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1. Introduction

ABSTRACT: We report here structural, electrical and dielectric properties of ZnO
varistors prepared with two different particle sizes for initial starting oxides materials
(5 pm and 200 nm). It is found that the particle size of ZnO does not influence the
hexagonal wurtzite structure of ZnO, while the lattice parameters, crystalline diameter,
grain size and Zn-0 bond length are affected. The nonlinear coefficient, breakdown field
and barrier height are decreased from 18.6, 1580 V/cm and 1.153 eV for ZnO micro to
410 V/cm, 7.26 and 0.692 eV for ZnO Nano. While, residual voltage and electrical
conductivity of upturn region are increased from 2.08 and 2.38x10-5 (Q.cm)? to 4.55
and 3.03x10-5 (Q.cm)-1. The electrical conductivity increases by increasing temperature
for both varistors, and it is higher for ZnO Nano than that of ZnO micro. The character
of electrical conductivity against temperature is divided into three different regions
over the temperature intervals as follows; (300 K < T < 420 K), (420 K< T <580 K) and
(580 K < T < 620 K), respectively. The activation energy is increased in the first region
from 0.141 eV for ZnO micro to 0.183 eV for ZnO nano and it is kept nearly constant in
the other two regions. On the other hand, the average conductivity deduced through
dielectric measurements is increased from 2.54x107 (Q.cm)-! for ZnO micro to 49x10-7
(Q.cm)t. Similar behavior is obtained for the conductivities of grains and grain
boundaries. The dielectric constant decreases as the frequency increases for both
varistors, and it is higher for ZnO nano than that of ZnO micro. These results are
discussed in terms of free excited energy and strength of link between grains of these
varistors.

Keywords: A Ceramics, B Chemical synthesis, C X-ray diffraction, C Electron
microscope, D Electrical properties.

ZnO is an important material in various fields of
applications such as varistors and gas sensors [1-5]. ZnO
exhibits upturn region due to its electrostatic potential
barrier formed at the grain boundaries [6-10]. The
existence of the nonlinear region, in parallel with high
current densities and breakdown fields, are the most
significant properties of ZnO varistor. The upturn region is
usually obtained at high current density beyond 103
A/cm?, and breakdown fields close to 5000 V/cm. This
behavior represents the voltage drop in the grains, and
restricts ZnO varistors applications [1]. The behavior of
nonlinear region normally depends on density, chemical
composition of the compound and also nanostructure
development [11-14].

However, applications of ZnO varistors for circuit

Protection is highly significant due to overload electronic
circuits. For instance, battery powered and mobile
appliances require protection of transient dc voltage
between up to 20 V, while some other devices need fast
response protection up to 70 V [15, 16]. These factors
create needs for continuous development of ZnO varistor
with fast and higher response likes non-linear coefficient,
dencitv af larcalizad ctatece de conductivity and enerov
absorption capabilities at the breakdown voltage.
Although, most of them have been developed towards high
voltage applications of 60 nonlinear coefficient and grain
boundary voltage of 3V, few attempts are directed towards
low-voltage of 10 nonlinear coefficient and breakdown
field of 20 V/cm, which is also required for special
applications [17, 18].
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The Electrical conductivity of ZnO varistor depends on the
amount and nature of oxygen vacancies generated during
its synthesized [19, 20].
controlled by several parameters such as dopants and ZnO
particle size [21-24]. It has been observed that these

parameters are able to increase the current density in the

These oxygen vacancies are

upturn region of ZnO varistor and also shifted its onset

value to lower fields, which is therefore necessary.

It is well known that electron traps, localized at
the grain boundaries of ZnO, are adsorbed oxygen and
capture the electrons coming from the donor states [25].
Therefore, Schottky barrier capacitance becomes
dependent on the frequency signal. This is due to the finite
time constants associated with the charging and
discharging of the deep trap states in the depletion layer
[26, 27]. When low ac voltages = 300 mV is applied across
a varistor, a sinusoidal current will flow with the same
angular frequency [28]. It has the great advantage over the
dc techniques of being able to separate the electric
response in different regions of ZnO ceramics, provided
their electrical responses within the range of the
instrumentation and the time constants [29, 30]. This
response is characterized by the complex impedance Z as a
function of the frequency. The real and imaginary parts of
complex impedance with respect to the applied voltages

can be determined in the frequency range up to GHz.

