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Preface

Metal oxide varistor (MOV), or ZnO varistor, is a kind of polycrystalline
semiconductor ceramics composed of multiple metal oxides and sintered
by conventional ceramic technology. ZnO varistors have good nonlinear
volt-ampere characteristics and excellent impulse energy-absorbing capacities.
These advantages make them widely used in transient overvoltage protections
for electrical/electronic systems. Now, varistors have been widely used as
guardians to protect circuits over a very wide range of voltages, from a few volts
in semiconductor circuits to 1000 kV AC and + 1100kV DC in electrical power
transmission and distribution networks. Correspondingly, they can also handle
an enormous range of energies from a few joules to many megajoules. Remark-
ably, they are also very fast, switching in nanoseconds from their high-resistance
state to highly conducting state and then restores to a normal high-impedance
operating conditions.

A bulk varistor is a complex multijunction device composed of large numbers of
both ohmic and nonlinear elements connected in a random network. The features
of bulk varistors are influenced by the geometry and the topology of the granular
microstructure, as well as the properties and the distribution of electrical charac-
teristics of grain boundaries. This book tries to bridge the Macro-Characteristics
with the properties in microstructures of ZnO varistors to provide insights into
some of the aspects in the microstructures of ZnO varistors, which influence the
features of the bulk varistors and further the science and the understanding on
microstructures of ZnO varistors and those parameters that aftect the efficiency
during the manufacturing process.

The book includes 12 chapters, which mainly focuses on ZnO varistors.
Chapter 1 introduces and highlights the fundamental knowledge and applica-
tions of ZnO varistors. Chapter 2 introduces the conduction mechanism of the
ZnO varistor, among the numerous conduction models, the one presented by
G.E. Pike and further developed by G. Blatter and F. Greuter has been widely
recognized and may meet most of the experimental phenomena. Various addi-
tives to improve the electrical characteristics were discovered and the synthesis
conditions were optimized, which will be introduced in Chapter 3. The electrical
properties of each individual grain boundary will contribute to the global electri-
cal characteristics of ZnO varistors, Chapter 4 characterizes the microstructural
electrical properties of ZnO varistors. The simulation is helpful to reveal the
connection between the microstructure and the macroscopic characteristics
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of varistor ceramics, the details on how to simulate varistor ceramics will
be presented in Chapter 5. The breakdown of ZnO varistors is an original
phenomenon during their applications, and the failure models result in difterent
energy handling capabilities, which will be introduced in Chapter 6. ZnO varis-
tors can be electrically, chemically, and thermally degraded during use, leading
to the reduction of barrier voltage height and, consequently, to the increase
of leakage current, which could be catastrophic for ZnO varistors, Chapter 7
discusses the electrical degradation of ZnO varistors. Chapter 8 introduces
other ZnO varistor systems instead of bismuth, such as praseodymium, barium,
and vanadium, for overcoming the shortcomings of Bi,O,-based ZnO varistors.

The applications in electronic systems require the miniaturized varistors and
low-voltage varistors. Chemical processing, such as sol—gel, solution, precipita-
tion, microemulsion techniques, etc., facilitates a homogeneous doping at the
molecular level to obtain a miniature device with a higher breakdown voltage,
which will be introduced in Chapter 9. Interestingly, the ceramic—polymer
composite varistor is a composite one, incorporating varistor particles or
semiconducting particles, and its field-dependent property varies with the filler
concentration. The composite varistor, with a lower breakdown voltage, can be
a suitable substitute for ZnO-based varistors for the purpose of protection for
low-voltage systems, which will be introduced in Chapter 1.

Besides works on improving the performance of the ZnO varistor material,
other new materials have also been searched in order to achieve a better stability
and be used for new applications. The titanium-based capacitor—varistor dual-
function varistor ceramics, such as TiO,, SrTiO, CaCu,;Ti,O,, (CCTO), and
BaTiO, varistor ceramics, have realized the goal to achieve component minia-
turization and provide a superior high-frequency and high-amplitude transient
voltage protection, which will be introduced in Chapter 10. Difterent from
the multiphase structure of the ZnO-based varistor, the SnO,-based varistor
has a simple microstructure, good stability, and better thermal conductivity,
which makes the SnO,-based varistor one of the most promising candidates to
commercially compete with the ZnO-based varistor. The SnO,-based varistors
will be introduced in Chapter 11. The WO,-based varistor ceramic is another
kind of low-voltage varistor with a low threshold electric field of 5-10 V mm™
and a high dielectric constant, which enables it to act as a varistor in parallel
with a capacitor, which will be introduced in Chapter 12.

