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Abstract:

Varistor samples containing different amounts of constituent phases were prepared
by direct mixing of constituent phases. Detailed electrical characterization was performed to
explain the influence of minor phases (spinel and intergranular phases) on overall properties.
Characterization included investigation of the non-linear coefficients (o), breakdown electric
field (Ep), leakage currents (J), grain boundary barrier hight (®@p) and constant B from
current-voltage characteristics, as well as calculation of activation energies for conduction
(E4) from ac impedance spectroscopy in the temperature interval 30-410 °C. Varistors
sintered at 1100 °C for 1 h showed pronounced differences in electrical properties depending
on relative molar ratios of the phases. Results were discussed in the sense of possible
reduction of the content of minor phases in ZnO varistors.
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1. Introduction

ZnO varistors are ceramic composites widely used for voltage stabilization and
transient surge suppression in electronic circuits and electric power systems [1, 2]. ZnO
varistors are composite materials, consisting typically of three phases: ZnO, spinel and an
intergranular Bi-rich phase [3-5]. Their quality, electrical properties and application depends
on their microstructure, phase composition, additive distribution and homogeneity. The main
feature of ZnO varistors is high nonlinearity of current-voltage characteristics. An ideal
varistor should consist only of homogeneously distributed ZnO grains with highly resistive
grain boundaries, without secondary phases. This means that it is possible to reduce the
amount of minor phases, such as spinel and intergranular phase, with some improvements in
the preparation procedure. To reach this goal it is necessary to understand the role of each
phase and its influence on varistor properties.

The aim of this study was to observe electrical properties of varistors with different
amounts of constituent phases, with the intention to reduce the amount of spinel and
intergranular phases in varistors. For this purpose the method refered to as "direct mixing of
the constituent phases" (DMCP) was applied in the preparation of varistors, because this
method enables better control of relative amounts of constituent phases inside the
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ceramics [6].

2. Experimental procedure

The DMCP method enables preparation of bulk type varistors with an optimum and
precisely defined composite structure.

Preparation of ZnO varistors by the DMCP method proceeded in two steps:

- synthesis of constituent phases (ZnO, y-Bi,0s, and spinel),

- synthesis of varistor ceramics from powder mixtures of constituent phases.

Compositions of the starting phases were the following:

- ZnO phase: 99.8 mol% ZnO + 0.2 mol% (Co>" + Mn*")

- Spinel phase: Zn; 97:Ni.090C00.030Cr0.247Mn0 090Sbyg 54504 (Zn-all)

- Bi,0; phase: 6Bi,05-MnO, (Bi-Mn)

Composition of the ZnO phase was 99.8 mol% ZnO + 0.2 mol% (Co*" + Mn*").
Details of the varistor preparation procedure using DMCP can be found elsewhere [6, 7]. The
obtained phases were used for preparation of varistor mixtures with phase compositions listed
in Tab. I. The starting composition (Z12) has the following composition written in mol%:
96.5 % ZnO + 1.87 % Bi,03+ 0.03 % Co0304 + 0.60 % MnO, + 0.29 % NiO + 0.89 % Sb,0;
+ 0.40 % Cr,0s, that is a typical composition than enables good electrical properties [8]

Tab. I. Phase composition of varistor mixtures.
Constituents (mass % )

Mixture ZnO Spinel Zn-all y-Bi,05
712 85 10 5
713 92.5 5 2.5
Z14 95 2.5 2.5
715 92.5 2.5 5

The mixtures were homogenized in an agate planetary ball mill for 2 h, pressed into
pellets sized 1 mm x 8§ mm and sintered in air for 1h at 1100 °C.

Microstructural characterization of ceramics was made by scanning electron
microscopy (JEOL JSM-5800).

Electrical properties were registered using a dc method and the method of ac
impedance spectroscopy (Gamry EIS300). The grain boundary barrier height (@) and
constant S, which is inversly proportional to the barrier width (w), were determined by fitting
current-voltage characteristics in the pre-breakdown region assuming a Schottky-type barrier
model. The nonlinearity coefficients were determined within the ranges 0.1-1 mA/cm’® (o)
and 1-10 mA/cm’ (a), the breakdown field (E) was measured at 1 mA/cm” and the leakage
current (J) was determined at the voltage of 0.8 Ep. Apparent activation energies for
conduction (E,) were determined using ac impedance spectroscopy in the temperature interval
30 - 410 °C and frequency interval 0.1 - 300000 Hz.

