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Chapter 1

General Introduction

Safe electric power supply is vital for the stabilization of a nation's electrical production,
energy usage, industrial operations, and people's lives that enable an emerging information
society in modern life. In recent years, electric supplementation has become increasingly
important due to fossil fuel depletion. According to the latest report on the sustainable
development goal, one out of ten people still lacks electricity. A growing concern is energy
efficiency, refinement of the requirement and supply relationship to build a smart grid and
power distribution systems that can be applied to all power sources including green energy,
fossil fuel power, nuclear power.

With regard to electricity supplementation and preventing power outages, it is imperative to
prevent the damage caused by switching surges, lightning strikes, and so on. Surge arresters
serve this purpose, which are a key device for safe electric power supply around the world.

! which is a portmanteau of

Variators are the main body of a surge arrester. A varistor
variable resistors, is an electronic component with “diode-like” nonlinear voltage—current
(V=I) characteristics. There are several types of varistors according to the materials, such as
silicon carbide (SiC) varistors 2, zinc oxide (ZnO) varistor >, titanium oxide (TiOz) varistors *,
tin oxide (SnQ») varistors °, and so on. Among them, ZnO varistors are the most popular due
to their excellently high nonlinear resistance characteristic and the rapid surge absorption
ability %®, emerged with the rapid applications of the gapless surge protectors as a revolution
of traditional gapped SiC arresters.

The first arrester came into use in the early 1930s 2. These first materials were composed of
sintered SiC ceramics, which applied to electrical power delivery systems and telephone
systems in the 1960s. SiC arrester has low nonlinearity of the V'—I characteristics that causes
problems such as large leakage current. Therefore, air gaps between series SiC bulks are
necessary. However, new problems such as response time delay, follow current, and others are
caused by those air gaps. In the 1970s, Matsushita Electric developed the first ZnO varistor °.
Comparing to SiC, ZnO varistors showed extremely low leakage current and high nonlinearity
368 large surge absorption ability, which lead gapless arrester design became possible. After
that ZnO varistors spread the whole world quickly. The improvement of ZnO varistors

processes and properties were investigated for decades by researchers around the world.
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ZnO varistor, which is a ceramic composed of primarily ZnO and a few amounts of multiple
metal oxide additives, is formed from complicated reaction processes during sintering . Its
novel grain boundary properties ° between ZnO and intergranular layer contribute to the special
nonlinear V—I characteristics that lead to the large surge absorption ability. ZnO varistor is a
voltage—dependent switching device, which exhibits highly nonohmic V—/ characteristics
above the breakdown voltage. The ZnO varistors in normal applications operate as insulators
when their voltage is below the breakdown voltage, so they do not conduct any current. When
triggered by overvoltage, such as lightning strikes, it will shunt the current created by the high
voltage away from sensitive components.

Today, ZnO varistors are available to protect devices over a very wide range of voltage,
from a few volts electro-static discharge (ESD) for low voltage varistors in circuits to 1100kV
in electrical power transmission networks ®. Their stable and flat nonlinear ¥~/ characteristics
made them suitable for different usage in lightning arresters, gas insulated switchgear (GIS),
and switching surge suppression %!°.

Development of 1100kV ultra-high-voltage (UHV) electricity transmission technology is
more and more important and necessary to improve energy efficiency and reduce power loss
for long-distance transmission ''2. 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. Reduction of the resistance of ZnO varistors under
overvoltage to improve the surge conducting properties is also needed. This could be achieved
by adding metal additives such as aluminum (Al) or gallium (Ga) to ZnO to increase the donor
density and decrease the ZnO resistance '>!3. Furthermore, although the arrester’s working
voltage (which is called varistor voltage for ZnO varistors) 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 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. ZnO
varistors that exhibit high working voltage, good nonlinear characteristics, and high electrical
stability are required.

When absorbing large surge energy as lightning, the temperature of the varistor rises
together with the increase of leakage current, which leads to energy loss and damaged devices.
Electrical degradation is also one big problem for the application of a lightning arrester.

Commonly, leakage current will also be increased while increasing the varistor voltage of ZnO
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varistors. Lack of studies was reported on the electrical degradation in recent days and direct
proof of the degradation mechanisms was not found.

The author’s target is to investigate ZnO varistors with a high varistor voltage to 1000V/mm
(double of the commercial one) and good resistance to electrical degradation, which could be
applied to the UHV transmission systems and reduce the ZnO varistor element amount in surge
arresters. Varistor voltage is dependent on the number of grain boundaries between two
electrodes and the voltage per single boundary. There are two methods to increase it, one is
reducing the ZnO grain size and the other is increasing the voltage per single boundary. Both
can be adjusted by additive doping. Also, the mechanisms and the conduction process in ZnO
varistors need to be clarified. The effects of each additive and interaction between them with
ZnO are essential to control the electrical properties of ZnO varistors.

The aims of this doctoral thesis are to improve the electrical properties of Bi-based ZnO
varistors by doping Yttrium (Y), Chromium (Cr), Nickel (Ni), Boron (B), Silicon (Si) oxides
as additives, clarifying the degradation phenomena, summary and create a guideline for the
measurement of ZnO varistors. Chapter 1 is a brief introduction to this thesis. Chapter 2
introduces the background and application of ZnO varistors. Chapter 3 summarizes the
principle of ZnO varistors, such as the electrical properties, the microstructure, the electrical
degradation, and so on. Chapter 4 is the experimental method used in the study. Chapter 5
discusses the effects of Cr and/or Ni additives on Y-doped ZnO varistors. Chapter 6 studies the
B addition to Y-doped ZnO varistors. Chapter 7 describes the high voltage ZnO varistors by

controlling the Si amount. A summary and an outlook are discussed in chapter 8.
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Chapter 2

ZnO varistors: overview and applications

2.1 ZnO varistors

ZnO varistors are devices whose resistance is variable and dependent on the applied voltage,
widely used to protect circuits and electric power transmission systems from overvoltage and
subnormal surges, due to their special non-ohmic ¥~/ characteristics !**. The main part of the
ZnO varistors is a ceramic composite, consisting mainly of ZnO and a matrix of other metal
oxides, such as bismuth (Bi), cobalt (Co), manganese (Mn), chromium (Cr), nickel (Ni), silicon
(Si), antimony (Sb) and arrayed between two electrodes, as shown in Figure 2.1 (a). ZnO is a
piezoelectric semiconducting ceramic with a wide bandgap ~3.2eV. Additives such as Bi2O3
will melt and form a thin insulating layer between ZnO grains when sintered above 1000°C.
Then a back-to-back Schottky barrier (also called double Schottky barriers, DSBs) will form
at the grain boundaries that contribute to the non-ohmic V—I characteristics, which inhibits

electron movement and stops the current path, as shown in Figure 2.1 (b).

ere

(a) (b),

Bi203 ZnO
INTERGRANULAR layer /
LAV ER l
/

Electrically active
grain boundaries
. A\ S

v Current Path v

Figure 2.1 (a) The structure of a common ZnO varistor, and (b) schematic view of the electrical path of

a ZnO varistor.
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Figure 2.2 shows the typical VI characteristics of a SiC varistor > and a ZnO varistor °. ZnO
varistors show a very high nonlinearity compared to SiC varistors; their voltage almost keeps
stable while increasing current. This excellent nonlinearity allows them to have a large surge
absorbability. The nonlinear index a for SiC varistors is 3~7, which of ZnO varistors varies
from 20~100. The electrical properties of ZnO varistors can be easily altered by changing
additives in materials and grain boundary structures. Their excellent nonlinear V-/

characteristics allows ZnO varistors to be used without series gaps due to their small current at

2F - L]
[ [ ]
- [ ]
L= . ]
+ n
* u
s+ m

Current (A)
=)

- .' ® 7Zno
" B SiC
g = L
| | -
| | L
-2im * | 1
-100 0 100

Voltage (V)

Figure 2.2 Current—voltage characteristics for ZnO and SiC varistors.

nominal voltage.

Varistors are connected in parallel to the devices, as shown in Fig. 2.3. When operating
under normal conditions, a varistor is subjected to a voltage below its characteristic breakdown
voltage and acts as an insulator, preventing current from flowing through it. Whenever a
transient overvoltage is applied to a varistor, such as a lightning strike, the voltage exceeds the
breakdown voltage and the varistor resistance will be rapidly decreased to conduct the large
current and protect components.

The ZnO varistor was first developed as an arrester to protect low voltage electrical circuits
from high surge voltages, as SiC varistors were unable to achieve that low voltage. It was
considered that reducing the varistor units between electrodes could decrease the varistor
voltage, therefore, the PN junction between the metal electrode and ZnO might be a useful way.
In one abnormal experiment, samples made over 1100°C exhibited an unexpected high voltage

as the Ag electrode melted on the ZnO surface, and a unique voltage—current symmetry was
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obtained. The special symmetric nonlinear V—/ characteristics resulted from Bi and Mn
diffusing into ZnO grains and forming insulator layers, which formed double Schottky
barriers. DSBs increased the voltage range of the varistors, allowing them to absorb surges
more effectively, which solved the gapless arrester's problem for electrical power delivery

applications.

Surge voltage

Lightning,

ESD, etc. \ /\

Power source A~ Devices,
Surge equipment
current

%\arismr

Figure 2.3 Schematic of the application of varistors to protect devices from abnormal voltage.

Now, matured electro ceramic processing technology has been fully developed for any
specific recipe of ZnO varistors. The commercial method to fabricate ZnO varistors is the
conventional solid-state reaction method. By adjusting the sintering temperature, time and
atmosphere, the density and microstructure of the material can be controlled. A difference in
additive properties will affect the secondary phases in ZnO varistors or the density of donors
in ZnO grains, which results in a difference in ZnO grain conductivity and the electrical
properties of ZnO varistors. ZnO varistors are determined by the behavior of the DSB junctions
in series across the electrodes, so altering and studying the Schottky barriers represents an
important method for improving their electrical properties.

Nowadays, ZnO varistors are widely spread and difterent application are developed, both
for low voltage circuits protection and high voltage power transmission system >, such as ZnO

6

varistor surge arresters °, multi-layer ZnO varistors ¢, ZnO-polymer nanocomposite micro

varistors ’.
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2.2 Applications of ZnO varistors

2.2.1 ZnO varistors: types and applications

There are two types of zinc oxide varistors depending on their application: overvoltage
protection or surge absorption, which are used in electrical and electronic systems in voltages
that range from low voltages to ultra-high voltages *. The key property of both applications is
nonlinearity. Electric power systems use ZnO varistor surge arresters as overvoltage protection
equipment, and the insulation level of power apparatus is decided by the overvoltage protection
level of surge arresters. There are a variety of ZnO varistors developed for specific uses, for
example, disc-shaped varistors used for circuits and electronic devices, block-shaped varistors,
rod-shaped varistors, and others. With the help of printing technology, a multi-layer chip-type
ZnO varistor has been developed. To protect electrical power systems from lightning damage,
ZnO varistors are used from power plants to common households. Because of the ever-
increasing demand for electricity, a wide range of uses of ZnO varistors continues to arise in
society and industry.

Zinc oxide varistors are used to conduct lightning strikes away from power transmission
lines. During lightning strikes and transient voltages, the ZnO arresters provides a low-
impedance path to ground and then returns to normal high-impedance operation as shown in
Fig. 2.3. Figure 2.4 (a) shows the first ZnO varistor lightning arrester in the world. In recent
years, line surge arresters have been applied to 110-500 kV AC transmission lines, and to 500
kV to 800 kV UHV DC transmission lines °. Figure 2.4(b) shows the structure of a polymeric
type ZnO surge arrester most popularly used in electrical systems. The ZnO varistor (metal
oxide varistors, MOV) bulks are connected in series, and they are covered with porcelain
housing to keep surface insulated. Since the working voltage of arresters is determined by the
MOV blocks, a device which has more MOV blocks will have a higher working voltage. This
means to protect higher voltage power transmission lines, the surge arresters have to be very
large. Furthermore, by installing these polymeric line surge arresters, the lightning protection

of transmission lines has been greatly improved.
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(b)

7

Metal oxide
varistor

Fitting = Porcelain
housing

\»;‘r ®
- B
\ X
- 3 S (I
» 7
. Disconnector

Figure 2.4 (a) first ZnO varistor lightning arresters in the world, 66kV electric transmission line

EEEEE R D
AT

3, (b) Polymeric type ZnO surge arrester.

Figure 2.5 shows two typical types of ZnO surge arresters for electronic circuits. Fig. 2.5 (a)
is the schematic for multi-layer ZnO varistors (MLVs). This device is designed by pressing
electrodes and ZnO varistor layer-by-layer, so the number of grain boundaries between the
electrodes are reduced and the response speed is increased. MLVs are designed for low voltage
circuits. Because of the limit of increasing the ZnO grain size, the reducing of the varistor
voltage reaches the limit in bulk ZnO varistors. Some MLVs are also capable of acting as noise
filters. Fig. 2.5 (b) is the leaded disc-shape surge arresters, the ZnO varistors are packaged by

epoxy resin to ensure the insulating ability 7.

ZnO ceramics  Terminations

(b)

&

Figure 2.5 ZnO varistor types for electronic usage, (a) multi-layer ZnO varistors, (b) epoxy resin

Electrode

coated ZnO varistors.
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2.2.2 High voltage varistors for UHV applications

Figure 2.6 Over ultra-high voltage power line in China. (China dialogue)

Consumption and demand of power keep rising with the rapid development of the economy.
In order to protect the environment and reduce CO> emissions, clean energy is becoming
increasingly important. 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. Energy loss occurs during the transmission process. Thus, in order to
realize safe, efficient, clean, and low carbon electricity supply, the development of ultrahigh
voltage power transmission technologies is required 8. Using UHV power transmission to
provide power, the next-generation system will have the advantages of long distances, high
capacity and efficiency. Lightning damage reduction is a key challenge for next-generation
UHYV power transmission to withstand such high voltages. Higher voltage lightning arresters,
such as ZnO varistors, play a key role in increasing the transmission line voltage. In Figure 2.6,
it is shown that the arresters used for UHV power lines are very large. High voltage ZnO
varistor materials are gaining interest because they will reduce arrester size while retaining
protection ability. The varistor voltage is determined by the product of the voltage per grain
boundary and the number of grain boundaries between the electrodes. In order to increase the
varistor voltage, there are usually two approaches, one is to decrease the ZnO grain size, the
other is to increase the single boundary varistor voltage. Both of them can be achieved by
adjusting the experimental method and the recipe of materials, especially those that adjust

double Schottky barriers.
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Chapter 3

Principles of ZnO varistors

3.1 Electrical properties and typical parameters

pre_—breakdown breakdown region upturn region
105 _region :
-—p
4
10 p~10 " Q-cm

Voltage (V/mm)

4100 100 10°

current (A)

Figure 3.1 Typical VI characteristic curve of a ZnO varistor .

A typical V'—I characteristic curve of a ZnO varistor is showed in Fig. 3.1. The three regions
were distinguished by voltage-dependent switching properties, i.e., the pre-breakdown region,
breakdown region and upturn region. The resistance of varistors is very large in the pre-
breakdown region like an insulator. In both pre-breakdown region and upturn region, the V'—/
characteristics are linear. In the breakdown region, the voltage of varistors is almost steady and
the resistance changes with increasing the current, that results in a nonlinear V—/ characteristic.
The sharp transient happened above breakdown voltage Fn, in the upturn region, when the
varistor becomes highly conductive and passes a large current through it. In normal operating
condition, the applied voltage is under the V'n and the varistor exhibits insulating property that
can also stabilize the voltage on connected devices.

Commonly, the voltage—current is described by empirical relation:

I = (kV)* (2.1)

V, I, and k are voltage, current and a constant, a is the nonlinear index, which is equal to
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Chapter 3 Principles of ZnO varistors

_ logly—logly _ log(I2/I1) (2.2)
logV,—logV; log (V2/V1) .

