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A B S T R A C T

Nickel (Ni)-doped zinc oxide (ZnO) nanoparticles have garnered significant attention due to their tunable 
structural, optical, and electronic properties, making them ideal candidates for various advanced applications. 
This study focuses on the synthesis, characterization, and evaluation of the electrical and electronic properties of 
pure and Ni-doped ZnO nanoparticles (Ni:ZnO) synthesized via a co-precipitation method with varying Ni 
concentrations (2%, 4%, 6%, and 8%). X-ray diffraction analysis confirmed the wurtzite hexagonal structure of 
ZnO, with lattice distortion increasing proportionally to Ni doping. A secondary NiO phase was detected at 
higher doping levels, indicating the solubility limit of Ni in ZnO. The average crystallite size, calculated using 
Debye-Scherrer’s equation, decreased from 31 nm in pure ZnO to 23 nm in 8% Ni-doped ZnO, confirming doping- 
induced size reduction. UV-visible spectroscopy revealed a blue shift in the optical bandgap from 3.23 eV for 
pure ZnO to 3.41 eV for 8% Ni-doped ZnO, attributed to Burstein-Moss effect. Fourier transform infrared 
spectroscopy identified changes in vibrational modes, with shifts in peaks corresponding to Zn-O and Ni-O bonds, 
indicating successful Ni incorporation. Scanning electron microscopy (SEM) and energy-dispersive X-ray spec
troscopy confirmed uniform particle morphology and elemental composition. Dielectric studies showed that the 
dielectric constant increased significantly with Ni doping, reaching a maximum value of 69 at 6% doping, while 
AC conductivity improved with frequency, demonstrating frequency-dependent conductivity due to hopping 
charge carriers. The findings reveal that Ni doping enhances the structural, optical, and dielectric properties of 
ZnO, making it suitable for optoelectronics, high-frequency devices, and dielectric materials.

1. Introduction

Zinc oxide (ZnO), a II-VI semiconductor with a direct wide bandgap 
of 3.37 eV at room temperature, has been extensively studied for its 
versatile applications in optoelectronics, photocatalysis, sensors, and 
energy devices [1–4]. Its high exciton binding energy of 60 meV allows 
efficient excitonic emissions at room temperature, making ZnO a 
promising material for ultraviolet (UV) lasers, light-emitting diodes 
(LEDs), and photodetectors [5,6]. The unique combination of high op
tical transparency, piezoelectricity, and chemical stability further 

broadens its industrial relevance [7,8].
Due to its large band gap ZnO has followings advantages, higher 

breakdown voltage values, supporting of large electric fields, high 
temperature and power operations. ZnO (3.37eV) and GaN (3.39eV) 
both have large band gap semiconductors however ZnO has some sig
nificant advantages in its large free exciton binding energy 60meV 
compared to 25meV for GaN that allows for efficient excitonic emission 
at room temperature [5]. This is one of the significant parameters due to 
which ZnO shows lasing emission at room temperature.

ZnO nanostructures, including nanoparticles, nanowires, and thin 
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films, exhibit remarkable physical and chemical properties due to their 
large surface-to-volume ratio, quantum confinement effects, and tunable 
morphology [9,10]. These properties make ZnO highly advantageous for 
gas sensing, where its surface reactivity facilitates selective detection of 
gases like NO₂ and CO, as well as for photocatalysis, where its wide 
bandgap supports efficient charge carrier separation and UV absorption 
[11,12]. However, the intrinsic properties of ZnO often require modi
fication to optimize its performance for specific applications [13,14].

Due to addition of other elements by very small quantities called 
dopants to the intrinsic material we can modify electronic and con
ductivity property by an organized manner. Such process by which we 
can change electronic and conductivity property by well manner we 
called it doping. Semiconductor material defining property is that it can 
be doped with impurities with very small amount. These small, doped 
impurities changed its physical and chemical properties in a controllable 
way. Maximum used semiconductor materials are crystalline and inor
ganic in nature [15].

