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Article 

Structure, Optical, and Dielectric Properties of Cu1-

xAgxAlO2 Nanoparticles 

S.A. Saleh * and Hasan B. Albarg  

Physics Department, College of Science & Arts, Najran University, P. O. 1988 Najran, KSA 
* Correspondence: saleh2010_ahmed@yahoo.com (S.A. Saleh) 

Abstract: The solid-state technique was utilized to make a single phase of delafossite CuAlO2, along with 1%, 
2%, 3% and 4% silver doped CuAlO2 samples in this study. The content of the samples was investigated using 
energy dispersive X-ray spectroscopy (EDS) equipped with a field emission scanning electron microscope (FE-
SEM). The polycrystalline nature of all of the analyzed cases was confirmed by structural analyses utilizing an 
X-ray diffraction (XRD) pattern with a simple typical peak of CAO rhombohedral phase. Raman, FT-IR and 
UV–Vis spectroscopy were used to study the structural, and optical energy band gap (Eg) of Ag doped CuAlO2 
nanoparticles. The Kubelka–Munk function was used to calculate the optical band gap of ACAO alloys using 
diffuse reflectance spectra, and it altered as the Ag ion concentration increased. A. c. impedance spectroscopy 
was used to investigate the dielectric characteristics of Ag doped CuAlO2 nanoparticles.  

Keywords: Ag-doped CuAlO2 nanostructure; optical properties; dielectrics; ac electrical properties 
 

1. Introduction 

In these days, a highly attractive topic is the fabrication of transparent TE devices with 
transparent p-n junctions for generating electricity and ultraviolet (UV) absorption in smart 
infrastructure systems [1]. Presently, significant attention is given to Cu-delafossites because these 
structures combine strong electrical conductivity with excellent visible light transparency. The 
outstanding properties of the CuAlO2 based materials, such as their wide band gap, high electrical 
conductivity, optical transparency, and interesting thermal and chemical stabilities, have drawn 
considerable interest [2–8]. A wide range of technical options are also made possible by these 
materials' modifiable conductivity and transparency. Understanding a material's optical and 
electrical properties requires knowledge of its band gap energy. Any variation in the band gap at the 
nanoscale directly affects the property of the material [9]. As a result, when studying and developing 
nanomaterials, energy band gap values should be taken into account. In particular, their optoelectric, 
electric, and thermoelectric properties can be adjusted by doping with the appropriate elements. 
Doped CuAlO2 compositions are interesting possibilities for a range of applications thanks to the 
tuning of these characteristics. The copper aluminate lattice is subjected to the proper dopants, which 
alters the structure and defect density of the material and, in turn, alters its physical characteristics, 
including its electrical (dielectric), optical, and thermoelectric capabilities. This motivates us to study 
the interplay between the microstructure and optoelectric properties of copper aluminate based 
material for incorporating this system into technological applications such as thermoelectric devices, 
smart windows, transparent solar cells, electromagnetic shielding, transparent heat sources, light 
emitting diodes, and other optoelectronic devices [10]. Due to the mixed valency nature of Cu cations, 
doping of Ag ions at Cu sites are predicted to distort the host lattice which leads to the change in 
optical and dielectric properties. 

For device applications in microelectronics, the dielectric properties of the materials are very 
important where information about localized and free band conduction, ac conductivity as function 
of frequency and interior region are provided [11].  

Recently, it is reported that defect density in this type of materials plays key role in modification 
of its application properties which can be used to develop the next generation of multifunctional 
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devices [12]. These defects can be intrinsic (oxygen vacancies) and extrinsic (dopant). Therefore, 
knowledge of the dielectric properties in the present material is very important for the development 
of devices in microelectronics. The Complex Impedance Spectroscopy (CIS) is a non-destructive and 
effective technique to characterize intragranular and interfacial properties and also the interrelations 
between them. This technique is very useful to separate the contributions due to grain, grain 
boundary and interfaces and enable us to separate the real and imaginary components of complex 
electrical parameters to analyze the electrical response of polycrystalline materials [13]. 

In view of the importance of dielectric and optical characterization, the present paper describes 
a detailed analysis of electrical (dielectric) and optical properties which have been carried out on 
silver substituted copper aluminate (CAO).   