V1, V> are voltage, I1, I> are current. Ohm resistor usually shows o = 1. For a varistor, the
larger the value of a, the better nonlinearity obtains. It is commonly decided that the voltage
per Imm thickness at current density J = 1 mA/cm? is the varistor voltage (or breakdown
voltage), V'x (V/mm). When varistors are connected to devices in parallel, current flows through
the protected devices in normal working condition because of the high resistance of varistor in
pre-breakdown region. If the abnormal surge attacks the circuit and over-voltage occurs
between varistor, the resistance of varistor falls rapidly and varistors direct the current to the

ground to protect devices.

3.2 Microstructure and electro ceramic processes

Figure 3.2 shows the crystal structure of wurtzite ZnO. ZnO has a wurtzite crystal structure

Figure 3.2 Crystal structure of ZnO (wurtzite).

with polar surfaces, with stable lattice parameters a = 0.325 nm and ¢ = 0.5204 nm (hexagonal
crystal system, P63mc space group). It is a wide band gap II-IV semiconductor, which band
gap 1s around 3.2eV. The native defects such as oxygen vacancy or zinc interstitials make ZnO
is a n-type semiconductor.

The electrical properties of ZnO varistors are completely controlled by the ceramic
microstructure and the electrically active grain boundaries between two semiconducting ZnO

grains. The double Schottky barriers formed at intergranular layer and ZnO grains contribute
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to their nonlinear V= characteristics. The formation of liquid phase Bi»O3 and the chemical
reaction between ZnO and additives during sintering determine the final crystal phase and
microstructure of ZnO varistors. Furthermore, the non-ohmic characteristics and operation life
properties are influenced by the Bi>O3; phase and thermal treatment temperature. The triple-

point structure also affects the electrical properties.

Figure 3.3 The microstructure of the typical Bi-based ZnO varistor is shown in the BSE image. The dark
grey color grain is ZnO, the light grey grain is spinel particles, and the white layer at grain boundaries and

triple-points is Bi,Os.

3.2.1 Microstructure

The microstructure of a typical ZnO varistor, doped with 0.6 mol% Bi>03, 0.55 mol% MnOa,
0.63 mol% Co0304, 2 mol% Sb203, 0.35 mol% Cr203, 0.6 mol% NiO, (similar as commercial
ZnO varistors) is discussed. The Backscattering Electron (BSE) image of sintered sample is
shown in Fig. 3.3. ZnO grains are surrounded by Bi>O3 which is a few hundred nanometers in
size; small Zn7Sb,O12 spinel particles are generated at grain boundaries. In contrast, other
additives dissolve in materials and do not form new compounds. The Energy Dispersive X-ray
Spectrometer (EDS) can be used to determine element location. Most of Cr, Ni, Mn, and Co
are found in spinel particles, small amount of Co and Mn are present in both the ZnO and
intergranular layers, while Cr and Ni are found mainly in spinel particles, then grain boundaries

and ZnO grains.
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3.2.2 Chemical reaction mechanisms during sintering

Temperature Increasin

‘ ; v e (Co, Mn,Ni,Cr)
(solid-state solution) o s A "
X i B1,05°Cr,0O; i/)’-BizOS_rf-Bisz, i
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Figure 3.4 Mechanisms of reaction in Bi-based ZnO varistors with increasing sintering temperature. The
solid-line is chemical reaction, the dotted-line means solid-state solution, the dashed-line indicates

results after gradually cooling.

Figure 3.4 summarizes the chemical reactions that occur during sintering for Zn-Bi-Sb-Si-
Co-Mn-Cr-Ni varistors ! 2. The reaction between ZnO and Sb,O; begins at react 700 °C,
ZnSb20s is formed initially, which transfers to spinel structure Zn;Sb,O12 with increasing

temperature. Pyrochlore Zn;Bi3Sb30141s formed simultaneously by the reaction of ZnO, Bi2O3

and Sb,03. Cr203 reacts with Bi203 below 700 °C to form Bi20O3-Cr203, which is absorbed by

Zn>Bi3Sb3014 when temperature is increased. The Zn2Bi3Sbz014 divides into liquid spinel and
Bi1,0s while increasing temperature to 850~950 °C, this is a reversible reaction. The Co, Mn,
Cr, Ni ions is dissolved in ZnO and spinel particles while grain growth above 950 °C. Spinel
particles and Zn>Bi3Sb3O14 absorb most of the impurities such as Cr from ZnO and liquid phase,
converting it into Bi2O3. The particular structure of these secondary phases enables them to
easily absorb the impurities, thus inhibiting the concentration of dissolving impurities in ZnO
to maintain the semiconductive properties. It is Si0; reacts with ZnO that forms willemite
Zn>Si04, which melts into Bi2O3 liquid phase above 1150 °C, but separates during cooling. In

cooling ZnO and spinel particles remain intact, but Bi2O3 will be affected by the cooling speed
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and sintering temperature, which can result in the stable a, f, 0-Bi2O3 phase, or unstable A-
Bi,0s phase. The oxygen diffusion between ZnO grain boundaries will be influenced by these
phase changes, which in turn will change the nonlinear index. Electrical properties are created
as a result of the dissolving donor ions impacting the double Schottky barriers. Therefore, it is
common to set the sintering temperature above 1100 °C for good density and electrical

properties. The sintering and pre-sintering treatment is important for ZnO varistor fabrication.

3.2.3 Additives effects on electrical properties

Table 3.1 Common additives in ZnO varistors .

Additives Role

Bi, Pr, Ba, Sr Isolate ZnO grains and form DSBs

Bi, Be, Sn Promote grain growth

Sb, Si Inhibit grain growth

Co, Mn Donor additives that improve the nonlinear coefficient and

contributes to surface states,
Sh, Al, B, Ni, Cr Improve stability

A summary of common additives is listed in Table 3.1. Additional additives, such as rare
earth elements® 7, gallium 8, indium®, and so on, have been found to improve ZnO varistors’
electrical properties. We will not describe those in detail here.

There are four types of Bi,O3 changing with sintering temperature as discussed above 2.
The monoclinic a-Bi2Os that is the most stable phase; tetragonal £-Bi2Os is meta-stable phase
formed at high temperature; cubic -Bi,O3; formed at high temperature is a stable phase; A-
Bi1,0s; formed with impurities. When Bi1,03; melts to form a liquid phase during sintering, it
dissolves a part of the dopants and distributes them uniformly across the interface. Furthermore,
this liquid phase promotes dense sintering and grain growth.

Sb20s has a melting point at 656°C. It inhibits ZnO grain growth by formation of spinel
particles at grain boundaries *. Addition of Sb will improve the varistor voltage and the stability.

Co0203 dissolved in ZnO to increase the donor density at interface, results in an increasement
of barrier height that increase the nonlinearity and voltage 2.

MnO; dissolved in secondary phases and ZnO, which improve the nonlinearity.
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Cr203 mostly existed in spinel particles, partial dissolved in ZnO that acts as donor and
increase the Schottky barrier height. It improves the stabilities of ZnO varistors '>.

NiO mostly dissolved in spinel particles and improves the stability * 3.

SiO; increases varistor voltage by forming willemite at grain boundaries !, which also makes
grains more homogeneous. It is the balancing nature of these effects that helps to achieve a
uniform distribution of ZnO grain sizes in the polycrystal. Another crucial factor for the grain

growth mechanism are inversion or twin grain boundaries.

3.3 Conductive mechanisms

3.3.1 Double Schottky barriers

Zinc oxide varistor possesses special electrical properties as a result of its microstructure at
grain boundaries, a thin insulating layer of Bi,O3 surrounds the semiconductive grains. These
grains are good wide-gap semiconductors. Essentially, the electrically active part of the
material resides at the grain boundaries or common interfaces between these grains. The grain
boundary potential in ZnO varistors arises from the combination of the energy band structures
of the two grains and the dopant species that sit along with the interface between them.

Figure 3.5 draws the double Schottky barrier structure. The band structure of the individual
grain boundary is formed when these energy bands come into contact between two grains. In
order to achieve thermodynamic equilibrium, electrons must flow across the interface until
their Fermi levels are equal on both sides. Because the Fermi level of the grains is higher than
that of the grain boundary material, electrons flow from the grains to the grain boundary.
Dopant species and crystallographic defects trap them, increasing the Fermi level until it is
even across the interface. It leaves behind a layer of negatively charged donor sites on either
side of the grain boundary caused by trapped electrons at the grain boundary. The depletion
layer is the result. An upward bending of the energy bands near the grain boundary results in

an electrostatic field with a barrier at the grain boundary known as a double Schottky barrier.
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Figure 3.5 Band diagram of a single grain boundary of double Schottky barriers, (a) no bias, (b) under

bias.

3.3.2 Interface states and oxygen absorption

For ZnO varistors, the interface states are very important that affect the electrical properties.
Surface oxygen absorption on ZnO grains forms the interface states. Oxygen concentration
plays a crucial role in Schottky barrier structures, and when it increases, donor density will
increase "'*!!, ZnO-based varistors require an absorbing layer of bismuth with a thickness of
about 5 A to create potential barriers at grain boundaries, and the height of these potential
barriers depends on the amount of oxygen over the interface between grains '°. Furthermore,
transition metal oxides such as Co, Mn are primarily used as dopants to control the oxygen
concentration at grain boundaries '°.

The isothermal capacitance transient spectroscopy (ICTS) can be used to measure the
interface state levels !!, described in chapter 4. The interface trap levels (derived from the
interface states levels) strongly influence the recombination of electron-hole pairs. The depth
and the distribution of interface states is found that influence the nonlinear index a '°. The
electrical degradation is related to the interface traps but not the bulk traps.

The capacitance — voltage (C—V) method can be applied to measure the Schottky barrier
height and donor density, whcich is also explained in chapter 4. A detailed discussion of
Schottky barriers and interface states is presented in this study to understand the effect on

electrical properties.

3.4 Degradation phenomena and the mechanisms

As discussed in chapter 2, ZnO varistors show excellent nonlinear voltage—current

characteristics and are widely used without air gap between varistor bulks. In standby mode,

18



Chapter 3 Principles of ZnO varistors

ZnO varistors are applied at voltages around breakdown voltage in the pre-breakdown region,
and at leakage currents of tens to hundreds of pA. The phenomenon of electrical degradation
is the increase in leakage current at the pre-breakdown region during application, as shown in
Fig.3.1 the blue line. During electrical degradation, leakage current increases gradually,
causing thermal heat to build up in varistors, which leads to device failure. Electrical
degradation is an important problem that affects the device life and stability.

The Schottky barrier structure is also affected by electrical degradation, which reduces the
varistor voltage in devices. Thermal annealing after sintering at 500-700°C improves the
resistance to electrical degradation '*. Different mechanisms have been discussed for centuries
to explain electrical degradation %17, One of the most popular mechanisms is ion migration
where, under applied bias, interstitial ions pass the grain boundaries, resulting in a decrease in
interface states electron density as well as lowering of barrier height. Electrical degradation is
also affected by the Bi20O3 phase states. Due to the evaporation of Bi2O3, ZnO grains do not
form a stable intergranular layer, and degradation occurs. Oxygen desorption on ZnO surface
that distort double Schottky barriers is also one of the causes. Other mechanisms include
asymmetrical distribution of impurity ions, electrons captured by interface traps, loss of oxygen

species and f-Bi,03 phase during degradation process and so on.
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Chapter 4

Experimental procedure

4.1 Sample preparation

Mixing of ZnO and additive powders

7
Ball milling 24h and dry at 110°C

\Z

Calcination for 5h at 600°C in air

A4

Press into 20mm diameter pellet

N

Sintering for 3h at 1150°C in air

\Z

Polishing and cutting

\Z

Attaching of 2.38 mm ¢ Al electrodes

Figure 4.1 Sample preparation process flow chart.

Figure 4.1 demonstrates the flow chart of preparation process in this study. ZnO varistor
samples were fabricated by solid phase sintering method with adjusting the amounts of
different additives. 100mol% ZnO powder and additives powder in mole percent proportions
were mixed with a total amount of 30g. The starting materials were wet-mixed by ball milling
for 24 h with ethanol. Each mixture was subsequently pressed into a tablet and calcined at
600 °C for 5 h in air, after which it was ground in an agate mortar and then pressed into a 20-
mm-diameter tablet at a pressure of 320 MPa. These tablets were sintered at 1150 °C for 3 h in
air and then naturally cooled to room temperature. After polishing and cutting into 5 x 5 mm
squares, 2.38-mm-diameter aluminum electrodes were formed on both faces of samples by

vacuum evaporation.
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4.2 Density determination

The density of each sintered sample was determined by the Archimedes method. The relative

densities with respect to the theoretical density of wurtzite-type ZnO (5.61 g/cm?)

4.3 Thermal Annealing treatment

Thermal annealing ! is a useful method to reduce the defects and refine the crystal structure
in ceramic materials. In this study, thermal annealing treatment was applied to some samples

after sintering, by annealing at 700 °C in furnace for one hour in air.

4.4 Evaluation methods

4.4.1 Electrical characteristics

The V—J characteristics were determined at temperatures from 30 to 200 °C in air at current
density J from 2.25 x 10 to 2.25 x 102 A/cm? using a high-voltage measurement apparatus
(237 or 2410, Keithley Instruments). Hereafter, the notation V'n—J is used, where Iy is the
voltage per 1-mm sample thickness. The nonlinearity index, a, for the V—/J characteristics was
estimated in the breakdown region of current density from 0.1 to 1 mA/cm? based on the
equation V=V (J/Jk)"*. Van is the voltage at J=1 x 10~ A/cm?, defined as the varistor voltage
in units of V/mm in this thesis. (The units “V/mm” do not represent electric field strength.) The
varistor voltage per grain boundary V'nngs equals to V'nn/Nes, where Ngg is the number of grain
boundaries per 1 mm sample thickness. The leakage current density, J., was defined as the

value of the current density at 80% of V.

4.4.2 Electrical degradation

Long-term electrical degradation was evaluated from JL— time (¢) relations by applying DC
voltage of 80% V'nn for 20 h at 130°C in air (JLpi3oec — ¢ characteristic) to accelerate degradation
and prevent the recovery of ion migration that can occur with an AC voltage, as ion migration
is a major reason for degradation. Following degradation trial, samples were annealed at 200 °C

in air for 1 h to check the recovery ability.
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4.4.3 Capacitance — voltage characteristics

The nonlinearity in the V—J characteristics of ZnO varistors can be explained by a model
involving the double Schottky barrier that forms at the boundaries between the ZnO grains.
The electrons trapped at acceptor-type interface states at the grain boundaries are compensated
by ionized donors or bulk traps near the grain boundaries. Therefore, the potential barrier within
the depletion region forms a high-resistance layer in the unbiased state. Both the equilibrium
height @p¢ of the double Schottky barriers and the donor density Np in ZnO grains can be

determined by the C—V relationship using the following equation 2:

( 1 1 j 2(@y+Veg)

Cree (VGB ) ) 2Cyce (0) eseoNp (4.1)

where Cngg(V) is the capacitance per grain boundary and unit area of a grain boundary when
the DC bias voltage V'is applied, e is the electron charge, ¢ is the relative permittivity of ZnO
(= 8.5), 0 is the permittivity of free space (0= 8.854x107'* F/cm). Figure 4.2 shows the typical
C—V characteristics measured in this study. The interface state density Niso for states at and/or
below the Fermi level under zero bias voltage and the width of the depletion layer wpro under

zero V are obtained by the following equations:

1
255N Dy, 2

N|50: -
¢ : 4.2)

1

W = 286, Dy, E: Niso
DLO eN,, N,

(4.3)

C (V) was estimated from Ngp and the capacitance C per 1 cm? electrode area and 1 mm
sample thickness. The capacitance was measured using a capacitance meter (Boonton 72B;
signal frequency: 1 MHz, AC test bias voltage: 100 mVrms) and two digital voltmeters
(34410A, Keysight Tech., USA) as digitizers applying the bias voltage using the DC offset of
a pulse generator (1973, NF corp.) and power amplifier (4100, NF corp.). The maximum output
voltage of the power amplifier is 250 V. The bias application time was set as 0.1-10000 s so
that electrons might have sufficient time for capture by interface trap levels. This application
time was determined by the transient capacitance measurement under a pulse from the

Isothermal capacitance transient spectroscopy method. The measurements were performed
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over the temperature range from 30 to 200 °C, and the temperature was controlled to within

0.1 °C.
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Figure 4.2 The typical C—V characteristics of ZnO varistors.
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Figure 4.3 ICTS signal for ZnO varistors.

