mobility and changes the optical 

reaction. The enhanced doping effect of silver can result in a 

notable boost in reflectance, thanks to better conductivity and 

decreased absorption. The presence of Ag leads to the 

formation of localized states in the band structure, aiding in 

the creation of carriers. This results in more free carriers 

boosting reflectance, especially at higher voltages, when the 

material shifts from being more insulating to more conductive. 

The scattering of light is altered by doped materials, leading 

to shifts in reflectance. 

ZrS has a bandgap energy of 2.00 eV, hinting at its 

semiconductor potential. Fig. 2 (d) shows that Ag-doped ZrS 

has higher bandgap energies ranging from 2.15 eV to 2.50 eV, 

indicating changes in its electronic properties from doping [5], 

[6], [9], [35]–[37]. The higher bandgap energy in Ag-doped 

ZrS leads to enhanced confinement of charge carriers, 

benefiting electronic applications for better efficiency and 

performance. ZrS is classified as a semiconductor, making it 

ideal for optoelectronics and photovoltaic uses. Its 2.00 eV 

bandgap enables the absorption of visible light, proving 

valuable for solar energy applications. The rise in bandgap 

energy due to Ag doping indicates a change in the ZrS 

electronic structure. Introducing extra energy levels or 

increasing lattice strain leads to higher bandgap energies 

(ranging from 2.15 eV to 2.50 eV), influencing electron 

mobility and energy transitions [5], [6], [9], [35]–[37]. The 

introduction of Ag creates additional energy levels in the band 

structure, causing the bandgap energy to rise. Useful for 

applications that need adjustable bandgaps. 

The refractive index of a material shows the degree of light 

bending or refraction upon entry. Wavelength, voltages, and 

the material's composition, including dopants such as Ag in 

ZrS, play a role in its influence. The changes in refractive 

index result from variations in electron mobility and density 

within the material when voltages of 10, 12, and 14V are 

applied in Figure 3 (a). The addition of Ag to ZrS results in 

the presence of free carriers (electrons) in the material, 

influencing its optical characteristics. Ag's presence causes a 

shift in refractive index by boosting electron density, changing 

the material's interaction with light. Increasing the voltage 

boosts carrier concentration, which improves material 

conductivity and could change the refractive index. The 

alignment of dipoles in the material is altered by an applied 

electric field, causing shifts in its optical characteristics [5], 

[6], [9], [35]–[37]. The baseline value of the refractive index 

indicates the inherent characteristics of both ZrS and Ag-

doped ZrS. An increase in carrier concentration from the 

applied voltage causes the refractive index to rise, resulting in 

improved light-matter interactions. The refractive index 

continues to rise to 14V as the electric field becomes stronger, 

possibly saturating when all carriers are stimulated. Ag-doped 

ZrS demonstrate a greater refractive index than pure ZrS under 

identical voltage conditions because of the extra free carriers. 

The increase in refractive index becomes more noticeable as 

the voltage rises in Ag-doped ZrS, indicating its heightened 

responsiveness to electrical activation. 

The extinction coefficient indicates the light absorption of 

a material. Figure 3 (b) displays a consistent increase in ZrS 

and Ag-doped ZrS deposited at various voltages (10, 12, and 

14V) across wavelengths from 310 nm to 1000 nm. This 

indicates that both materials improve in light absorption 

effectiveness with increased voltages. The excitation of 

electrons in ZrS is minimal at this reduced voltage, leading to 

a lower extinction coefficient. The material mainly absorbs 

light within certain energy ranges linked to its bandgap. Silver 

doping in ZrS with Ag creates localized states in the band 

structure, potentially boosting the extinction coefficient 

compared to undoped ZrS due to increased absorption at 

specific photon energy [5], [6], [9], [35]–[37]. Boosting the 

voltage increases the stimulation of charge carriers, resulting 

in a higher extinction coefficient for both ZrS and Ag-doped 

ZrS. The higher energy level enables additional electrons to 

transition to higher states, resulting in the absorption of more 

light. The addition of Ag-doping can enhance absorption by 

introducing extra electronic states, which results in a more 

prominent peak in the extinction coefficient spectrum. The 

material is experiencing increased excitation at 14 V. The 

extinction coefficient reaches a maximum due to the saturation 

of absorption processes, where most of the available electronic 

states are being utilized for light absorption [5], [6], [9], [35]–

[37]. The increased conductivity and absorption properties of 

Ag-doped ZrS result in a much higher extinction coefficient 

when compared to ZrS, suggesting more effective light 

absorption. 
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The optical conductivity of ZrS and Ag-doped ZrS changes 

with applied voltage, leading to notable differences in 

absorption and reflection characteristics at various voltages, 

impacting its electronic transitions in Figure 3 (c). The optical 

conductivity of ZrS is enhanced by doping Ag, causing shifts 

in absorption peaks and overall conductivity improvements 

from the electronic structure changes [5], [6], [9], [35]–[37]. 

