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Abstract: Copper (Cu2+) and magnesium (Mg2+)-doped Zinc aluminate ZnAl2O4 is a promising 
material with diverse applications in electronic and energy storage devices. In this study, synthesis 
of Zn0.9MxAl2O4 (M= Cu2+&Mg2+; x=0.00 and 0.10) has been conducted via sol–gel combined   
combustion technique. The structural, spectral, optical and dielectric parameters of the synthesized 
spinel aluminates were analysed to explore the substitution effect of Cu2+ and Mg2+ content. The 
formation and crystallinity analysis of single-phase cubic spinel structure in synthesized spinel 
aluminates were confirmed using XRD patterns. The lattice parameter and grain size were     
ascertained from the XRD data. Crystallite size of Cu2+ and Mg2+ substituted ZnAl2O4 using the 
Scherrer’s formula was found to be around 22 nm. Spinel structure formation in prepared spinel 
aluminates were ascertained by FT-IR study. The UV-Vis spectra exhibited a broad absorption 
band in the UV-Vis region, indicating the presence of electronic transitions. The bandgap energy of 
the prepared aluminates was estimated from the absorption edge with values varying between  
2.90 eV to 3.03 eV, revealing its suitability for optoelectronic applications. Measurement of      
dielectric parameters were performed in the frequency range of 100 Hz to 20 MHz at temperatures 
ranging from 30°C to 250°C. The dielectric constant (ε') and dielectric loss (ε") were determined as a   
function of frequency at different temperatures. The results showed that the dielectric constant 
decreased with increasing frequency for all the observed temperatures, while the dielectric loss 
exhibited a peak at a specific temperature. The conductivity results indicates that the conduction 
mechanism occurred due to polaron hopping. Arrhenius relation was adopted to calculate the  
activation energies Ea for all the samples and the values were between 0.70 eV to 0.38 eV.  The  
obtained results were discussed and interpreted. These findings contribute to the understanding of 
the electrical behaviour of doped zinc aluminate materials and their useful applications in different 
electronic and energy systems. 
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1. Introduction 
Spinel ZnAl2O4 are a class of fascinating materials that exhibit   intriguing and 

versatile applications due to their unique crystal structure and composition.   The sem-
iconductor ZnAl2O4 has fascinating characteristics that make it suitable for broad tech-
nological applications like sensors, photocatalysts, microwave devices,  ceramic pig-
ments and microelectronics. Also, due to its remarkable properties like high melting 
point and large surface area, it is widely studied for high temperature fuel cells, dielectric 
materials and for other optoelectronic applications [1, 2]. Substitution or doping of tran-
sition metal ions into the aluminates system results in enhancement of optical and elec-
trical properties. The aim of current research is : (i) to improve the  properties by 
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bringing down the dimension to nanosize and (ii) to observe the effects of substitution on 
structural, optical and dielectric properties.  Earlier studies on    nanocrystalline 
ZnAl2O4 had reported low dielectric constant, better conductivity and enhanced optical 
property [3]. Various synthesis routes have been adopted to synthesize spinel aluminates 
like cost effective sol-gel auto combustion method, co precipitation method, mixed oxide 
method and microwave method. Out of all these methods sol-gel auto combustion 
method is the most reliable and cost-effective method to synthesize spinel aluminates. 
Hence simple sol gel auto combustion method was adopted to  synthesize single phase 
Zn1-xCuxAl2O4 and Zn1-xMgxAl2O4 (x=0.0 and 0.1). We have      discussed the effects of 
Cu and Mg substitution on ZnAl2O4 and their structural, optical and dielectric properties 
are discussed in detail.  

2. Materials and Methods 
The nitrate precursors in the form of zinc Zn(NO3)2.6H2O, aluminium 

Al(NO3)2.9H2O, cupric Cu(NO3)2.3H2O, magnesium Mg (NO3)2 .6H2O were taken for the 
preparation of spinel aluminates. Citric acid monohydrate (C6H8O7.H2O) as chelating 
agent, distilled water H2O as solvent and ammonia solution to balance the pH= 9 was 
used. Stoichiometric ratios of Zn(NO3)2.6H2O, Al(NO3)2.9H2O  and C6H8O7.H2O in the   
ratio of 1:2:2 was dissolved in sufficient amount of distilled water and the solution was 
magnetically stirred for 2 hours at room temperature. Ammonia solution was added 
dropwise until the desired pH was reached. The temperature was then gradually     
increased after 2 hours for gelation. The obtained gel was combusted at 100℃ and the 
powders were calcined at 800℃ for 3 hours. For Cu and Mg substituted samples the 
same procedure was adopted by adding the Cu and Mg derivatives into the solution. The 
samples were then named as ZnAl, ZnAl:Cu and ZnAl:Mg. The obtained aluminate 
powders were utilized for further characterizations. 