Nanotechnology is of growing importance in many
branches of research because of the interesting properties
associated with depressing the material particle size [31-
33]. These to their
characteristics and size effects, often show novel physical

nanomaterials, due peculiar
properties compared to these of bulk materials. Today,
nanoparticles of metal oxides have been the focuses of a
number of research efforts due to the unusual properties
that are expected upon entering this nanosize regime.
With this purse in mind, ZnO with two different particle
sizes for starting materials (5 pm and 200 nm) are
sintered in air at temperature of 1000 °C for 12 h and then
quenched down to room temperature. Structural, electrical
and dielectric properties are performed by using XRD and
SEM dc

measurements.

techniques, electrical and  dielectric

2. Experimental details

Two ZnO samples with different particle size (5

um and 200 nm) are synthesized by using solid-state
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reaction method. The powders of ZnO are calcined at 1000
0C in air for a period of 12 hours, ground and pressed into
pellets of 1cm diameter and 0.3 cm thick. The pellets are
sintered in air at temperatures of 1000 °C for 12 h, and
then quenched in air down to room temperature. The bulk
density of the samples is measured in terms of their
weight and volume. The phase purity and surface
morphology of the samples are examined by using X-ray
diffractmeter (XRD) using CuKa radiation and scanning
electron microscope (SEM). While I-V characteristics are
obtained with an electrometer (model 6517, Keithley), 5
kV dc power supply and digital multimeter. After that, the
electrical resistivity (p = (Rf/A) versus temperature
measurements is performed in the temperature range of
(300 - 620 K). Finally, the ac impedance at room
temperature is measured by using precision impedance
analyzer model 4295A (40-110 MHz). The modulus of
complex impedance Z and phase angle as a function of
frequency (w) are well recorded. From the impedance
spectra, values of the real Z’ and the imaginary Z” parts of
the complex impedance could be obtained.

3. Results and Discussions

As listed in Table 1, the bulk density of ZnO nano
is higher than that of ZnO micro. The bulk densities are 82
% and 92 % of theoretical density 5.78 g/cm3 for ZnO [34].
The crystal structure of the samples, shown in Figure 1, is
hexagonal wurtzite, and no additional lines could be
formed [35, 36]. The lattice parameters listed in Table 1
are calculated in terms of (C =20y, , @ =1.155d ;o) )-

The lattice parameters are increased from 3.20 K, 5145 &
for ZnO micro to 3.22 A 5.17 A for ZnO nano, in agreement
with the reported values elsewhere [37, 38]. The wurtzite
structure of ZnO is usually deviates from the ideal
arrangement by changing U-parameter which describing
the length of bond parallel to the c- axis. U parameter
listed in Table 1 is given by U = 0.333(9)?+0.25 [39].
The constant values of U-parameter (0.379) for two
varistors specifies that the four tetrahedral distances stay
almost constant through a distortion of tetrahedral angles
due to long-range of polar interactions [40]. The Zn-O
bond length (d) is calculated using the relation,
d=[E)+ (05— U)*c?Jz ,and listed in Table 1[41, 42].
It is clear that d increases from 2.347A for ZnO micro to
2.361 A for ZnO nano, which is consistent with the

behavior of lattice parameter. The average crystalline
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diameter Dpy is determined using the following Scherer's

expression [43, 44];

kA

pcosé W

th| =

Where A and f are wavelength of X-ray radiation

(A = 1.5418 A) and half maximum line width. respectivelv.
¢ is Bragg angle and K = 0.93 is constant. Dy value, given
in Table 1, is decreased from 63.96 nm for ZnO mico to

31.15 nm for ZnO nano.

