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Abstract: The nonlinear properties and frequency characteristics of ZnO—polypyrrole composites were investigated at 200 Hz—
5 MHz frequency interval with different zinc oxide contents. Samples were prepared using hot press method at 130 °C. Results show
an optimum point for breakdown voltage at ZnO content of 70%. Breakdown voltage decreases from 590 to 380 V and after that
tends to increase from 450 to 740 V due to the absence of polypyrrole at grain boundaries. No matter how breakdown voltage
behaves, nonlinear coefficient increases from 4.2 to 9 by increasing ZnO content because of the increase in acceptor-like states at
grain boundaries by increasing ZnO content. The electrical parameters such as dielectric constant, dielectric loss and series resistance
of samples show a strong dependence on frequency especially below 1 kHz. These parameters fall off by increasing frequency up to
1 kHz, which is related to charge transportation through the Schottky barrier at grain boundaries. The high dielectric constant of
samples below 1kHz is related to the Maxwell-Wagner polarization at grain boundaries. The presence of different anomalies at
different frequency intervals is related to interfacial polarization because of different structures of grains and intergranular layer with

a huge difference in conductivity.
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1 Introduction

ZnO-based ceramics with a few metal oxide
additives such as Bi,O3, CoO, MnO and TiO,, are known
for their high nonlinear properties against surges and
over voltages [1]. This is because: 1) they can do
protection several times without destruction, and 2) they
are highly capable of absorbing surge energy [2—4]. The
nonlinearity of a varistor is related to its microstructure
and formation of potential barriers (Schottky barriers) at
grain boundaries (GBs) [5—11]. The presence of
additives increases the density of trap states at the GBs
which could help to block charge carriers movements
and results in producing Schottky barrier [12—15].

Although ZnO-based varistors have lots of
advantages, there are some disadvantages for them such
as: 1) complicate microstructure, 2) high concentration
of additives, 3) low permittivity (it is not suitable to
make low-voltage varistors), and 4) low stability against
degradation [16—20]. These issues caused that scientists

look for other materials such as SnO,. But, another
common difficulty of ceramic varistors is their high
sintering temperature and heat treatment (950—1150 °C).
One solution to these kinds of problems is changing
primary materials. This stems from the fact that the /-1
(I is the electric current, V is the applied voltage)
characteristics of a varistor depend on its initial mixture.
To this end, composite varistors have also been
developed Simple
breakdown voltage possibilities (~40 V), low preparation
temperature (130 °C), and good nonlinear coefficient
(~15), make composite varistors an acceptable candidate
for a new generation of technologies [21-25].

In general, a composite varistor is made of an
inorganic material (e.g., Si), and an organic one (e.g.,
polyaniline). Although conduction mechanism and
microstructure of composite varistors are completely
different from ceramic ones, intergranular layer plays an
important role in both of them [21]. In composite
varistors, the intergranular layer is a mixture of
conducting polymer and some thermoplastic polymers.

recently. microstructure, low
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The conducting polymer is responsible for nonlinear
behavior because it acts as a bridge between grains and
helps charge carriers to tunnel between grains [21,25].

It should be noted that the protecting devices are
used not only in DC circuits, but also in alternating
circuits. So, dielectric properties of compounds as a
function of frequency, are not only important in
designing electronic circuits, but also in protecting
devices. To study the frequency dependence and
microstructure of varistors in more details, it is better to
study their electronic equivalent circuit. The equivalent
circuit of a varistor is composed of several resistors and
capacitors, and because of the frequency dependence of
capacitive reactance (X.=1l/(cw), X. is the copacitive
reactance, ¢ is the capacitance, ® is the angular
frequency), by applying alternative electric fields with
different frequencies, a varistor may show different
behaviors that could affect the microstructure and
electrophysical properties of the varistor [26]. So, the
investigation of frequency dependence of a varistor is
very important. The response of a material to an applied
alternative electric field is determined by the complex
dielectric constant ¢ which is given by