The phase and crystalline structure were characterized by X-ray diffraction    
technique (XRD: D8 Advance Bruker AXS, Germany). Functional groups in the 
400-4000cm-1 range spectra was used to compute the designated transmittance bands 
using Fourier-transform infrared (FTIR- Shimadzu). The optical spectra analysis was 
done by UV-DRS spectroscopy (SHIMADZU UV-1800 JAPAN). Broadband dielectric 
spectroscopy BDS(NOVOCONTROL) was used to record the dielectric parameters in the 
frequency range of 100Hz-20MHz at temperatures ranging from room temperature to 
250 ℃.  

3. Results and Discussion 
3.1. Structural Properties-XRD 

The diffraction patterns of ZnAl, ZnAl:Cu and ZnAl:Mg shown in Fig. 1, were     
estimated using X-ray diffraction method. The XRD patterns ensure the formation of 
uni-phase spinel cubic structure of the prepared aluminates. The obtained patterns were 
indexed with Miller indices (111), (2 2 0), (3 1 1), (4 0 0), (331), (4 2 2), (5 1 1), (4 4 0), (620) 
and (533) associated to the various planes and the observed results was in correlation 
with JCPDS card No: 05-0669 and earlier reported literature [4].  
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Figure 1. XRD patterns of ZnAl, ZnAl:Cu and ZnAl:Mg. 

The lattice parameter (a) was obtained for the high intense peak (311) using the 
Nelson and Rilay relation: 

𝑓𝑓(𝜃𝜃) =
1
2
�
𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃
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+
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Where θ is the angle of diffraction. The lattice parameters of ZnAl:Cu and ZnAl:Mg 
are lesser than the parent ZnAl which may be due to ionic radii of the substituted cation   
reordering with the cubic spinel phase. The volume of the unit cell was calculated using 
V= a3 and the crystallite size(D) was calculated by employing Scherrer’s formula which is 
given by  

𝐷𝐷 =
𝑘𝑘𝑘𝑘

𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃
 (2) 

Where k is shape factor whose value is 0.9, λ is the wavelength of Cu-Kα source, β is 
the full width half maxima FWHM and θ is the diffraction angle. The average crystallite 
size and  structural parameters calculated from XRD patterns are shown in Table 1.   

Samples Crystallite size 
D(nm) 

Lattice parame-
ter a(A°) 

Dislocation  
density δ 

Volume of the unit 
cell 

V=a3(A°) 
ZnAl        22.818   8.0815 1.9205  527.69 

ZnAl:Cu        23.048   8.0564 1.8823  523.54  
ZnAl:Mg        22.920   8.0575 1.9034  523.56 

Table 1. Structural parameters of ZnAl, ZnAl:Cu and ZnAl:Mg. 

3.2. FT-IR Analysis 
FT-IR patters of ZnAl, ZnAl:Cu and ZnAl:Mg are shown in Fig. 2. The assurance of 

the spinel structure was confirmed from the transmittance bands present in the      
fingerprint region 450 cm-1 to 790 cm-1. The occurrence of transmittance bands at     
661.53 cm-1 is associated to vibration of Zn-O, the band at 554.49 cm-1 is associated to  
vibration of Al-O and the band at 496.63 cm-1 can be associated to the vibration of 
Zn-O-Al at tetrahedral and octahedral sites respectively. The aluminate samples also 
contain another  transmittance bands around 2354.27 cm-1 and 3437.87cm-1 which are 
associated to CO2 bands and -O-H stretching band respectively. The other bands at 1627 
cm-1 and 1408 cm-1 are assigned to the symmetric and asymmetric vibrations of C-H [5]. 
The intensity of the transmittance bands gets broader and shorter due to substitution of 
Cu and Mg in the zinc site and due to the ionic radii of the substitution ion. 
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Figure 2. FT-IR spectra  of ZnAl, ZnAl:Cu and ZnAl:Mg. 