4.4.4 [sothermal capacitance transient spectroscopy (ICTS)

Because the electrical properties of ZnO varistors are predominantly determined by the trap

levels (interface traps and bulk traps), Isothermal capacitance transient spectroscopy (ICTS) is

a powerful tool for obtaining information on interface trap levels *°. The time constant 7 for

electron capture or emission is obtained based on the transient capacitance C(¢)-¢ characteristics
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after the application or removal of a pulsed voltage at constant temperature. Figure 4.3 shows
the C(¢) — ¢ characteristics from ICTS measurement. In order to ensure that electrons are fully
captured by interface traps, the applied pulse width should be long enough until the capacitance
becomes steady, as shown in Figure. This time is also used in C—}/ measurement.

The time constant 7o; for electron emission from the i-th (i =1, 2, ---, s) level can be derived
35

— i 3
TOTZ — Bi exp[ ECk EISI j’ Bi — I;: g
5 4J62k,’mo,

by

(4.4)

where Eis; is the i-th interface state level and Ec is the bottom edge of the conduction band.
kg is the Boltzmann constant, T is the absolute temperature, m." is the effective mass of an
electron in ZnO (m. = 0.27me; me: rest mass of an electron), o; is the capture cross-sectional
area for the i-th interface state level, / is Planck’s constant, and g is the degeneracy of the trap

levels (g = 1). The transient capacitance Cngg(?) after removing a pulsed bias voltage Vpugs is

given by 3
1 _ 1 +Z 1
CNGB(t) CNGBO i=1 CNGBi (t) 4.5)
and
1 _ Niso
Cocen &Ny _ (4.6)
B B
L _ Qs exp| — LN T exp| — t : 4.7
Creai (t) eeNy Toi eNp Toi

where Nis; is the density of electrons captured under Vpugg at the i-th interface state level,
70; 1S the specific time constant at 7 for the emission process from the i-th interface state level,
bi (0 < Bi < 1) is the distribution parameter for 7; caused by the distribution of interface state
levels, and i = 1, as the interface state level has no distribution (J-function like).

Since emission of electrons from bulk traps was not observed during the application of V,
and the emission response of electrons is slower than that for capture, and the measurement
temperature is 100 °C or higher, the measured ICTS signal could be used to assign the interface
state levels. By calculating the values for each interface state level obtained by curve fitting
using Eqgs. 4.5 — 4.7, the existence of the interface state levels showed excellent agreement with
the measured values. The interface state levels change with different additive materials. Ec—

Esi, and o; were estimated from the slope of Arrhenius plots of 7,77 shown in Eq. 4.4.
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Figure 4.4 The schematic image for set up of ICTS measurement.

The equipment set-up image of ICTS measurement is shown in Fig.4.4. In order to inject
electrons into interface state levels, a pulse bias Vpuge was applied to the interface, and the
time transient of the capacitance after removing the bias was measured. The pulse application
time width was set to 0.1-400 s (depends on the additives and temperature) so that electrons
might have sufficient time for capture by interface trap levels. The capacitance was measured
using a capacitance meter (72B), pulse generator (1973, Leading and trailing edges of a pulse
to prevent overshoot: 1 ms), power amplifier, and a digital voltmeter (34410A and 34411A).
The pulse bias height Vpugs was adjusted so that voltages of 0.5, 1, and 1.5 V were applied to
a single grain boundary. The measurement time range was 2x10*-20000 s (this time will be
changed by additives, as the response time change with additives). The measurements were
performed over the temperature range from 100 to 200 °C, and the temperature was controlled

to within 0.1°C.

4.5 Microstructure observation methods

4.5.1 Crystallographic evaluation with X-Ray diffraction

Phase formation in specimens was examined by X-ray diffraction (XRD). A set of atomic
planes with indices (4 & /) with a distance between each plane of dnki. Atoms located on a plane

act as sources of scattering. The X-ray beam will be scattered in all directions however it is
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easier to consider only beam 1 and beam 2 whereby the beam is scattered at the same angle as

the incident beam.

ni=2dsiné, (4.8)

The crystal structure was analyzed by X-ray diffraction (XRD; Cu K,, X’Pert,
PANALYTICAL, the Netherlands). The relative integrated intensity was calculated by the

equation followed:

S_Zh+2h+m+2h
- S+ li+--+> In

(4.9)

The lattice constants have been calculated using the following expression for hexagonal

:g(—2)+—2 . (4.10)

4.5.2 Scanning electron microscopy

Images of fractured surfaces were acquired using scanning electron microscopy (SEM,
SU8020, Hitachi). Average value of ZnO grain size Sg was calculated by taking the grain size
to be equal to the side length of a square with the same area for 100200 grains per sample.
Elemental compositions of the fractured surfaces were determined by backscattered electron

analysis (BSE) and energy-dispersive spectroscopy (EDS) in conjunction with SEM.
4.5.3 Transmission electron microscopy

Grain boundaries were observed using field-emission transmission electron microscopy
(FETEM, JEM-2100F, JEOL Co., Ltd.) with a 200 kV acceleration voltage. Elemental mapping
was carried out based on EDS (JED-2300, JEOL Co. Ltd.) in association with FETEM. As
shown in Fig. 4.5, in preparation for TEM observation, samples were cut into 2.1 x 2.1 mm
squares and polished to a thickness of 0.08—0.1 pum, after which a 10 pm dimple was produced
in the sample center using a dimple grinder (Model 656, Gatan Inc.). Finally, each specimen
was thinned with an argon ion beam (Model 691, Gatan Inc.) at a gun voltage of 2-5 keV and
a beam angle of 4° to ensure electron transparency. A beryllium sample holder was used while

acquiring images.
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Cutting Polishing Dimple grinder
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EDS (JED-2300, JEOL).

Thickness:10~20 um

Figure 4.5 Preparation process for TEM sample.

4.5.4 Electron probe micro analyzer

The position of boron was observed using a field emission electron probe micro analyzer
(EPMA, JXA 8530F Plus, JEOL Co. Ltd, Japan). Samples were dipped in melted resin in
vacuum. After resin was fully diffused in samples, the surface was mirror polished for EPMA
observation. In this study, the EPMA observation is consigned to the Kobelco Research

Institute, Inc.
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Chapter 5
Effect of Cr203 and NiO on Y-doped high voltage ZnO

varistors

5.1 Introduction

In 2001, Bernik et al.* reported that by doping only a small amount of Y,03 into Sb,O3
added Bi-based ZnO varistors, the varistor voltage increased obviously. The increase of voltage
is because of a Y-containing phase, called Y-compound, consisting of Y, Sb, Bi, and Zn, formed
at grain boundaries, that suppressed grain growth. The electrical properties of such devices are
notably dependent on the amounts of both Y203 and Sb>Os °. Even so, these varistors exhibited
an increase in leakage current with increasing varistor voltage, along with a substantial
decrease in resistance to electrical degradation, because the precipitated phases at the grain
boundaries formed by the addition of Y203 provided pathways for current flow °. Furthermore,
the height of the Schottky barrier was changed due to an increase in the donor concentration
by the dissolution of Y in the ZnO grains, which increased the migration of interstitial Zn ions.

Some researchers have attempted to reduce the leakage current of Y-doped varistors by the
addition of new additives, such as indium 7, gallium 8, lanthanum ° and so on, and to understand
the interaction between impurities and Y. The devices maintain the high voltage and low
leakage current together have been achieved. However, there has been little progress in limiting
electrical degradation. Furthermore, the open structure of Y-compounds leads to absorption of
additives such as Bi, Sb, Co, Mn, Cr, Ni and others, which might change the effects of the
additives and affect the overall electrical properties. It is important to investigate the correlation
between resistance to electrical degradation and the distribution and crystal structure of
sediments at the grain boundaries of the ZnO grains.

As is known, additives such as Cr,O3 and NiO (unless otherwise specified, Cr2O3 is written
as Cr and NiO as Ni) improve the stability of Bi-based commercial ZnO varistors without the
addition of Y. The addition of Cr to commercial varistors increases the varistor voltage by
inhibiting ZnO grain growth and decreasing leakage current %>, Kim et al. !° reported that the
Schottky barrier height @ became lower with increasing amounts of Cr; the donor density
decreased in the depletion layer, and as a result the leakage current increased. Bai et al. ! found

that Cr acts as a donor and deteriorates the electrical properties at 0.2 to 0.4 mol% Cr2O3 due
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to the formation of secondary phases, such as CrBi13O30 and Co2Cro.5Sbo.504, but for 0.5 mol%
addition the secondary phases transform into MnCr>O4 and @g increases due to disappearance

1. 12

of the donor effect of Cr. Ruan et al. '“ reported that adding Cr2O3 and SiO; in an optimized

ratio decreased the leakage current and improved the resistance to degradation. Xu et al. '3
reported that the formation of Bi-Cr-O compounds when adding Cr>O3 to Bi-based varistors
decreased the concentration of interstitial Cr**, reduced the amount of adsorbed oxygen at the
grain boundaries, and raised the Schottky barrier height, and as a result the nonlinearity index
of the V — I relationship became larger. Kanai et al. ' reported that Cr plays a role in stabilizing
0-Bi20; (a fast oxide ion conductor). Similarly, Kato et al. ° found that Ni was likely able to
inhibit the absorption of Co by the spinel phase during sintering, decreasing the leakage current.
Therefore, it is expected that rather than identifying new additives for Y-doped varistors,
changing the amounts of Cr and/or Ni added may be effective in improving the resistance to
degradation. The open crystal structure of the secondary phase Y-compound may also change
the location and effect of other additives.

In this chapter, gradually increasing amounts of Cr2O3 or NiO were added to the basic
composition of ZnO varistors (Zn, Bi, Mn, and Co) at fixed Y203 and Sb>O3 concentrations,
and the effects of multiple dopants on the electrical properties, microstructure, interface states,
and barrier parameters for Y-doped varistors were investigated in detail. In addition, samples

without Y were also prepared to investigate the relationships among Y, Cr and Ni.

5.2 Utilization of Y203 and Sb203 amount

The electrical properties of Y-doped varistors were depended on the ratio of Y203 and Sb203
added. According to the former work done by Mr. Kojima '® in our lab, the dependence of Y
amount and Sb amount was studied. Different amount of Y and Sb were added into Bi—-Mn—
Co—Cr-Ni-added ZnO (similar as a commercial ZnO varistor) varistor, and the electrical
properties and microstructure were investigated. Figure 5.1 (a) shows the varistor voltage V'nn
of samples varying the amount of Y03 and Sb2Os. A clear dependence between Y203 and
Sb203 amounts is demonstrated. The utilized amount of Y and Sb are 2 mol% which will
receive a high varistor voltage around 1000 V/mm, it is chosen to be the basic composition in
this study. It is found in Fig. 5.1(b), that samples with the utilized composition have large
leakage current, as described in the introduction in this chapter. The amount of Y,Os utilized,

2 mol% along with 2 mol% Sb0s.
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Figure 5.1 (a) Varistor voltage before electrical degradation for samples added 0-4.0 mol% Y>0O3 and 0-
2.0 mol% Sb.0s. (b) Leakage current density before electrical degradation for samples added 0-4.0
mol% Y03 and 0-2.0 mol% Sb,O; '°.

Table 5.1 Sample composition and additive amounts.

No. Sample name Sb,03 Y203 C0203 NiO
1 Y2CrONiO 2 2 0 0
2 Y2Cr0.175Ni0 0.175
3 Y2Cr0.35Ni0 0.35
4 Y2Cr0.7Ni0 0.7
5 Y2Cr2NiO 2
6 Y2CrONi0.3 0 0.3
7 Y2CrONi0.6 0.6
8 Y2CrONil.2 1.2
9 Y2CrONi4 4

10  Y2Cr0.35Ni0.6 0.35 0.6
11 YOCrONiO 2 0 0 0
12 YOCr0.35Ni0 0.35 0
13 YOCrONi0.6 0 0.6
14 YOCr0.35Ni0.6 0.35 0.6
15 ZBMC 0 0 0 0

5.3 Sample Preparation

ZnO varistor samples were fabricated by adjusting the amounts of Y203 (0, 2 mol%), Cr203
(0 -2 mol%), and NiO (0 — 4 mol%) relative to those in a commercial varistor (ZnO 100 mol%,
Bi203 0.6 mol%, MnO> 0.55 mol%, C0304 0.63 mol%, Sb203 2 mol%, Cr.03 0.35 mol%, NiO

0.6 mol%). Sample composition and additive amounts are listed in Table 5.1. Commonly, the
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NiO amount in commercial varistors is 0.6 mol%, so here the doped amounts were half, the
same, twice as much, and a high amount compared to the typical varistor recipe. Each sample
is given a simplified designation herein according to its composition YxCryNiz (e.g., a sample
with x = 2 mol% Y203, y = 0.35 mol% Cr203 and z = 0.6 mol% NiO is referred to as
Y2Cr0.35Ni10.6). Electrical properties and microstructures were evaluated as described in

chapter 4.

5.4 Microstructure and Crystal structure with Cr or Ni addition

Figure 5.2 BSE images acquired by SEM of the microstructure at grain boundaries for (a)
YO0Cr0.35Ni0, (b) YOCrONi0.6, (c) Y2CrONiO0, (d) Y2Cr0.35Ni0.6. Bi: Bi-rich layer, S: spinel,
Y: Y-compound

Figure 5.2 shows the BSE images acquired by SEM of the microstructure for varistors doped
with Y, Cr, Ni. The strong contrast of the BSE image revealed that the composition of the
segregated particles differs from that of the ZnO particle. The elemental mapping using EDS
revealed that the white color is mainly Bi and is observed at grain boundaries and triple points,
the bright grey part contained large amounts of Sb is segregated spinel (S) particles, the dark
grey part is ZnO. The small white segregated particles in Fig. 5.2 (c) and (d) contained Y-Sb-
Bi-Zn is Y-compound, which uniformly located at grain boundaries and decreased the grain

size from 6 um to around 3 um. Different to the samples without Y, the interface between
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Zn0/Zn0O grains was modified in Y-doped varistors. Although a white layer mainly contained
Bi was observed at grain boundaries and triple points for YOCryNiz, it disappeared, and Bi
dissolved in the small white grains of Y-compound. The size and amount of spinel particles
suddenly decreased due to the formation of Y-compound, which absorbed Sb. This was difficult

to observe under SEM, and is instead shown in TEM images in Fig. 5.3.

500 nm

Figure 5.3 TEM images of the microstructure at grain boundaries for (a) YOCr0.35Ni0, (b) YOCrONi0.6,
(c) Y2CrONi0, (d) Y2Cr0.35Ni0.6. Y: Y-compound, S: spinel, Bi-Cr: Bi;sCrOz7.

The XRD patterns of the specimens with different amounts of Cr, Ni, Y are shown in Fig.
5.4. For samples without Y, the secondary phase at grain boundaries consisted of various spinels
(Zn233Sbo 6704, ZnCo133Sbo.6704, and/or C0233Sbo.6704), Zn7Sb012 17, B-Bir03, Co304, and
MnO,, and unknown diffraction peaks were observed. With the addition of Cr, the diffraction
peak for Bi16CrO»7 was observed, as indicated by Bi-rich (Bi-Cr) layer in Fig. 5.3 (a). Bi16CrO27
transformed to Bi14CrO24 in the YOCr0.35Ni0.6 sample. The Bi layer in Fig. 5.3 (b) consisted
of £-Bi20;3 and Sb and Ni, and the solid solution of Sb and Ni in Bi layer caused the different
diffraction peaks of f-Bi203 for YOCrONiO and YOCrONi0.6. For Y-doped samples, the main
diffraction peaks were due to ZnO, Y-compound, and spinel particles, and other diffraction
peaks disappeared. The disappearance of Bi-rich layer was confirmed in Fig. 5.3 (¢) and (d),

and a residual amount of Bi was distributed at the ZnO boundaries.
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Figure 5.4 (a) XRD patterns for (a) YOCr0.35Ni0.6, YOCr0.35Ni0, YOCrONi0.6, and YOCrONiO; (b)
XRD patterns for Y2Cr0.35Ni0.6, Y2Cr0.35Ni0, Y2CrONi0.6, and Y2CrONiO. (c) enlarged XRD
pattern. m : ZnO, e : spinel, A : Y-compound, ¥ : Zn;Sb,O1;, A : BiisCrO27, » : f-BixOs, O :
Z1n0.9B115Sb1.506.92, ¢ : B114CrO»4, © = unknown.

