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Temperature and Frequency Dependence Electrical Properties
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This work reports the temperature and frequency dependence electrical properties of Ca doped ZnO

(Zn1−xCaxO, x = 0.01) nanoceramic synthesized by solid state reaction method. The X-ray spectra show that
the synthesized powder has hexagonal wurtzite structure with space group P63mc. The average crystallite size
decreases with Ca doping. The increase in oxygen positional parameter (u) indicates lattice distortion in the
crystal structure. Doping with Ca caused a slight shift in the (101) plane peak towards lower diffraction angle.
The formation of pores in field emission scanning electron microscopy micrograph may be due to the defect cre-
ated by Ca substitution. The electrical property was investigated by impedance spectroscopy in the temperature
range 300–500 ◦C. The synthesized sample shows temperature dependence relaxation phenomena and negative
temperature coefficient of resistance effects. Electrical conductivity (σac) increases with increase in temperature as
well as with frequency due to the drift mobility of electrons and hole by hopping conduction. Dielectric constant
was found to decrease with increase in frequency and temperature. This decreases drastically in the magnitude of
approximately <10 times than the corresponding undoped one.
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1. Introduction

Over the last few years, ZnO has attracted consid-
erable attention due to its many attractive properties,
such as the direct wide band gap (3.37 eV), large exci-
ton binding energy (60 meV at room temperature), good
piezoelectric characteristics, chemical stability and bio-
compatibility [1]. It has a stable wurtzite structure with
lattice spacing a = 0.325 nm and c = 0.521 nm and
composed of a number of alternating planes with tetra-
hedrally coordinated O2− and Zn2+ ions, stacked alter-
nately along the c-axis [2]. Because of its unique proper-
ties, low cost and environmental friendly ZnO generated
a lot of interest among researchers and technologists for
device applications. ZnO has found potential application
in different fields, such as gas sensors, solar cells, varis-
tors, light emitting devices, photocatalyst, antibacterial
activity, and cancer treatment. ZnO lacks centre of sym-
metry, which makes it beneficial for its use in actuators
and piezoelectric transducers [3].

Properties of ZnO can be tuned by doping metal
atoms, to fit specific need and applications. The doping
can induce drastic changes in electrical, optical, and mag-
netic properties of ZnO by altering its electronic struc-
ture [4]. In, Ga, and Al doped ZnO improves electrical
and optical properties for transparent high power elec-
trical devices. Some other metal like Al, Ta, Cr, La, Ag
have been used for better photocatalytic performance [5].
The incorporation of Fe, Co, Ni in the zinc sites of ZnO
can result in room temperature ferromagnetism which
finds a wide application in spintronics, diluted magnetic
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semiconductors (DMS), magnetic switches, magnetic sen-
sors, and many more [6]. It has been experimentally and
theoretically found that doping of Ca in ZnO is able for
blue shift, the band gap modulation and related optical
properties were not completely understood [5]. Water
and Yang have reported the deposition of Ca doped ZnO
thin films by RF sputtering and studied their sensor
applications. Mishra et al. found that there is an in-
crease in band width with increase in Ca concentration
in ZnO [7]. A number of methods have been devoted for
the fabrication of doped ZnO nanoparticles, such as auto-
combustion method, ball-milling, solid state reaction, co-
precipitation, sol–gel process, hydrothermal route, and
so on [3]. Among these methods, solid state reaction
method is of great interest because of its simplicity and
low cost.

However in literature very few reports are available on
the electrical properties of Ca doped ZnO nanomateri-
als. Here we report the result of effect of temperature
and frequency on the electrical properties Zn1−xCaxO
nanoceramic through solid state reaction method for use-
ful technological applications.

2. Experimental

Ca doped ZnO ceramic powder abbreviated as
Zn1−xCaxO (x = 0.01) was prepared by using a sim-
ple solid state reaction technique. High purity precursor
ZnO and CaCO3 were weighted according to their atomic
ratio used as a raw material to achieve the desired prod-
uct. The sample was prepared by thoroughly grinding
these powders in an agate mortar and was calcined at
900 ◦C for 2 h with a heating rate of 2 ◦C/min using air
atmosphere. The calcined powder was mixed with PVA
which act as a binder to make pellet. Finally, the pellet
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was sintered at 1000 ◦C for 2 h in air atmosphere and was
coated with silver paste on both sides heated at 700 ◦C
for 15 min. Crystal structure, phase identification and
unit cell parameters of Zn1−xCaxO (x = 0.01) were in-
vestigated by using X-ray diffraction (XRD). The sur-
face morphology was observed by field emission scanning
electron microscopy (FESEM, Carl Zeiss NTS Ltd, UK).
The electrical properties were analysed by using a com-
puter controlled analyzer (Hioki LCR Hi-tester-3532-50)
as a function of temperature (30–500 ◦C) over a wide
range of frequency (100 Hz–1 MHz).

