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Consumption and demand of electricity keeps rising with the rapid development of the economy.
Affordable, reliable, sustainable, and modem energy is an important goal for everyone. In recent years, a lack
of electricity still occurs in poor areas and in advanced areas due to extreme weather or shortages of coal.
According to united nation’s report of sustainable goals, there are 759 million people lacking access to
electricity. Accelerated action on renewable energy is needed especially in heating and transport sectors.
Improvement of energy efficiency, and development of clean energy source is more than important for all.
For a diverse electrical power grid, it is important and urgent to build a network that is efficient in combining
fuel energy, solar energy, wind energy, hydroelectric energy, and other types. Development of ultrahigh
voltage power transmission technologies is required to realize safe, efficient, clean, and low carbon electricity
supply. Higher voltage lightning arresters, such as ZnO varistors, play a key role in increasing such
transmission line voltage.

Zinc oxide varistors are widely used as a key part in surge arresters to protect electronic and electrical
devices from abnormal overvoltages, such as lightning attacks. This special ceramic material is a mixture of
mainly ZnO and a minor number of additives such as Bi, Co, Mn, Sb, Si, and others. Their protective abilities
originate from the nonlinear voltage—current (¥—I) characteristics generated between ZnO grain boundaries
and intergranular layers due to the formation of double Schottky barriers. It is a voltage-dependent switching
device that exhibits nonohmic ¥~/ characteristics above the breakdown voltage, and becomes conductors
when they are exposed to voltages higher than their operating limits, shunting current to ground to prevent
damage to devices connected in parallel. The withstand level, set amount, and position of surge arresters are
designed according to the overvoltage caused by lightning strikes and switching surges in power systems.
However, increasing the number of surge arresters for UHV transmission will also increase the cost.
Furthermore, although the arrester’s working voltage (also called varistor voltage) can be increased by simply
increasing the number of ZnO varistors in device, in this case, the size of surge arresters will also be largely
increased which may be more than a few meters. Considering the layout of the transmission system and the
limited area in the city, downsizing of surge arresters is also needed. Hence, ZnO varistors need to be improved
in order to be used in UHV transmission. Varistors exhibiting high ZnO voltage, good nonlinearity, low
leakage current, and high electrical stability are essential for reducing energy loss and enhancing protection.

The author's aim is to investigate ZnO varistors with high voltage to 1000V/mm (double the commercial
varistor voltage) and good resistance to electrical degradation, which could be applied to the UHV
transmission systems and reduce ZnO varistor element amounts in surge arresters. The conduction processes
in ZnO varistors need to be clarified, especially the mechanisms of electrical degradation which have not been
fully studied and reported. Varistor voltage is dependent on the number of grain boundaries between two
electrodes and the voltage per grain boundary. To increase it, one method is to reduce the ZnO grain size, and
the other is to increase the voltage per boundary. By adjusting additive type and amounts in ZnO the electrical
properties of ZnO varistors can be controlled. On the basis of this recipe, Y, Cr, Ni, B, Si oxides were added



in this study. These oxides can be divided into two categories, the Y doping group and the Si doping group.
Firstly, Y were introduced into commercial varistors and varistor voltage was increased to around 1000V/mm,
however, electrical degradation occurred severely and leakage current was large. Chapters 5 and 6 discussed
how Cr, Ni, or B could improve electrical degradation properties in Y-doped varistors. Another recipe that
contained less additives and without Y was studied by adding SiO,to Zn-Bi-Co-Mn varistors. The effects of
B and Sb on Si-doped varistors were further studied in chapter 7.

The thesis is divided into eight chapters.

In Chapter 1, ZnO varistors and their history are generally explained, and the importance of improving
and developing new recipes for ZnO varistors for ultra-high voltage transmission lines is demonstrated. The
objective of the study is to develop a high voltage varistor which shows good electrical stability for the use in
UVH systems.

In Chapter 2, the properties of ZnO varistors such as the nonlinear electrical properties, microstructure and
grain boundary structure, chemical reaction mechanisms during sintering are demonstrated. The application
of ZnO varistors in various types of devices is described. The ZnO varistors are complex ceramic materials
with addition of many additives. The microstructure and electrical properties of ZnO varistors are influenced
by the chemical reaction occurring between additives and ZnO during sintering at high temperatures. Now,
ZnO varistors are applied from a few volts for low voltage varistors in circuits to 1100kV in electrical power
transmission networks.