e=¢'—ig" (D

where ¢' is the real part and ¢” is imaginary part of
dielectric constant. Three sources have been suggested
for dielectric constant: 1) electronic dielectric constant
which is related to the displacement of charge
distribution, by displacing charge distribution with
respect to the nuclei, electronic polarization occurs;
2) ionic dielectric constant which is related to the ions
displacement that is accompanied with charge
distribution; 3) dipole or orientation polarization which is
related to the existence of electric dipoles. Electronic
polarization occurs in all atoms and ions and all kinds of
dielectrics. One of the important specifics of this kind of
polarization is that when an external electric field is
applied, the polarization occurs during a very small
period of time (~107"s, the ultraviolet region). On the
other side, the ionic polarization requires a longer period
with respect to electronic polarization (10 °—107"% s).
Finally, the dipole polarization must be understood as the
introduction of an electric field. The important point
about this kind of polarization is that it could dissipate
electric energy, i.e., transforming it into heat in
dielectrics.

Some materials and compounds also show a high
dielectric constant. The presence of a high dielectric
constant is due to the interfacial or Maxwell-Wagner
polarization at GBs [27—29]. The interfacial polarization
arises especially if a system is composed of two different
phases differing from each other in dielectric constant
and conductivity [30]. This polarization could have three

sources: spatial inhomogeneity, contact effect, and
internal barrier layer capacitor [27,28,31]. The latter
could be the main factor because of the presence of
defects and inhomogeneity in the microstructure of a
varistor and could cause the dielectric constant to fall off
by increasing frequency and showing Debye-like
relaxation property [28,31-33].

In this paper, the results concerning functional and
frequency dependence of dielectric parameters of ZnO—
polypyrrole (PPY)-high density polyethylene (HDPE)
composites as well as their nonlinear /—V characteristics
are presented. It should be mentioned that although there
are many published articles with regarded to dielectric
properties of the materials (ZnO, HDPE, PPY) used
individually (single phase), it hasn’t been reported
data concerning their mixed (composite) phases in
Refs. [28,34,35].

2 Experimental

2.1 Initial materials

The first step for manufacturing a sample is the
preparation of its initial mixture: zinc oxide (ZnO, Merck
Chemicals), polypyrrole (PPY, Merck Chemicals) and
high-density polyethylene (HDPE, Tabriz Petrochemical
Company, Iran). To prepare ZnO powder, it was sintered
at 700 °C for 2 h and ground for 1 h. Due to the
non-stoichiometric characteristic of ZnO, heat treatment
is necessary to improve its electrical and structural
properties [36,37]. After that, the powder was screened
with a sieve (US sieve size 200) to hand in ZnO particles
less than 74 pm. PPY was synthesized by chemical
oxidative polymerization [38]. To do this, 1.35 g/mL
FeCl; of distilled pyrrole was dissolved in 50 mL of
distilled water and stirred for 30 min. The synthesis was
performed at 5—7 °C. Then, distilled pyrrole was added
dropwise into the solution. The precipitated PPY was
collected by filtration after 3 h and dried at 70 °C for
24 h. The final PPY is in doped form and has high
electric conductivity. So, it was de-doped by
dehydrogenating it. To do this, PPY was mixed in
1 mol/L ammonia solution for 2 h and dried at 80 °C for
24 h. In order to have a homogenous powder, it was
ground a few times during the drying process. Finally, it
was screened similarly to ZnO powder. The particle size
of the applied HDPE in this mixture was less than 74 pm
too.

