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Abstract: Fe-modified ZnO nanopowders were synthesized by a conventional co-precipitation route and investigated 

with emphasis on their crystal structure, dielectric response and AC electrical conductivity. Powder X-ray diffraction 

(XRD) measurements showed the characteristic reflections of hexagonal wurtzite ZnO for the Zn0.92Fe0.08 O (Fe/ZnO-

400) samples, with no additional crystalline reflections. Structural parameters obtained from the XRD analysis showed 

that the Zn0.92Fe0.08 O (Fe/ZnO-400) samples exhibited a crystallite size of approximately 38.5 nm. The corresponding 

interplanar spacing and unit-cell volume were calculated as 2.690 nm and 57.44 Å³, respectively. To examine the 

electrical response of the Fe-modified ZnO samples, dielectric and AC conductivity measurements were carried out 

over a frequency range extending from 10 Hz to 5 MHz. 
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1. INTRODUCTION 

 

Metal-oxide nanomaterials exhibit structural, optical, and electrical properties that are strongly dependent on 

composition, crystallite size, defect chemistry, and microstructure. Zinc oxide (ZnO) is a widely investigated II–VI 

semiconductor because of its direct wide band gap, characteristic wurtzite crystal structure, and useful electrical and 

optoelectronic properties. These characteristics have motivated investigations of ZnO for sensing, photovoltaic, 

catalytic, actuator, and spintronic applications [1–4]. At ambient conditions, ZnO commonly adopts the hexagonal 

wurtzite structure described by the P6₃mc space group.  

 

The functional properties of ZnO can be modified through control of particle size, morphology, defect population, and 

chemical composition. In particular, incorporation of transition-metal ions into the ZnO lattice is of interest because 

dopants can alter local bonding, defect states, charge transport, and polarization processes [5–9]. Fe is especially 

relevant because Fe ions can interact with the ZnO host lattice and influence its structural and electrical behavior. 

Previous studies have therefore investigated Fe-doped ZnO prepared by different synthesis routes, including co-

precipitation [7]. 

 

In the present work, Fe-modified ZnO was prepared by co-precipitation and subsequently annealed at 400 °C. The 

structural characteristics were examined by XRD, while the frequency dependence of the dielectric constant and AC 

conductivity was investigated at 310 K. Particular attention is given to the low-frequency polarization response and the 

frequency-dependent charge-transport behavior of the Fe/ZnO-400 sample. 

 

2. EXPERIMENTAL DETAILS 

 

2.1. Chemicals and synthesis procedure 

Zinc acetate dihydrate [Zn(CH₃COO)₂·2H₂O], sodium hydroxide (NaOH), iron nitrate nonahydrate [Fe(NO₃)₃·9H₂O], 

ethanol (C₂H₅OH), and deionized (DI) water were used as starting materials. The required quantities of zinc acetate, 

iron nitrate, and sodium hydroxide were selected according to the target composition of the Fe-modified ZnO material. 

The precursor salts were dissolved in a suitable ethanol/DI-water mixture under continuous stirring. The resulting 

solution was stirred for approximately 2 h at 80 °C to promote homogeneous mixing and precipitation. The suspension 

was then kept undisturbed overnight. The precipitate was repeatedly washed with DI water to remove residual soluble 

species and subsequently dried in a vacuum oven at 90 °C for 12 h. The dried powder was finally annealed at 400 °C 

for 2 h. The annealed products were designated Zn0.92Fe0.08 O (Fe/ZnO-400). 
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2.2. Structural characterization 

Powder XRD was used to identify the crystalline phase and to estimate the structural parameters. The diffraction 

patterns were recorded over 2θ = 10–80° using Cu Kα radiation (λ = 1.54 Å). The average crystallite size was estimated 

from the Scherrer equation: 

 

D = Kλ/(β cos θ) ……………………(1) 

 

where D is the mean crystallite size, K is the shape factor (taken as 0.91), λ is the X-ray wavelength, β is the FWHM of 

the selected diffraction peak expressed in radians after appropriate instrumental-broadening correction, and θ is the 

corresponding Bragg angle. 

 

The interplanar spacing was calculated from Bragg's law: 

 

2d sin θ = nλ…………….…………. (2) 

 

For the hexagonal ZnO structure, the lattice parameters were obtained from the indexed reflections using: 

 

a = dhkl ∗ √h2 + k2 + l2 …………….. (3) 

 

V = (√3/2) a²c …………………...… (4) 

 

2.3. Dielectric and AC conductivity measurements 

The dielectric response was evaluated from the complex impedance measured as a function of frequency at 310 K. 

With Z′ and Z″ denoting the real and imaginary components of impedance, respectively, the real and imaginary parts of 

the relative permittivity were obtained from: 

 

ε ′ =  
1

Ꞷ𝐶ₒ
(

𝑍′′

𝑍′2
+ 𝑍′′2) ……………….…(5) 

 

𝜀′′ =  
1

Ꞷ𝐶ₒ
(

𝑍′

𝑍′2 
+ 𝑍′′2) …………………(6) 

 

where ω = 2πf is the angular frequency and C₀ is the geometrical capacitance of the empty measuring cell/pellet 

configuration.  

 

The frequency-dependent AC conductivity was calculated using: 

 

σAC(ω) = ε₀ ε′ ω tan δ …………….(7) 

 

where ε₀ is the permittivity of free space.  