The surface morphology shown in Figure 2
indicates that the surface is rough and contains grains of
crystallites which nearly having very varied shapes of
different sizes. Furthermore, the crystallites are randomly
distributed and irregularly disoriented, and there is no
additional phases created at the boundaries of grains. In
Zn0 micro, the size and shape of grains are little bit

S.A. Amin /2019

different and there is a granular precipitation on the

mother grains in the matrix structure. While, the grains

appear with relatively small size and interfered with each

other for ZnO Nano. The average grain size (D) is
1.56L

determined by the expression, D = gyl

Where L is the random line length on the micrograph, M is
the magnification of the micrograph, and N is the number
of the grain boundaries intercepted by the lines [45]. The
average grain sizes listed in Table 1 are 2.21 and 1.57 pm
for ZnO micro and ZnO Nano. However, the average
crystalline diameters obtained from XRD are smaller than
that of SEM. This because XRD analysis determines the
average diameter of crystallite's which have the same
orientation inside the grain, while SEM determines the
average size of grain itself. It is well known that each grain
may be contains lot of crystallites with the same

orientations.
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Figure 1: XRD of ZnO micro and ZnO nano varistors
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Figure 2: SEM images of ZnO micro and ZnO nano varistors
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Table 1: Density, lattice parameters, U-parameter, grain size , breakdown field, nonlinear coefficient, electrical

conductivity, residual voltage and activation energy for ZnO micro and ZnO nano samples

Parameter Zn0 micro Zn0 nano
p (gm/cm3) 4.76 5.31
a(d) 3.203 3.224
c(A) 5.145 5.171
U-parameter 0.379 0.379
L (A) 2.347 2.361
Dint (nm) [XRD] 63.96 31.15
Grain size(um) [SEM] 2.21 1.57
Eg(V/cm) 1580 410
o 18.6 7.26
Dp(eV) 1.153 0.692
o1 (Q.cm)1 2.20x107 2.47x10-6
o2 (Q.cm)? 2.38x10-° 3.03x105
K: 2.08 4.55
E.(eV) (300-420 K) 0.141 0.183
E.(eV) (420-580 K) 0.351 0.346
E.(eV) (580-620 K) 0.831 0.842
Average cond.(Q.cm)! 2.54x107 49x107
Grain cond. (Q.cm)! 5.17x103 11.77x10-3
Grain boundary cond. (2.cm)! 1.08x10-¢ 3.17x10-6

It is evident from I-V curves shown in Figure 3 that there
are three different regions observed in both varistors. The
first and third regions are nearly ohmic behavior, while
the second region is nonlinear (upturn region). It is also
noted that the nonlinear region is weaker for ZnO nano
than that of ZnO micro, but it is not completely deformed.
While, the current is shifted to higher values for ZnO nano
as compared to ZnO. The breakdown field Eg is usually
taken as the field applied when the current flowing
through the varistor is 1 mA/cm? [44,45]. The values of Eg
listed in Table 1 are 1580 V/cm and 410 V/cm for ZnO

micro and ZnO nano, respectively. This means that Eg of
ZnO micro is approximately 3.85 times of Eg for ZnO nano.

The current - voltage relation of a varistor is given
by the following equation [46, 47];
E
J=(2)° )
C
Where | is the current density, E is the applied electric
field, C is a proportionality constant corresponding to the

resistance of ohmic resistor (nonlinear resistance), a is the

nonlinear coefficient (a = logV/logl).
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Figure 3: 1-V Characteristics for ZnO micro and ZnO nano varistors

To obtain the value of «, the current - voltage
curves are plotted on a log-log scale, from which the slope
of the curve gives the value of a. It is apparent that a; for
the second region is decreased from 18.6 for ZnO micro to
7.26 for ZnO nano (Oznomico = 2.56 Oznonano). From these
results, it is determined that nano material depressed the
non-ohmic features of ZnO and shifts the breakdown fields
to lower values. The empirical formula for the relation
between K; and Ep for a varistor is given by [48];

K, =b, + b (3)
Es

bo and b; are 1.21 and 1370 V/cm. Since the
thickness of ZnO micro and ZnO nano is similar, we have
calculated K; in terms of the values of Eg given in Table 1.
The values of K, are found to be 2.08 and 4.55 V/cm for
Zn0 micro and ZnO nano. This of course is in good
agreement with the previous studies indicating that low
high
coefficient and breakdown field, while the high residual

residual voltage ratio provides nonlinearity

voltage ratio indicates low nonlinearity coefficient and
breakdown field [49].

