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ABSTRACT: Nickel-doped zinc oxide (Ni:ZnO) thin films were successfully synthesized on glass substrates using the 

chemical bath deposition (CBD) technique at 80°C. The structural, optical, and magnetic properties of the films were 

systematically analyzed using X-ray diffraction (XRD), scanning electron microscopy (SEM), ultraviolet-visible (UV-Vis) 

spectroscopy, and vibrating sample magnetometry (VSM). XRD patterns confirmed the formation of a hexagonal wurtzite 

structure in both undoped and Ni-doped ZnO samples, with no secondary phases detected, indicating successful incorporation 

of Ni ions into the ZnO lattice. SEM analysis revealed a variation in nanorod morphology with increasing Ni content, leading 

to a change in aspect ratio and surface roughness. UV-Vis spectroscopy showed a redshift in the absorption edge with increasing 

Ni concentration, suggesting band gap narrowing due to Ni-induced modifications in electronic states. Magnetic measurements 

confirmed room-temperature ferromagnetism in Ni-doped ZnO films, attributed to the exchange interactions between Ni ions 

and localized ZnO defects. The optimized 2% Ni-doped ZnO film exhibited enhanced structural and magnetic properties, 

making it a promising candidate for spintronic applications. This study provides valuable insights into the role of Ni doping in 

tailoring the multifunctional properties of ZnO thin films for optoelectronic and magnetic device applications. 
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1. INTRODUCTION 
 

Zinc oxide (ZnO), a wide-bandgap semiconductor material, 

has gained significant attention in recent years due to its 

unique combination of excellent optical, electrical, and 

magnetic properties, as well as its potential for applications 

in optoelectronics, photocatalysis, gas sensing, and 

spintronics [1, 2]. As an II-VI compound, ZnO naturally 

exhibits a hexagonal wurtzite structure and can be doped with 

various elements to tune its properties for specific 

applications. Among the various dopants, transition metals 

(TM), such as iron (Fe), cobalt (Co), and nickel (Ni), are 

particularly intriguing because of their ability to modify the 

electronic structure of ZnO and introduce magnetic 

characteristics [3, 4]. This class of materials, known as 

diluted magnetic semiconductors (DMSs), has garnered 

significant interest due to their potential for spintronic 

applications, where both the charge and spin of the carriers 

can be manipulated [5, 6]. 

Doped ZnO has shown promise in a variety of 

applications, including magnetic storage devices, spin-based 

transistors, and quantum computing, which require materials 

that exhibit both semiconducting and magnetic properties [7, 

8]. In particular, Ni-doped ZnO has attracted considerable 

attention due to its potential for realizing ferromagnetism at 

room temperature, which is essential for future spintronic 

devices. The interaction between the doped Ni ions and the 

ZnO host lattice leads to localized magnetic moments, which 
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may give rise to ferromagnetic behavior [9, 10]. In this 

context, understanding how the concentration of Ni 

influences the structural, optical, and magnetic properties of 

ZnO thin films is crucial for the development of materials 

that can be utilized in spintronic applications [11]. 

The influence of Ni doping on ZnO has been studied 

through various deposition techniques, including sol-gel, 

hydrothermal, and chemical vapor deposition [12, 13]. 

Among these methods, the chemical bath deposition (CBD) 

technique has become increasingly popular due to its 

simplicity, low cost, and the ability to deposit films at 

relatively low temperatures [14, 15]. CBD allows for the 

controlled deposition of high-quality ZnO thin films on large 

substrates, making it an attractive method for scalable 

production. This technique has been successfully applied to 

synthesize Ni-doped ZnO films, where the doping 

concentration of Ni plays a crucial role in modifying the 

material’s structural, optical, and magnetic properties [16, 

17]. 

In the past decade, several studies have explored the 

impact of transition metal doping, especially Ni, on the 

properties of ZnO thin films [18, 19]. These studies have 

revealed that the concentration of Ni can significantly affect 

the structural orientation, grain size, and morphology of the 

films. For example, Ni doping has been shown to induce a 

shift in the X-ray diffraction (XRD) patterns of ZnO, altering 

the crystal structure and influencing the preferential 

orientation of the ZnO films [20, 21]. This change in the 

crystalline structure is often accompanied by variations in the 

optical band gap and the appearance of magnetic 

characteristics, which are essential for spintronic applications 

[22, 23]. 