2.2 Preparation of discs

Specified amount of ZnO—PPY—-HDPE was mixed
using magnetic balls for 4 h according to Table 1. Due to
the average molar mass of polymers, initial substances
were picked according to their mass fractions. All
samples were prepared by hot press at 130 °C. At this
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Table 1 Summarized information about samples
Sample No.  w(ZnO)/%  w(Polymer)/% Nonlinear coefficient, a Potential barrier/eV Breakdown voltage/V

1 60 40 4.28 0.380 590

2 65 35 5.54 0.301 420

3 70 30 6.40 0.290 380

4 75 25 7.11 0.297 450

5 80 20 7.90 0.311 510

6 85 15 9.04 0.319 740
temperature, HDPE is pasty and covers all other particles 14 e 60% ZnO
and increases the mechanical stability of the sample. At | —e— 65% ZnO
this temperature, HDPE is aqueous and effuses outside of : ;(5)22 %Eg
the die. The applied pressure was 60 MPa. All discs had 10+ —< 80% ZnO
10 mm in diameter and (140i10) pum 'in thickness. & 5l —— 85% ZnO
Samples were also checked by optical microscope for g
their quality confirmation before measurements. = 6F ;
2.3 Measurements 4r

Two copper electrodes with 6 mm in diameter were 7L

used in order to measure the /—J characteristics of

samples. The accuracy of ammeter was 10 nA. The
frequency dependence of dielectric parameters of
samples including relative dielectric constant and series
resistance was investigated by using KC—605 LCR meter
in the range of 200 Hz—5 MHz. It was connected to a
computer using rs232 cable. The scanning electron
microscopy (SEM) micrographs (MIRA3 TESCAN)
were used in order to study the microstructure of the
samples.

3 Results and discussion

3.1 I-V characteristics

The I-V characteristics of samples were shown in
Fig. 1. As this figure shows, by increasing ZnO content
in the mixture up to 70%, the breakdown voltage reduces
and leakage current increases. By increasing ZnO
content beyond 70%, the process is reversed, i.e.,
breakdown voltage and leakage -current
decreases. It is clear that there is a minimum value for
breakdown voltage (proportional to the potential barrier
height in Fig. 2). This behavior is related to the
microstructure of the varistor composed of several
micro-varistors.

Grain—intergranular-grain structure defines a micro-
varistor and the number of these micro-varistors between
two electrodes defines total breakdown voltage
according to the equation V,=Vgp/d. In this equation, V;
is the breakdown field, Vg is the barrier voltage and d is
the grain size of samples. In general, two mechanisms
may influence the breakdown voltage in a micro-varistor:
spacing between the grains, and the presence of PPY and
its effect on tunneling [25].

increases

0 100 200‘ 300 400 500 600 700 800
VIV

Fig. 1 [-V characteristics of samples with different ZnO
contents

038

0.28

o0l

Mass fraction of ZnO/%

60

Fig. 2 Variation of potential barrier height ¢, (proportional to
breakdown voltage) vs ZnO content in mixture

As it is known, at a given voltage, tunneling will not
start until the spacing between grains reaches the
required distance. When this is done, tunneling effect
will begin. This is achieved by increasing ZnO content in
the mixture. So, increasing ZnO content is equivalent to
reducing the space between grains as well as reducing
breakdown voltage or potential barrier height (as it will
be calculated later, Table 1). But, most importantly, the
presence of PPY particles between grains completely
affects the tunneling as well. Although increasing ZnO
content makes grains closer to each other, it is equivalent
to decreasing PPY content at GBs [25]. Decreasing PPY
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content (which is equal to increase the effective spacing
between grains) is more effective than that of increasing
the ZnO content and results in higher breakdown voltage
and potential barrier height (Table 1). So, increasing ZnO
content more than 70% increases breakdown voltage. All
of these explanations are recognizable in SEM images
(Fig. 3). According to this figure, at low ZnO content, the
polymer matrix is completely clear and recognizable
(Figs. 3(a—c)). Nevertheless, by increasing ZnO content,

the lack of polymer content is clear and the space
between ZnO particles is empty and recognizable
(Figs. 3(d-1)).