2. Experimental details 

A series of samples with chemical formula Cu1-xAgx AlO2 (x = 0.00, 0.01, 0.02, 0.03, and 0.04) was 
prepared from the mixture of stoichiometric amounts of highly pure powder of CuO, Al2O3, and 
Ag2O (Sigma-Aldrich, Inc., 99%) which were thoroughly mixed using agate mortar, by means of 
solid-state reaction technique. The solid-state reaction method is more suitable for synthesizing oxide 
materials rather than other methods. Foremost is the readily availability of starting materials, 
suitability for the preparation of high purity, degree of homogenization achieved on mixing, intimacy 
of contact between the grains and accurately stoichiometric compounds by optimizing the processing 
and synthesis parameters that have a large influence on the properties of final products [14]. The 
mixture was cold pressed into circular pellets inside a stainless steel die under 5 ton cm-2 and 
subsequently sintered at 1373K for 24h in flowing air. This thermal treatment was followed by natural 
furnace cooling.  

The prepared samples were characterized by various techniques. The X-ray diffraction (XRD) 
patterns on the samples were taken using a PANalytical X’Pert PRO diffractometer at room 
temperature with Cu (Kα) radiation (λ=1.5406Å), with scan step increment of 0.02o and counting time 
of 1 s/step for phase identification, in the 2θ range from 10o to 90o. Energy dispersive spectroscopy 
(EDS) was used to check chemical purity of the samples. Raman studies were performed using Perkin 
Elmer, Raman spectrometer with an excitation wavelength at 514.5 nm using an Ar laser. Perkin 
Elmer's Fourier transform infrared (FTIR) spectrometer was used to examine the presence of different 
functional groups. The FTIR spectra from the powders were obtained by the usual method of pressing them 

into KBr pellets. Room temperature diffusion reflection spectra were recorded on a UV–vis spectroscopy 

(Perkin Elmer's LAMBDA 950 spectrophotometer) through the Kubelk-Munk function. Frequency dependent 

dielectric parameters were performed at room temperature using (LCR) meter (HP4284A) in the 
frequency range of 75 kHz–10 MHz. For dielectric measurements, the surfaces of the samples were 
ground and polished followed by application of a silver conducting paste on two opposite surfaces 
of the sample.  

3. Results and discussion 

3.1. EDS and XRD analyses 

It is well known that the properties of the materials depend strongly on their chemical 
composition, microstructure and impurities present in them. Hence, the investigated samples have 
been examined by using an energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD) at 
room temperature to study the composition, phase and crystal structure of them. To analyze the 
chemical composition of Cu1-xAgxAlO2 specimens, EDS was employed to characterize the powders. 
The results can be seen in Figure 1a,b. EDS spectra confirmed the presence of Cu, Al and O that are 
the basic elements of the pure CuAlO2 system, while Ag peaks were observed in Ag-doped CuAlO2 
samples. Furthermore, the percentage of the dopant element was found to be similar to the nominal 
concentration that was used through the calculations procedure and samples growth. Hence, EDS 
spectra affirmed the Ag atoms were indeed incorporated in the matrix of the host material. The 
consistent and sharp peaks with cupper aluminate and silver-cupper aluminate demonstrated that 
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both synthesized nanoparticles were crystalline in nature. Hence, the present NPs were obtained in 
their pure forms. 

In other words, the elements (Cu, Ag, Al, and O) concentrations in the samples can be 
quantitatively estimated using the EDS analysis of the patterns. These values are in good agreement 
with the calculated weight percentages of all the elements present based on their empirical formula, 
indicating that the materials obtained were solely those intended for the intended compositions.  

 
 

Figure 1. The EDS patterns of (a) CuAlO2 and (b) Cu0.97Ag0.03AlO2 samples. 