3.3. UV-DRS Analysis. 
The optical energy band gap of ZnAl, ZnAl:Cu and ZnAl:Mg recorded in the range 

of 200nm -800 nm using UV-DRS technique are shown in Fig. 3. Strong absorption peaks 
for all the aluminates were observed in the visible region of the spectra. The band gap 
energy was calculated using the Tauc’s relation given by 

 
W

h
where α is the absorption coefficient, hν is the photon energy, A is a constant depending 
on the type of transition and n is the coefficient of allowed transitions. For direct band 
gap 𝑠𝑠 = 1/2 and for indirect band n=2. By finding the intercept on the hν axis and        
extrapolating the plot (𝛼𝛼ℎ𝜈𝜈) = 0, the band gap can be estimated [6,7]. The optical direct 
band gap energy of ZnAl, ZnAl:Cu and ZnAl:Mg were 3.03 eV, 2.94 eV and 2.90 eV  
respectively. As seen from the Fig. 3, the band gap energy of Cu and Mg doped     
aluminates was found to decrease compared to the parent sample.  This may be  due to 
the quantum confinement  effect owing to  small crystallite size of prepared aluminates 
[3].  

 
Figure 3. Tauc’s  plots  of ZnAl, ZnAl:Cu and ZnAl:Mg. 

3.4. Temperature dependent Dielectric parameters 
3.4.1. Dielectric Studies: Dielectric constant ε’, tangent loss tan δ and AC conductivity σac 

The real and imaginary part of dielectric constant ε’ is expressed in terms of complex 
permittivity given below: 

                                   (𝛼𝛼ℎν)𝑛𝑛 = 𝐴𝐴(ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔)                                            (3) 
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𝜀𝜀′′(𝜔𝜔) = 𝜀𝜀𝑠𝑠 − 𝜀𝜀∞ +
𝜔𝜔𝜏𝜏
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Where 𝜀𝜀∞ is the permittivity at higher frequency limit, 𝜀𝜀𝑠𝑠 is the static, low fre-
quency permittivity and τ is the characteristic relaxation time of the medium. The above 
two equations are known as Debye equations. Equation (4) gives a clear understanding 
about the decline in dielectric constant ε’ with increase in frequency.  Fig. 4(A-C) repre-
sents the dielectric constant ε’ of ZnAl, ZnAl:Cu and ZnAl:Mg as a function of frequency 
ranging from 100Hz to 20MHz at temperatures 303K- 523K. It can be observed that   
dielectric constant is very high at lower frequency domain and as it approaches higher 
frequency the dielectric constant ε’ achieves minimum value or becomes constant. This 
dispersive  nature of dielectric constant ε’ can be explained by Maxwell-Wagner type 
interfacial  polarization as suggested by Koop’s model which states that at low     
frequencies region the charge carriers have the tendency to follow the applied electric 
field whereas at high frequencies region the charge carriers lag the applied electric field 
which results in   decline of the dielectric constant ε’ [8, 9]. It is known that the grain 
boundaries are primarily composed of O2 and non-stoichiometric dangling bonds which 
functions as electron trap within the system. On applying the electric field, the mobile 
electrons move towards the grain boundary through the conductive path’s grains     
facilitated by the dangling bonds present. Owing to high resistance at grain boundary, 
the mobile electrons gather there resulting in elevated dielectric values at lower     
frequencies. Whereas as applied field increases, a significant portion of the electrons lose 
their capability to respond to the electric field applied and consequently change direction 
more rapidly making it difficult to reach the grain boundaries and substantially the   
dielectric constant ε’ decreases at higher frequency region [10,11].  We can also see that 
as temperature increases the dielectric constant decreases ε’ at low frequency for all the 
temperatures as a result of thermal activation and accommodates more charges at grain 
boundaries. However, it reaches a minimum value at higher frequencies for all the   
observed temperatures. The composition dependence of dielectric constant can be    
explained based on electron exchange between Al2+↔ Al3+ octahedral sites and polaron 
hopping of electrons [11]. When Cu and Mg is substituted into the parent material at Zn 
site the dielectric constant ε’ decreases because Cu and Mg have more probability to   
accommodate at B-site ions. As a result of this there is a reduction in the concentration of 
aluminium ions at octahedral sites which ruptures the charge transfer between     
Al2+↔ Al3+ and this effects the polarization mechanism.  
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Figure 4. Dielectric constant ε’ (A-C) and Tangent loss Tanδ (D-F) of ZnAl, ZnAl:Cu and ZnAl:Mg 
Vs frequency at several temperatures. 