At voltages of 10 V, 12 V, and 14 V, the optical properties 

exhibit a clear voltage dependence, suggesting adjustable 

electronic properties ideal for diverse optoelectronic device 

applications. 

 
Fig. 3. (a) Refractive index (b) extinction coefficient, and (c) optical conductivity of ZrS and Ag-doped ZrS. 

The real dielectric constant (ε′) shows how well a material 

can store electrical energy with an electric field. At different 

voltages (10 V, 12 V, and 14 V), the value fluctuates for ZrS 

and Ag-doped ZrS owing to shifts in charge distribution and 

polarization effects. The imaginary dielectric constant (ε″) 

represents the energy dissipation in the material because of 

absorbing electromagnetic energy [5], [6], [9], [35]–[37]. The 

differences in ε″ at the specified voltages provide an 

understanding of dissipation mechanisms in ZrS and Ag-

doped ZrS in Fig. 3(a) and (b). Materials exhibit significant 
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changes in dielectric properties when voltage is applied. 

Increasing the voltage from 10V to 14V enhances polarization 

effects in both ZrS and Ag-doped ZrS, leading to changes in 

real and imaginary dielectric constants. At voltage levels of 

10V, 12V, and 14V, the actual dielectric constant of ZrS rises 

because of increased polarization phenomena [5], [6], [9], 

[35]–[37].  As the voltage rises, more charge carriers align 

with the electric field, resulting in a higher ε′. The addition of 

silver (Ag) changes the carrier concentration and mobility, 

raising the real dielectric constant compared to ZrS. Doping 

increases the number of charge carriers or changes the crystal 

structure, improving the material's polarization capacity. 

 
Fig. 4. (a) Real and (b) imaginary dielectric constant of ZrS and Ag-doped ZrS.

B. XRD study of ZrS and silver-doped ZrS 

Fig. 5 depicts the X-ray diffraction (XRD) patterns of ZrS 

and Ag-doped ZrS. The crystal planes of 101, 103, 111, and 

112 are identified by precise 2θ angles of 23.59°, 34.91°, 

48.42°, and 62.62° for ZrS and 19.64°, 33.61°, 44.48°, and 

63.31° for Ag-doped ZrS. Applying different voltages (10, 12, 

14 V) changes the electrical structure, affecting peak positions 

and intensities in XRD examination. Doping and voltage 

changes cause adjustments in material characteristics. The 

strong peaks' intensity corresponds to the sample's 

crystallinity and purity [1], [38]–[45]. Distinct peaks suggest 

organized crystal arrangements. The peaks indicate the 

formation of a new phase or a shift in the crystal structure 

because of silver doping. The shift in peak positions relative 

to ZrS implies changes in lattice characteristics, caused by the 

addition of Ag ions in the ZrS lattice. The application of 

different voltages impacts how crystals nucleate and develop 

during synthesis. Increased voltages result in increased energy 

levels, which affect ion mobility and may cause larger or more 

crystalline formations [1], [38]–[45]. A rise in voltage causes 

a higher peak intensity, indicating improved crystallinity, as 

well as a drop in peak width, implying smaller particle sizes 

and greater order. In contrast, an excess voltage can induce 

defects and strain, broadening peaks and decreasing intensity. 

Introducing Ag resulted in a drop in specific peak intensities 

or changes in peak positions, indicating structural 

modifications. By comparing the XRD patterns of ZrS and 

Ag-doped ZrS, we may learn about their interaction, which 

may affect electrical characteristics and stability. Table I show 

the structural parameters of ZrS and Ag-doped ZrS. 

 
Fig. 5. XRD pattern of ZrS and Ag-doped ZrS. 
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Table I. Structural parameters of ZrS and Ag-doped ZrS. 