X-ray diffraction measurements of the silver doped copper aluminate samples with various 
silver concentrations (x = 0.00, 0.01, 0.02, 0.03 and 0.04) are illustrated in Figure 2.  The data reveal 
that, silver free CuAlO2 compound is crystalized in a single structure form with rhombohedral 
delafossite-type crystal system according to R3̅m S.G. No 166. Moreover, all the peaks in CuAlO2 (i.e. 
006, 101, 012, 104, 015, 009, 107, 018, 110, 0012, 1012, and 1010) are in a good match with the JCPDS 
file No. 00-041-1401 [15]. Doping with the so small Ag2O concentrations keeps rhombohedral crystal 
system after doping where copper atoms partially replaced by silver atoms, and no other phases or 
nondelafossites (impurities) were detected. In other words, this may suggest that the dopant is dissolved 

into CuAlO2 with no impurity peak of Ag or its oxide. By increasing Ag concentration in CuAlO2, the intensity 

as well as the broadening and shifting of the peaks are affected. This can be ascribed to the change in the lattice 

distortion and the crystallite size. Moreover, the shift of XRD peaks causes variation in lattice constants with 

dopant content, indicating a structural modification due to lattice distortion caused by molar variation. Unit cell 

parameters (a, c and V) were calculated from the relation between inter planar spacing of (hkl) planes and 

lattice constants of hexagonal crystal structure described elsewhere [16]. It is found that the calculated lattice 
parameters of the given material depend on the increase of the amount of Ag content. As indicated 

in Table 1, the calculated lattice distance of Ag0 specimen for the a-axis and the c-axis is confirmed 
as the previous work [17], respectively, which agrees with the standard file of ICDD-PDF 35-1401. 
Moreover, the incorporation of Ag dopant in CuAlO2 does not change the a-axis length, whereas the 
c-axis length increases with the Ag substitution. Such an increment in the c-axis length can be 
attributed to the larger radius of Ag1+ (0.67 Å) substituting the Cu1+ (0.46 Å) [18].  
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Figure 2. XRD patterns of Cu1-xAgxAlO2 powders with Ag contents of x = 0, 0.01, 0.02, 0.03 and 
0.04. 

The crystallite size  of Ag-doped CuAlO2 compounds is deduced from the strongest peak 
broadening. After correcting for instrumental broadening [19], the average crystallite size () shown 
in Table 1 was calculated using Sherrer's equation. With different ratios of silver, particle size 
increases. The calculated crystalline size from XRD patterns for the silver free copper aluminate is 
found to be 45 nm and increases with adding silver to 92 nm to this compound. Furthermore, as 
particle size is increased, the dislocation density (𝜀 = 1𝛿2) decreases. Once the dislocation density is 

relatively low, it is proposed that the presence of dislocations causes a reduce in the semiconductor 
material's band gap, given that the dislocations are isolated by a substantial degree than the 
interatomic distance [20].  

Table 1. Some parameters of investigated samples. 

name  (nm)  (cm-

2) 
a-axis length 

(Å) 
c-axis length 

(Å) V (Å3) EOpt.(eV) 

CuAlO2 45 4.94 3.0586 17.169 139.09 3.22 
Cu0.99Ag0.01AlO2 49 4.17 3.0590 17.185 139.26 3.19 
Cu0.98Ag0.02AlO2 60 2.78 3.0596 17.223 139.63 3.16 
Cu0.97Ag0.03AlO2 78 1.64 3.0589 17.266 139.91 3.12 
Cu0.96Ag0.04AlO2 92 1.18 3.0587 17.298 140.14 3.09 

3.2. Vibrational analysis 

According to the aforementioned findings, the delafossite structure of the samples may be 
maintained when Cu is replaced with Ag in the examined concentration range. Doping does, 
however, create regional alterations. Raman spectroscopy, which has superior local probe properties 
compared to XRD, makes these changes much more noticeable than they would be in XRD. Therefore, 
Raman spectroscopy was performed on the investigated samples in order to learn more about the 
impact of doping on these localized variations. Raman spectra of the prepared samples are presented 
in Figure 3.  
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Figure 3. Raman scattering of all samples. 

In the case of Ag=0 sample, observed vibration peaks around 209 cm-1, 441 cm-1, 535 cm-1, and 693 cm-