One of the key findings in Ni-doped ZnO thin films is 

the change in the optical properties, specifically the 

absorption spectrum and the band gap. Doping with Ni leads 

to a redshift in the optical absorption edge, which can be 

attributed to the Burstein-Moss effect, where the conduction 

band is shifted to lower energies due to the introduction of 

Ni²⁺ ions into the ZnO lattice [24]. This results in a narrowing 

of the band gap, which can enhance the material's optical 

absorption, particularly in the ultraviolet (UV) region [25]. 

The reduction in band gap with increasing Ni concentration 

is an important factor that needs to be considered when 

designing ZnO-based devices for applications in 

optoelectronics and photovoltaics [26]. 

On the magnetic side, Ni doping has been shown to 

induce ferromagnetism in ZnO thin films, even though ZnO 

itself is non-magnetic [27]. This magnetic behavior arises 

from the interaction between the localized d-electrons of the 

Ni²⁺ ions and the conduction band electrons of ZnO [27]. The 

magnetic properties of Ni-doped ZnO can be influenced by 

several factors, including the concentration of Ni, the method 

of deposition, and the annealing conditions. Interestingly, 

studies have found that the magnetic properties of Ni-doped 

ZnO thin films are highly dependent on the doping 

concentration, with a certain concentration of Ni leading to 

enhanced ferromagnetism [27]. However, when the doping 

concentration exceeds a certain threshold, the magnetic 

properties tend to degrade, likely due to the formation of 

secondary phases or the weakening of the Ni-ZnO interaction 

[26]. 

The structural characteristics of Ni-doped ZnO thin 

films also play a critical role in determining the material’s 

overall properties. The morphology of the films, such as the 

formation of nanorods or nanostructures, can significantly 

impact both the optical and magnetic behavior [27]. It has 

been observed that at lower Ni doping concentrations, ZnO 

thin films tend to form well-aligned nanorods, which provide 

a high surface area for interaction with light and enhance the 

material's optical properties. However, as the Ni 

concentration increases, the alignment of the nanorods 

becomes less uniform, and the films may become more 

disordered, which can reduce the overall quality of the 

material [25]. The size and shape of the nanorods, as well as 

the distribution of Ni within the ZnO matrix, are essential 

factors in tailoring the material's performance for specific 

applications [27]. 

In light of the significant role that Ni plays in 

modulating the properties of ZnO, several studies have 

focused on optimizing the synthesis conditions, such as the 

concentration of Ni, the deposition temperature, and the bath 

composition, to achieve the desired structural, optical, and 

magnetic properties [34]. The chemical bath deposition 

method, with its ability to produce large-area, uniform films 

at low temperatures, offers a promising route for the scalable 

production of Ni-doped ZnO thin films [24]. This study aims 

to investigate the effects of Ni doping on the structural, 

optical, and magnetic properties of ZnO thin films 

synthesized via the chemical bath deposition technique, with 

a focus on how varying Ni concentrations influence the 

material's characteristics. Through comprehensive analysis 

using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), UV-Vis spectroscopy, and vibrating 

sample magnetometry (VSM), the study seeks to provide a 

deeper understanding of the fundamental changes induced by 

Ni doping in ZnO, paving the way for future spintronic and 

optoelectronic applications [25]. 

The goal of this research is to contribute to the growing 

body of knowledge on Ni-doped ZnO thin films and to 

provide insights into the relationship between Ni doping 

concentration and the resulting structural, optical, and 

magnetic properties. Such insights will be crucial for the 

development of ZnO-based materials with tailored properties 

for a range of advanced technological applications, 

particularly in the fields of spintronics, optoelectronics, and 

photocatalysis [26, 27]. 