The electrical conduction has two sources: electrical
field (Pool—Frenkel emission) and temperature (Schottky
emission). In Schottky type emission, an electron could
tunnel through potential barrier height which is formed at
the GBs with the cooperation of electric field and
temperature. This results in the changes in energy band

Fig. 3 SEM images of samples with different ZnO contents (P: Polymer): (a) 60%; (b) 65%; (c) 70%; (d) 75%; (e) 80%; (f) 85%
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close to the interface. The related equation is as
follows [39]:

I=AT exp[(BV"*~0,)(KsT)] )

where [ is the electric current, V' is the electric potential
difference, ¢, is the potential barrier height, K is the
Boltzmann constant; 7T is the temperature; 4 and f are
constants.

By plotting In /-7 curve (Fig. 4) and calculating
interception of the curve at a constant temperature, the
potential barrier height will be calculated. The results are
summarized in Table 1 which shows that the potential
barrier height is completely in conformity with
breakdown voltage.

-4
_6 L
-8+
<
= -10+
=
—=— 60% ZnO
-12t —e— 65% ZnO
—a—70% ZnO
—— 75% ZnO
“l4r —— 80% ZnO
—— 85% ZnO
-16 . . . . .
5 10 15 20 25 30
V1/2N1/2

Fig. 4 In I-V""? curves to calculate potential barrier height using

Piannaro’s model

3.2 Nonlinearity
The /- V characteristic of a varistor is given by

I=KV* 3)

where V is the applied voltage, [ is the electric current
flowing through the sample, K is a constant and a is
nonlinear coefficient which is the most important
parameter indicating the quality of a varistor (o=1 for
Ohm law and o=w for an ideal varistor). By plotting
In /-1In V curve, the slope of the curve will give a in the
breakdown region (Fig. 5).

The obtained results are summarized in Table 1. As
this table shows, no matter how breakdown voltage
behaves, nonlinear coefficient increases by increasing
ZnO content in the mixture. As it was mentioned before,
the origin of nonlinear behavior is the presence of PPY at
GBs which is related to the interaction between grains
and GBs. Two conductive grains and a thin insulator
layer between them create a potential barrier called
Schottky  barrier. According to the conduction
mechanism on varistors, there are different models, e.g.,
inter-granular layer, additives segregation and disordered
thin layer that could successfully describe this barrier.
The origin of this barrier is based on the existence of

acceptor-like states at grain boundaries. These states trap
electrons and applying an electric field makes electrons
tunnel between grains. So, the more the ZnO content is,
the more the trapped electrons are, resulting in higher
nonlinear coefficient [2,40—42].

-4
_6 L
A
< -8r o . -
= e
& A e
£ -101* $ u —=— 60% ZnO
: o —— 65% ZnO
-12L . : —— 70% ZnO
—v— 75% ZnO
b —— 80% ZnO
“14l 85% ZnO
" . . .
3 4 5 6 7
In(V/V)

Fig. 5 In/-In V curves to calculate nonlinear coefficient of
samples

The presence of PPY and HDPE supports this effect
because they increase trapped electrons at GBs. For
composite varistors, the formation of the Schottky barrier
is as follows. PPY in its de-doped form has high
resistivity. But, it could be easily doped by partial
reduction or oxidation with electrons. By joining
inter-granular layer (i.e., PPY) to ZnO grains which are
n-type semiconductors, the acceptor states at the
boundary could trap electrons provided by ZnO which
results in the formation of the potential or Schottky
barrier. To study this, an experiment was done. At first,
the -V characteristics of both HDPE and PPY were
considered in a single phase. They both exhibited linear
property which is shown in the inset of Fig. 6. But
mixing them with ZnO gave rise to completely different
results. ZnO+HDPE still exhibited linear behavior, while

12
0.12
—=— HDPE
010} - ppy
< 0.08
: g 0.06
0.04f )
g 0.02 ’44‘7%'7".44
E 6} AD %0 €0 0 5080 100
) VIV
3 [ —— ZHO+HDPE
—— 7ZnO+PPY
0 . rearersssassserreats
0 150 300 450 600 750
VIV

Fig. 6 -V characteristics of HDPE and PPY in single phase
(inset) and mixed with ZnO
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ZnO+PPY exhibited nonlinear property but at relatively
high leakage current.