Doping ZnO with metal or non-metal elements has proven to be an 
effective strategy to enhance its structural, optical, and electronic 
properties. Transition metals such as cobalt (Co), manganese (Mn), and 
nickel (Ni) are particularly effective dopants, as they introduce localized 
states in the bandgap, thereby modifying electrical conductivity, mag
netic behavior, and optical absorption [16–18]. Nickel-doped ZnO (Ni: 
ZnO) nanoparticles have attracted significant attention due to their 
potential applications in spintronics, high-performance gas sensors, and 
high-frequency dielectric materials [19,20]. Nickel doping in ZnO in
troduces Ni²⁺ ions into the ZnO lattice, substituting Zn²⁺ due to their 
comparable ionic radii (0.69 Å for Ni²⁺ and 0.74 Å for Zn²⁺) [21]. This 
substitution leads to lattice distortion and the introduction of defect 
states, such as oxygen vacancies, which play a critical role in modulating 
the electrical and optical properties of ZnO [22]. At low doping con
centrations, Ni²⁺ ions are homogeneously distributed within the ZnO 
lattice, enhancing conductivity and optical transparency through the 
Burstein-Moss effect, where the Fermi level shifts into the conduction 
band due to increased carrier concentration [23,24]. However, at higher 
doping levels, NiO secondary phases can emerge, adversely affecting the 
structural and electronic uniformity [25,26]. The optical properties of 
Ni-doped ZnO are also significantly influenced by doping. Studies have 
reported a blue shift in the optical absorption edge with increasing Ni 
concentration due to the widening of the optical bandgap (Bur
stein-Moss effect) [27]. Simultaneously, doping alters photo
luminescence characteristics, typically reducing defect-related 
emissions and enhancing near-band-edge emissions, which is beneficial 
for optoelectronic applications [28].

Nickel doping is known to impact the dielectric behavior of ZnO. 
Enhanced dielectric constant and reduced dielectric loss have been 
observed in Ni-doped ZnO due to the introduction of charge carriers and 
interfacial polarization at grain boundaries [29,30]. Additionally, 
doping influences AC conductivity, which exhibits a 
frequency-dependent behavior linked to the hopping mechanism of 
charge carriers between localized states. Such properties are critical for 
applications in high-frequency electronics and capacitors [31,32].

Several studies have explored the synthesis and characterization of 
Ni-doped ZnO nanoparticles. Ahmed et al. demonstrated that Ni doping 
enhances photocatalytic activity by increasing defect density and charge 
carrier mobility [33]. U. Godavarti et al. reported the role of Ni doping 
in improving ZnO’s gas sensing performance by altering its surface 
reactivity and defect distribution [34]. Despite these advances, most 
research has been limited to low doping concentrations (1–5%), and the 
effects of higher Ni doping levels on phase formation, optical properties, 
and dielectric behavior remain underexplored.

While the literature establishes the significance of Ni doping in 
tailoring ZnO’s properties, gaps persist in understanding its effects at 
higher doping levels (≥6%). The formation of secondary phases, such as 
NiO, and their influence on structural, optical, and dielectric properties 
require further investigation. Additionally, the relationship between Ni 

doping and AC conductivity, particularly at high frequencies, is not well 
understood.

This study aims to synthesize and comprehensively characterize pure 
and Ni-doped ZnO nanoparticles with varying Ni concentrations 
(2–8%). By focusing on high doping levels, the work seeks to unravel the 
effects of Ni incorporation on the structural, optical, and dielectric 
properties of ZnO. The novelty of the study lies in its detailed analysis of 
secondary phase formation, bandgap tuning, dielectric behavior, and AC 
conductivity, offering new insights into the potential applications of Ni- 
doped ZnO in optoelectronic and high-frequency dielectric devices.

2. Methodology

2.1. Synthesis of Pure and Ni-Doped ZnO Nanoparticles

Pure and nickel (Ni)-doped zinc oxide (ZnO) nanoparticles were 
synthesized using a co-precipitation method. Analytical-grade zinc ac
etate dihydrate (Zn(CH₃COO)₂⋅2H₂O) was used as the precursor for zinc 
ions, while nickel nitrate hexahydrate (Ni(NO₃)₂⋅6H₂O) was used as the 
source of nickel ions. Sodium hydroxide (NaOH) was employed as the 
precipitating agent. All chemicals were of high purity and used without 
further purification.

Firstly, a 0.2 M solution of zinc acetate dihydrate was prepared in 
deionized water. For Ni-doped ZnO, the required amounts of nickel ni
trate hexahydrate (2%, 4%, 6%, and 8% molar ratios relative to zinc 
ions) were dissolved in the zinc acetate solution with constant stirring. 
Sodium hydroxide solution (0.5 M) was added dropwise into the pre
cursor solution under continuous stirring until the pH of the solution 
reached approximately 10, facilitating the precipitation of Zn(OH)₂ and 
Ni(OH)₂. The mixture was stirred at room temperature for 2 hours to 
ensure complete precipitation.

The precipitate was aged for 24 hours, followed by repeated washing 
with deionized water and ethanol to remove impurities and residual 
ions. The washed precipitate was dried at 80◦C in an air oven for 12 
hours. The dried powder was calcined at 500◦C for 3 hours in a muffle 
furnace to obtain crystalline pure and Ni-doped ZnO nanoparticles. The 
synthesis method is explained in flow chart form in Fig. 1.