1 were ascribed to recorded, but with different intensities. According to Figure 3, the CuAlO2 and Ag doped 
CuAlO2 samples' room temperature Raman scattering spectra exhibit many photonic bands of the 
delafossite structure. From Raman spectrum of Ag0 sample, Raman modes present around 209 cm-1, 
441 cm-1, 535 cm-1, and 693 cm-1, in agreement with earlier results on CuAlO2 [21,22]. Observed modes 
identified as A1g at 693 cm-1, Eg at 441 cm-1, and Ag at 209 cm-1, in addition to band at 535 cm-1 are the 
bands that make up this pattern. Moreover, the mode at 535 cm-1 is attributed to relaxation of selection 
rules by defects such as Cu vacancies, interstitial oxygen’s or tetrahedrally coordinated Al on the Cu 
site [23]. It implies that these vibrations could be linked to the spectrum characteristics of the edge-
sharing AlO6 octahedra and perhaps the O-Cu-O linear bond. It suggests that these vibrations may 
be associated with the spectral features of the edge-sharing AlO6 octahedra and possibly the O-Cu-O 
linear bond. The substitution of Cu by Ag induces a change in frequency and inline width of A1g and 
Eg modes. Moreover, the A1g depicts the vibrations of the Cu-O bonds along the c-axis while the Eg 
mode is describes the atomic vibrations perpendicular to c-axis [24,25]. In other words, Cu is replaced 
with Ag, which results in a change in the frequency and inline width of the A1g and Eg modes. The 
observed lattice expansion along various axes and the difference in ionic radii between Cu and Ag 
are both compatible with the two frequencies' shift to shorter wavenumbers, which denotes a weak 
(Cu, Ag)-O bonding. Particularly, the A1g mode is displaced up 33, and the A1g mode frequency is 
highly dependent on the oxygen bonding properties of the (Cu, Ag)-site atoms. We also observe a 
sharp decline in the intensity of the initially prominent band at 535 cm-1 for these Ag-doped materials, 
as well as a reversal in the A1g-Eg mode magnitude ratio. The peak at 535 cm-1 is thought to result 
from the presence of a prohibited non-zero wavevector phonon, which shows a breakdown in the 
translational symmetry of the crystal and relaxes the Raman selection rules, indicating the presence 
of crystal structure defects. Several delafossites have also shown comparable forbidden modes, which 
may have similar causes, such as interstitials, vacancies, and substitutional defects [26]. We contend 
that the decline in disorder and intensity are connected. Consequently, it can be deduced that the 
Raman spectrum are affected by the existence of number of defects (oxygen vacancies, stacking faults, 
antisite disorder, structural inhomogeneities, etc.) that are introduced into the CuAlO2 lattice 
structure during the simultaneous Ag-doping. All the observed changes in the Raman spectra of the 
samples are consistent with the results of XRD analysis, which further confirm the successful Cu-site 
substitution with Ag and the structural distortion. The Raman modes show that increasing the 
concentration of x from 0.00 to 0.04 results in the emergence of peak shifting and broadening along 
with the change in intensity and the disappearance of mode at 535 cm-1. This variation might be due 
to the lattice distortion induced by Ag ions into the host lattice of copper aluminate. 

Our results demonstrate that the substitution of Cu by Ag in the studied concentration range of 
Cu1-xAgxAlO2 compound can be made without changing the delafossite structure. However, local 
changes do occur, and they are much more relevant in Raman spectroscopy, that is a local probe, 
more than X-ray diffraction, where the impacts of cationic composition changes are averaged and 
mostly seen as peak variation. 
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FTIR analysis  
FT-IR spectra in the wavenumber range of 400 – 4000 cm-1 for Cu1-xAgxAlO2 nanoparticles with 

x=0, 0.01, 0.02, 0.03, and 0.04 are presented in Figure 4. A small amount of water vapour, CO2 and N2 
are absorbed on CuAlO2 powder from atmosphere.  In the case of Ag=0 sample, broad band at 3467 
cm-1 is due to the stretching vibration of hydroxyl groups attached on the surface of nanocrystalline 
powders, indicating the existence of water absorbed on the surfaces of grains [27], the ranging band 
from 2356 cm-1 is assigned to C-H stretching, and a peak near 1560 cm-1 appears due to CO2 adsorbed 
on the surface, which might have been incorporated from the atmosphere [28]. The peak around 1400 
cm-1 is associated to nitrate groups [29], and 1016 cm-1 attributed to C-O stretching [30]. The bands 
originated at the region below 1000 cm-1 demonstrate the mixed vibrations of metal and oxygen 
molecules due to the formation of Cu-O, Al-O, and Ag-O stretching bonds [22,31]. FTIR spectra of 
Cu1-xAgxAlO2 close agree with those previously reported for this material [32].  