 

 

 

2. EXPERIMENTAL DETAILS 

 

In this study, the Ni-doped ZnO thin films were synthesized 

using the chemical bath deposition (CBD) method. This 

approach involves the deposition of thin films from a solution 

where the reactants are dissolved and subsequently react to 

form a solid phase that adheres to the substrate. 
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2.1. Preparation of Chemical Solution 

 

Zinc nitrate dehydrate [Zn(NO₃)₂·2H₂O] was used as the zinc 

source, and nickel nitrate [Ni(NO₃)₂] was used as the nickel 

source. For the synthesis of the Ni-doped ZnO thin films, 

0.08 M zinc nitrate dehydrate was dissolved in deionized 

water to prepare the base solution. To achieve doping at 

different concentrations, nickel nitrate was added to the 

solution in various amounts, ranging from 1 atomic percent 

to 5 atomic percent. After the desired concentration of nickel 

nitrate was added, an aqueous ammonia solution was 

introduced to the mixture in order to adjust the pH of the 

solution to approximately 10.3, which is essential for the 

precipitation of ZnO. Initially, the solution became turbid due 

to the formation of ZnO nanoparticles, but this was resolved 

by the addition of excess ammonia to complete the 

precipitation process. 

 

 

2.2. Substrate Preparation 

 

The glass substrates were cleaned thoroughly to ensure a 

good-quality film deposition. Cleaning was carried out by 

placing the glass substrates in a sequence of acetone, 

isopropyl alcohol, and triply distilled water for 15 minutes 

each in an ultrasonic bath. After cleaning, the substrates were 

dried using high-pressure oxygen to remove any residual 

contaminants and moisture before further use in the 

deposition process. 

 

 

2.3. Film Deposition 

 

The cleaned glass substrates were immersed in the heated 

bath, which was maintained at a constant temperature of 

80°C during the deposition process. The deposition time was 

set for 2 hours to allow for the precipitation of Ni-doped ZnO 

onto the substrates. The homogeneous precipitation resulted 

from the interaction of the zinc and nickel ions with the 

ammonia in the bath, leading to the formation of Ni-doped 

ZnO thin films. The thickness of the films was varied by 

controlling the deposition time and the concentration of the 

metal precursors in the solution. 

 

 

2.4. Film Thickness Control 

 

The film thickness was controlled by adjusting the deposition 

time in the chemical bath, which allowed for the formation 

of films of varying thicknesses. This parameter was 

optimized to achieve films that were suitable for further 

characterization and application in electronic devices. 

 

 

 

3. RESULTS AND DISCUSSION 

 
3.1. Structural Properties 

XRD was used to examine the structural characteristics of 

undoped ZnO and Ni-doped ZnO thin films deposited via 

chemical bath deposition process; the findings for each 

sample are displayed in Figure 1. The XRD patterns of the 

samples are well with the JCPDS standard data of wurtzite 

(hexagonal) ZnO (No. 36-1451, a = 3.249 Å and c = 5.206 

Å), undoped and Ni-doped ZnO samples showed peaks 

correspond to (100), (002), (101) and (102) planes. The (002) 

peak consistently displayed the highest intensity, suggesting 

that all the samples had a hexagonal crystal structure with a 

preferred orientation where the substrate normal was parallel 

to the ZnO (002) plane normal. 
No diffraction peaks of other structures were detected in 

these samples, indicating that the Ni ion successfully 

occupied ZnO lattice site and there were no secondary phases 

or precipitates within the precision limit of XRD 

measurement. This is due to the presence of very low amount 

of Ni in the films as well as the presence of a very strong peak 

of (002) plane of ZnO dominating the XRD traces, which 

confirms that it is highly pure and single ZnO phase. 
In line with earlier studies, it was shown that the 

synthesized undoped and Ni-doped ZnO exhibited 

preferential orientation along the (002) peak direction [15-

17]. Since Zn2+ and Ni2+ have nearly identical ionic radii, the 

peak position remains unchanged with Ni doping, suggesting 

that Ni doping has no effect on the ZnO crystal [6], it also 

signifying that in the current composition region, metal ions 

(Ni) have a tendency to replace Zn sites without altering the 

crystal structure of ZnO (wurtzite structure) [6]. It may be 

inferred from the graph that the actual amount of Ni2+ doped 

into the ZnO crystal lattice may be related to the fact that the 

(002) diffraction peaks at 1% and 2% were higher than those 

of undoped ZnO, but the peaks at 3% were the same height 

(matched with JCPDS 78-0643). In 4% the height of (002) 

decreases than that of undoped ZnO, which is in good 

agreement with SEM results. 