2.2. Characterization Techniques

After the synthesis of undoped and nickel doped ZnO nanoparticles 
different characterization techniques were used to check their struc
tural, optical and dielectric properties.

Fig. 1. Experimental setup for the synthesis process.
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2.2.1. Fourier Transform Infrared (FTIR) Spectroscopy
FTIR analysis was conducted in the range of 400–4000 cm⁻¹ to 

identify functional groups and confirm Ni doping by detecting vibra
tional changes in Zn-O and Ni-O bonds.

2.2.2. X-ray Diffraction (XRD) Analysis
The structural properties of the synthesized nanoparticles were 

studied using XRD with Cu-Kα radiation (λ = 1.5406 Å) in the 2θ range 
of 20◦–80◦. The crystallite size (D) was calculated using Debye-Scher
rer’s equation: 

D =
Kλ

β cosθ
(1) 

where K is the shape factor (0.9), λ is the X-ray wavelength, β is the full 
width at half maximum (FWHM) of the diffraction peak, and θ is the 
Bragg angle. Lattice parameters and phase purity were also analyzed.

2.2.3. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 
Spectroscopy (EDX)

SEM was used to analyze the surface morphology and particle size of 
the nanoparticles. EDX was employed to determine the elemental 
composition and confirm the incorporation of Ni into the ZnO lattice.

2.3. Diffused reflective spectroscopy (DRS) analysis

Calculating the band gap from diffuse reflection data, the Kubelka- 
Munk equation was used to find the absorption coefficient from reflec
tion. The absorption coefficient can be defined as the measure of pho
tons absorption per thickness of a material. The unit of absorption 
coefficient is (cm− 1). The Kubelka-Munk equation is given as 

α
S
=

(1 − R)2

2R
(2) 

Thus 

α =
S(1 − R)2

2R
(3) 

Here “S” is a scattering coefficient which measures the ability of a 
particle to scatter a beam of photons and it is (cm− 1) because scattering 
coefficient is equal to cross sectional area divided by volume. The energy 
of a photon can be calculated by a given equation 

E = hν = hc
/

λ =
1240

λ
(eV) (4) 

In semiconductors, the optical bandgap is determined using the Tauc 
plot method, which is widely employed to evaluate electronic transi
tions. A Tauc plot involves graphing the square of the product of the 
absorption coefficient (α) and photon energy (E) i.e., (αE)2 against 
photon energy (E). The curve generated from this data typically contains 
a segment of a straight line. By extending this straight-line segment to 
intersect the x-axis, the x-intercept provides the optical bandgap (Eg) of 
the material. This method is particularly effective for analyzing direct 
bandgap semiconductors.

2.4. Dielectric Property Measurements

The dielectric properties of the samples were analyzed using an 
impedance analyzer over a frequency range of 10 Hz to 1 MHz. Mea
surements were conducted at room temperature to evaluate the dielec
tric constant (∈r), dielectric loss (tan δ), and AC conductivity (σAC). The 
dielectric constant was calculated using the formula: 

∈r =
C.d
∈0A

(5) 

where C is the capacitance, d is the thickness of the sample, A is the area 

of the electrode, and ∈0 is the permittivity of free space.
The synthesized powders were pressed into pellets of 10 mm diam

eter and ~2 mm thickness using a hydraulic press under a pressure of 5 
tons. The pellets were sintered at 500◦C for 2 hours to enhance me
chanical stability and electrical connectivity. For dielectric measure
ments, both sides of the pellets were coated with silver paste to form 
electrodes, ensuring good electrical contact.

2.5. AC Conductivity

AC conductivity (σAC) was determined using the relation: 

σAC = 2πf∈0∈rtan δ (6) 

where f is the frequency, ∈r is the dielectric constant, and tan δ is the 
dielectric loss.

3. Results and Discussions

3.1. FTIR analysis

The FTIR analysis was conducted to identify the functional groups 
and molecular interactions in undoped and Ni-doped ZnO nanoparticles. 
The full transmittance spectra, ranging from 400 to 4000 cm⁻¹, are 
presented in Fig. 2. The observed absorption peaks provide detailed 
insights into the chemical composition and structural modifications 
induced by nickel doping.