 

3. RESULTS AND DISCUSSION 

 

3.1. XRD analysis 

 

 
Figure 1. XRD patterns of Zn0.92Fe0.08 O (Fe/ZnO-400). 
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The XRD patterns exhibit diffraction reflections that correspond well with the standard JCPDS reference No. 80-0075, 

confirming the presence of the hexagonal wurtzite ZnO phase. The diffraction data were collected over a 2θ interval 

ranging from 10° to 80°. The major reflections are located near 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.9°, 66.4°, 67.9°, 

and 69.1°, corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes, respectively. No 

additional well-resolved crystalline reflections are apparent in the supplied patterns, indicating that no secondary 

crystalline phase is detectable within the sensitivity of the XRD measurement. The absence of additional reflections 

supports retention of the ZnO wurtzite framework after Fe incorporation and annealing. 

 

Table 1. Structural Analysis of Zn0.92Fe0.08 O (Fe/ZnO-400) nanoparticles. 

 

Sample Crystalline 

size (nm) 

Inter planar 

spacing (d) Å 

lattice constant Å 

 

Volume (V) Å3 

a=b c 

Zn0.92Fe0.08 O   

(Fe/ZnO-400) 

38.5 2.690 3.553 5.319 57.44 

 

3.2. Dielectric constant 

 

 
Figure 2 Frequency dependence of the real part of relative permittivity (ε′) for Zn0.92Fe0.08 O (Fe/ZnO-400) at 310 K. 

 

The real part of the relative permittivity (ε′) of Zn0.92Fe0.08 O (Fe/ZnO-400) shows pronounced frequency dispersion at 

310 K. The dielectric response is high at low frequency and decreases rapidly as frequency increases, followed by a 

much smaller variation at higher frequency. At low frequencies, charge carriers have sufficient time to migrate and 

accumulate at interfaces, grain boundaries, and other electrically heterogeneous regions. This charge accumulation can 

produce space-charge and interfacial polarization, thereby increasing the measured permittivity. As the frequency 

increases, the direction of the applied field changes more rapidly, reducing the distance over which mobile carriers can 

migrate and limiting their accumulation at interfaces. The residual variation at intermediate frequency may reflect 

localized relaxation processes associated with defects, grain boundaries, and other microstructural heterogeneities. At 

sufficiently high frequency, the slower polarization mechanisms cannot follow the alternating field effectively, so their 

contribution to ε′ becomes smaller. The observed dispersion is therefore qualitatively consistent with an electrically 

heterogeneous microstructure in which more conductive regions are separated by comparatively resistive interfaces, as 

commonly described using Maxwell–Wagner interfacial polarization and Koop-type phenomenological models [10–

13]. 

 
Figure 3. Frequency dependence of the imaginary part of relative permittivity (ε″) for Zn0.92Fe0.08 O (Fe/ZnO-400) at 

310 K. 
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At low frequencies, ε´´ exhibits a considerably high value followed by a steep decline with increasing frequency. This 

behavior can be explained by the dominant contribution of slow polarization mechanisms, particularly the 

accumulation of charge carriers at grain boundaries, interfaces, and defect-associated regions. In the intermediate-

frequency region, ε´´ shows only a gradual variation, suggesting that the influence of space-charge polarization 

becomes progressively weaker. At higher frequencies, ε´´ approaches a relatively low value because the localized 

charges and dipolar entities cannot reorient rapidly enough to remain synchronized with the applied field. Therefore, 

the frequency-dependent dielectric response of Zn0.92Fe0.08 O (Fe/ZnO-400) can be attributed to the combined effects of 

interfacial charge accumulation, grain-boundary polarization, structural defects, and localized charge-carrier relaxation 

[10-12]  

 

3.3 AC conductivity  

 

 
Figure 4. Frequency dependence of AC conductivity for Zn0.92Fe0.08 O (Fe/ZnO-400) at 310 K. 

 

The AC conductivity of Zn0.92Fe0.08 O (Fe/ZnO-400) increases progressively with increasing frequency at 310 K. The 

low-frequency portion shows a comparatively weak frequency dependence, followed by a stronger dispersive increase 

at higher frequencies. A low-frequency plateau, when clearly resolved, is commonly associated with the frequency-

independent DC contribution, whereas the subsequent dispersive region reflects AC charge transport. The increase in 

conductivity with frequency can be associated with localized charge-carrier motion and hopping between energetically 

accessible sites. In a structurally heterogeneous oxide, grain interiors and grain boundaries can possess different 

electrical resistivities, producing frequency-dependent charge accumulation and transport. The observed behavior is 

therefore qualitatively compatible with the Koop/Maxwell–Wagner framework used to describe heterogeneous 

dielectric materials [10-12]. The conductivity log σ(Ꞷ) for Zn0.92Fe0.08 O (Fe/ZnO-400) at 300 k is obtained -7.158 (Ω-

cm)-1. 

 

4. CONCLUSION 

 

Fe-modified ZnO nanostructures were synthesized by co-precipitation and investigated after annealing at 400 °C. XRD 

analysis showed that Zn0.92Fe0.08 O (Fe/ZnO-400) retains the characteristic hexagonal wurtzite ZnO structure, with no 

additional well-resolved crystalline phase in the supplied diffraction patterns. The dielectric measurements of 

Zn0.92Fe0.08 O (Fe/ZnO-400) at 310 K shows strong low-frequency dispersion in ε′ and ε″. These features are consistent 

with interfacial and space-charge polarization at low frequencies and reduced response of slow charge carriers at higher 

frequencies. The conductivity log σ(Ꞷ) for Zn0.92Fe0.08 O (Fe/ZnO-400) at 300 k is obtained -7.158 (Ω-cm)-1. The AC 

conductivity increases with frequency, indicating frequency-dependent localized charge transport.  
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