 

Figure 4. FT-IR of five samples. 

3.3. Uv-vis. analysis 

The specimens were subjected to diffuse reflectance spectroscopy (DRS) at 300 K in order to 
examine the impact of Ag substitution on the band gap of Cu1-xAgxAlO2. At room temperature, Figure 
5 displays the optical reflection spectra of the Cu1-xAgxAlO2 powder samples at x= 0, 0.01,0.02, 0.03, 
and 0.04 as a function of wavelengths. As the wavelengths were raised, the diffused reflectance of 
pure and doped samples significantly rose. In addition, the incorporation of Ag dopant into the host 
copper aluminate reduces diffused reflectance.  

 

Figure 5. DRS spectra of investigated samples. 

Pure, 1%, 2%, 3%, and 4% Ag-doped Cu1-xAgxAlO2 have absorption edges that begin below 400 
nm. Doping causes a change in the absorption edge, which implies a change in the band structure. 
The Kubelka-Munk method [33] converts the reflectivity into the absorption coefficient (). The 

absorption coefficient α of an indirect/direct semiconductor near the absorption threshold can be expressed by 
the following relation [34]: 
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𝛼 =  𝛽 (ℎ𝜗 − 𝐸𝑔𝑜𝑝𝑡)𝑛ℎ𝜗   

where Egopt is the band gap (eV) of indirect allowed transition for 𝑛 = 2 and of direct allowed 
transition for 𝑛 = 12, h is the Planck’s constant in (J s), β is the absorption constant, and ν is the 
frequency of the light (s-1). In the present case,𝑛 = 12 that is for direct allowed transition. The intercept 

of the plot between (𝐹(𝑅) ∗ ℎ𝜈)2  vs. ℎ𝜈 gives the optical band gap energy. By extrapolating the 
linear portions of these plots to the x-axis (photon energy) i.e. ℎ𝜈 = 0, values of the optical band gap 
for pure and Ag-doped CuAlO2 were obtained. The band gap energy values obtained for CuAlO2 is 
3.22 eV and for the 1, 2, 3 and 4 mol % Ag doped CuAlO2 is 3.19, 3.16, 3.12 and 3.09 eV respectively. 
It is noticed that there is red shifted in the optical band gap with doping concentration. This behavior 
in band gap with Ag concentration can be attributed either to the increasing particle size or to strain 
present in the samples [35]. Moreover, the variation of optical band gap is attributed to the higher 
concentrations of carriers which leads to a rise of Fermi level within the conduction band producing 
electrically degenerate semiconductors [36]. Moreover, a plausible explanation for this change in Egopt 
with respect to the size and the shape of the particle is that the properties of the electrons in small 
particles should be dependent upon the crystallite size due to quantized motion of the electron and 
hole in a confined space. Generally, the Egopt value of delafossites is possible influenced by a particle 
size and shape. From the literature [37], the small particle size sample seems to have the higher Egopt 
value than a big particle size sample. The dependency of the band gap on its dimension is due to the 
fact that the band gap is a function of the lattice parameters. Because the lattice parameters increase 
as the diameter of the particle decreases, the gaps between the bands widen [9]. As a result, the band 
gap decreases and the band edges shift. The larger particle size, the redder shift [38] 

 

Figure 6. Extracted Egopt of prepared samples. 

3.4. Dielectric analysis 

The electrical impedance of a material can reveal a lot about its dielectric characteristics. Grain 
structure, conductivity type, frequency, and temperature all influence the electrical impedance. 
Impedance spectroscopy (IS) can be used to intuitively examine the impedance and conduction 
process. (IS) is an effective tool for characterization of the electrical/dielectric mechanisms occurring 
inside the materials [39] where it is enormously beneficial to determine the various mechanisms of 
conduction [40]. 

Frequency variation of the complex impedance parameter (Z*) for Cu1-xAgxAlO2 (x=0, 0.01, 0.02, 
0.03 and 0.04) NPs was measured at room temperature and the results are presented in Figure 7a. The 
impedance was found to decrease as the frequency increases while Z* increases with increase in Ag 
concentration. Impedance analysis was performed by calculating the resultant complex impedance parameter 

Z* = Z' + j Z" [41] where the real and imaginary components of the complex impedance function are denoted 
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by Z' and Z", respectively. Both components are determined from the measured impedance (Z*) and phase 

angle () and represented by the following mathematical equations:  𝑍′ = │𝑍∗│ cos 𝜃 and  𝑍′′ = │𝑍∗│ sin 𝜃  

Figure 7b shows the alternations of the real component of impedance (Z') as a function of 
frequency at various dopant content (0–4%).  