Low-intensity absorption peaks observed around 3480, 2350, and 
2950 cm⁻¹ are attributed to O-H stretching vibrations, CO₂ molecules, 
and C-H stretching modes, respectively [35]. These peaks suggest the 
presence of hydroxyl groups, atmospheric CO₂, and minor organic res
idues from precursors or synthesis processes. A distinct absorption peak 
at 1400 cm⁻¹ is related to acetate species (COO⁻), confirming the pres
ence of residual acetate groups from the zinc acetate precursor [36]. 
Additionally, a sharp band around 1500 cm⁻¹ corresponds to H-O-H 
bending vibrations, which may arise from trace amounts of adsorbed 
moisture on the ZnO nanoparticle surface [37].

Vibrational modes associated with ZnO were observed between 698 
cm⁻¹ and 721 cm⁻¹, corresponding to the Zn-O stretching vibrations 
[38]. In Ni-doped ZnO samples, a blue shift in the absorption bands was 
observed as the nickel doping concentration increased. This shift reflects 
the disturbance of the Zn-O network due to Ni incorporation, indicating 
an increase in bond strength with higher Ni concentrations. The devia
tion in vibrational frequencies can be attributed to two factors: (i) the 
difference in ionic radii between Zn²⁺ (0.74 Å) and Ni²⁺ (0.69 Å), causing 
lattice distortion, and (ii) structural changes induced by the substitution 
of Zn with Ni ions [39].

Fig. 2. FTIR transmission spectra for undoped and Ni doped ZnO nanoparticles.
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3.2. XRD analysis

The X-ray diffraction (XRD) patterns of undoped, 2%, and 4% Ni- 
doped ZnO nanoparticles confirmed the presence of a hexagonal wurt
zite structure, as indicated by the diffraction peaks that perfectly match 
the standard JCPDS card No. 36-1451. The lattice parameters were 
determined to be a =3.249 A˚, c = 5.206 A˚, with a space group of P63mc. 
Up to a doping concentration of 4% (x = 0.04), no additional peaks 
corresponding to nickel metal, nickel oxide (NiO), or any binary Zn-Ni 
phases were observed, suggesting complete incorporation of Ni into 
the ZnO lattice without phase segregation.

However, when the Ni doping concentration increased to 6% (x ≥
0.06), a new diffraction peak emerged at 2θ ~ 42̊, as shown in Fig. 3. 
This peak corresponds to the (200) Miller indices of NiO, matching the 
standard JCPDS card No. 78-0643. The intensity of this secondary phase 
peak increased with higher Ni concentrations, indicating the progressive 
formation of NiO as the doping level rose. The emergence of this sec
ondary phase demonstrates the solubility limit of Ni in the ZnO lattice, 
which is less than 6% for the Zn1-xNixO nanoparticles. Beyond this limit, 
phase segregation occurs, confirming the limited miscibility of Ni in 
ZnO. In contrast, at lower concentrations (0%, 2%, 4%) Ni would not 
considerably alter the Zn sites or in other words, Ni incorporates in ZnO 
lattice without forming any secondary phase. However, at higher con
centrations can lead to formation of new phase/s which is also evident 
from literature [40–42].

The crystallite size of undoped and nickel doped ZnO nanoparticles 
were calculated by using Debye-Scherer’s equation [43]. The results 
indicate a reduction in crystallite size with increasing Ni doping, 
attributed to lattice strain induced by the substitution of smaller Ni2+

ions (0.69 Å) in place of Zn2+ ions (0.74 Å) in the ZnO lattice.
From Fig. 4, it is evident that the crystallite size decreases with 

increasing Ni concentration, which can be attributed to the surface re
action competition during the synthesis process [44]. This reduction in 
crystallite size is primarily a result of the stronger bond energy of Ni-O 
compared to Zn-O. The bond dissociation energy for Ni-O (391 kJ/mol) 
exceeds that of Zn-O (284 kJ/mol), indicating that Ni2+ ions form more 
stable bonds with oxygen. As a result, the substitution of Zn2+ ions with 
smaller Ni2+ ions (ionic radii: 0.69 Å for Ni2+ vs. 0.74 Å for Zn2+ induces 
lattice strain and inhibits crystal growth. This stronger Ni-O bonding 
creates localized regions of higher stability within the ZnO matrix, 
which restricts the mobility of atoms during crystal growth, resulting in 
smaller crystallites. Additionally, the enhanced surface energy caused by 
the smaller size of Ni-doped ZnO particles promotes the formation of 

smaller crystallites due to the competition between surface energy 
minimization and bulk crystal growth.

The observed decrease in crystallite size with Ni doping underscores 
the critical role of bond energy differences and lattice strain in tuning 
the structural properties of ZnO nanoparticles. These effects have sig
nificant implications for the material’s optical, electronic, and catalytic 
performance, where smaller crystallite size often leads to enhanced 
surface reactivity and quantum confinement effects.