This book covers main aspects of metal oxide varistors, which introduce funda-
mental and advanced theories and technologies related to metal oxide varistors,
research achievements in the this field, and has reflected the recent research
works of the authors and their students and colleagues in Tsinghua University,
especially the Ph.D. dissertations of Dr. Chen Qingheng, Dr. Hu Jun, Dr. Liu Jun,
Dr. Long Wangcheng, Dr. Zhao Hongfeng, Dr. Xie Jingcheng, Dr. Cheng Chenlu,
and MSc thesis of Ms. Wei Qiaoyuan. The author tried to cover all the aspects of
metal oxide varistors, but it is hard to avoid ten thousand may have been left out.

Professor Jinliang He
Tsinghua University
Beijing

China
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Introduction of Varistor Ceramics

Zinc oxide (ZnO) varistor, which is a kind of polycrystalline semiconductor
ceramic composed of multiple metal oxides and sintered using conventional
ceramic technology, is a voltage-dependent switching device, which exhibits
highly nonohmic current—voltage characteristics above the breakdown voltage.
Basic information on ZnO varistors, including the fabrication, microstructure,
and typical electrical parameters, is introduced. The history and applications of
ZnO varistors are also presented. The panorama of alternative varistor ceramics
for Bi,O,-based ZnO varistors is mapped out. Especially, the ceramic—polymer
composite varistors with lower breakdown voltage, incorporating varistor
particles such as semiconducting particles, a combination of metal and semicon-
ducting particles, and ZnO microvaristors, in a polymeric matrix are reported.
Now, varistors are available that can protect circuits over a very wide range of
voltages, from a few volts for low voltage varistors in semiconductor circuits to
1000 kV AC and 1100 kV DC in electrical power transmission and distribution
networks. Correspondingly, they also can handle an enormous range of energies
from a few joules to many megajoules.

1.1 ZnO Varistors

A varistor is an electronic component with a “diode-like” nonlinear current—
voltage characteristic, which is a portmanteau of variable resistor [1]. Function-
ally, varistors are equivalent to a back-to-back Zener diode and are typically used
in parallel with circuits to protect them against excessive transient voltages in
such a way that, when triggered, they will shunt the current created by the high
voltage away from sensitive components.

The most common type of varistor is the metal oxide varistor (MOV), which
contains a ceramic mass of ZnO grains, in a matrix of other metal oxides, such
as small amounts of bismuth, cobalt, and manganese, sandwiched between two
metal electrodes. The boundary between each grain and its neighbor controls
the current according to the applied voltage, and allows current to flow in two
directions. The mass of randomly oriented grains is electrically equivalent to a
network of back-to-back diode pairs, each pair in parallel with many other pairs.
A varistor’s function is to conduct significantly increased current when voltage is
excessive. Only nonohmic variable resistors are usually called varistors [1].
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In normal use, a varistor is subject to a voltage below its characteristic break-
down voltage and passes only a tiny leakage current. When the voltage exceeds
the breakdown voltage, the varistor becomes highly conducting and draws a
large current through it, usually to ground. When the voltage returns to normal,
the varistor returns to its high-resistance state [2]. The result of this behavior is
a highly nonlinear current—voltage characteristic [3—5], in which the MOV has
a high resistance at low voltages and a low resistance at high voltages; usually,
the resistivity of a ZnO varistor is more than 10'° Q cm below the breakdown
voltage, whereas it is less than several ohm-centimeters above the breakdown
voltage [6]. The switch is reversible with little or no hysteresis although it can
degrade under electrical loading [2]. A varistor remains nonconductive as a
shunt-mode device during normal operation when the voltage across it remains
well below its “clamping voltage”; thus varistors are typically used for suppressing
line voltage surges. However, a varistor may not be able to successfully limit
a very large surge from an event such as a lightning strike where the energy
involved is many orders of magnitude greater than it can handle. Follow-through
current resulting from a strike may generate excessive current that completely
destroys the varistor [1].

ZnO varistors are voltage-dependent switching devices, which exhibit highly
nonohmic current—voltage (/-V') characteristics above the breakdown voltage.
The nonohmic /-V characteristics are usually expressed logarithmically, as
shown in Figure 1.1 [6]. The degree of nonohmic property is usually expressed
by a nonlinear coefticient a defined by the following equation:

vV dv
_-— 1.1
«=—-— (1.1)
Empirically, the following simple equation is used:
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Figure 1.1 /-V characteristics of a typical ZnO varistor. Source: Adapted from Eda [6].