 

 
3.2. Surface Morphology and Compositional Properties 

 
Figure 2 presents the SEM images of ZnO nanorods with 

varying Ni doping concentrations, revealing significant 

morphological changes induced by Ni incorporation. The 

nanorods exhibit a well-defined hexagonal prism shape, 

indicative of their preferential growth along the (002) 

crystallographic direction. However, distinct variations in 

nanorod alignment, diameter, and surface morphology are 

observed with increasing Ni doping. At a Ni doping 

concentration of 1% (Figure 2(b)), the nanorods display a 

relatively disordered arrangement compared to the undoped 

ZnO sample (Figure 2(a)). While some degree of vertical 

alignment is still visible, the nanorods do not exhibit 

complete uniformity, suggesting that the introduction of Ni 

begins to influence the nucleation and growth kinetics of 

ZnO. With an increase in Ni concentration to 2% (Figure 

2(c)), the nanorods experience a noticeable increase in 

diameter, accompanied by the deposition of additional 

particles on the film surface. This suggests that Ni 
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incorporation promotes both lateral and vertical growth of 

ZnO nanorods, leading to the formation of a denser and more 

continuous film. The enhanced film quality at 2% Ni doping 

indicates an optimal balance between dopant incorporation 

and structural integrity. However, further increasing the Ni 

doping concentration to 3% and beyond (Figure 2(d, e)) 

results in significant irregularities in nanorod orientation, 

leading to a more disordered and non-homogeneous film 

structure. The excessive Ni incorporation disrupts the 

preferred (002) growth direction, causing a loss of vertical 

alignment and an increase in structural defects. These 

findings are consistent with X-ray diffraction (XRD) results, 

where a shift in the (002) peak position was observed as Ni 

content increased from 3% to 4%, indicating strain and lattice 

distortion within the ZnO crystal structure. It is important to 

note that the Ni doping concentrations used in this study 

remain well below the solid solubility limit of Ni in ZnO, 

ensuring that the observed morphological changes are not 

due to phase segregation but rather a direct result of Ni 

substitution within the ZnO lattice. These observations 

provide critical insights into the role of Ni doping in 

modulating the growth, alignment, and microstructure of 

ZnO nanorods, which are essential for optimizing their 

properties for optoelectronic and sensor applications. Energy 

dispersive X-ray spectroscopy (EDX) was employed to 

analyze the elemental composition of the Ni-doped ZnO thin 

films, ensuring the successful incorporation of Ni into the 

ZnO lattice (Figure 2(f)). EDX spectra were collected at 

multiple points across the film surface to confirm the 

presence of Zn, Ni, and O. The characteristic X-ray emission 

peaks corresponding to Zn (Lα, Kα), Ni (Kα, Lα), and O (Kα) 

were carefully analyzed to determine the elemental 

distribution and doping concentration. The uniform 

distribution of Ni within the ZnO matrix was validated 

through elemental mapping, which displayed a homogeneous 

dispersion of Ni without significant clustering or segregation. 

To quantify the Ni doping level, the atomic percentage of Ni 

in the films was calculated by comparing the relative 

intensity of Ni and Zn peaks. The analysis confirmed a 

systematic increase in Ni content with increasing doping 

concentration, indicating successful substitutional doping 

rather than phase separation or secondary phase formation. 

The absence of additional impurity peaks in the EDX spectra 

further affirmed the purity of the deposited films. 

 

 
 

Fig. 1. XRD patterns of (a) pure ZnO and (b) 1%, (c) 2%, (d) 3%, and (e) 4 % Ni-doped ZnO thin films.  
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Fig. 2. SEM images of ZnO nanorods synthesized in reactive solutions with varying Ni doping concentrations: (a) Pristine 

ZnO, (b) 1% Ni-doped ZnO, (c) 2% Ni-doped ZnO, (d) 3% Ni-doped ZnO, (e) 4% Ni-doped ZnO. (f) EDX spectrum of 2% 

Ni-doped ZnO. 