Sample 2θ 

(º) 

d (spacing) 

(Å) 

Lattice constant 

(Å) 

(β) 

FWHM 

(hkl) Grain Size (D) 

(nm) 

Dislocation density, σ 

(lines/m2) 

ZrS 23.5941 3.7672 6.5250 0.2021 101 7.0076 6.2032 

 34.9137 2.5674 5.1349 0.2021 103 7.1908 5.8912 

 48.4287 1.8778 3.7557 0.2021 111 7.5215 5.3847 

 62.6298 1.4819 3.3136 0.2021 112 8.0295 4.7250 

Ag10V/ZrS 19.6493 4.5137 7.8180 0.3323 101 4.2346 1.6987 

 33.6103 2.6639 5.3279 0.3323 103 4.3587 1.6034 

 44.4841 2.0347 4.0695 0.3323 111 4.5080 1.4989 

 63.3185 1.4674 3.2812 0.3323 112 4.9022 1.2676 

Ag12V/ZrS 19.6493 4.5137 7.8180 0.3411 101 4.1254 1.7898 

 33.6103 2.6639 5.3279 0.3411 103 4.2462 1.6894 

 44.4841 2.0347 4.0695 0.3411 111 4.3917 1.5794 

 63.3185 1.4674 3.2812 0.3411 112 4.7757 1.3356 

Ag14V/ZrS 19.6493 4.5137 7.8180 0.3501 101 4.0193 1.8855 

 33.6103 2.6639 5.3279 0.3501 103 4.1371 1.7797 

 44.4841 2.0347 4.0695 0.3501 111 4.2788 1.6638 

 63.3185 1.4674 3.2812 0.3501 112 4.6530 1.4070 

 

 
Fig. 6. Surface micrograph of (a) ZrS and Ag doped ZrS at (b) 10 V (c) 12 V, and (d) 14 V.  

C. Surface morphology of ZrS and silver-doped ZrS 

Fig. 6 depicts the surface morphology of ZrS and Ag-doped 

ZrS deposited at different deposition voltages. As the voltage 

increases from 10 V to 14 V, the morphology changes, 

indicating textural variations and potentially detectable 

densities inside ZrS and Ag-doped material. Doping with Ag 

alters the surface morphology of ZrS, resulting in increased 

grain size. ZrS has a smooth surface with modest grain sizes. 



PHYSICSAccess Shaka et al. 

VOLUME 04, ISSUE 02, 2024 134 ©DOP_KASU Publishing 

   
 

Reduced energy levels cause lower kinetic energy in the atoms 

being deposited, resulting in reduced nucleation [1], [38]–

[45]. Increasing the voltage to 10 V causes the atoms to gain 

kinetic energy, which increases surface roughness. This 

results in larger grains and a textured surface, indicating 

improved nucleation and growth dynamics. Below 12 V, the 

surface appearance exhibits significant characteristics, such as 

increased particle size and clustering. High energy levels 

allow atoms to move freely, leading small grains to merge into 

bigger ones. The introduction of Ag at this lower voltage level 

results in a more consistent dispersion of Ag particles while 

keeping the surface smooth. The interaction between Ag and 

ZrS causes localized morphological alterations. As the voltage 

increases, Ag raises surface roughness more than undoped 

ZrS. The silver atoms act as starting points, stimulating the 

formation of larger and more evenly distributed grains [1], 

[38]–[45]. At 14 V, the Ag-doped ZrS exhibits noticeable 

morphological changes, such as increased grain size and 

surface features. Increased energy levels make Ag more 

effectively absorbed into the ZrS structure, improving its 

electrical and optical properties. Increased voltages are 

connected to higher crystallinity because they increase atomic 

mobility, resulting in better arrangement and fewer defects in 

the crystal structure. However, an excess of energy might 

result in faults or dislocations, particularly in Ag-doped 

materials. EDX is used to determine the elemental 

composition of both ZrS and Ag-doped ZrS. ZrS is composed 

of zirconium (Zr) and sulfur (S), and it has a layered structure 

that improves its semiconductor properties (Figure 7). The 

covalent connection between Zr and S produces unusual 

electrical characteristics [1], [38]–[45]. Ag-doped ZrS 

contains silver (Ag) atoms injected into its lattice. The doping 

level varies, affecting the total composition. The use of Ag in 

doping increases the number of charge carriers, which 

improves conductivity. 

 
Fig. 7. EDX of (a) ZrS, and (b) Ag-doped ZrS.