3.3. SEM and EDX analysis

The surface morphology of Zn1-xNixO nanoparticles with x = 0%, 
2%, 4%, 6%, and 8%, is depicted in Fig. 5. The SEM images reveal that 
both undoped and Ni-doped ZnO nanoparticles are uniformly distrib
uted and exhibit sizes within the nanometer range. The observed 
morphology indicates that the crystallites predominantly possess a 
spherical shape, reflecting the isotropic growth behavior of the ZnO 
nanostructures during synthesis. The SEM analysis confirms that doping 
with nickel does not significantly alter the overall morphology of the 
particles, maintaining their spherical structure across all doping con
centrations. Furthermore, the nanometer-scale size of the particles 
observed in the SEM images highlights the efficacy of the co- 
precipitation method in producing nanoparticles with controlled size 
and uniform distribution.

The consistent nanometer-scale morphology, even with increasing Ni 
concentrations, indicates that nickel incorporation occurs uniformly in 
the ZnO lattice without causing agglomeration or significant deviations 
in particle shape. This uniformity is essential for applications where high 
surface area and consistent particle size contribute to enhanced optical, 
electronic, and catalytic properties.

The purity and elemental composition of undoped and Ni-doped ZnO 
nanoparticles (Zn1-xNixO) were confirmed using EDX. The EDX spectra 
for samples with x = 0%, 2%, 4%, 6%, and 8% are presented in Fig. 6. 
The analysis identified Zn, Ni, and O as the primary elements in all 
samples, confirming the absence of impurities and the successful doping 
of Ni into the ZnO lattice.

The atomic percentages of Zn, Ni, and O for each sample are sum
marized in Table 1. The results show that the peak intensity of Ni in
creases systematically with increasing Ni concentration, indicating 
successful incorporation of Ni ions into the ZnO matrix. The atomic ratio 
of Ni to Zn (Ni/Zn) was calculated as 0.0033, 0.0631, 0.0996, and 
0.1319 for 2%, 4%, 6%, and 8% Ni-doped samples, respectively. These 
values closely align with the nominal stoichiometric ratios used during 

Fig. 3. XRD pattern for (a) 0% (b) 2% (c) 4% (d) 6% and (e) 8% Ni doped ZnO 
Nanoparticles.

Fig. 4. Crystallite size of pure and Ni doped ZnO nanoparticles.
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synthesis, demonstrating the accuracy and reliability of the doping 
process. The EDX analysis confirms that the elemental composition of 
the Zn1-xNixO nanoparticles is consistent with the intended experimental 

design. Furthermore, the data support the uniform distribution of nickel 
within the ZnO system, without evidence of contamination or unin
tended secondary phases within the detection limits of the technique. 
This agreement between experimental and theoretical concentrations 
establishes the suitability of the co-precipitation method for producing 
high-purity, compositionally accurate Ni-doped ZnO nanoparticles.

3.4. DRS analysis

The optical bandgaps of undoped and Ni-doped ZnO nanoparticles 
were determined using this technique, as shown in Fig. 7. The results 
indicate that Ni doping affects the optical bandgap, leading to a 
broadening of the gap, especially in heavily doped samples. This 
broadening is attributed to the Burstein-Moss effect, which occurs in 
heavily doped semiconductors. In this phenomenon, the donor electrons 

Fig. 5. SEM images of undoped and Ni doped ZnO nanoparticles (a) 0%, (b) 2%, (c) 4%, (d) 6% and (e) 8%.

Fig. 6. EDX spectra for (a) undoped (b) 2% (c) 4% (d) 6% and (e) 8% Ni doped ZnO nanoparticles.

Table 1 
Compositional elements percentage presents in different concentration samples.

Sample Percentage of Elements % atomic (%)

Zn O Ni Ni/Zn ratio

ZnO 72.69 27.31 - -
Zn0.99Ni0.02O 60.12 39.68 0.20 0.0033
Zn0.97Ni0.04O 55.62 40.88 3.51 0.0631
Zn0.95Ni0.06O 43.45 52.23 4.32 0.0994
Zn0.93Ni0.08O 39.33 55.48 5.19 0.1319
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occupy all the available energy states at the bottom of the conduction 
band, effectively blocking low-energy transitions from the valence band 
to the conduction band. This shift results in an increase in the apparent 
bandgap energy.

The Burstein-Moss effect is a direct consequence of the Pauli Exclu
sion Principle, which dictates that no two electrons can occupy the same 
quantum state simultaneously. As a result, the energy separation be
tween the top of the valence band and the unoccupied states in the 
conduction band increases, leading to a shift in the optical bandgap 
[45].