The microstructure did not change notably on adding Cr and/or Ni and increasing their
amounts. Most of the Cr was found both in the spinel and Y-compound, while most of the Ni
was mainly found in spinel, with a small amount found in the Y-compound, confirmed by EDS
in Fig. 5.5. Furthermore, small amounts of both Cr and Ni were found at ZnO grains and
increased with increasing additive amount, as listed in Table 5.2. The content ratios for Y, Sb,
Bi, and Mn in the Y-compounds were 18—19, 14-15, 4.9-5.6, and 0.6—0.8 atom%, respectively,
and were almost the same in each Y-doped sample. Since the content ratios for Y,0O3 and Bi,0;
in the starting material were 2 and 0.6 mol%, respectively, and agreed with the ratios for Y and
Bi in Y-compound, it was revealed that most of the Bi dissolved in the Y-compound for Y-

doped samples.

36



Chapter 5 Effects of Cr and Ni on Y-doped ZnO varistors

‘@

ZnO

&

-

-S 500 nm

Figure 5.5 (a) TEM image and element mapping for (b) Cr and (c) Ni determined by EDS for
Y2Cr0.35Ni0.6

Table 5.2 Atomic ratio of various elements in ZnO grains to Zn (100.00 atom%) analyzed by

TEM for each sample.

Element (Characteristic X-ray) (atom%)

Composition Zn Cr Mn Co Ni Y sb Bi
(K) K K K K (L (L M

Y2CrONiO 100.00 0.27 1.70 0.24 040 0.14
Y2Cr0.35Ni0 100.00 0.13 0.38 1.64 - 0.01 0.15 0.01
Y2Cr0.7Ni0 100.00 0.21 0.35 1.58 - 0.00 - 0.04
Y2CrONi0.3 100.00 - 042 185 0.50 - 0.04 0.04
Y2CrONi0.6 100.00 - 028 161 0.75 047 0.15 0.00
Y2CrONil.2 100.00 024 1.67 1.12 0.16 0.05

Y2Cr0.35Ni0.6 ~ 100.00 0.22 0.26 1.76 0.60 0.49 0.15 -
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5.5 Electrical properties
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Figure 5.6 Vn—J relationships at 30 and 130 °C before and after electrical degradation and after thermal
annealing at 200 °C for (a) YOCrONi0, (b) YOCr0.35Ni0, (¢) YOCrONi0.6 and (d) YOCr0.35Ni0.6.

The V'n—J characteristics adding Cr and/or Ni for samples without Y are presented in Fig.
5.6, and that of Y-doped varistors are shown in Fig. 5.7. It can be observed that the pre-
breakdown region of the V'n—J relationship at both 30 and 130 °C notably shifted to larger
current density after degradation for Y2CrONi0, as shown in Fig. 5.7 (a). However, the V'n—J
curves remained stable when adding Cr or Ni, as shown in Fig. 5.7 (b), (c). It was found that
the addition of Cr or Ni improved the resistance to electrical degradation for Y-doped samples.
Electrical degradation refers to the deterioration of nonlinearity in the V'n—J relationship and
the increase of leakage current. However, this improvement of electrical degradation by adding
Cr or Ni was not found in samples without Y in Fig. 5.5. In addition, even the leakage current
was decreased when Cr and Ni added to together, little improvement on degradation was

observed in Fig. 5.7(d).
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Figure 5.7 Vn—J relationships at 30 and 130 °C before and after electrical degradation and after
thermal annealing at 200 °C for (a) Y2CrONiO, (b) Y2Cr0.35Ni0, (c¢) Y2CrONi0.6 and (d)
Y2Cr0.35Ni0.6.
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Figure 5.8 Values of Van, Vanon, and Sg for each sample.

Measured values for the varistor voltage V', single grain boundary voltage Vnnon, and
grain size Sg of ZnO grains for all the samples are displayed in Fig. 5.8. The addition of Cr
and/or Ni increased the V'nn for the samples without Y. The Vnngs increased from 1.4 to 1.9 V

on adding Ni to YOCrONiO and from 1.4 to 1.6 V on adding Cr. The leakage current just after
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the electrical degradation increased by a factor of = 38 with addition of Cr. On the other hand,
for YOCr0.35Ni0.6 with both Cr and Ni added, the V'nngB decreased to 1.6 €V, the same as that
for YOCr0.35Ni0. Since the S also decreased, the V'nn was the largest among the four samples.
The above results suggest that the effects of the addition of Cr and/or Ni on the electrical
properties are different in each case and depend on the amount. Furthermore, the resistance to
degradation was not increased in these samples.

For Y-doped samples, the effects of both Cr and/or Ni on electrical properties differ from
samples without Y. The Sg increased slightly on adding Cr and Ni, from 2.4 to 3.5 um, and
remained nearly constant around 3.5 um with increasing amounts of Cr and Ni. As a result, V'nn
increased in proportion to Vnnge as well. The Vxngs increased from 2.6 to 3.3 V on adding
Cr203 up to 0.35 mol% (sample nos. 1, 2, and 3), then decreased to 2.5 V at 0.7 mol% (no. 4)
and increased again to 3.4 V at 2 mol% (no. 5). The V'nngs increased from 2.6 to 4.0 V after
adding Ni in the range from 0 to 1.2 mol% (nos. 1, 6, 7, and 8) and decreased to 3.0 V at 4.0
mol% (no. 9). Figure 5.9 (a) shows the nonlinearity index a.s before degradation and the ratio
of the nonlinearity index ageg after degradation to aas, adeg/atas. Figure 5.9 (b) shows the leakage
current density before degradation Ji 3o°cas and the ratio after degradation JL 30°cdeg to the
leakage current density before degradation Ji30°cas, JL 30°Cdeg/JL 30°Cas. The value of a.s increased
from 21 to 35 on adding Cr2O3 from 0 to 0.35 mol%, then remained around 32 at 0.7 and 2
mol% Cr. The ageg/0as ratio was maintained around 1.0 on adding Cr203 from 0 to 0.7 mol%.
This indicated that nonlinearity did not change after degradation. The value of a.s increased
from 21 to 36 on adding NiO from 0 to 2 mol%. Ji. 30°cas decreased from 1.8 x 107 to around
4.8 x 107 A/cm? after adding Cr and/or Ni to Y2CrONi0. Furthermore, on adding Cr,Os at 0.35
or Ni at 0.6 mol%, the ratio JL 30°cdeg / JL 30°cas fell to 1; as a result, the resistance to degradation
was notably improved. In particular, Y2Cr0.35N10 showed very high resistance to degradation,
and the V'~ — J relationship was not changed from before to after degradation as shown in Fig.
5.6 (b). After adding Cr203 at 2.0 or Ni at 1.2 and 4.0 mol%, the aqeg/aas ratio decreased to less
than 1 and the Ji 30°cdeg / JL 30°cas became much larger, and notable degradation was observed.
This might be due to excess Cr or Ni leading to the formation of spinels containing Cr or Ni
(according to XRD patterns in Fig. 5.10), causing degradation and decreasing V'nnGB, similar

to the results with YOCryNiz samples.
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Figure 5.9 (a) 0.s and ratio of odeg to 0 for each sample at 30 °C. (b) Jvr 30°cver and ratio of Jr 30°cdeg t0 J1.

30°cbet fOr €ach sample.

Figure 5.10 shows XRD patterns for Y2CryNiz samples. The main peaks due to ZnO, spinel,

and Y-compound for each sample are the same as those shown in Fig. 5.4(b). ZnCr,O4 and

spinel  peaks
appeared with the addition of 0.7 mol% Cr203 and further increased with 2 mol% Cr203. The
ZnNi133Sbo.6704 spinel structure and Zno3Nio7O appeared on adding 2 mol% NiO. The
structural and electrical characteristics of ZnO varistors vary according to the chemical
composition of the spinels in the samples '*. Consequently, the formation of Y-compound
decreased both the amount and the size of spinel particles and reduced the amount of Cr or Ni
incorporated in the spinels, so the effects of Cr or Ni on the improvement of electrical
degradation were apparent.

For electrical properties, the optimum amount of Cr,O3 was found to be 0.35 mol%, with
Van of = 1030 V, both as and adeg of 35, low leakage current at 4.8 x 107 A/cm?, and high
resistance to electrical degradation. The highest V'nn, achieved by adding 0.3 mol% NiO, was
1520 V. In this case the leakage current density was 2.9 x 10 A/cm? and both s and aeg Were

25.
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Figure 5.10 XRD patterns for (a) Y2CryNiO and (b) Y2CrONiz. m : ZnO, e = spinel, A : Y-
compound, Vv Zn1‘82Cro‘7ngo_4104, «: ZIICI‘204, [ Zno_3Ni0.7O, O ZnNi1_338b0.67O4.

5.5.1 Electrical degradation under DC bias

Electrical degradation is caused by various mechanisms, such as irreversible electrical
destruction of the grain boundary, diffusion of oxide ions and/or Zn*' ions, and oxygen
adsorption or desorption at the grain boundary . It has been reported that when spot-like Bi>Os
at the grain boundaries transforms to a sheet-like Bi deposit, the resistance to degradation is
increased, as the movement of oxide ions and/or Zn?" is hindered . The structure of Bi»O3 and
the evaporation of Bi are important factors influencing the leakage current and resistance to
overload. In this study, the same sintering temperature was applied in all cases to maintain the
same amount of Bi in all samples. In addition, we have found that when sintering at 1150 °C
for 3 h, negligible Bi evaporation occurred. Ni and Cr did not form new compounds with Bi in
Y-doped varistors according to XRD, and there was no change in the microstructure, which
indicated that Ni and Cr do not affect Bi evaporation. Since the V'n—J relationship mostly
recovered after annealing at 200 °C to that obtained before degradation for all the samples
prepared in this research, it is likely that the main factor in degradation is diffusion of oxide
ions and/or Zn>" to and/or across grain boundaries under the application of a bias voltage.
Furthermore, these results suggest that most of the Bi, except that necessary to create nonlinear

V'n—/J characteristics, was dissolved in the Y-compounds, such that a residual amount of Bi was
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uniformly distributed at the boundaries between ZnO grains. This lack of Bi is probably the
reason for the low nonlinearity of Y2CrONiO and Y2Cr0.35Ni0.6, as shown in Fig. 5.8(a).
Nevertheless, the lack of a good oxide conductor Bi-layer may be the basis for the improvement

in the resistance to degradation that occurs with addition of Cr or Ni.

5.5.2 Interface state levels at gran boundaries
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Figure 5.11 (a) Ec—Fisi1 and Ec—Eis and (b) f1 and f, for Y-doped samples.

Figure 5.11 (a) shows Ec—Eis) (referred to £1) and Ec—Eis2 (E2) and Fig. 5.11 (b) shows £
and £ at 100 °C for Y-doped samples. The difference between £1 and E> was small for samples
containing Ni and relatively large for samples with Cr. The deeper interface level £ increased
from 0.9 to 1.2 eV as the amount of Cr increased from 0 to 2 mol%. However, the shallower
E> level for Cr addition increased from 0.73 eV and reached a maximum of 0.86 eV at 0.35
mol% before decreasing to 0.73 eV at 0.7 mol% and then increasing again at 2 mol%. Both E
and E> for N1 addition became monotonically deeper with increasing amounts of Ni from 0.9
to 1.14 eV and from 0.73 to 1.02 eV, respectively. The distribution for both levels did not
change much on increasing Cr203 from 0 to 0.35 mol%. However, 1 for Cr.O3 content of 0.7
and 2 mol% and /> for Cr203 content of 2 mol% decreased noticeably, when Zn1 82Cro.78Sbo.4104
spinel started to appear. The Fermi level became deeper on addition of Cr and/or Ni. Since both
E1 and E> changed notably with addition of Cr or Ni, one of the interface state levels may be
related to oxide ions, as reported previously, and the other is related to the spinel-phase
dissolution of Cr (i.e., ZnCr204 and Zn; 82Cr0.78Sbo.4104) or Ni (ZnNii 33Sbo6704) rather than
Co and Mn. It has been reported that the deeper interface state level with a slower electron

emission process could be attributed to the existence of a Bi»Os layer at the grain boundary 2'.

43



Chapter 5 Effects of Cr and Ni on Y-doped ZnO varistors

Since the Bi-layer was absorbed in the Y-compound for Y-doped samples, and the deeper level
is not generated from the Bi-rich layer, it is speculated that the origin of the deeper level is
different from that for samples without Y. At this stage, however, the origin of the interface

state levels is unknown for Y-doped samples.
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Figure 5.12 The values of ®@go and Np with increasing temperature from 30 to 200 °C.

®po and Np were not significantly affected by temperature as shown in Fig.5.12. The
accuracy of the measured @po and Np depends mainly on the validity of the pinning of the
Fermi level. The values of Np did increase slightly (= 10%) above =~ 100 °C, while the values
of ®po decreased slightly (= 15%) with increasing temperature and became constant above =
100 °C. It is conjectured that this result is due to the change in interface charge density Qo with
changing temperature, since ®@gy is proportional to Qo*/Np. Because the shallower donor levels
of ZnO grains were completely ionized, the charge distribution of ions did not change there.
However, the deeper donor levels were not fully ionized below = 100 °C, so temperatures above
~ 100 °C may have resulted in minor increases in ionization.

A summary of @go, Np, and Niso for all samples is displayed in Fig. 5.13. Due to the method
used to study C—V characteristics measurements below 100 °C were difficult to obtain, as they
have large deviations in @po. Therefore, the data for ®@go, Np and Nisoat 100 °C were used.
Though value of Np was changed prominently by adding Cr or Ni for Y-doped samples, the
change of @po was relatively small regardless of the amount of Cr or Ni added. The suppression
of the change of @go is because the change of interface state density in proportion to Np. This
result suggests that the origin of donor and interface state levels is depended on addition of Cr

and/or Ni. Such suppression was not observed for samples without Y. As important response to
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the addition of Y, the value of @go became =~ 1.5 times larger than those for the samples without

Y.
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Figure 5.13 &gy, Np, and Niso for each sample.

The results for @y, Np and Niso suggest that Cr and Ni exist both at grain boundaries and
in ZnO grains, and Cr acts as a donor ion, as confirmed by EDS elemental analysis (see Table
5.2). Because Bi,03 and spinel particles at grain boundaries and triple points were absorbed in
Y compound, a modified ZnO/ZnO grain boundary structure enhances the effect of Cr or Ni
additives on conductance processes and the electron absorption ability. Cr causes Npto increase
by dissolving in ZnO grains, substituting for a Zn>" ion at a normal site and acting as a donor,
or existing at an interstitial site and generating an oxide ion and a reduction in oxygen vacancies
at the grain boundary due to its valence of +3 or higher. The presence of fewer oxygen
vacancies will hinder the transport of oxide ions, so that adsorbed oxygen at grain boundaries
will be decreased. Although part of Ni also dissolves in ZnO grains, substituting for a Zn** ion
at normal sites, Ni’" does not act as a donor due to its +2 valence state, and as a result does not
increase Np. Ni exists in ZnO grains and/or at grain boundaries as the compound Zno 7Nio30.
With the decrease in adsorbed oxygen caused by adding Cr or Ni, high resistance to degradation
is achieved. The addition of Ni has a weaker ability to restrain degradation compared with Cr,

which matches the data shown in Fig. 5.7 (b), (c).
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5.6 Simulation of electrical properties with thermionic mechanism model and

comparison with experimental results

5.6.1 Simulation with thermionic mechanism model

A further step to understand the effects of Cr and/or Ni on the electrical properties is
discussed below. A model of the Schottky barrier structure and interface state levels for ZnO
varistors considering Fermi level pinning is proposed. The simulation values are compared
with experimental values and the relation between factors, such as V'xwgs, @s(V), Np, Nis, a, f
and related factors, is discussed.