3. Results and discussion

3.1. Structural analysis
The X-ray patterns of ZnO and Ca doped ZnO

(Zn1−xCaxO, x = 0, 0.01) ceramic calcined at 900 ◦C
for 2 h is shown in Fig. 1.

Fig. 1. XRD patterns of Zn1−xCaxO (x = 0, 0.01)
nanoceramic.

It was found that the synthesized powder has hexago-
nal wurtzite structure with space group of P63mc and has
a good agreement with JCPDS (data card no: 36-1451).
All the peaks were indexed and lattice parameters were
calculated by using POWDMULT software as shown in
Table I.

TABLE I

Lattice parameters (a, c and c/a ratio), V is the
volume of unit cell.

Composition a [Å] c [Å] c/a V [Å3]

x = 0 3.2488 5.2057 1.6023 47.58
x = 0.01 3.2521 5.2098 1.6020 47.72

It was also observed no identification of secondary
peaks confirming single phase and complete solid solu-
bility of Ca2+ into ZnO lattice [8]. The change in lattice
constant of ZnO is due to higher ionic radius of Ca2+
(100 pm) incorporated into smaller ionic radius of Zn2+
(74 pm) in their tetrahedral coordinates [9]. The inset of
Fig. 1 shows the change in intensity and 2θ along (101)

plane. The shifting of (101) X-ray peak towards lower
diffraction angle for Ca doped ZnO is clearly shown in
the inset figure which provides an indirect evidence that
Ca is incorporated into ZnO crystal lattice. The average
crystallite size has been estimated by the Scherrer equa-
tion [8] and are found to be 50 nm and 34 nm for x = 0,
0.01, respectively. Ca doped ZnO has reduced crystallite
size and increased peak broadening due to the difference
in ionic radii of two ions (Zn2+, Ca2+) which cause lattice
distortion in the crystal structure [10]. The oxygen po-
sitional parameter (u) calculated for ZnO and Ca doped
ZnO are 0.37982 and 0.37988, respectively, by using the
relation [11]:

u =
1

3

a2

c2
+

1

4
.

The bond length (Zn–O) is found to increase with Ca2+
substitution which causes a small crystal distortion in
crystal structure.

3.2. Microstructural analysis

The surface morphological properties of Zn1−xCaxO
(x = 0, 0.01) nanoceramic was analysed by FESEM.
Figure 2 shows the FESEM micrograph of undoped and
Ca doped ZnO sintered at 1100 ◦C for 2 h. This is one

Fig. 2. FESEM micrograph of ZnO (a) and Ca doped
ZnO (b) nanoceramic.

of the promising technique used for topography study
of the sample and give important information regard-
ing the growth mechanism, shape and size of the parti-
cles [8]. The particles are well dispersed in both the sam-
ples. The particles of undoped and doped ZnO show good
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connectivity, are homogeneous and uniformly distributed
over the surface. Ca doped ZnO shows void whereas un-
doped ZnO shows agglomeration. The formation of void
may be due to the defect created by substitution of Ca.

3.3. Electrical properties

The variation of dielectric constant (ε) with tempera-
ture (30–500 ◦C) at selected frequency is shown in Fig. 3.

Fig. 3. Variation of dielectric constant for Zn1−xCaxO
(x = 0, 0.01) nanoceramic.

The dielectric constant increases with increase in tem-
perature and reaches a maximum value εmax at transi-
tion temperature (Tc) and then decreases with further
increase in temperature. It was observed from the fig-
ure that the dielectric constant of Ca doped sample is
drastically decreased (≈ 10 times) than corresponding
undoped one. The narrow peak broadening near Tc and
low value of dielectric constant may be due to decrease
in crystallite size. Again the value of dielectric constant
decreases with increase in frequency. The decrease in
dielectric constant at higher frequency can be explained
by assuming that solid is composed of well conducting
grain separated by poorly conducting grain boundaries.
The electron reaches the grain boundary through hop-
ping. If the resistance of grain boundary is high enough,
electrons pile up at the grain boundaries and produce
polarization. This decreases the probability of electrons
reaching the grain boundary and as a result polariza-
tion decreases. This in turn decreases the dielectric con-
stant [12].