This energy shift occurs due to the positioning of donor and acceptor 
energy levels relative to the conduction and valence bands in semi
conductors. For heavily n-type doped materials, the donor energy levels 
lie close to the conduction band, while in p-type doping, the acceptor 
levels are near the valence band (Fig. 8). In the case of heavy n-type 
doping, donor electrons populate energy levels near the bottom of the 
conduction band. As electrons are fermions, they obey the Pauli Exclu
sion Principle, which prevents two electrons from occupying the same 
quantum state simultaneously. Consequently, the lower energy states at 
the bottom of the conduction band become fully occupied.

Because of this occupation, transitions of electrons from the valence 

band to these lower conduction band states are blocked. As a result, 
more energy is required to promote an electron from the valence band to 
the conduction band, increasing the optical bandgap beyond the mate
rial’s fundamental bandgap. This phenomenon, known as the Burstein- 
Moss effect, leads to an increase in the apparent bandgap with 
increasing carrier concentration in n-type doped semiconductors. 
However, this effect (i.e., Burstein-Moss) has been reported in ZnO 
doped with some transition metals in some previous studies [46,47]. The 
science behind this phenomenon is explained by Pauli Exclusion Prin
ciple which states that electronic transition materializes at relatively 
higher energy levels. In other words, as the nucleation of free carriers 
enhances, as a consequence, blocks the chances of lower energy transi
tions due to Pauli Exclusion Principle forcing the high level transitions to 
take place [48]. This undermentioned equation exhibits the fact that 
apparent band gap enhances or seems higher due to addition of Burst- 
Moss shift. Burst- Moss shift is caused due to fermi level shifting in 
conduction band as a consequence of increasing free carriers or carrier 
concentration [46,49,50].

The relationship can be expressed as: 

Eg, apparent = Eg, actual + ΔEBM (7) 

where Eg, apparent is the observed optical bandgap, Eg, actual is the funda
mental bandgap, and ΔEBM is the Burstein-Moss shift.

The Burstein-Moss effect causes bandgap broadening as the carrier 
concentration increases, making the apparent optical bandgap larger. 
This effect is a critical consideration in doped semiconductors, as it 
highlights the influence of carrier density on the electronic and optical 
properties, making such materials suitable for applications requiring 
tunable bandgaps, such as optoelectronic and photonic devices.

3.5. Dielectric Studies

3.5.1. Dielectric Constant
Dielectric properties of materials are characterized by the complex 

dielectric constant (ε) which is represented by: 

ε = έ − jε˝ (8) 

When dipoles are exposed to an external applied electric field these 
dipoles would be likely to align themself in the direction of applied filed 
in a limited time. When an external applied electric field is removed 
these dipoles relaxes to the original stage. The time constant for these 
dipoles to come their original stage is called relaxation time. In simple 
words polarization in materials does not respond rapidly to an applied 
field. The reaction which happens after a time delay compared to the 
applied filed can be characterized by a phase difference with the applied 
field.

Real and imaginary parts of dielectric constants were determined 
using Eq. (5) and undermentioned relationship as follows: 

ε˝ = έ tanδ 

Here tanδ is a dielectric loss. Fig. 9 demonstrates that the real part of 
the dielectric constant (ε’) decreases with increasing frequency for all 
studied samples. However, the numerical value of ϵ′\epsilon’ϵ′ increases 
with higher nickel doping concentrations, indicating an enhancement in 
the semiconducting nature of Ni-doped ZnO nanoparticles. This 
behavior suggests that nickel doping significantly impacts the dielectric 
properties by introducing more charge carriers into the system.

As shown in Fig. 9, the ε’ exhibits frequency-independent behavior at 
low frequencies, which can be attributed to Maxwell-Wagner-type 
relaxation [51]. According to this model, materials with inhomoge
neous structures consist of grains separated by insulating grain bound
aries. When an external electric field is applied, charge carriers within 
the grains migrate and accumulate at the grain boundaries, leading to 
interfacial polarization. This accumulation of charge carriers results in a 
high dielectric constant due to the significant polarization generated at 

Fig. 7. Optical band gap of undoped and Ni doped ZnO nanoparticles deter
mined by Tauc plot.

Fig. 8. Band gaps of undoped and Ni doped ZnO nanoparticles.
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the interfaces.
At low frequencies, the large values of ε’ can also be attributed to 

various factors, including oxygen vacancies, charged defects, grain 
boundary effects, interfacial space charge polarization, and dislocations. 
The structural inhomogeneity caused by grain size and porosity further 
contributes to this behavior. As the frequency increases, ε’ decreases due 
to the reduced polarizability of the sample. This frequency-dependent 
decrease occurs because the charge carriers and dipoles cannot reor
ient or follow the rapidly alternating external AC electric field. Beyond a 
certain frequency, ε’ reaches a constant value, attributed to the inability 
of transition metal ions, such as Ni, to respond to high-frequency electric 
fields. This lag in polarizability is due to the delayed response of metal 
ions and their associated dipoles to the applied AC field.