Fermi level pinning near the interface state level was previously confirmed. The barrier
height on each side will be changed on applying a bias voltage. If the barrier height on the

forward bias side is expressed as ®p(Vag), @a(Vas) is given by 2

2
v
& (V. )=S(V..)|1-—ee | o 5.1
B( GB) ( GB) ( 4S(VGB)2@BOJ BO ( )

where S is the increase rate for interface charges

2

NISO + z NISi (VGB)
S (Vg ) = N . (5.2)

If the Fermi level is pinned at the interface state level,

2
Vv
s(V.yl1-— SVer | o9 5.3
( GB) [ 4S (VGB)2 @Bo] ( )

The width of the depletion layer wpr is given by

WDL (VGB) — lel\(IVGB) — NISO + NIS»l (Vl(\BIB ) + NISZ (VGB) — I:Ilso S (VGB ) . (54)
D D D

The following equation is obtained by solving Poisson’s formula regarding the electric
charge distribution near the grain boundary. The interface charge, which depends both on the
applied bias voltage Vg and the barrier height @g(Vgs), is given by 2

1

(2N | 4 Ve 4 (44 Ve Ve |

Ec
:ejEv Nis (E)f (E,E)dE =eNgyuy. (5.5)
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where Nis(E) is the density of interface states, Er is the quasi-Fermi level, Ev is the top edge of
the valence band, f (E, EF) is the Fermi-Dirac energy distribution function, and Nismax is the

total density of interface states between Ev and Ec. EF is given by

1+exp(—ekfi_5j
E; = Frg — @ (Vas ) —ksT In - 5 /|, (5.6)

where Erg is the Fermi level for a ZnO grain and Ec—Erc~ 0.034 eV for a Bi-based varistor.
Figure 5.13(a) shows the @g(VGB)—Vaa relationship simulated for various Nismax, distribution
parameters S, and Eiso by solving self-consistent formula Eq. 5.5 of ®g(Vas) for Np= 1x10'®

cm™ and considering the distribution of interface state levels, Nis(E) given by 3

NIS(E):NISMAX(E)%, (5.7)

where p(E) is the energy density of the interface state levels. In the case of one interface state,

p(E) is given by 25

e o 1 ). r(ng+1)
E)=-— — — 5.8
,0( ) kT nZ;{ ,u(E)ﬂJ sin(nf) I'(n+1) ’ (>-8)
where /(x) is Euler’s gamma function for x, and from Eq. 4.4, u(E) is given by
T(E) E-E
E)=——+-= ——B 59
#(E) - eXp( T J (5.9)

where Eis is the energy of the interface state determined from ICTS measurements. Assuming

that only the thermionic emission mechanism takes place, the current density J(Vgg) is given
by

(5.10)

J (VGB) = A*T? exp[_ Dss (VGB)+ E. —Ex ),

KgT

where A* is the Richardson constant. J(Vgg) increases rapidly with decreasing @s(Vsg). Figure
5.14(b) shows the Vsp—J(VsB) relationship calculated for various conditions, as listed in Fig.
5.14(a) with Eq. 5.10. The dotted line in Fig. 5.14(b) shows the Vgs—J(VgB) relationship for a

smaller Nismax compared to others. Vnnes is also small, while the others are the same.
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Figure 5.14 (a) @s(Var)—Vaa relationship for various Mismax, f, and Eiso solving the self-consistent
formula of ®@p(Vep) for Np=1x10'"® cm?, (b) Ves—current density J relationship calculated for various

conditions.

From the simulation for Np, we obtain the following results:

1. The varistor voltage 'nnas is determined by Nismax and is not related to either the depth
of the interface state level Ec—Eis or the distribution parameter £.

2. The barrier height @py 1s determined by the depth of interface state level Ec—Eis, and @po
becomes large, so that the Ec—FEis is deepened.

3. A broader distribution of energy for interface states leads to a rapid decrease in @s(VGB)
with increasing bias, resulting in a small nonlinearity and an increase in the leakage current, as
the dashed line shows.

4. The nonlinearity index a at lower current densities in the breakdown region is determined
by the distribution parameter f for the energy of interface state levels, and the value of o
becomes large, so the distribution becomes narrower 2°.

5. If the interface state level becomes shallower (the dot-dash line shown in Fig. 5.13(b)),
the leakage current increases drastically 7.

Figure 5.15 shows the simulated values of p(Eis) for two interface state levels. The
parameters used are the same as those of Fig. 5.14. The energy distribution parameter for the
deeper one S is 0.6, the shallower one £ is 0.8, and the difference in energy for the two levels
1s 0.3 eV. There is almost no overlap region for the two levels. Therefore, electrons are captured
in order by the interface state levels, starting with the deeper one and then proceeding to the
shallower one. However, the experimental results shown in Fig. 5.16 are contradictory to the

above simulation results.

48



Chapter 5 Effects of Cr and Ni on Y-doped ZnO varistors

ey
g
e —_ =08
&) - == B=06
vg :f \“
5] Y
~ 1 A
SY ‘ N
. 1 Bl | L
-0.1 0 0.1 0.2 0.3 04 0.5
Eg(E) (V)

Figure 5.15 Simulated values of p(Eis) for two interface state levels.
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Figure 5.16 Ec—Els1, Ec—Elsz, NISl, N]sz, ﬁ], and ﬂz for Y2Cr0.175Ni0.

The changes in both E1 and E> were = 0.02 eV between 0.5 and = 1.7 V Vpucs, as shown in
Fig. 5.16 for Y2Cr0.175Ni0 as an example. It has been suggested that the Fermi level is pinned
by the increase in interface charge if empty interface states are present and as a result, the
barrier height on the forward biased side is almost fixed. Furthermore, since both Nisi and Nis2
depend on Vpuga and increase in proportion to Vpugs, electrons are captured and emitted evenly
by both interface state levels. Since both the distribution parameters 1 and > were = 0.6 and
~ 0.8, respectively, and were independent of Vpucs, it was found that the distributions of
interface state levels were affected by the applied voltage. It is worth noting that since it is the
general view that electrons are captured in order by interface state levels from deeper ones to
shallower ones, our result that electrons are captured and emitted evenly by both interface state

levels is surprising.
5.6.2 Relationship between Electrical properties and interface states

Because it was confirmed that the Fermi level is pinned at the interface state level by
application of Vgs (< V'nnaB), @B(VaB) is nearly equal to @po at Vs < V'nngs. Equation (5.5)

was modified at Vg =~ Vanas as 22%°
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Vnnes = 4PgoS (S MAX _1)'

V'nngB is simply given by the product of @go and Smax(Smax —1). Therefore, it is found that

(5.11)

the main factor causing the increase in Vnnge due to Y doping in addition to the reduction in
ZnO grain size Sg is the increase in @po, as shown in Fig. 5.13. Because the values of V'nngs
and @gpo are known, Smax can be estimated using Eq. (5.11). The change in V'xngs was almost
the same as the change in the product of Smax and (Smax —1), as shown in Fig. 5.17, as the
amounts of Cr or Ni were varied. It is revealed that the addition of Cr and/or Ni does not change
®go but changes Smax prominently. As a result, the change in V'’xnos was related mainly to the
ratio of empty interface state to Niso under no bias for Y-doped samples. On the other hand, no
apparent correlation between V'nngs and Smax or between Vnnes and @po was observed for the

samples without Y, as shown in Fig. 5.17.
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Figure 5.17 Relations between Vangs, Smax(Smax —1), and @Ppy for all samples.

Assuming that only thermionic emission takes place, the theoretical maximum value of the

nonlinearity index amax before electrical degradation is given by 2%2°

deN}

dInV,
in the breakdown region. The experimental maximum point for the nonlinearity index oasmax
is derived from dIn(J)/dIn(¥'~). Figure 5.18 (a) shows the dIn(J)/dIn(V'~)—J relationship and the
measured Vx—J relationship for Y2Cr0.35Ni0 as an example. dIn(J)/dIn(Vn) reaches the

2
~ @BO SMAX

, 5.12
2k, T (>-12)

Oyax = MAX{

maximum aasmax at = 10° A/cm? in the small-current part of the breakdown region around
room temperature. The value of aasmax is not the same as that of a.s in the larger-current part
of the breakdown region shown in Fig. 5.9, since they are measured in different current density
regions. The V'n—J relationship for the first measurement is shown in the same Figure. The

apparent maximum does not appear due to the decrease in electrical resistance in the range of
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the pre-breakdown region at high temperatures. Figure 5.18 (b) shows the measured values of
the maximum nonlinearity index aasmax before electrical degradation at 30°C, amax, Smax?,
and ®go for Y-doped samples. The values of aasmax agreed well with amax for Y-doped samples.
For Y2Cr, the change in the value of aasmax Was correlated with Smax? strongly and was similar
to the change in the values of Jieo/Jrser. It shows the increase of Smax? leads to the increase of

resistance to degradation.

60 =
(a) “wmax [J 0 32°C O 130°C
~ 50 - >
g -
Eor
=30 12
2,
:‘% 20 .
= " [dnydin(ry)
10 — o . —32°C
a --=-130°C
0 J—_|_|_|_u_|_u| |'i'|'||:uj'-| |||u,|_|] [T AT = .|
w10 1w 1wt 10‘32 107 1 2 3 4 5 6 7 8 9 10
Current density./, (A/cm”) Sample number

Figure 5.18 (a) din(J)/dIn(V~n)—J relationship and measured Vn—J relationship for Y2Cr0.35Ni0 at 32
and 130 °C, (b) Measured values of nonlinearity index a.smax before electrical degradation, amax, and

Smax? for each sample.
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Figure 5.19 Relation between £ and Smax for each sample.

If thermionic emission is dominated, the aasmax becomes large so that the distribution of the
energy for an interface state level becomes narrower as shown in Fig. 5.14 (b) in the simulation
section above. When Smax decreased, aasmax decreased. Therefore, it is expected that Smax
correlates with the distribution parameters f1 and/or f,. It was found that f; for the deeper

interface state level is correlated with Smax strongly, as shown in Fig. 5.19. This result indicates
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that the available relative density of empty interface states becomes large as the distribution

parameter becomes large, and as a result the distribution becomes narrower.

5.7 Conclusion

The effects of adding Cr and/or Ni to Y-doped Bi-based ZnO varistors were investigated

with regards to the microstructure at grain boundaries, the electrical properties, and the

interface states.

1.

Vnnee increased from 2.6 to 3.3 V when increasing the amount of Cr203 to 0.35 mol% and
increased to 4 V for 1.2 mol% NiO. The optimum amount of Cr,O3z was found to be 0.35
mol%, with Vnn of = 1030 V, nonlinear indeX aas and adeg Of 35, very low leakage current
at ~ 5 x 107 A/lcm?, and excellent resistance to electrical degradation. In addition, two
interface state levels were confirmed. One was related to the spinel phase dissolving Cr or
Ni, which lead to a reduction in the resistance to degradation. The highest varistor voltage
was ~ 1500 V for 0.3 mol% NiO.

The dissolved Cr in ZnO increased Np due to acting as a donor and reduced the number of
oxygen vacancies at grain boundaries. It is considered that reduction of oxygen vacancies
improved the resistance to electrical degradation and decreased J. by inhibiting oxide ion
transport. This occurs with the cooperation of Y, which modified the ZnO/Zn0O interface
microstructure by forming Y-compound and decreases the good oxide conductor Bi>O3
and spinel particles, and enhances the effects of Cr and Ni.

Though value of Np was changed prominently by adding Cr or Ni for Y-doped samples,
the change of ®go was relatively small regardless of the amount of Cr or Ni added. The
suppression of the change of @®go is due to the change of interface state density in
proportion to Np. It is suggested that the origin of donor and interface state levels is the
same. Such suppression was not observed for samples without Y.

The change of Vnnee was related mainly to the relative empty interface state density to
Niso under no bias for Y-doped samples.

The maximum nonlinearity index aasmax is dominated by Smax and increases so that the
distribution of the energy for an interface state level narrows.

The optimum amount of Cr or Ni additive decreases the distribution of interface state levels
and increased the empty interface states, as a result, leads to the increase in the resistance

to electrical degradation and the decrease in leakage current density.
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Chapter 6

Effect of B20O3 on Y-doped high voltage ZnO varistors

As mentioned in chapter 5, the previous study revealed that Y-doped varistors exhibited a
very high varistor voltage of up to 1000 V/mm. However, leakage current was increased, and
severe electrical degradation occurred. Electrical degradation occurs during or after application
of a high voltage, especially under a high DC voltage: electrical properties such as the varistor
voltage, nonlinearity index, and leakage current deteriorate, which shortens the device lifespan
and causes power loss and device failure. The cause of this phenomenon is complicated !, and

includes ion migration %3, thermionic emission *, Schottky barrier distortion under bias ',

10 11-13

oxygen desorption ’, loss of BiO3 *'° and others . Methods to improve electrical

14,15

degradation are a common topic of study. Thermal annealing is an industrial method used

to recover intergranular defects to reduce interstitial ions. Additives such as SiO» ' and B>O;3
1720 can reduce the leakage current. Liu 7 reported that 0-3.5 mol B2Os decreased the grain
size and varistor voltage. They also reported that a Bi-B glass existed within the samples.
Cheng et al. '8 reported that B addition increased V' by increasing the barrier height and width.
These controversial results drew attention to the relation between B2O3 and other impurities in
Bi-based varistors. Effects of addition of Bi-B frit ! into Bi-based ZnO varistors also have
been reported. Hao et al.? reported that ZnO varistor ceramics doped with an optimal amount
of BoO3 and Al,O3 showed excellent electrical properties. Due to the complicated composition
of ZnO varistors, the mechanism for changing electrical degradation by B-doping is unclear.
Furthermore, the precise location and form of the B ions are also unknown.

We speculated that BoO3; may have the ability to change the electrical properties because
boron ions have a very small radius, which may allow them to move easily into ZnO grains
and grain boundaries, and have a strong covalent energy that may block interstitial ions, such
as oxide ions and Zn?" in ZnO grains. The B>Os also may affect other additives inside and
outside of ZnO grains by occupying their positions and changing the microstructure of the Y-
compound, which improves the electrical properties. In this study, B.O3; was added to Y-doped
varistors and the intergranular microstructure, interface states, Schottky barrier structure, and
conduction processes through a double Schottky barrier were examined in detail to provide
insights into the electrical properties. The correlation between B and other additives, especially

Bi and Co, was also investigated.
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6.1 Experimental procedures

Varistor samples were fabricated from ZnO 100 mol%, with the addition of Bi2O3 (0.6
mol%), MnO; (0.55 mol%), Co304 (0.63 mol%), Cr20; (0.35 mol%), NiO (0.6 mol%), or
Sb203 (2 mol%) as basic composites, and additive Y203 (0 or 2 mol%), or B2O3 (X=0-2 mol%).
Samples names were based on mol% amount of additives, e.g., Y2B1 represents 2 mol% Y203
and 1 mol% B203 doped samples. Varistor samples were prepared by the same method
described in chapter 4. In addition, to determine the reason for degradation, thermal annealing
treatment at 700°C in air were applied to some samples. Electrical properties were evaluated
as described in chapter 4. Cross-sectional morphology was analyzed using SEM, element
locations were determined by EDS. Crystal structure was identified by XRD. The
microstructure of grain boundaries was observed by TEM under 200 kV acceleration voltage.
Chemical compositions were determined by EDS. The position of boron was observed using a

field emission electron probe micro analyzer (EPMA, JXA 8530F Plus, Jeol Co. Ltd).