 
 

(a) (b) 

 

(c) 

Figure 7. The frequency dependence of (a) complex impedance, (b) real component of impedance and 
(c) imaginary component. 

Z' drops with greater frequency, reflecting that the ac conductivity of the samples increases with 
frequency. At higher frequencies, the magnitude of Z' tends to be constant for all samples, indicating 
the possibility of space charges dissipating due to a reduction in material barrier quantities [42]. With 
increasing the concentration of Fe dopant, Z' magnitude increases indicating a decrease in the 
conductivity of the samples. Figure 7c presents the variation of the imaginary part impedance (Z") 
vs. frequency for all samples. It can be seen that the curves display a trend similar to that of Z'. 

To get the real (ɛʹ) and imaginary (ɛ″) parts of permittivity from the impedance data, the 

following equations are used [43]: 𝜀′ = 𝑍"2𝜋𝑓𝐶0[(𝑍′)2+(𝑍")2]  and 𝜀" = 𝑍′2𝜋𝑓𝐶0[(𝑍′)2+(𝑍")2], where Co is the 

geometrical capacitance connected to vacuum permittivity εo (8.854×10−14 F/cm) through the εoA/d 

relationship (A is the effective area of the electrode and d is the distance between the two electrodes). The real 

part of permittivity (ɛʹ) vs. frequency (f) curves for undoped and Ag-doped CuAlO2 nanoparticles are 
presented in Figure 8a. ɛʹ decreases with increasing frequency which can be explained according to 
the type of polarization mechanism that dominates within a certain range of the applied frequency. 
At relatively lower range of frequency, the total contribution of polarization arises from the electronic 
displacement, ionic displacement, dipole orientation and space charge displacement. Imaginary part 
of permittivity (ɛ″) versus frequency is shown in Figure 8b where it decreases with increasing 
frequency and Ag doping concentration in CuAlO2, suggesting an ability of using these materials in 
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high frequency application. The decrease in the ɛ″ value with increasing Ag concentration may be 
attributed to larger molecules relaxation time with delayed polarization processes. 
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Figure 8. Real (a) and imaginary (b) permittivity, dissipation factor (C), and AC conductivity ( ac) of 
Cu1-xAgxAlO2 NPs (d). 

The nearly constant values of ε′ and ε´´ (dielectric dispersion) in the higher frequency range can 
be explained using the Maxwell and Wagner’s bilayer model and Koops phenomenological theory 
[44]. Basing on these model, the space charge polarization is caused by the material's heterogeneous 
dielectric nature, which is made up of two layers: well-conducting grains separated by a layer of 
poor-conducting grain boundaries. The sintering process, in which high temperature promotes the 
oxidation of crystallites and a reduction in the grains surface area, is known to generate grain 
boundaries in the material [45]. Existence of the grain boundaries with their poor conductance among 
the high conductive grains results in a reduced dielectric constant at higher frequencies. 
Consequently, one can conclude that the grain boundaries and their volume percentage influenced 
the dielectric constant's behavior of our samples [46].  

The loss of electrical energy in the dielectric material is described by the term dissipation factor 
tan δ = Zʹ/Z" [47], where δ is the phase difference between the materialʹs induced current and the 
applied field. Figure 8c shows the variation of tan δ as a function of frequency up to 10 MHz. It is 
observed that tan δ decreases as the frequency increases with a fast rate of drop in the low frequency 
range and a nearly frequency-independent decrease in the higher one. It is also observed that doping 
with Ag decreases the dissipation factor. The resistive loss and relaxation loss are the two major 
components that contribute to the dissipation factor. In the case of resistive loss, energy is used by 
the mobile charges, whereas in the case of relaxation loss energy is dissipated due to dipole relaxation 
[48]. The space charge polarization, which can be explained by Shockley-Read mechanism, causes 
significant dielectric losses at lower frequencies [49]. According to this mechanism, impurities and 
imperfections in the crystal lattice will catch surface electrons at low and intermediate frequencies 
resulting in space charge polarization. The reduced dielectric loss at higher frequencies could be 
related to the production of defect dipoles caused by a modification in the cations valence state [50]. 