The

temperature is calculated in the first ohmic region by

electrical conductivity o1 at room
It is clear form
Table 1 that o1 is 2.47x10-¢ Q-1.cm-! for ZnO nano, which is
about 10 times higher than that of ZnO micro (2.20x10-7 Q-

Lem1). For more evidence for decreasing the values of a

using the ohmic relation, ] = o41E [50].

and Ep in the present case, we have calculated the
electrical conductivity o2 in the upturn region using the
following formula [51];

o= ool DEE,
2 (4)

E1 and E; are the applied fields across the
boundaries of nonlinear region. The values of E4, E2, 01 and
It is
observed that the values of o, are 2.38x10-5 Q1.cm and
3.03x105 Ql.cm? for ZnO micro and ZnO nano, which
indicates that o2 for ZnO nano is approximately 1.3 times
higher than that of ZnO micro.

02 across the two regions are listed in Table 1.

According to Schottky type grain boundary
barriers, the current density in the ohmic region of the
varistor is related to the electric field by the following
formula [52, 53];

N

J:ATZEXDU

Ke (5)

where A is the Richardson’s: constant {A =
(4pemK? / h3)}, p is the varistor density, e is the electronic
charge, m is the electronic mass, k is the Boltzmann
constant, h is the Planks' constant, @g is the interface
barrier height and B is a constant. By measuring the
current density in the ohm ic region and keeping the

temperature constant, for two different values of applied
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fields, the values of (g can be easily obtained. It is found
that g is decreased from 1.153 eV for ZnO micro to 0.692
eV for ZnO nano, in consistent with the above behaviors

for Eg, a and o.

The electrical resistivity shown Figure 4 (a) is
decreased by increasing temperature for both varsitors,
but it is higher for ZnO micro than that of ZnO nano. From
the values of resistivity, the electrical conductivities versus
temperature could be obtained, and shown in Figure 4 (b).
However, the conductivity-temperature dependence is
found to obey the well-known Arrhenius relation [54];

S.A. Amin /2019

K

o =0, ( Sa) (6)
gl

Where o and o, are the electrical conductivities at
temperatures T and T, (0K), and E. is the activation
energy. Within the temperature range selected for the
conductivity measurements, it is possible to distinguish
discrete regions corresponding to different activation
energies. The character is divided into three regions over
the temperature intervals as follows; (300 K < T < 420 K),

(420 K< T <580K) and (580 K< T < 620 K), respectively.

1.00E+08

1.00E+07 E

.

1.00E+06 |

1.00E+05 |

Resistivity (ochm.cm)

1.00E+04 |

Zn0O micro

o
S

1.00E+03

300 350 400

450
Tem perature (K}

500 550 800 850

Figure 4(a): Resistivity versus temperature for ZnO micro and ZnO nano varistors
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Zn0O nano
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Figure 4(b): Conductivity versus temperature for ZnO micro and ZnO nano varistors
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The values of the activation energy E. are
calculated from the slope of each plot by using the above
logarithmic relation and listed in Table 1.

The values of E, are 0.141 eV, 0.351 eV and 0.831
eV for ZnO, 0.183 eV, 0.346 eV and 0.842 eV for ZnO nano.
The activation energy is increased in the first region from
0.141 eV for ZnO micro to 0.183 eV for ZnO nano and it is
kept nearly constant in the other two regions. These
values indicate that the band energy gap is increased as
the temperature increases, and it is approximately the
same for both variators in the second and third regions, in
consistent with the previous investigations based on ZnO
varistor [55, 56].

the
representation is expressed by the following empirical
relation [57, 58]:

In case of Cole-Cole model, impedance

*

ZOoo

Z()=2] + — Lo
(@)=2. 1+ (jor,)™

(7

Where Z,," is the impedance at infinite frequency,
Zow =2y —Zy , Zy =Zy (w),asw - 0, where w =
27tf and 1, can be calculated from wt, = 1 at the summit of
6/7) and (1 >y > 0), and T, is the

relaxation time calculated from wt, = 1 at the summit of

the semicircle. V=

the arc [59]. Figure 4 shows the real part of ac impedance
versus imaginary part at different frequencies. It is clear
that ZnO micro shows one semicircle, while one quarter of
a circle is shown for ZnO nano. From these curves, the
average grain and grain boundary conductivities are
calculated and summarized in Table 1. As evidenced in

Table 1, the conductivity of grains for ZnO nano is about

S.A. Amin /2019

103 times more than the conductivity of the grain
boundaries. Moreover, the conductivity of ZnO nano is
always higher than that of ZnO micro. However, it has been
found that the impedance spectra of calcined ZnO micro
exhibited two arcs. The first arc at a low frequency is
interpreted due to the grain boundary effect while the
second arc at a high frequency region is attributed to the
grain's effects [60, 61]. While, a single arc is observed in
all spectra of sintered ZnO micro [62, 63] as we obtained.
The single arc means that the conduction processes
through the grain and grain boundary has identical time
constants, T = (1/w) = RC. This behavior indicates that the
conduction in the grain and grain boundary occurs in the
same process and could not be separated by the
impedance spectroscopy [64, 65]. The dielectric constant
as a function of frequency (Inf) for the varistors is
represented in Figure 5. It is apparent that the dielectric
constant is decreases as the frequency increases for both
varistors, but it is higher for ZnO nano as compared to ZnO
micro, in agreement with the behavior of conductivity.
Based on the above results, we can gather conclude that
the probability of nano particles rush into the grain
boundaries is very high at the considered sintering

temperature.

According to previous reports, three different
values for optical band gap (3.1, 3.2 and 3.3 eV) and (40-60
mV) free excited energy have been reported ZnO at room
[66, 67].
determination, it was assumed that the fundamental

temperature For band-gap energy E;

absorption edge of Zn0O-X metal oxide is due to the direct

allowed transition.

2000000

1600000 |

1200000 |

800000 |

Resistivity** (ohm.cm)

400000 |

Zn0 micro

2000000

0 1000000

Resistivity* (ohm.cm)

3000000 4000000 5000000 6000000

Figure 5(a): Z**versus Z* for ZnO micro varistor
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Figure 6: Dielectric constant versus Inf for ZnO micro and ZnO nano varistors

So, we believe that although E; is nearly the same
for both varistors, the free excited energy may be less in
ZnO nano as compared to ZnO micro. Decreasing the free
excited energy helps for improving the electrical
conductivity of ZnO nano, and consequently the potential
barrier is weakness. Furthermore, the small size of grains
of ZnO nano , as compared to ZnO, micro are able to
localize together at the grain boundaries, and helps for
producing some other sensitive intergrain conduction
paths. These conduction paths can operate in parallel
through the grain boundary region and weakness the
potential barriers of ZnO varistors, in agreement with the
present data. This is of course is supported by a good

correlation between behaviors of grain size, nonlinear

coefficient, breakdown field, electrical conductivity and
dielectric constant.

4. Conclusion

of ZnO
varistor with two different particle sizes for initial oxides

Structural and electrical properties
materials are performed. We have shown that the particle
size does not influence the wurtzite structure of ZnO,
while the lattice parameters, crystalline diameter, grain
size and Zn-O bond length are affected. The potential
barrier of 18.6 nonlinear coefficients could be formed for
Zn0 microsize, but it is decreased 7.26 for ZnO nanosize.

Furthermore, the ZnO nanosize decreased the breakdown
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field from 1580 V/cm to 410 V/cm, increased residual

voltage from 2.08 to 4.55 and decreased the electrical

conductivity of upturn region from 2.38x10-5 (Q.cm)! to

4.97x107(Q.cm)-1. Moreover, the activation energy in the

first region increased from 0.128 eV for ZnO microscale to

0.164 eV for ZnO nanoscale, but it is completely unaffected

in the other two regions. Finally, the dielectric constant

could be improved by decreasing the ZnO particle size. It is

believed that the free excited energy and the strength of

link between ZnO grains are responsible for the present

behavior.
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