D. Electrical study of ZrS and silver-doped ZrS 

Table II and Fig. 8 show the thickness measurements of ZrS 

and ZrS doped with silver (121.32, 129.09, 121.00, 123.01 

nm), which demonstrate the impact of voltage on material 

structure and its impacts on performance via density and 

crystal quality. 

Table II. Electrical properties of ZrS and silver doped ZrS. 

Samples Thickness, t 

(nm) 

Resistivity, ρ 

(Ωm) 

Conductivity, σ 

(S/m) 

ZrS 121.32 2.36 x 106 4.34 x 105 

Ag 10V/ZrS 129.09 2.18 x 106 4.58 x 105 

Ag 12V/ZrS 121.00 2.12 x 106 4.71 x 105 

Ag 14V/ZrS 123.01 2.09 x 106 4.78 x 105 
 
The resistivity values (2.36, 2.18, 2.12, 2.09 Ω.m) decrease 

with increasing voltage, indicating greater conduction and a 

higher charge carrier concentration [1], [38]–[45]. The 

increasing conductivity values (4.34, 4.58, 4.71, 4.78 S/m) 

indicate that increased voltage leads to improved conductivity, 

which is beneficial for applications that require effective 

charge transfer. At higher voltages, an ideal level of Ag doping 

in ZrS is assumed. As the voltage increases, the resistivity 

drops, indicating that the material's resistance reduces with 

voltage. The trend implies increased charge carrier mobility, 

which is attributed to improved dopant ionization or charge 

transport processes. Higher voltages are preferable in 

electronic devices because they reduce resistance, indicating 

increased conductivity. The conductivity increases as the 

voltage increases, indicating that the material is getting more 

efficient at conducting electricity [1], [38]–[45]. Increased 

conductivity values suggest that Ag doping enhances ZrS 

electrical characteristics by providing more charge carriers. 

The constant increase in conductivity corresponds to the 

decrease in resistance, reinforcing the idea that higher voltages 
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improve charge transport. The thickness remains largely 

constant, indicating consistent material quality. Increasing the 

voltage improves both resistivity and conductivity, illustrating 

the favourable effect of voltage on the electrical properties of 

Ag-doped ZrS [1], [38]–[45]. These findings suggest that 

adding silver increases the capabilities of ZrS, making it a 

viable option for applications requiring excellent electrical 

conductivity, such as sensors, transistors, and solar panels. 

 
Fig. 8. Resistivity and conductivity of (a) ZrS, and (b) Ag-dopedAg-doped ZrS.

IV. CONCLUSION 

The electrochemical deposition technique was successfully 

used to deposit ZrS and Ag-doped ZrS by varying the 

deposition voltage. The crystal orientations of 101, 103, 111, 

and 112 can be distinguished by specific 2θ angles of 23.59°, 

34.91°, 48.42°, and 62.62° in ZrS and 19.64°, 33.61°, 44.48°, 

and 63.31° in Ag-doped ZrS. Adjusting voltages (10, 12, 14V) 

can affect the electrical configuration in XRD analysis, thus 

influencing peak positions and intensities. Incorporating Ag at 

this lower voltage setting results in a more even dispersion of 

Ag particles without affecting the surface's smoothness. 

Localized morphological alterations occur when Ag and ZrS 

interact with each other. As voltage rises, the absorbance of 

ZrS and Ag-doped ZrS changes with the applied voltage, 

enhancing carrier concentration and mobility at higher 

voltages to enhance absorption properties. At voltage levels of 

10V, 12V, and 14V, the transmittance spectrum displays 

unique patterns, indicating that higher voltage levels impact 

the absorption and excitation of photons within the material. 

Increasing voltage enhances the excitation of electrons, 

leading to a potential rise in transmittance by encouraging 

electron movement between bands. The transmittance 

decreases at 10 V because there is less stimulation of charge 

carriers. ZrS displays a bandgap energy of 2.00 eV, showing 

its potential as a semiconductor material and doping Ag in ZrS 

results in higher bandgap energies between 2.15 eV and 2.50 

eV, leading to modifications in its electronic characteristics. 

Ag increases surface roughness more compared to ZrS without 

doping. The resistivity values decrease as the voltage 

increases, suggesting enhanced conduction and more charge 

carriers. The rising conductivity values (4.34, 4.58, 4.71, 4.78) 

(S/m) suggest that higher voltage enhances conductivity, 

benefiting applications needing efficient charge transfer.  
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