 

(b) 
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AC conductivity (ac), which provides information on the type of charge carriers, is computed 

using an empirical formula [51]: 𝜎𝑎𝑐 = 𝑍′(𝑍′)2+(𝑍")2 

Figure 8d depicts ac vs. f plots of the undoped and Ag-doped CuAlO2 NPs. ac of all samples 
increases with f suggesting an enhancement in the charge carriers hopping [52]. Also Khan et al., 
attributes the increase of ac with f to series resistance effect [53]. In low-frequency range pure and 
doped compounds have essentially identical ac behavior, indicating that charge carriers hopping is 
an explicit and instinctive process in all materials. In high-frequency regime, the pristine specimen 
has lower ac values compared to doped samples. Because the AC conductivity of materials is highly 
influenced by the presence of weakly bound charge carriers, the high ac of doped samples at higher 
frequencies could arise from the development of charged particles (electrons) in extrinsic specimens, 
which are valuable in the electrical conduction [54]. AC conductivity is changed due to the dielectric 
relaxation which corresponds to the immobile charge carriers that can be described by AC power’s 

relationship [55]:  where temperature and material intrinsic properties affect the 

coefficient B and the exponent n; B denotes conductivity units, while n is a dimensionless quantity 
[47]. To evaluate whether the conduction is frequency-independent (n = 0) or frequency-dependent 
(0 < n < 1) [56], the numerical value of n is calculated from the slope of the log ac vs. log f . Undoped, 
1%, 2%, 3%, and 4% Ag doped CuAlO2 NPs have n values of 0.827, 0.831, 0.835, 0.833, and 0.836, 
respectively. The results suggest that the current NPs' conduction mechanism is highly frequency-
dependent.  

In order to obtain more precise information regarding the role of grains and grain boundaries 
on conductivity properties of Ag (0%, 1%, 2%, 3%, and 4%) doped CuAlO2 NPs, the electrical 
modulus was explored. The modulus formalism is a powerful technique for suppressing the 
electrode effect on electric conductivity because it takes into consideration the effect of grain and 
grain boundary capacitance [57]. The sum of real (M') and imaginary (M") constituents yields the 
complex electric modulus (M*). The real and imaginary modulus in the current system have been 
calculated using real and imaginary dielectric permittivity variables and are provided by [58] 𝑀∗ =𝑀′ + 𝑗𝑀" = 𝜀′𝜀′2+𝜀"2 + 𝑗 𝜀"𝜀′2+𝜀"2 

The frequency dependent M' and M" is shown in Figure 9 for all samples. It is observed that M' 
increases by increasing frequency and becomes independent at high frequencies. Also, similar 
behavior has been observed for M". As the Fe doping level rises, the overall behavior of the real (M') 
and imaginary (M") components increases. 
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Figure 9. Real (a) and imaginary (b) electrical modulus of Cu1-xAgxAlO2 NPs. 

Conclusion 

Nanocrystalline samples of Cu1-xAgxAlO2 (0.00 ≤ x ≤ 0.04) were successfully fabricated by 
conventional solid state technique within crystallite size of 45-92 nm and they are formed in the 

n

ac B =
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rhombohedral crystal structure form with R3̅m (166) space group. Raman spectra revealed that 
phonon frequency shifted to lower wavenumber and line width broadened with increase in silver 
content, indicating a weakening of Al-O bonding. The optical band energy for the direct optical band 
transition was determined to be 3.22-3.09 eV, exhibiting transparency in the visible region. The results 

suggest that the current NPs' conduction mechanism is highly frequency-dependent. The dielectric constant 
and dielectric loss decrease while the ac conductivity increases as the frequency increase which has 
been explained on the basis of space charge polarization according to Maxwell and Wagner’s two-
layer model. The real and imaginary dielectric constant as well as the ac conductivity decrease with 
increasing the Ag content in CuAlO2 NPs. On the basis of this research study, it can be concluded 
that the effect of small Ag substitution into CuAlO2 improves the optical parameters and dielectric 
properties.       
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