Fig. 4. Cole–Cole plot of Zn1−xCaxO (x = 0, 0.01)
nanoceramic.

Figure 4 shows the Cole–Cole plot of Zn1−xCaxO
(x = 0, 0.01) nanoceramic at different temperature.

It is composed of a high frequency semicircle and a
low frequency spike in the temperature. The semicir-
cular pattern in the impedance spectrum indicates the
electrical process taking place in the material. This is
resulting from the cascading effect of a parallel combi-
nation of resistive and capacitance elements arising due
to the contribution of the bulk property as well as grain
boundary effect [13]. The absence of a third semicircle
shows that the electrode–material interface contribution
to impedance is very negligible. The semicircular arc de-
creases gradually with increase in temperature showing
the effect of an impedance characteristic of the mate-
rials. The impedance spectrum is characterized by the
appearance of two semicircular arcs whose centre lies be-
low the real axis. This shows that the non-Debye type
of relaxation obeys the Cole–Cole formalism. This be-
haviour is correlated with several factors such as grain
size distribution, grain orientation, grain boundaries, etc.
It was observed from Fig. 4 that ZnO (x = 0) does not
have any clear semicircular arc at different temperatures.
The semicircular arcs are generated only at tempera-
ture interval between 300 and 375 ◦C showing major con-
tribution of grain boundary resistant. Ca doped ZnO
has semicircular arcs indicating the contribution from
both grain boundary and grain resistance. It clearly
shows that the material is temperature and frequency
dependent.

Fig. 5. Frequency dependence ac conductivity of
Zn1−xCaxO (x = 0, 0.01) nanoceramic.

The frequency dependence ac conductivity of
Zn1−xCaxO (x = 0, 0.01) nanoceramic as a function of
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temperature is shown in Fig. 5. Electrical conductivity
(σac) as evaluated from complex impedance spectrum
in the synthesized sample is due to the hopping of
electrons. Here study of ac conductivity is carried out
to understand the frequency dependence of electrical
properties of the material and to get information
regarding the nature of charge carriers. Beside that
conductivity analysis provide significant information
related to transport to charge carrier. It was observed
from the figure that the ac conductivity increases for all
samples with increase in temperature which indicates
the electrical conduction in the material. The conduc-
tivity also increases with increase in frequency showing
semiconducting behaviour. The increase of electrical
conductivity with increase in temperature and frequency
may be related to increase of the drift mobility of the
electron and hole by hopping conduction [14]. The total
conductivity of the system is given by [15]:

σtot = σ0 (T ) + σ(ωT ).

Fig. 6. Electrical conductivity versus inverse of tem-
perature for Zn1−xCaxO (x = 0, 0.01) nanoceramic.

Here the first term on right hand side is dc conductiv-
ity due to band conduction which is independent of fre-
quency. The second term is pure ac conductivity due
to the hopping of charge carrier between the metal ions.
The conductivity decreases with Ca doping which may
be due to introduction of defect created by Ca2+ ion in
ZnO system. The increase in conductivity with respect

to temperature indicates the negative temperature coef-
ficient of resistance (NTCR). With increase in temper-
ature (Fig. 6), the conductivity was found to increase
in both cases which can be attributed to the free as
well as bound carriers from different region in ceramics
such as grain and grain boundaries that are distributed
non-homogeneously and this leads to a change in activa-
tion energy with temperature. These charge carriers may
arise from dopant Ca ions or oxygen vacancies [16–18].

The activation energy (Ea) at 10 kHz of the synthe-
sized sample was calculated by using the Arrhenius equa-
tion and was found to 0.29 eV and 0.36 eV for x = 0 and
x = 0.01, respectively. The increase in activation en-
ergy confirms the increase in barrier energy for electron
hopping.

4. Conclusions

Zn1−xCaxO (x = 0, 0.01) nanoceramics have been
successfully synthesized by solid state reaction method.
The average crystallite size decreases with Ca doping.
The increase in oxygen positional parameter (u) indicates
lattice distortion in the crystal structure. The dielectric
constant near the phase transition temperature for Ca
doped ZnO decreases sharply in comparison to undoped
ZnO. The formation of pores in FESEM micrograph of
Ca doped ZnO may be due to the defect created by Ca.
The experimental results indicate that dielectric prop-
erties, impedance and ac conductivity decrease with in-
crease in temperature and frequency. These results are
an indication that Ca doped ZnO nanoceramic may be
useful for electrical applications.
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