The polarization in ZnO doped with transition metal at relatively 
lower frequency ≤ 103-104 Hz is governed by space charge polarization 
due material defects i.e., grain boundaries, point defects and deep trap 
states. This effect has been reported previously when ZnO was doped 
with Cr and Co [52,53]. However, in mid-range frequency range ionic 
conduction becomes more affective mechanism in Ni doped ZnO [54].

The decrease in ε’ with frequency highlights the frequency- 
dependent polarization mechanisms in the material, while the increase 
in ε’ with higher nickel doping reflects improved charge carrier density 
and semiconducting behavior in the Ni-doped ZnO nanoparticles. This 
resulted in valuable insights into the dielectric relaxation processes and 
the role of doping in enhancing the material’s properties for potential 
applications in high-frequency electronic devices.

3.5.2. Imaginary part
The imaginary part of the dielectric constant (ϵ′′) or dielectric loss 

represents the magnitude of the phase-shifted response in a dielectric 
system and is directly related to the dissipation or loss of energy. This 
energy dissipation occurs as charges move and polarization switches 
direction under the influence of an alternating electromagnetic field. 
The dissipated energy is converted into heat within the dielectric ma
terial, a phenomenon commonly referred to as dielectric loss. From 
Fig. 10, it is evident that ϵ′′ decreases significantly at high frequencies. 
This reduction in energy dissipation at higher frequencies is attributed to 
the inability of ions and dipoles to follow the rapidly oscillating external 
electric field. As a result, the creation of dipoles diminishes, leading to 
lower polarization and minimal energy loss. At lower frequencies, the 
dissipation of energy is higher because ions and charge carriers have 
sufficient time to reorient and follow the applied field, contributing to 

interfacial and dipolar polarization. These processes lead to greater 
energy absorption and conversion into heat. However, as the frequency 
increases, the time available for dipole alignment decreases, preventing 
charge carriers from responding effectively to the alternating field. This 
results in a significant drop in ϵ′′, reflecting reduced energy dissipation.

The behavior of ϵ′′ provides valuable insights into the dielectric 
relaxation processes in the material. It highlights the frequency- 
dependent nature of energy dissipation, which is crucial for opti
mizing materials for applications such as high-frequency electronic de
vices, where minimizing dielectric loss is critical for energy efficiency 
and performance.

3.6. Tangent loss

The tangent loss tan δ is directly proportional to the ϵ′′ of the 
dielectric constant, which represents energy dissipation in the dielectric 
system. From Fig. 11, it is evident that the tangent loss decreases as the 
applied frequency increases, exhibiting a dispersion behavior similar to 
the real part ϵ′ of the dielectric constant. At lower frequencies, the 
tangent loss is relatively high, while at higher frequencies, it diminishes, 

Fig. 9. Real part (ε’) of a dielectric constant for all samples at various 
frequencies.

Fig. 10. Imaginary part of dielectric constant for all samples at various 
frequencies.

Fig. 11. Dielectric loss of pure and Ni doped ZnO nanoparticles at room 
temperature.
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indicating reduced energy dissipation at elevated frequencies. The 
observed behavior at lower frequencies can be attributed to charge 
carriers having sufficient time to follow the alternating electric field, 
resulting in greater interfacial and dipolar polarization. This leads to a 
higher dielectric loss due to increased energy dissipation. In contrast, at 
higher frequencies, the rapid oscillation of the electric field prevents the 
charge carriers and dipoles from reorienting in time, thereby reducing 
energy dissipation and dielectric loss. For both undoped and Ni-doped 
ZnO nanoparticles, prominent dielectric loss peaks are observed at 
lower frequencies, known as relaxation peaks. These peaks occur when 
the movement of charge carriers matches the frequency of the externally 
applied AC electric field. This condition leads to resonance in the system, 
resulting in maximum energy dissipation and the observed relaxation 
peak [55]. Nevertheless, relaxation phenomenon has been observed to 
exist without any noticeable peak in ε// and frequency as well as in Tan 
(δ) vs frequency graph. This absence of peak in these graphs can be 
attributed towards ionic conduction in specific frequency ranges [56]. 
Moreover, hopping phenomenon which contributes in conductivity and 
may also suppress the dielectric relaxation peaks in graphs i.e., variable 
range hopping can limit the longer hopping of holes or charge particles 
which ultimately effects the relaxation. Similarly, role of interface po
larization and conduction losses in mid frequency ranges can also mask 
the corresponding peaks in ε// or Tan (δ) graph plotted against frequency 
[57]. Moreover, in a previously conducted study on ZnO and a specific 
proportion on Ni Doped ZnO no prominent relaxation peak was 
observed in the respective frequency range i.e., logarithm of frequency 
ranges between 103 to 206 Hz or (take log of these values giving 3 to 6) 
[58,59]. Moreover, the frequency ranges in this study may not neces
sarily show the dominant relaxation behavior. It is quite probable that 
relaxation occurs below the studied frequency range.