6.2 Microstructure and the location of boron

Figure 6.1(a) shows XRD diffraction patterns for Y2B.X samples (X =0-2 mol%). The main
diffraction peaks were from wurtzite ZnO (JCPDS 89-0510). The secondary diffraction peaks
were due to Y-compounds in Y-doped samples and spinel particles Zn233Sbo.6704 (JCPDS 15-
0687). No diffraction peaks for compounds related to B were observed, which indicates B may
be dissolved in other compounds such as ZnO or secondary phases. Cobalt and Ni also
dissolved in ZnO, so no related diffraction peaks were found. The relative intensity RI/
calculated from the area of the diffraction peaks for ZnO (100), (002), and (101) planes, spinel,
and Y-compound are shown in Fig. 6.1(b). The RII value for spinel decreased upon addition of
B and did not change with increasing amounts of B. The RII value for the Y-compound
increased at 0.75 mol% B,0s. Figure 6.1(c) shows XRD diffraction patterns for Y2BX samples
(X =0-2 mol%) in the narrower 26 range around the (002) plane diffraction peak for ZnO. A
minute structural change was observed due to the secondary phase. For Y2BX with 0 and 0.25
mol% added B»Os, two diffraction peaks appeared at 34.7-34.8°, associated with a spinel
structure that contained Co (Co-spinel), Co1.7304Sbo.67Zn0.6 (JCPDS 089-6005) at 34.7°, and
another related to Y-compound near 34.8°. When the B>O3 content was increased to 0.5 mol%,
these two peaks merged into one around 34.76°, which indicates the Co-spinel decreased with

increasing amount of B20s. Note that no Bi2O3 peak was found in Y2BX, which is different
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Chapter 6 Effects of B on Y-doped ZnO varistors

from the common Bi-based ZnO varistors *!°, because the Bi was completely absorbed by the
Y-compound according to the additive amount. The YOBX samples with a basic composition

9-11

showed nearly the same XRD diffraction peaks as those from other reports *', as shown in

Appendix Fig. A2. The results for the YOBX samples are available in Fig. S6.1 in the
Supplemental Information. In those samples, a peak due to another Co-spinel compound,

C013304Sbo67Zn (pdf no. 89-6004), was found near 34.6°, and its intensity decreased with
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Figure 6.1 (a) XRD patterns for Y2BX (X =0-2 mol%), e: spinel, A: Y-compound, ¥ : Co-containing
spinel, P : £-BixO3, (b) relation between relative intensity RII of (100), (002), (101) planes for ZnO,
spinel, and Y-compound and B»Os content, (c) enlarged XRD pattern at 26 at 34.7-34.8°, (d) relation

between lattice constant ¢ of ZnO grains and B>O3 content.

increasing amount of B>Os. The addition of B reduced the number of spinel particles and
affected the location of Co. Figure 6.1(d) shows the lattice constant ¢ for a ZnO grain. The ¢

value showed a complicated dependence on the amount of B2O3 and achieved a maximum at
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0.75 mol%, decreased suddenly at 1 mol%, and then remained stable. The lattice constant a =
b showed the same tendency as c. The volume of the ZnO unit cell changed with addition of
B>03, and this was thought to be caused by the substitution of Zn with other atoms, such as Co,
Mn, Cr, and Ni, during sintering, with the greatest decrease in content of other atoms at 0.75

mol% B,0:s.

Figure 6.2 BSE images of microstructures changed by addition of B,Os for: (a) YOBO, (b)Y0B2.0, (¢)
Y2BO0, (d) Y2B0.75, and (¢) BSE with EPMA element mapping images of Y2B2.0. Bi: Bi»O3, S: Spinel,
Y: Y-compound.

Figure 6.2 shows BSE images for typical samples. Dark grey grains are ZnO, light grey
grains are spinel particles, cubic white grains in Y2BX samples represent Y-compound, and the
white layer at grain boundaries represents Bi2Os. Figure 6.2(e) shows BSE images and
elemental maps of Y2B2.0 obtained by EPMA. The white intergranular layer in samples
without Y is the B1,0s layer, which was enriched and homogenized by adding B2Os. For Y2BX
samples, no obvious change in ZnO grain size was observed with increasing B2O3 content.
However, a Bi-rich layer appeared in samples with a greater B2O3 content, shown as white dots
at the boundaries of the Y-compound in the BSE image in Fig. 6.2(e), which were not $-BixO3
according to the XRD pattern. The EPMA results confirmed that most B was located in the Y-
compound and partially located with Bi in the center of the Y-compound.

The microstructure at grain boundaries for samples with different amounts of Y or B were

investigated by TEM combined with EDS, and the results are shown in Fig. 6.3. In general, the
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Figure 6.3 TEM images showing changes in microstructure with increasing B,Os amount in Y2BX
samples, general images for (a) Y2BO0, and (b)Y2B2.0, grain boundary structure (¢) Y2BO, (d) Y2B0.75,
(e) Y2B1.5, (f) Y2B2.0, and EDS line analysis of (g) Y2BO, (h) Y2B1.0. Y: Y-compound, S: Spinel

particles, Y-B: Y-compound containing B. BiBCo: amorphous Bi phase containing B and Co.

shape of the Y-compound changed from aligned to twinned with increasing X, as shown in Figs.
6.3(a) and (b). The results showed that no Bi-layer existed at grain boundaries in Y2B0. The
Bi existed in the Y-compound and its concentration increased towards the center. The
microstructure changed when the amount of B2O3 was greater than 0.75 mol%, as shown in
Figs. 6.3(d)—(f), and a very thin Bi-rich layer was observed at the ZnO/Y boundary. The amount
of the Bi-rich phase increased with increasing B>Osz content, while the shape of the Y-
compound became twinned and encircled the Bi-rich compound in the center. This Bi-rich layer
was not Bi2Os, but a glass phase contained B and Co, as shown in Fig. 6.3(h). The results
showed that the Co in ZnO grains moved to the Y-compound and Bi-rich phase with increasing
X. No change in the concentration of Mn and Cr in ZnO grains was observed, and Ni
concentrations in the Y-compound and ZnO were similar upon adding B>Os. For Y2BO0, as
shown in Fig. 6.3(g), the Co concentration decreased in the order: Coin spinel > COin zno > COiny.
However, for Y2B1, as shown in Fig. 6.3(h), the Co and B concentration increased in the Bi-

rich phase at the center of the Y-compound or at the Zn/Y boundary.
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Figure 6.4 TEM images of (a) YOBO and (b) Y0B2.0, with EDS element mapping for Zn, Bi, Sb, Co,
and B.

Figure 6.4 shows typical EDS element mapping results combined with TEM images of
YO0BO and YOB2. Comparison of these two samples indicated that the B existed mainly in the
Bi-rich phase at the triple point in YOBX samples. For YOBO, Co existed in the spinel, but no
Co was found in the Bi-rich phase. However, for YOB2, Co was observed in the Bi-rich phase
at the triple point. The results of XRD and microstructure analyses indicate that, upon adding
0.75 mol% B203, the microstructure at grain boundaries changed dramatically, possibly
because of a decrease in the melting point of the Bi-B-O glass phase compared to the melting
point of Bi,O3 '*2°. The decrease in Co concentration in ZnO caused an increase in the lattice
constant in the ZnO grains, because the ionic radius of Co (= 0.061nm) is smaller than that of
Zn (= 0.074 nm), and the Co ions in ZnO moved to grain boundaries upon addition of B when
no Bi-layer existed at the grain boundaries. Above 0.75 mol%, a Bi-B-O layer formed at grain
boundaries and the movement of Co was likely blocked by this layer, so the lattice constant
decreased again with increasing B>Oj3 content. In this case, excess B (ionic radius ~ 0.027 nm)
may then dissolve in the ZnO grains. The location of Co for different B,O3 contents may affect
the donor density, Schottky barrier height, and electric properties, because Co acts as donor in
the ZnO grains.

The grain size Sc was not significantly affected by increasing the amount of B2O3. The Sg

value increased from 2.9 um to 3.5 pum with an increase in X from 0 to 2 mol% for Y2BX
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samples (see Table 6.1). For YOBX samples, Sg increased from 3.9 to 4.8 um with increasing

X from 0 to 2 mol%, was shown in Table 6.2.

Table 6.1 Electrical properties of Y-doped varistors with various amounts of added B>Os.

B20s X NN SG Oas  Oasmax  JL30cC Dy Np Niso
(mol%) (V/mm) (um) (uA/em?)  (eV) (107 em™) (102 cm?)
0 1.05x10° 29 29 34 17 127 2.00 3.08
0.25 0.82x10° 39 25 28 3.7 1.17 1.79 2.80
0.5 0.81x10° 33 28 30 3.7 1.33 1.42 2.66
0.75 0.90x10° 3.5 28 39 0.8 1.15 1.59 2.63
1.0 0.90x10° 33 26 30 10.4 1.35 1.24 2.51
1.25 0.84x10° 3.4 30 35 1.2 1.40 1.42 2.73
1.5 0.81x10° 32 32 42 1.0 1.57 1.82 3.27
2.0 1.00x10° 3.4 31 34 0.3 1.48 2.01 3.34

Table 6.2 Electrical properties for YOBX samples.

B.Os X NN AYe! Olas JL3oec Dy Np Niso
(mol%)  (V/mm) (um) (uA/cm?) eV) (107 cm?®) (10" cm?)
0 0.45x10° 3.9 31 1.7 0.82 1.01 2.43
0.5 0.47x10° 4.6 36 0.2 0.90 1.22 2.03

1.0 0.44x10° 4.8 35 0.4 1.01 1.44 2.34

2.0 0.42x10° 4.7 38 0.1 0.88 1.66 2.30
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6.3 Effect of B203 additives on electrical properties

The V'~ — J characteristics before and after electrical degradation at 30°C and 130°C for

some samples are shown in Fig. 6.5. The V'n—J relation changed more sharply from the pre-

breakdown to the breakdown region by addition of 0.75 mol% B>0Os3, as shown in Fig. 6.5(c),

compared with the gradual rise shown in Figs. 6.5(a), (b), and (d). A similar tendency was

observed for YOBX samples as shown in Fig.6.6.
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Figure 6.5 The V'n — J characteristics before and after electrical degradation at 30°C and 130°C, after
annealing at 200°C for Y2BX samples. (a) Y2B0, (b) Y2BO0, (c) Y2B0.75, and (d) Y2B2.0.

The V'n—J curves before and after degradation shifted to higher current density as shown in
Figs. 6.5 (a) and (b), and Jrdeg (both at 30°C and 130°C) increased after degradation. However,
when the B2O3 content was greater than 0.75 mol%, this deterioration phenomenon suddenly
disappeared, as shown in Fig. 6.5(c), which indicates that addition of the proper amount of B
greatly increased the resistance to degradation in Y-doped varistors. Especially, Y2B0.75
samples showed excellent electrical properties compared to the others. This improvement in
the electrical degradation resistance of B2O3; was not found for YOBX samples or other Bi-

based ZnO varistors without Y'7 (Fig. 6.6).
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Table 6.1 lists grain size Sg and electrical properties for all Y2BX samples with variable
amounts of B203; (0 < X < 2.0 mol%). No apparent change in grain size was seen. Varistor
voltage per 1 mm Van decreased abruptly from 1.05 x 103 to 0.82 x 103 V/mm at 0.5 mol%
B»0s, then increased to 0.90 x 10° V/mm as B»O; amount was increased to 0.75 mol%,
decreased to 0.81-0.84 x 10° V/mm at 1.25-1.5 mol% and then increased to 1.00 x 10° V/mm.
This change in V'nn was attributed to the varistor voltage of single grain boundary Vnngs and
was considered V'nn = Vanee/Sc, because S was nearly constant. The nonlinear index values
aas near V'nn before degradation estimated in the breakdown region of current from 0.1 to 1
mA/cm? were nearly the same, and no apparent effects of addition of B2O3; were observed. In
contrast, the maximum nonlinear index aasmax, Which was estimated from dInJ / dInV~ over
the entire range of the current density .J, showed significant dependence on the amount of B2Os.
Though the leakage current density at 30°C Jr3oec showed small value at 0.75 and 2.0 mol%
and a maximum at 1.0 mol%, no significant improvement upon addition of BoO3 was observed.
However, leakage current density at 130°C Jii3oec for the Y2B0.75-1 sample decreased more
than 6-fold before degradation, and more than 15-fold after degradation compared with those
for the Y2B0 sample, as shown in Fig. 6.5.

Figure 6.7(a) shows the leakage current density — time (Jipiseec (¢) — £) relation for Y2BX

samples at 130°C. Starting value Jrpizoec (0) was minimum at X = 0.75 mol%. The Jrp13oc (¢)
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Figure 6.6 (a) The V—J characteristics before and after electrical degradation at 30°C and 130°C, after

annealing at 200°C for (a) YOBO and (b) YOBI.

— trelation for X=0.75, 1.5, and 2 mol% were flat, while the others increased with time. Among
Y2BX samples, Y2B0.75 samples had the lowest leakage current density and the highest
resistance of electrical degradation, i.e., excellent long-term stability at 130°C. This result was
reliable, because the Jip13o°c (¢) — ¢ relation for four samples was almost the same, as shown in

Fig. 6.7(b).
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Figure 6.7 The Jipizeec (f) — ¢ relations for (a) Y2BX and (b) Y2BO0.75.

Since the V'n—J relationship after degradation was mostly recovered by annealing at 200
°C for all the samples prepared in this research in Fig. 6.5, it is suggested that the main factor
for degradation is the migration of oxide and/or Zn?"ions through the grain boundaries under
the application of bias voltage. As discussed above, the change of microstructure at grain
boundaries and improvement of degradation began at adding 0.75mol% B»0Os. Therefore, it is
conjectured that the main reason for the improvement of electrical degradation by B203
addition is the blocking effect on ion migration of the Bi-rich phase containing B and Co (BiBO
glass phase) at grain boundaries. Additionally, since the large amount of Bi»O3 layer in YOBX
samples prevented the formation of BiBO glass phase at grain boundaries, this blocking eftect
of B*" was not observed. Therefore, adding B>Os to the sample without Y did increase its

resistance to degradation.

6.4 Thermal annealing effects

To understand how B>O3 improved electrical degradation, Y2BX was thermally annealed at
700°C for an hour in air. After electrical degradation, the J'—J curves in Figure 6.8 remain stable,
which implies that the Y2B0 samples were significantly more resistant to degradation after
annealing (compared to samples without annealing in Fig.6.5 (a)). During thermal annealing,
crystal defects are reduced, which decreases interstitial ions '*16. Figure 6.9 shows that long-
term stability of Y2BX was much improved by annealing treatment, since Jipiseec (¢) kept stable

as the time increased. Starting value Jipisecc (0) was the same as that of samples without
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annealing treatment. Thermal annealing inhibits degradation but does not affect other

properties, which supports the hypothesis that B** blocks ion migration.
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Figure 6.8 The Vn — J characteristics before and after electrical degradation for Y2BX samples
annealed at 700°C for 1 h. (a) Y2BO0, (b) Y2B1.
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Figure 6.9 The Jipisoc (f) — ¢ relations for Y2BX annealed at 700°C for 1 h.

6.5 Analysis of interface states and double Schottky barriers

ICTS measurement were applied to the samples. The calculated values for each interface
state level obtained by curve fitting using Eq. 4.7 in chapter 4 and assuming the existence of
two types of interface state levels Eis1 and E1s2, showed excellent agreement with the measured
values for every Y2BX sample. The depth of each interface state level from Ec (the bottom of

conduction band) Ec — Eis1, Ec — Eis2, and the distribution parameters f1 and f> were estimated.

65



Chapter 6 Effects of B on Y-doped ZnO varistors

Pinning of Fermi level below Ve < V'xnge was confirmed and valid values of @go, Np, and Niso

were obtained*, as discussed in chapter 5.
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Figure 6.10 Ec — Eis1 and Ec — Eisz, f1 and f for Y2BX samples.