The origin of these different behaviors is concealed
inside the difference between chemical bonds of HDPE
and PPY. Chemical bonds of HDPE are strong sigma
bonds and mixing it with other materials does not change
its properties. But PPY is one of the organic polymers
and its well-known property is that it could be partially
oxidized with an electron acceptor (p-doped) or reduced
with electron donors (n-doped) by dopants [43]. Here,
the dopant is n-type ZnO. So, combining PPY with ZnO
increases its conductivity and this process is responsible
for the nonlinear behavior of the mixture. Because of
high leakage current in this mixture, some insulators
such as HDPE (a thermoplastic polymer) are required to
reduce leakage current and increase mechanical stability.

3.3 Frequency dependent characteristics
3.3.1 Relative dielectric constant—frequency (k—f)
characteristic

The relative dielectric constant (RDC)—frequency
characteristics (equivalently c—f, c=ke,A/d, ¢, is the
vacuum permitivity, 4 is the area of the plates, d is the
distance between the two plates) of samples are shown in
Fig. 7. Three points are considerable in this figure.

1) Changing RDC by changing frequency. By
increasing frequency, the RDC (or capacitance) of the
samples decreases. Actually, this curve may be divided
into two main regions: below and beyond 1 kHz. The
high RDC below 1 kHz is due to the charge
transportation through the double Schottky barrier which
exists at GBs [35]. As it was discussed earlier, this is
known as the Maxwell-Wagner effect and related to
high series barrier capacitance at GBs [44]. The
Maxwell-Wagner effect is a result of charge
accumulation at the interface of two materials with
different charge carrier relaxation time. Charge
accumulation itself is a result of current flow through
interface. These kinds of charges could be effective traps
for the injected electrons from ZnO grains under high
electric potential. This results in the increase in electrical
resistivity and dielectric life time [45]. On the other hand,
the basic idea is just so simple: the conductivity of the
sample is reduced by a thin insulating layer at GBs
which blocks charge transportation between two grains
and enhances the static dielectric constant.

2) Changing RDC by changing ZnO content. As
shown in Fig. 7, by increasing ZnO content in the
mixture, RDC is reduced. This is explained by the fact
that at low ZnO content, it can be considered that the
sample is composed of three phases which affect the
RDC of the sample. Several formulas have been
suggested for calculating static RDC of a mixture which
has been derived from the basis of both theoretical and

a

50 (a)
18 —=— 60% ZnO
—— 65% ZnO
16 —— 70% ZnO
14 —v— 75% ZnO
—— 80% ZnO
=12 —— 85% ZnO

—a— 60% ZnO
14 —o— 65% ZnO
—— 70% ZnO
—v— 75% ZnO
12 —— 80% ZnO

— 85% ZnO

~ 4| \ ¥ /e 60% ZnO
—e— 65% ZnO

———¢ . 70% ZnO

—v— 75% ZnO

- ———— —+ 80%ZnO
—« 85% ZnO

44 45 46 47 48 49 50
f/MHz

Fig. 7 Total behavior of RDC with frequency in general (a) and

exact form (b, c)

experimental data. Among them, Lichtenecker—Rother or
logarithmic law of mixing formula is considerable [46].

According to this law, RDC of a mixture is a
logarithmic summation of the three RDCs related to
three phases of ZnO, PPY and HDPE. But, by increasing
ZnO content, the sample relatively tends to single phase
state and the total RDC will be less than that of the
sample with low ZnO content.