It is also clear that the values of dielectric loss increase with higher Ni 
ion concentrations for all samples. This increase is due to the enhanced 
charge carrier density introduced by Ni doping, which promotes greater 
polarization and energy dissipation. The increase in dielectric loss with 
Ni concentration highlights the significant impact of doping on the 
material’s electrical properties, reflecting improved charge carrier dy
namics and polarization mechanisms in Ni-doped ZnO nanoparticles.

3.7. AC conductivity

The increasing behavior of AC conductivity in Ni-doped ZnO nano
particles can be explained by the charge transport mechanism, where 
charge carriers are transferred between different localized states under 
the influence of the applied AC electric field [60]. As shown in Fig. 12, 

AC conductivity increases with the frequency of the external AC field for 
all studied samples.

This behavior can be effectively described by the electron-hopping 
model. In this model, charge carriers, such as electrons, hop between 
lattice sites within the material. At lower frequencies, the hopping fre
quency of charge carriers is limited by the lower energy input from the 
external field, resulting in relatively low AC conductivity. However, as 
the frequency of the applied field increases, the energy provided by the 
field enables more frequent electron hopping between localized states. 
This increased hopping frequency leads to enhanced charge transport, 
resulting in higher AC conductivity.

This frequency-dependent behavior is a characteristic feature of 
hopping conduction, which is prevalent in doped semiconductors. The 
increasing AC conductivity with frequency also highlights the contri
bution of Ni doping, which enhances charge carrier density and facili
tates better electron transport. These findings underscore the potential 
of Ni-doped ZnO nanoparticles for high-frequency electronic applica
tions, where efficient charge carrier dynamics are essential for device 
performance.

4. Conclusions

This study successfully synthesized pure and Ni-doped ZnO nano
particles using a co-precipitation method with varying Ni concentrations 
(x = 0, 0.02, 0.04, 0.06 and 0.08) and comprehensively evaluated their 
structural, optical, dielectric, and electrical properties. The XRD analysis 
confirmed the retention of the wurtzite hexagonal structure of ZnO, with 
lattice distortions observed at higher Ni doping levels. The emergence of 
a secondary NiO phase at x ≥ 0.06 highlighted the solubility limit of Ni 
in ZnO. The crystallite size, calculated using Debye-Scherrer’s equation, 
decreased with increasing Ni concentration due to lattice strain caused 
by the substitution of Zn2+ ions (0.74 Å) with smaller Ni2+ ions (0.69 Å). 
Optical studies revealed a systematic blue shift in the bandgap energy 
with increasing Ni concentration, attributed to the Burstein-Moss effect. 
The incorporation of Ni ions into the ZnO lattice blocked low-energy 
electronic transitions by filling states at the conduction band mini
mum, resulting in a broader apparent bandgap. FTIR spectroscopy 
identified functional groups and confirmed vibrational shifts due to Ni 
incorporation, reflecting structural changes induced by doping. Dielec
tric studies demonstrated that the real (ϵ′) and imaginary (ϵ′′) parts of the 
dielectric constant, as well as dielectric loss (tan δ), decreased with 
increasing frequency but increased with higher Ni doping levels, indi
cating enhanced polarization and charge carrier density. The Maxwell- 
Wagner relaxation model explained the interfacial polarization, while 
the observed relaxation peaks in dielectric loss highlighted resonance 
conditions where charge carriers aligned with the external AC field. AC 
conductivity increased with frequency, consistent with the electron- 
hopping model, where charge carriers transitioned between localized 
states, facilitated by the applied field. Ni doping enhanced charge carrier 
density, resulting in improved AC conductivity, particularly at higher 
frequencies, making the material suitable for high-frequency electronic 
applications. This work establishes the significant role of Ni doping in 
tailoring the properties of ZnO nanoparticles, demonstrating its poten
tial for advanced applications in optoelectronics, dielectrics, and high- 
frequency devices.
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