In Chapter 3, the principles of ZnO varistors are demonstrated. The nonlinear VI characteristics and
specific phenomena are explained. Reported additive effects have been summarized. A double Schottky
barrier and other mechanisms are discussed for the origin of V—1 characteristics. Electrical degradation is
explained and degradation phenomena are illustrated in various conditions. Various mechanisms can lead to
electrical degradation.

In Chapter 4, the experimental methods and evaluation methods are demonstrated. Solid-state reaction at
high temperature is used to make samples. The electrical properties such as ¥~/ characteristics, electrical
degradation test are explained. The capacitance—voltage measurement and isothermal capacitance transient
spectroscopy are introduced and used to investigate the Schottky barrier and interface states. Microstructures
are observed by X-ray diffraction, scanning electron microscopy, transmission electron microscopy, energy-
dispersive spectroscopy, and emission electron probe micro analyzer.

In chapter 5, the effects of Cr and Ni on Y-doped varistors are examined, including electrical properties,
electrical degradation, microstructure, Schottky barriers and interface states. Incorporating 0.35 mol% Cr,Os
in Y-doped varistors increased single-grain varistor voltage Fanes from 2.6 to 3.3 V and decreased the leakage
current density by a factor of 40, from 2x10° to 5x107 A/cm? Nonlinearity index « before and after
degradation increased from 21 to 35. 1.2 mol% NiO increased Pancs to 4V. The highest varistor voltage was
1500 V for 0.3 mol% NiO. Resistance to electrical degradation improved with optimal amounts of Cr or Ni
by reduction in grain boundary oxygen vacancies. Though donor density was changed by addition of Cr
and/or Ni prominently, the change of barrier height was suppressed by the change of interface state density.
As aresult, the change of Vangs was related mainly to the empty interface state density under no bias.

In chapter 6, the effects of B;Os addition to Y-doped varistors are studied. The optimal amount of B,Os
(0.75 mol%) drastically improved the electrical properties of Y-doped varistors, reducing the leakage current
to 0.8 pA/cm” while maintaining exceptionally long-term stability to DC electrical degradation and a voltage
around 900 V/mm. Boron ions are found with Bi ions in Y-compounds, which contribute to formation of a
Bi-rich glass phase containing B at grain boundaries when B,O; is above 0.75 mol%. The change in
microstructure affected the donor density and barrier structure leading to a change in electrical properties. The
Bi-rich phase first reduced Co concentration in the ZnO grain, decreasing donor density Np. Then, when B,O;



was greater than 1 mol%, the excessive B ions acted as donors to increase Np. In addition, the relationship
between B,O; and SiO, in Y-doped varistors is also discussed.

A new analytical method using differential resistance Rp of the nonlinear voltage—current density relation
was proposed and explained also in chapter 6, to clarify the effects of B,O;3 addition. This method separates
the three-differential resistance Rp; values (i = 1, 2, 3) and was used to analyze the corresponding conduction
process located in forward-biased region I, reverse-biased region I1l, and interface region II of the energy band.
The Rpi and R, values exhibited a junction diode-like property in regions I and 1. The value of Rp; that
correlated with aesmax and Jong-term stability of varistor and Rps may be related to region II.

In Chapter 7, SiO; addition to Zn-Bi-Co-Mn varistors are investigated. Varistor voltage increased as Si
content increased because the formation of second phase Zn,SiO4 that inhibits the ZnO grain growth.
However, the resistance to electrical degradation also decreased. Therefore, B was added into Si-doped ZnO
varistors to improve the resistance to degradation. It is considered that the resistance to electrical degradation
is improved upon addition of B by its combination with ions in grains and prevention of ion movement.
Furthermore, it was found that Bi-Mn-Co-Si-B added ZnO varistors have good resistance to electrical
degradation characteristics and the varistor voltage can be controlled by manipulating the amounts of Si and
B.

In Chapter 8, the summary of the whole thesis and pathways for future work are explained.

This study discussed the additives’ effects on fabrication of high voltage ZnO varistors, improved the
electrical properties of Bi-based ZnO varistors by doping Y, Cr, Ni, B, Si oxides as additives, clarified the
degradation phenomena, and summarized and created a guideline for the measurement of ZnO varistors. A
new differential resistance Rp of the nonlinear voltage—current density is proposed, that is suggested for
devices such as other types of ZnO varistors, TiO; varistors, and SnO; varistors, and may also be suitable for
avalanche diodes or heterojunctions, especially because the equation for Rps may result from the tunneling
effect.