Figure 6.10 shows Ec — Eis1, Ec — Eis2, f1, and f> at 100°C for Y2BX samples. Results
showed that Ec — Eisi, f1 for the interface state 1 (shallower level), and Ec — Eis2, f» for 2
(deeper level), had significant correlativity for all samples. The results also suggested that the
long-term stability of the leakage current at 130°C was high (Fig. 6.7) when the depth and
values of both Ec — Eisz and f> were deep and large, respectively, for the samples with X< 1.5.
For Y2BX samples, EPMA revealed that B was located mainly in the Y-compound, and the
glass phase for BiBO appeared at ZnO grain boundaries with increasing amounts of B2Os.
Upon addition of an optimal amount of B;0s3, formation of glass phase BiBO at grain
boundaries changed the interface structure, narrowed the distribution of shallower interface
state, increased the rate of change of current density around the region between the pre-
breakdown and breakdown regions in V'n — J relation (sharper curve), and decreased leakage
current due to an increase in captured electrons. However, excessive formation of BiBO at the
center of the Y-compound may have had negative effects on electrical properties.

We have proposed a simulation on ZnO varistors’ electrical properties according to
thermionic emission mechanism in chapter 5. The relation between applied bias voltage Vgn

and barrier height @p(Vs) under bias voltage Vag is given by Eq. 6.1 2126
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where S(Vgp) is the increase in the ratio of interface state density occupied by electrons under
bias Vg and S(VeB) represents maximum Swax at Ve = Vnngs due to filling of the interface
states. The ICTS results confirm that the Fermi level is pinned at the interface state level by
application of Vap (< VanaB), since @p(Vap) is nearly equal to ®po at Vs < Vanas 2. As

discussed in chapter 5, equation 6.1 was modified at Vg = Vanas as 2! to:
Vines * 4P, (S, 1) (6.2)

where V'nnes 1s the product of @po and Smax(Smax—1). Because the values of V'nnes and @po
are known, Smax can be estimated using Eq. 6.1.

Figure 6.11(a) shows Np and Niso® at 100°C for Y2BX and YOBX samples with various
B20; contents. The Np and Niso values were not affected significantly by temperature.
Therefore, the data for Np and Niso at 100°C were used, because it was the lowest temperature
at which stable measurements could be obtained. Although the values of Np for the Y2BX and
YOBX samples were nearly the same for different X values, the values of Niso for Y2BX were
larger than those for YOBX. The Np value strongly correlated with Niso>. When X increased,
both Np and Niso? decreased to a minimum, and then monotonically increased. Both samples
with or without Y showed the same Np and Niso’ dependence on X. However, the minimum
value of X for Np and Niso? for Y2BX was = 1 mol%, which was larger than that for YOBX.
Both Np and Niso? for Y2BX after the minimum increased more rapidly compared with that for
YOBX.

Figure 6.11 (b) shows the relations between Np, @, lattice constant ¢ of ZnO grains, and
B>O3 content. Both the Np and @g values correlated strongly with the ¢ value for all B2O3
contents. When a small X that did not exceed the Bi,O3 content was added, the Co, which acts
as a donor in ZnO grains, moved from ZnO grains to the Y-compound and Bi-rich phase with
increasing X, as described in section 6.2 As a result, Np decreased and ¢ increased. When a
larger X that exceeded the Bi2O3 content was added, some Co remained in ZnO grains, causing
an increase in Np and a decrease in c. In this case, excess B ions may dissolve in the ZnO grains

and act as donors there.
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Figure 6.11 Relation between B,Os content and (a) Np and Niso?, (b) Np, @, and lattice constant ¢ of
Zn0O grain for Y2BX samples, (¢) Vnng, s, and Smax(Smax-1) for Y2BX and YOBX samples.

Figure 6.11 (c) shows values of @go, V'nnGB, and Smax(1-Smax) at 100°C for Y2BX and
YOBX samples for various X values. Although ®go for YOBX samples was nearly constant at =
0.9 eV from 0 to 2 mol% X, ®@po for Y2BX samples was =1.5 times greater than that for the
YOBX sample, showed a minimum at = 0.75 mol%, and then increased slightly with X. This
suggests that the increase in @gy is related to the deeper interface state levels and larger capture
cross-sections due to changes in the microstructure at the grain boundaries. The main factor
causing the increase in V'nngs due to Y doping and a reduction in ZnO grain size Sg has been
discussed to be the increase in Smax in chapter 5. The change in V'nnge was similar to the
change in the product of Smax and (Smax—1), when X was varied. The results revealed that
addition of B2O; did not change ®go, but did change Smax significantly, which indicates that
VN was related mainly to the ratio of empty interface states to Niso under zero bias for Y-
doped samples. However, no apparent correlation between Vangs and Smax, or between Vanes

and ®po, was observed for samples without Y.

6.6 An analytical method for conducting processes of ZnQO varistors

The nonlinear V'n— J relation for the samples prepared in this study were modified notably

by addition of B20Os3, as shown in Fig. 6.5. A detailed analysis of the nonlinear V' — J relation
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was performed to investigate the effects of addition of B2Os. The nonlinear V'x — J relation is
considered to be divided into three regions: pre-breakdown, nonlinear, and upturn. Although in
the small current density region, where upturn regions disappeared, the V'n — J relation

resembled the p-n junction diode given by %:

eV
J=1J,|ex N_ -1 6.3
0|: p(nNkBTj :|7 ( )

where Jy is saturation current density, nn is a constant, kg is the Boltzmann constant, and 7’

is absolute temperature. The V'n — J relation of ZnO varistors disagrees with Eq. 6.3 due to the
existence of the interface states at ZnO grain boundaries. There are two effective junctions /i
and /> for the ZnO /i interface of the region /> ZnO. At a grain boundary, two back-to-back
Schottky barriers formed. The energy band near a grain boundary under bias can be divided
roughly into three regions: I, II, and III . The forward-biased Schottky barrier is assumed to
form in region I and the reverse-biased one in region III. Region II is the interface between I
and III where the interface states are formed. Therefore, because current must pass through the
resistance of a ZnO grain, total resistance is the series connection of the resistance
corresponding to each region. The most curious point about the V'n —J relation is that the I'n —
J relation at the high current side in the breakdown region barely changed before and after
electrical degradation or upon changing sample temperature (Fig. 6.5), although the sum of the
voltage drop of each region corresponded to /'x. The reason for this was not clarified. However,
the sum of the voltage drop of each region corresponded to V'n. Thus, in this study, separation
of the I'n — Jrelation of ZnO varistors was attempted by analyzing the J-dependent differential
resistivity Rp(J) = dVn/ dJ to investigate the effects of BoO3, because the Rp(J) —J relation can
be used to evaluate the effects of BoOs addition more sensitively compared with the V'n — J
relation (Fig. 6.5).

The conduction process for ZnO varistors has been reported to consist of thermionic
emission, thermally assisted field emission, and field emission in regions I and III, Frenkel

126

Poole emission, tunneling, and thermally activated hopping in region I ©°. However, separating

each conduction process from the V'n — J relation is difficult.
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Figure 6.12 Measured and fitted Rp, Rp1, Rp2, and Rps for Y2B0.75 and Y2B2.0 at 200 and 100°C.

Plots in Fig. 6.12 (a)-(d) show experimental Rp for Y2B0.75 and Y2B2.0 samples at 200
and 100°C. Figure 6.12 (a) and (b) show that, for the Rp — J relation, Rp is constant in the low
J region, increases suddenly at a certain current density, and decreases rapidly after reaching
the maximum. Such a prominent maximum was not seen at temperatures lower than ~100°C,
as shown in Fig. 6.12 (c) and (d).

The prominent difference in the two Rp —J relations is the shape around the maximum. The
Rp — J relation fit Eq. 6.4 using the sum of three differential resistance Rpi, Rp2, and Rps.

_avy _d

T4l dd

where VN1, VN2, and Vns are the voltages corresponding to Rpi, Rp2, and Rps, respectively, as

(VNl +VN2 +VNs) = RDl + Roz + RDS (6.4)

represented by the following:

A

Ryy=———— 6.5
- A
Rp,= 6.6
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Rp3= A -
[B,0-Cy
J

(6.7)

1+

where parameters A1, Bi1, A2, B2, A3, B3, and C3 (fitting parameters) are constants dependent on
T. Indexes i1, i2, and i3 also are dependent on 7. The Rpi and Rp> values were constant in the
low J region and decreased suddenly near J = =B;"! and =B>"! (A/cm?), respectively. The Rps
value reached a maximum sharply near J = C3 (A/cm?). Solid and dashed lines in Fig. 6.12 (a)
and (b) represent the fitted curves calculated using Egs. 6.4-7 for Y2B0.75 and Y2B2.0
samples, respectively, at 200°C. The fitted curve agreed well with Rp calculated from the
measured V'~ — J relation for all samples.

Two types of contributions of Rp2 and Rps to Rp were observed and differed prominently
around the maximum Rp. The shape of the tip of the peak of Rps for Y2B2.0 [Fig. 6.12 (b)] is
more gently sloping and the J values giving the maximum of Rp and Rp;3 are not the same as
those for Y2BO0.75 [Fig. 6.12 (a)]. All fitting parameters were determined uniquely at
temperatures above ~100°C where the effective contribution of Rpi, Rp2, and Rp3 to Rp
appeared. Values of 41, B1, A2, and B> were determined at temperatures below ~100°C.

Both Rp; and Rp, were bent at J = Jy1 and Jp2 (A/cm?), respectively, as shown in Fig. 6.12.
Therefore, rough values of fitting parameters B; and 4; for Rp1 were estimated to be = Jp1™! and
Rpi(Jo1), respectively [e.g., Jo1 =2 x 10* A/em? and Rpi(Jy) = 4 x 10° Q, below J, for the
Y2B2.0 sample, as shown in Fig. 6.12 (b)]. Similarly, values of B> and 4> for Rp> were
estimated to be = Jy,!, where Rp is bent in the middle J region, and be = Rpa(Jh2) [e.g., Jb2 = 2
x 107 A/em? and Rpa(Jb2) = 2.5 x 107 Q below Ji: for the Y2B0.75 sample, as shown in Fig.
6.12 (a)]. Values of parameters B> and 4> could be determined uniquely when J independent of
Rp> was observed in the lower J region. Index i1 was fixed at 1 over the entire measuring
temperature region between 30-200°C, because the fitted value was =~ 0.93 —= 1. Furthermore,
because the value of Rpi was relatively small in the low J region, but was larger than those of
Rp2 and Rps in the high J region after the breakdown over all measuring temperatures, the value
of Rpi1 represents differential resistance in forward region I and may be dominated by the

thermionic emission mechanism.
Determining values of the parameters 43, B3, and C3 at low temperatures was difficult

because the Rp3 peak was not observed there. And because C; corresponded to J near the Rp3

peak and was less than the lower limit of measuring current density at low temperatures,
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determining the value of C3 there was impossible. However, because 4> —, B> —, A3 —, B3 —, and
C3 — 1/ T relations obeyed the Arrhenius equation at temperatures above 130°C, the value of
(5 was fixed to the value estimated from the Arrhenius equation at lower temperatures. Finally,
fitting parameters A», B2, A3, B3, and C; obeyed the Arrhenius equation at temperatures below
130°C, as shown in Fig. 6.13. In contrast, 41— and B1— 1 / T relations for samples did not obey
the Arrhenius equation, except for those of Y2B2.0. Activation energies for 4>—, B>—, 43—, B3
—, and C3— 1/ T relations were = 0.7 eV, nearly the same as shown in Fig. 6.13(a). As a result,

the ratios of A1 to Bi1, A2 to B, and 43 to B3 were very similar.
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Figure 6.13 Arrhenius plots of fitting parameters for Rni—, Rno— and Rz — J relations for (a) Y2B0.75-1
and (b) Y2B2.0 at 30-200°C.
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Figure 6.14 Activation energies for 4> —, B> —, A3 —, B3z —, and Cs— 1/ T relations for Y2BX and YOBX.

Furthermore, because those activation energies were nearly the same as those for YOBX [Fig.
6.14 (b)], the activation energy for fitting parameters was not related to addition of Y.

Plots and lines shown in Fig. 6.15(a) and (b) represent measured and calculated curves of
N, Vni—, VN2, and P obtained by numerically integrating Rp—, Rp1—, Rp2—, and Rps —J for the
Y2BO0.75 and Y2B2.0 samples, respectively. The constant of integration, which is equal to the
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difference between the measured and calculated values of V', was added to n2. The calculated
values of V'~ agreed with the measured values at all temperatures. The ratios of the contribution
of I'n1, Ve, and Fns to Vn were nearly the same, except for the Y2B2.0 sample in the large J
region, because the V'ni—, Vno—, or Vn3— relations at all measuring temperatures were similar
there. For Y2B2.0 sample, although ¥'n1 and VN2 was varied especially when the temperature
was changed, the sum of /N1 and Vn2 was almost the same. The mechanism of this result is not
yet understood. Because the fitting parameters were determined from the Vn — J relation,
including a pre-breakdown region, and the ¥'n1, P2, and Vs in the high J breakdown region at
all measured temperatures didn’t show a large deviation, dividing V'~ into Mxi, P2, and Vs is
meaningful.

The Rp: value provided by

A dvy
R. = S § 6.8
“14BJ dd (6.8)

J= Bl[exp(iv j 1}=é[exp[iN VGB,j 1} (6.9)

where Vg is bias voltage per grain boundary applied to region I. Because Eq. 6.9 has the same

leads to

form as diode current equation Eq. 6.3, 41 and B were attributed to A =nk,T /(Joe) and

B, =1/Jo. In this case, Eq. 6.9 is expressed as

J=1J,|exp eVi —-1|=1J,|exp ENogVos —1|=J,| exp Ve -1, (6.10)
nyKsT NggnkgT nkgT

where n corresponds to the ideality coefficient and lies between 1 and 2 for the general p-n

junction and Schottky diodes. The equation that applies for Rp: corresponding to the thermionic
emission mechanism in region I under forward-bias is represented by:

R E
J =AT%exp| ——& 6.11
-y o

B

where A is Richardson constant and Ep is the energy with respect to the Fermi level Erg for
ZnO grain in region II and expressed as Ep = ®Ppo + Ec — Erc for Vo < Vancs °. The 41— and
Bi1— 1/ T relations did not obey the Arrhenius equation for any samples except those of the
Y2B2.0 sample. However, the relation for the Y2B2.0 sample did obey the Arrhenius equation,
with an activation energy E for the Y2B2.0 sample of = 0.6 eV. The Es was near the value
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reported for the sample without Y 2’. However, for Y2BX samples, Eg was larger than ®po >
1.16 eV, as shown in Table 6.1. These results are not yet understood.

Figure 6.16 shows the temperature dependence of coefficient n for Y2BX (X=0—2) samples.
Values of n were nearly the same for all samples, although they were larger than that for the p-
n junction and Schottky diodes (1 < n < 2). In contrast, values of n were 1 < n <2 for some

YOBX samples. Therefore, coefficient # has significant meaning in region 1.
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Figure 6.15 V'n—, Vai—, Vao— and Vas—J relations obtained by numerical integration of Rpn—, Rpi—,

Rpo— and Rps—J relations for Y2B0.75-1 and Y2B2.0 at 30-200°C.
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Figure 6.16 Temperature dependence of coefficient n for Y2BX (X = 0-2) samples.

Obtaining the analytical formulae of Vno— and V3 — J relations for arbitrary values of
indexes > and i3 was not possible. However, the analytical formulae of the V'ny — J relation
could be obtained for i= 1, 2, and 4. The analytical formulae of V'n2 for i>=1 is represented by

Eq. 6.9. Fori;=2,

(6.12)
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and V, becomes almost constant when Vy, B,/A, ~ 77/2. The analytical formulae of Vx3—J
relation can be obtained for i3=1, 2, 3.... The analytical formula for i3=1 is

_A 2 27 @ _1[a+ZB3J}
Vis=-=>{In| B,J? +a) +B,C;? | -2 tan | T2
N3 28 I: 3 3 3:| b b

3

a. .(a
—%{In(&cf)—zgtan (BH, (6.13)

3
where a=1-2B,C,and b=(4B,C, —1)0'5 . Lines in Fig. 6.17 (a) and (b) represent examples of
V'no—and Pns—J relations obtained by numerical integration of Rp>—, and Rps—J relations using
fitting parameters A2, B2, A3, B3, and C3 and 0.5 <>, i3< 5 for Y2B0.75 at 35°C, respectively.
The Vno—and Vaz—J relations became flat for i» > ~1.5 and i3 > =~1.25 above J=1 x 1077 A/cm?,

respectively, and as a result, nonlinearity index aas increased for small V'ni1. Behavior of the

V'no— J relations was similar to that of the Zener breakdown in the reverse biased region.
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Figure 6.17 Vno— and V3 — J relations obtained by numerically integration of (a) Rp2—, and (b) Rps—J
relations calculated fitting parameters for Y2B0.75 at 35°C.