3. Results and discussion

The electrical properties of ZnO based varistors were firstly characterized by the
method of ac impendance spectroscopy. As an example, Nyquist plots of sample Z14 at
different temperatures are shown in Fig. 1. Temperature and frequency intervals were chosen
to obtain only one semicircle that refers to the grain boundary region. The Arrhenius plots
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were constructed based on these measurements (Fig. 2). Ln R is a linear function of reciprocal
temperature in the chosen temperature interval. Apparent activation energies (Tab. 11.) were
calculated from the slopes of the function:

lnR:InAO+f—]{ €))

where R is resistance of the grain boundary region, 4, is the pre-exponential constant, £, is
activation energy of conduction, £ is the Boltzman constant and 7 is the temperature.
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Fig. 1. Nyquist plots of the varistor Z14 measured for different temperatures.

Values of the activation energies were in the range 0.95-1.02 eV. Some dopants were
introduced to grain the boundary region during sintering due to redistribution of dopants
between phases, as shown in [7]. Since all samples contained the same type of dopants, i.e.
the same composition of the constituent phases, but different relative amounts of phases, it
could be expected that they differ only in the concentration of particular deffects, but not in
their type. In accordance with this conclusion, only small differences in £, were registered
suggesting a difference in the concentration of some of defects and interface states.

Further electrical characterization was performed using current density-electric field
(J-E) propertties. J-E curves of the samples are shown in Fig. 3a and 3b and the corresponding
electrical parameters a, J; and Ep are summarized in Tab. II. A significant difference in
electrical parameters of the investigated samples existion: coefficients a ranging from 11 - 46
and the leakage currents from 4.1 to 120.2 pA/cm’, depending on the relative amount of
constituent phases. Obviously, a reduction of the content of minor phases results in worse
electrical properties. To obtain good electrical properties in these samples it is necessary to
change processing parameters, first of all homogenization and sintering conditions, in order to
reach homogeneous distribution of dopants and more homogeneous microstructures.

Values of Ep were relatively high in all samples and they were in the range from 4164
to 4838 V/cm, because of relatively small grains of ZnO. Values of the breakdown electric
field are inversely proportional to the grain size:

Ug=Ey-D )

Obtained values of Ujp are given in Tab. II. A comparison of values for £ and D for
different samples showed that E values did not follow the linear change of D, suggesting an
inhomogeneous distribution of dopants between grain boundaries inside one sample and
consequently the existence of some inactive boundaries and different current paths.
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Tab. II. Characteristic parameters of investigated samples ( o - nonlinearity coefficient, J; -
leakage current, Ep - breakdown electric field, D - grain size, Ujp - voltage per barrier, £, -
apparent activation energy of conduction, @z - grain boundary barrier height, § - constant, p -
density, pr - theoretical density).

Sample D Us E, 5 g T

p % @ [MA/CmZ] [V/cm] [Hm] [V] [CV] [CV] [emeV 1/2] [%]
Z12 39 46 4.1 4838 370 1.79  1.02 1.07 0.541 90
Z13 16 38 49.6 4429 340 1.50 098  0.94 0.431 89
Z14 13 32 78.9 4368 376 1.64 099 091 0.411 89
Z15 11 29 120.2 4164 310 1.29  0.95 0.91 0.399 89

The parameter Uy is calculated assuming a very idealized brick-layer model and
because of that it is significantly more sensitive to microstructural imperfections,
inhomogeneous distribution of dopants and existence of inactive boundaries. As a result
significant changes in Uy were detected in samples of different compositions.
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Fig. 2. Arrhenius plots of resistance vs. temperature for Z12, Z13, Z14 and Z15 varistors.

Usually, a Schottky-type barrier model is used to explain the nonlinear electrical
behavior of varistors. The relevant equation is:

Js = A'T* expl|- (@, — BVE kT | 3)
where Js is the current density, A" is the Richardson constant, T is the temperature and E is the
electric field.