3) Nonlinearity at frequency characteristics. As
shown in Fig. 7, the RDC varies by increasing frequency
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in four regions: a) at 23 kHz, the capacitance possesses
its minimum value; b) at 50—60 kHz, RDC tends to
increase; c) at around 2800 kHz, there is an abrupt
decrease in RDC; and d) at 4600—4750 kHz, it also falls
off. As it discussed before, there are three sources for
polarization  (electronic, ionic and orientational
polarization). But there is another kind of polarization
called interfacial polarization for systems which are
composed of two phases. The electronic and ionic
polarization occurs at high frequencies (ultraviolet and
infrared region), so these are not the case here. At low
frequencies (~kHz), the interfacial or space charge
polarization occurs. Especially in varistors, grains and
intergranular phases have completely different dielectric
constant and conductivity (g, o, and &, 0,) and the
condition for interfacial polarization (g0, # &0,) was
established. In this condition, charge carries could
accumulate at the interface between phases [30]. But at
higher frequencies (~MHz), the orientational polarization
occurs and RDC reduces [46]. Finally, RDC drops off as
each kind of polarization becomes unable to keep up
with the switching electric field.
3.3.2 Series resistivity and dielectric loss

One of the important parameters in defining a real

0.5
(a)
—=— 60% ZnO
- —e— 65% ZnO
: —— 70% ZnO
—v— 75% ZnO
—— 80% ZnO
0.3 —« 85% ZnO
Q
f/MHz
c
© —a— 60% ZnO
—o— 65% ZnO
0.10 —a— 70% ZnO
—v— 75% ZnO
—— 80% ZnO
—~—85%2Zn0 S/
Q /4
0.05 === /
¥ } / e
A
O 1 ! !
2.70 2.75 2.80 2.85

f/MHz

capacitor is its series resistor (R;). It is related to the loss
factor via D=tan 0=R/X=Rycw (Fig. 8), where D is the
dissipation factor, ¢ is the loss angle, c is the capacitance
and o is the applied frequency. Dielectric loss is
described as changing electromagnetic energy into heat
(loss) which is an inherent characteristic of materials.
There are two kinds of dissipations: conduction loss
because of the charge flow (electric current in
conductors) through materials which can cause energy
dissipation, and dielectric loss due to the fact that the
motion of a charge in an electromagnetic field can cause
energy dissipation. Here, conduction loss does not exist
due to the applied electromagnetic field on samples.
Dielectric loss, especially at resonance frequencies, is
high. Owing to these frequencies, the interaction between
dipole moments and the electromagnetic field is strong
and this interaction will produce heat which causes
energy dissipation. In these situations, the dielectric
constant of materials will decrease. These anomalies are
presented in Figs. 8(b—d), showing that by increasing
ZnO content, dielectric loss decreases. This is because
the dielectric loss for materials with a high dielectric
constant is high which can be confirmed by looking at
Fig. 7. This figure shows that by increasing ZnO content,

—a— 60% ZnO
—— 65% ZnO
—— 70% ZnO
—v— 75% ZnO
—— 80% ZnO
—— 85% ZnO

¥/ 6% zno  \
/N / —e— 65% ZnO \;}F\“‘-
/ —— 70% ZnO 7|
0.05 /\/ —v— 75% ZnO |
—— 80% ZnO
—< 85% ZnO
45 4.6 4.7 4.8
f/MHz

Fig. 8 Total behavior of dielectric loss with frequency in general (a) and exact forms (b—d)
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dielectric constant decreases (as we discussed earlier).

4 Conclusions

All investigated parameters concerning dielectric

properties fall off up to 1 kHz. This is due to the
limitation of charge transportation through the double
Schottky barrier which exists at GBs. Beyond that, there
are some anomalies at different frequencies which
indicate the polarization or non-polarization state of the
samples. The ZnO—PPY—HDPE composites show good
nonlinear properties which can be used as a surge
protector. Although breakdown voltage has a minimum
value at 70% ZnO, nonlinear coefficient increases by
increasing ZnO content in the mixture.
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