Fig. 4 (D-F) represents the tangent loss tanδ of ZnAl, ZnAl:Cu and ZnAl:Mg as a 
function of frequency ranging from 100Hz to 20MHz at temperatures 303K-523K. The 
tangent loss is given by 

tan 𝛿𝛿 =
𝜀𝜀′′
𝜀𝜀′

 (6) 

At lower frequency region, tan δ increases and as frequency increases the loss de-
creases . Each sample shows some extra-ordinary behavior at lower frequency region at 
specific temperatures. The presence of relaxation peak in the curve at lower frequency 
region  indicates that the dielectric constant contribution is large to the variation of tan δ 
and due to the accumulation of charge carriers at low temperatures and frequency [3,9]. 
The hopping of electrons at low frequency needs sufficient energy due to resistive nature 
of grain and grain boundary which results in high value of tan δ. Higher the frequency 
there is minimum electron hopping because the resistive nature of grain boundaries de-
creases and energy     consumption is less. Also, there are sometimes additional losses 
which may be due to disorders in the crystal system and imperfections. As the tempera-
ture decreases the values of tangent loss decreases and these results are related to pre-
vious literatures. The tangent loss has the least value for the Cu and Mg substituted 
samples compared with parent sample.  

3.4.1. Ac Conductivity. 
The ac conductivity σac of ZnAl, ZnAl:Cu and ZnAl:Mg as a function of frequency 

ranging from 100 Hz to 20 MHz at temperatures 303 K- 523 K is displayed in Fig. 5. From 
the ac conductivity plot it is seen that as frequency increases the conductivity also    
increases at all the given temperatures for all the samples and the values of conductivity 
are larger in higher frequency regions due to polaron hopping present in sample [8, 9]. 
The frequency and temperature dependent conductivity is closely associated to universal 
Jonscher’s power law given by the relation 
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Where σt is the total conductivity, 𝜎𝜎𝑑𝑑𝑑𝑑  is the dc conductivity and temperature       
dependent, ω is the angular frequency 𝜔𝜔 = 2𝜋𝜋𝑓𝑓, A is coefficient and n is the frequency 
exponent dependent on temperature. Jonscher’s power law is obtained by plotting ln(σac) 
as a function of logarithmic frequency as shown in Fig. 5.  

 
Figure 5. AC conductivity plots of of ZnAl, ZnAl:Cu and ZnAl:Mg at various temperatures and 
Arrhenius plots of ZnAl, ZnAl:Cu and ZnAl:Mg at 10 MHz. 

The relation between ac conductivity σac, real dielectric constant ε, frequency, and    
dielectric loss can be expressed as  

σac = ε’ε0ωtanδ 
(8) 

The dielectric structure of spinel systems consists of two layers i.e., conducting 
grains and non-conducting grain boundaries. On applying the field, the long-range inter 
well hopping of holes between Al2+↔ Al3+ sites located near defect-potential wells or a 
short range intrawell hopping within one defect-potential well may occur [3,12]. The dc 
part of the total conductivity contributes to inter-well hopping while ac conductivity to    
intrawell hopping. Hence a gradual increase in ac conductivity with frequency is     
observed. Using the temperature dependent ac and dc conductivity, the activation    
energy can be  calculated using the Arrhenius relation given by  

𝜎𝜎𝑎𝑎𝑑𝑑 =  𝜎𝜎𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵𝑇𝑇

 (9) 

where, σo is the pre-exponential factor, Boltzmann’s constant with temperature 
(KBT) and E is the activation energy of the sample. The plot of log(σac) vs. 1000/T, is 
shown in   Fig. 5. The activation energies of ZnAl, ZnAl:Cu and ZnAl:Mg for 10MHz 
were found to vary between  0.70eV to  0.38 eV. 

4. Conclusion 
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A simple sol -gel combustion method was used to prepare spinel Cu and Mg   
substituted zinc aluminates. XRD patterns confirmed the single phase formation of  
synthesized aluminates with an average crystallite size varying between 22.6 nm to     
23.05 nm. The characteristic transmittance bands in the finger print region confirms the 
spinel structure of the aluminates. The optical spectra indicated a decrease in band gap of 
the aluminates and the values were found to be 3.03 eV, 2.90 eV and 2.94 eV for ZnAl, 
ZnAl:Cu and ZnAl:Mg respectively. The dielectric constant ε’ and tangent loss tan δ   
values of synthesized zinc aluminates decreased substantially at higher frequencies for 
all the observed temperatures obeying Maxwell-Wagner interfacial polarization. The AC 
conductivity σac spectra of the synthesized zinc aluminates as a function of frequency at 
several temperatures was investigated and the conductivity increased as the frequency       
increased. The conductivity mechanism was discussed in detail based on grain and grain 
boundary contribution and hopping mechanism. The activation energies of the     
synthesized zinc aluminates were calculated using the Arrhenius relation and the values 
were between 0.70 eV to 0.38 eV. The activation energy Ea of ZnAl:Cu was found to be the 
highest. From the observed results, it can be propounded that the synthesized aluminates 
could be used for high frequency applications and memory-based storage devices.    
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