Parameters £ and @ were obtained by fitting eq. 3 (Tab. II). It could be seen that the
barrier height increses with increase of the amount of spinel. It is well known that the main
role of the spinel phase is control of ZnO grain growth. Also, according to some authors [9,
10] spinel has no direct influence on electrical properties, but according to Brankovic et al.
[7] spinel indirectly influences electrical properties due to redistribution of dopants during
sintering. For example, Cr’* and Sb’" diffuse from spinel to grain boundaries. As a
consequence the grain boundary barrier height increases with increasing amount of spinel.
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Fig. 3a. Current density vs.electric field (J-E) curves for varistors Z12 ,Z13. (a) and Z14,
Z15 (b)

The Z12 wvaristor has the best electric properties, with the highest values of
nonlinearity coefficients and grain boundary barrier height, as well as with the lowest values
of leakage current. On the other hand, sample Z15 showed very poor electrical properties. The
712 varistor has same amount of y-Bi,0; as Z15 and a four times higher amount of spinel.
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Fig. 4. Particle size distribution of samples Z12 (a) and Z15 (b).

Both samples have almost the same densities and a similar particle size distribution
(Fig. 4), which leads to the conclusion that the amount of spinel in Z15 is sufficient for grain
growth control, but not for uniform doping of grain boundary regions through redistribution
during sintering. Z14 and Z15 varistors also had the same amount of spinel but sample Z15
contained a two times higher amount of intergranular Bi,O3-based phase. Both samples had
the same values of @p, but Z14 had slightly higher values of nonlinearity coefficients and the
breakdown field. Obviously, the relative molar ratio of spinel and intergranular phase is a
very important parameter and a large amount of intergranular phase in comparison to spinel
results in worse electrical properties. This is in accordance with the results of other authors
who found that an optimal range of Bi,O3 concentrations in varistors exists [11].
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4. Conclusions

Detailed characterization of varistors containing different amounts of constituent
phases confirmed the significance of minor phases and their influence on electrical properties.
Analysis of results of measurements performed showed that spinel influences electrical
properties through redistribution of dopants during sintering. Redistribution of dopants could
change the defect concentration at grain boundaries. This results in different values of barrier
height and width, as well as in different voltages per barrier. Changes in dc electrical
properties, such as nonlinearity coefficients and leakage currents were more pronounced,
indicating an inhomogeneous distribution of dopants and the existence of inactive grain
boundaries in varistors with a lower content of spinel. It was also found that the relative molar
ratio of spinel and intergranular phases is a very important parameter and that a large amount
of intergranular phase in comparison to spinel results in worse electrical properties.
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Caopcaj: Memooom Oupueosane cunmese KOHCMUMYMUSBHUX (DA3a NPUNPEMbEHU CY
8aPUCMOPCKU Y30PYU CA PATUYUMUM KOAUYUHAMA KOHCmumymusHux ¢aza. HMzepuena je
0emasbHa eleKmpUYHa KapaKxmepusayuja ca yumsem 0a ce o0jachu ymuyaj cekyHoapHux gasza
(chunencke u unmepepanyiapue gase) na kapakmepucmukxe sapucmopa. Kapaxmepuzayuja



M. Zunié et al./Science of Sintering, 38 (2006) 161-167 167

Je obyxeamuna oopehusarve koegpuyujenama neauneaprocmu (o), noba npoooja (Ep), cmpyja
wuperwa (Ji), eucune nomenyujarne bapujepe na epanuyu 3pra (©p) u xowcmawme f us
CMpYjHO-HANOHCKe Kapakmepucmuke, Kao U UspaiyHasare eHepauja akmusayuje nposoherba
(E,) u3 ac umnendanche cnekmpockonuje y memnepapamypiom unmepeany 30-410°C.
Bapucmopu  cunmeposanu na 1100°C moxom 1 h nokasamu cy smauajuy pasiuxy y
ENeKMPUUHUM C8OJCIBUMA Y 3ABUCHOCTU 00 PETAMUBHO2 MOJICKO2 00HOCcA (asza. Pezyimamu
cy pasmampanu ¢ mauke eneouwma mozyhe pedykyuje caopoicaja cexynoapuux gaza y ZnO
sapucmopuma.

Kuyune peuu: ZnO sapucmopu, erekmpudna ceojcmaa, aze, MUKpoCmpyKkmypa.
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