 

 

 

Figure 3 presents the TEM images of undoped ZnO and 2% 

Ni-doped ZnO thin films, highlighting the morphological and 

structural characteristics of the nanorods. The TEM images 

reveal that the ZnO nanorods exhibit a well-defined 

hexagonal shape with a smooth surface, and no observable 

clusters or agglomerations are present on the surface, 

indicating high crystallinity and uniformity of the 

synthesized structures. The structural consistency between 

the undoped and doped ZnO samples suggests that Ni 

incorporation does not significantly disrupt the ZnO nanorod 

formation process. Lattice spacing analysis provides further 

insight into the impact of Ni doping on the ZnO crystal 

structure. The measured interplanar spacing (d-spacing) of 

undoped ZnO is 0.26 nm, which is consistent with the (002) 
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plane of hexagonal ZnO, as reported in previous studies. 

Upon doping with 2% Ni, the d-spacing increases slightly to 

0.265 nm for ZnO0.95Ni0.05O nanorods. This expansion in 

lattice spacing can be attributed to the substitution of Zn2+ 

ions (ionic radius rZn2+=0.60 Å with Ni2+ ions (ionic radius 

rNi2+=0.69 Å), which possess a larger ionic radius. This 

substitution leads to a minor lattice distortion, causing an 

increase in the interplanar distance. 

 

 

3.3. Optical Properties 

 

The optical absorption behavior of undoped and Ni-doped 

ZnO nanorod arrays was examined using UV-visible 

spectroscopy, as shown in Figure 4(a). The absorption spectra 

reveal a distinct shift in the absorption edge with increasing 

Ni concentration, indicating modifications in the electronic 

structure of the ZnO lattice due to doping. A notable increase 

in the intensity of UV emission peaks is observed as the Ni 

concentration rises, highlighting the enhanced optical 

activity of the doped ZnO films. This enhancement suggests 

improved light absorption and possible alterations in carrier 

concentration. 

To determine the optical band gap of the films, the Tauc 

plot method was employed, which is commonly used for 

direct bandgap semiconductors (Figure 4 (b)). The absorption 

coefficient (α) is related to the photon energy (hν) through 

the equation: 

 

αhν = A(hν−Eg)1/2                                (1) 

 

where A is a constant, α\alphaα is the optical absorption 

coefficient, hν is the photon energy, and Eg represents the 

band gap energy. By extrapolating the linear region of the 

Tauc plot (αhν), the optical band gap values were estimated 

for the ZnO and Ni-doped ZnO thin films.

 

 

 
 

Fig. 3. HRTEM images of pristine ZnO and 2% Ni-doped ZnO thin films. 

 

 

 
 

Fig. 4. (a) UV-visible absorption spectra of pristine and Ni-doped ZnO nanorod arrays. (b) Tauc plot for band gap estimation 

of undoped and Ni-doped ZnO thin films. 
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The results indicate that the band gap values varied from 3.17 

eV to 3.25 eV, with a general trend of band gap reduction as 

the Ni doping concentration increased. 

This decrease in band gap can be attributed to the Burstein-

Moss effect, where the incorporation of Ni²⁺ ions into the 

ZnO lattice leads to an increase in carrier concentration, 

thereby shifting the Fermi level into the conduction band. 

The redshift of the absorption edge in Ni-doped samples 

further confirms the successful incorporation of Ni²⁺ ions 

within the ZnO matrix, influencing its electronic and optical 

properties. 

 

 

3.4. Magnetic Properties 

 

The magnetic properties of Ni-doped ZnO nanorods were 

investigated using magnetization vs. magnetic field (M–H) 

measurements, as shown in Figure 5. The M–H curves were 

recorded for undoped, 1%, 2%, 3%, and 4% Ni-doped ZnO 

thin films at room temperature, revealing distinct 

ferromagnetic characteristics in all samples. 

For 1% Ni-doped ZnO, the remanent magnetization 

(Mₘ) and coercive field (Hc) were determined to be 0.25 

emu/cm³ and 132 Oe, respectively. When the doping 

concentration increased to 2%, the values of Mₘ and Hc rose 

significantly to 0.38 emu/cm³ and 180 Oe, indicating an 

enhancement in ferromagnetic behavior. However, with a 

further increase in Ni concentration to 3%, both Mₘ and Hc 

decreased to 0.31 emu/cm³ and 78 Oe, respectively. This 

declining trend became even more pronounced in the 4% Ni-

doped ZnO sample, where the Mₘ and Hc values dropped to 

0.06 emu/cm³ and 123 Oe, respectively. 

The observed enhancement in ferromagnetism from 1% 

to 2% Ni doping can be attributed to the higher incorporation 

of Ni²⁺ ions into the ZnO lattice, which contributes to a 

stronger exchange interaction. However, when the Ni doping 

level exceeds 3%, a significant reduction in ferromagnetism 

is observed. This decline can be explained by the limited 

solubility of Ni²⁺ in the ZnO lattice, which leads to the 

formation of non-magnetic or weakly magnetic defects. The 

results align well with the findings from UV–visible 

absorption spectra, XRD, and SEM analyses, confirming that 

only a fraction of Ni²⁺ ions successfully substitute Zn²⁺ in the 

host lattice, while excess Ni likely remains in interstitial 

positions or forms secondary phases that do not contribute to 

ferromagnetism. 

There is ongoing debate regarding the origin of 

ferromagnetism in Ni-doped ZnO thin films. Some studies 

suggest that the ferromagnetism arises due to a homogeneous 

magnetic doping mechanism, while others propose that it 

results from magnetic precipitation [23–26]. Since Ni metal 

itself is a well-known ferromagnetic material, one possible 

explanation is that residual metallic Ni phases could 

contribute to the observed magnetization. However, in this 

study, the absence of detectable Ni secondary phases in XRD 

and SEM analyses suggests that the ferromagnetism does not 

originate from metallic Ni. The most plausible explanation 

for the observed ferromagnetism in Ni-doped ZnO thin films 

is the exchange interaction between free delocalized carriers 

(holes or electrons from the valence band) and the localized 

d-spins of Ni ions [6, 27]. This interaction, often referred to 

as a carrier-mediated exchange mechanism, is a key factor in 

determining the magnetic properties of diluted magnetic 

semiconductors (DMS). The observed changes in 

magnetization with increasing Ni content suggest that the 

ferromagnetic behavior is strongly dependent on the Ni 

concentration and its ability to effectively incorporate into 

the ZnO lattice without forming non-magnetic defects. 

 

 
 

Fig. 5. Magnetization (M) vs. magnetic field (H) curves of 

undoped and Ni-doped ZnO thin films at room temperature. 

 

 

 

4. CONCLUSION 

 

This study highlights the significant impact of Ni doping on 

the structural, optical, and magnetic properties of ZnO thin 

films synthesized via the chemical bath deposition technique. 

XRD analysis confirmed that Ni-doped ZnO films retained 

the hexagonal wurtzite structure without any secondary 

phases, indicating the successful substitution of Ni²⁺ ions into 

the Zn²⁺ lattice sites. The peak intensity variations and 

broadening suggested minor lattice distortions induced by Ni 

doping. SEM analysis demonstrated a distinct morphological 

evolution, with an increase in nanorod diameter and surface 

roughness as Ni content increased. The optimized 2% Ni-

doped ZnO film exhibited uniform nanorod growth, 

enhancing the overall film quality. Optical characterization 

via UV-Vis spectroscopy revealed a systematic redshift in the 

absorption edge with increasing Ni doping concentration, 

resulting in a reduced optical band gap. This band gap 

narrowing can be attributed to localized electronic states 

introduced by Ni doping, which alter the charge carrier 

dynamics in ZnO. Magnetic measurements further confirmed 

room-temperature ferromagnetism in Ni-doped ZnO films, 

likely due to exchange interactions between Ni²⁺ ions and 

native defects in the ZnO matrix. The emergence of 

ferromagnetic behavior, particularly in the 2% Ni-doped 
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sample, suggests its potential use in spintronic applications, 

where both optical and magnetic functionalities are essential. 

The Ni doping successfully modulated the structural, optical, 

and magnetic properties of ZnO thin films, making them 

suitable for a range of advanced applications, including 

optoelectronics, spintronics, and magnetic sensing devices. 

Future research should focus on optimizing the synthesis 

conditions and exploring the effects of alternative dopants to 

further enhance the multifunctionality of ZnO-based 

materials. 
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