Figure 6.18 shows the fitted values of i» and i3 for each Y2BX sample at 30-200°C. Only
Y2B2.0 had values of i> and 73 that satisfied the conditions of both i» >=1.5 and i3 > ~1.25 near
room temperature. However, because both Rpi and Vi for the Y2B2.0 sample were large in
Fig. 6.12(b), I'n is strongly dependent on J in the high J breakdown region, and the value of s

becomes small.
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Figure 6.18 Temperature dependence of indexes (a) i and (b) is for Y2BX (X =0-2) samples.

Figure 6.19 shows the relation between measured values of aasmax and indexes i> and #3 for
each Y2BX sample at 30 — 35°C. Results revealed that i» was strongly correlated with aasmax.
Because the value of i; at = 30°C for the Y2B1.0 sample was = 1, V> it could be estimated by
a formula similar to Eq. 6.9. The value of eScA4> / B>/ ks/ T corresponding to n was ~ 4.6 (see
Fig. 6.16) and the activation energy was = 0.70 eV, as shown in Fig. 6.14. The value of I'n in
the pre-breakdown region fit well using Vw2, as shown in Fig. 6.15. If I'nz originated from the
thermionic emission mechanism, Eg is equal to the activation energy = 0.7 eV for 4>, as shown
in Fig. 6.14 (a). However, this value is smaller than ®go. If this is ignored, the conduction
process corresponding to 72 includes the thermionic emission process.

Among Y2BX samples, Y2B0.75 had the lowest leakage current density and excellent long-
term stability; a result that was robust. Figure 6.20(a) and (b) show the temperature dependence
of indexes i> and i3 for the four Y2B0.75 samples corresponding to the Jipi3eec (¢) — ¢ relations
shown in Fig. 6.7(b). The value of i3 for the Y2B0.75-1, 2, 3 samples was ~ 1 and was
independent of temperature; while that for the Y2B0.75-4 sample was a little larger than 1 at
temperatures above 100°C. The value of i> for the Y2B0.75-2 sample was largest, which had
the smallest leakage current density and excellent long-term stability; and for the Y2B0.75-4
sample was smallest, which had the largest leakage current density. These results suggest that
the index i is correlated significantly with deeper interface state level 2. Confirmation of this

result requires additional research.
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Figure 6.19 Relation between aasmax and i, i3 at 30-35°C for Y2BX (X' = 0-2) samples.

1.30
(a) -8 Y2B0.75-2 (b) -5~ Y2B0.75-1
6— ' -6~ Y2B0.75-1 1.25— -B- Y2B0.75-2
| —A— Y2B0.75-3 —A— Y2B0.75-3
-~ Y2B0.75-4 ml 20— -~ Y2B0.75-4

0 .
300 350 400 450 300 350 400 450
Temperature (K) Temperature (K)

Figure 6.20 Temperature dependence of indexes i, and i3 for four Y2B0.75 samples.

Figure 6.21(a) shows the relation between varistor voltage per on grain Vnngs and Vigs,
V6B, and V3gs per on grain for Y2BX samples. Results revealed that V'xnes correlated strongly
with V3ge. The values shifted V36 by +2V and roughly agreed with V'nngs, which suggests that
V'~ 1s the value by which V36 was added to the base voltage of =~ 2 V. The YOBX samples
showed the same tendency and the base voltage was = 1.4 V. The difference in the base voltages
for Y2BX and YOBX samples was = 0.6 V, caused mainly by the difference in the barrier height,
as shown in Fig. 6.11. Total voltage drops V'x can be divided into the voltage drop caused by
three conduction processes, although it seems that VN3 is artificial. However, V'ns is necessary
to completely explain the differential resistance. At the present stage, VN1 and Vw2 are not
declared to correspond to the voltage drop due to the conduction process of thermionic
emission mechanism in region I forward biased and region III reverse-biased, respectively.
However, the conduction process corresponding to Vx3 is indefinite. This analysis 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
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Rps may result from the tunneling effect. Future studies will be conducted to investigate

applications of the analytical equations.

S (@) Y2BXY  [®Van (b) Y2BX
§ 3 W E ’ =S
CN o
F s h s
@ & |eAeVygy TreA Y >~ o= "aan
&(2 ] (ol O Vagg|  Eeees E--"‘E — T a e <l Vigpt2V
a > Vi o 2
9 E--.. " DPeeebn. r Lev=*"" [> k
é () SRR e SR TS e, i | 0k | | | |
0.0 0.5 1.0 1.5 2.0 00 0.5 1.0 1.5 2.0
B,0, comtent X (mol%) B,0, comtent X (mol%)

Figure 6.21 (a)Vnnas, Vics, Vags, and Vigs per grain boundary for Y2BX at 130°C and (b) correlation

of V3GB and VNNGB-

6.7 Relationship between B203 and SiO: additives

6.7.1 Microstructure and crystal structure when B203 and SiO> were added together

Si0; is a common additive in commercial varistors. SiO> was added by 2.65, Smol% with
varying B2O3 concentrations from 0-2mol% in this study to investigate whether B,O3; will
interact with SiO> or not (other materials were the same). The XRD diffraction patterns for YO
ceramics with different compositions of added Y203, SiO2, BoO3 are demonstrated in Fig. 6.22.
It shows the main diffraction peaks in YO ceramics are wurtzite ZnO, and secondary phases as
spinel particle Zn233Sbo 6704, f-B1203. The Y-Sb-Bi-Zn oxide is found in Y-doped samples. The
S-Bi20s peaks disappeared in Y-doped samples because the Bi was fully absorbed in compound
Y. However, the f-Bi,0s appeared in Y2Si2.65B0 when SiO2 was doped, as Si replaces small
amounts of Bi in compound Y led to the Bi»O3 layer at grain boundaries in Fig. 6.23. These
Bi,0s peaks decreased and finally disappeared when B,O3 was added. Willemite Zn>Si0s is
found in Si-added samples. Although diffraction peaks directly related to B are not detected,
the willemite peaks show an obvious shrinkage with addition of B2Os. Hence, B ions would
preferentially react with Si first, and then with Bi, resulting in amorphous phases such as glass
phase BiBO or BSiO.

Figure 6.23 demonstrates the microstructure at grain boundaries and EDS element mapping

under TEM of Si-added samples. Except for the willemite, small amount of Si is also found in
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compound Y, referred to as YSi. It may explain how the f-Bi>O3 appeared in Y2Si2.65B0,
because the solubilized Si substitutes few Bi in compound Y. SiO> reacted with B,O;3 that
resulted in a Si-B-O glass phase, located in compound Y. While increasing the B.O3 amount, a
Bi-Si-B-O amorphous phase (BiBSi) appeared at grain boundaries, shown in Fig. 6.23 (b). Sg
for Y2Si2.65BX is around to 2.4-2.5um (Table 6.2).

® ZnO O Spinel
vV Zn,Si0, > B-Bi,0,
Y:Y compound

Y2Si2.65B2

oA

VY2Si2.65B0V jD
A ek N

Y2B2

Intensity(a.u.)

Y2B0

o

Y0B2 )

YOII

|
10 20 5 5(20) 40 50

Figure 6.22 XRD patterns for different type of samples adding B,Os, SiO», Y,0:s.
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Figure 6.23 Microstructure at grain boundaries and element line mapping under TEM of (a) Y2Si2.65B1
sample; (b) Y2Si2.65B2.

Table 6.3 Electrical properties for Y-doped samples with SiO, 2.65mol% and B>O3; amount from 0 to
2mol%.

B203 VN Se  0a Ju b Nb Niso WpL
(mol%) (V/mm) (um) s (uA/ecm?) (eV) (10¥cm?®) (102 cm?®)  (nm)
0 996 24 49 0.29 1.07 22.1 2.98 135
0.5 944 25 47 0.28 1.10 19.0 2.79 148

1 1036 24 49 0.55 1.05 24.7 3.12 127
15 966 25 50 0.63 1.04 25.1 3.14 125

2 917 26 38 0.51 1.19 25.9 3.41 132

6.7.2 Electrical properties when B203 and SiO: added together

Electrical properties of Si-added Y-doped segments with varying amounts of B>O3 are
shown in Table 6.2. The increase of /'nn when Si was added is due to the decrease of grain size
Sc by the formation of willemite. Grain size did not appear to change when increasing B20O3

from 0 to 2mol%. Little difference of /'xn was found with increasing B>O3 until 2mol% in Si0>
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added samples. Similarly, with a, which was almost constant close to 50, but decreased to 38
with 2mol% B20;.

The relationship of Jp(¢)-¢ for Y-doped varistors with various amounts of SiO; and B20;
were presented in Fig. 6.24. Firstly, the Jo decreased by adding B»Os until around 1mol%,
regardless of SiO> amount, and then increased with further increasing B>Os. The decrease of
Jo was related to the decrease of Np, as shown in Table 6.1 and 6.2. It was observed that the
increasing of Jp along the degradation time ¢ was suppressed by adding B>O3 but accelerated
by adding SiO». The change rate of Jp, J>0/Jo was calculated and drawn in Fig. 6.24 (d). When
Si0; amount was increased from 0 to 5mol%, the smallest value shifted to larger B.O3 content
region, because the formation of glass phase BSiO reduced the efficiency B ions in ZnO. B20;
additives increase a, the degradation resistance, and Vxn, while inhibiting Ji.. Although excess

B>03 (2mol%) leads to slightly degradation and decrease of V.
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Figure 6.24 The Jp-t characteristics for (a)Y2SiOBX, (b)Y2Si2.65BX, (c)Y2SiSBX adding various
amount of B,Os, and (d) change rate of Jp, J20/Jo with different amount of SiO, and B,O:s.

It is suspected that Si reacts with B to form glass phase BSiO, which melted during the
sintering process. This glass melting point decreased with increasing B amount '°, and the

surface tension decreased with higher B that let the liquid cover whole grain surface, shown in
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Fig. 6.23. However, this BSiO glass may lead to an increase of current paths under bias that

decreases the degradation resistance of samples. When extra B2O3 (2mol%) was added, glass

phase BiBSi formed that reduced Bi2O3 and decreased nonlinearity. Therefore, if Si0O- is added

into samples, the effect of BoO3 on the electrical properties will be weaker due to the formation

of BSiO which absorb efficient B ions that affect Schottky barriers and interface states. What

is more, the improvement of electrical degradation is depended on B ions alone.

6.8 Conclusions

1.

Boron (B) ions are found in Y-compounds together with Bi ions for Y-doped varistors.
When the amount of B,O3 was greater than 0.75 mol%, a Bi-rich glass phase containing B
began to grow at the grain boundaries, twinning the shape of the Y-compound as the B2O3
concentration increased. Formation of this Bi-rich phase first reduced the Co concentration
in the ZnO grain that also decreased donor density Np. However, when the B>Os amount
was greater than 1 mol%, excessive B ions contributed as donors in ZnO grain and
therefore increased Np.

Barrier height @go under no bias showed a minimum at ~ 1.0 mol%; after that, it increased
slightly with B20Os. The addition of B>Os did not change ®go, but did change Swmax
significantly, indicating that Vnnee was related mainly to the ratio of empty interface state
to Niso under no bias for Y-doped samples.

The optimal amount of B203 of 0.75 mol% drastically improved the electrical properties
and resistance to degradation of Y-doped varistors. These samples exhibited an
exceptionally high long-term stability to DC electrical degradation. A sharp bending of Vn
— J relation near J region between pre-breakdown and breakdown regions was observed
by adding optimum amount of B20Os.

A method was developed to analyze conduction processes of the Vn — J relation of ZnO
varistors. The differential resistance Rp was effective for evaluating the effects of B2O3
addition on the Vn — J relation. Results showed that the Vn — J relation could be attributed
to three conduction processes located separately in the forward-biased region I, the
reverse-biased region 11, and the interface region Il of the energy band. Each voltage drop
Vni (1 =1, 2, 3) could be calculated from Rpi. The Rp1and Rpz2 values exhibited a junction
diode-like property in regions I and I11. Both corresponded to the voltage drop that may be
dominated by a conduction process similar to the thermionic emission mechanism. The

Rp2 value showed a significant correlation with the maximum value of nonlinearity index
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aasmax. The Rps value may be related to region 11 close to reverse-biased side, which affects
electrical degradation together with Rpz. Excellent long-term stability was achieved with
the largest index i.

When SiO, was added into samples, the effect of B.O3 on interface states and Schottky
barrier vanished because of the reaction between SiO, and B>O3 that formed BSiO glass,
reducing the efficiency of B2Os. Electrical degradation was inhibited by adding B203, with
around 1mol% no matter the amount of SiOa.
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Chapter 7

High voltage Bi-based ZnO varistors adding with SiO:

7.1 Introduction

The high voltage varistors doped with Y203 and their additive effects have been studied in
detail in chapters 5 and 6. In this wayj, it is possible to make varistors with double the voltage
of commercial varistors and keep the same device for UHV application. The Electrical
properties of this type of material are remarkably dependent upon the ratio of Sb,0O3 and Y203,
and additives such as Cr, Ni or B are required to inhibit the electrical degradation. Due to the
lack of rare earth metal Y and the toxic nature of Sb, however, people are now seeking
substitutes that use clean and cheap materials.

Varistor voltage for ZnO varistors can be controlled by adding small amount of SiO .
When SiO> is added to ZnO particles, Willemite particles (Zn2SiO4) are formed at the grain
boundaries which inhibit the growth of ZnO grains, thus reducing ZnO grain size. The effect
of Si02 added heavily to 6 wt% in Bi203-C0203-MnO»-TiO; based ZnO varistors sintered at
low temperature on electrical characteristics was investigated by Zhao and his team °. They
reported that average grain size decreased by adding SiO; and the varistor voltage increased
with increasing the amount of SiOz and reached to 1300 V/mm for 6 wt% SiO; addition.
However, the electrical degradation is not discussed. In chapter 6, we found that adding a small
amount of SiO» (i.e., 2.65, 5Smol%) increased the varistor voltage and nonlinear index of Y-
doped varistor, but the electrical degradation became much worse and leakage current
increased by more than 100 times after degradation test. Thus, we attempted in this chapter to
fabricate and evaluate ZnO varistors using Bi203-C0203-MnOz-based ZnO varistors without
adding Y203 or SboOs, for the high varistor voltage and good stability.

Furthermore, the effects of the addition of B2O3 on the resistance of electrical degradation
was investigated. The melting and boiling points of B2O3 are = 450 and >1500°C, respectively
and in sintering, it does not evaporate. Around 450 °C, B20O3; melts completely and fills in the
interspaces among other compounds. It is expected that BOs3 in liquid state at calcined
temperature promotes the sintering of ZnO. The ionic radius of B203 is = 0.02 nm and it exists
in ZnO grain, grain boundaries and secondary phases. As boron has a strong covalency, it is
expected to exist at interstitial sites in ZnO and preventing ion drift that causing the electrical

degradation. This effect is found in Y-doped varistors and discussed in chapter 6. However, the
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reaction between B>O3 and Si0; affects the electrical properties. In this study, the influence of
the addition of B2Os to Si-doped varistors is also investigated.

The effects of SiO> and B»0O3 addition to Bi-Mn-Co-based ZnO varistors samples were
fabricated and evaluated in this chapter. These samples are expected to obtain varistor voltage
more than twice as much as the commercial varistor. The electrical properties, microstructures

and interface states were investigated in detail.

7.2 Experiments

7.2.1 Sample preparation

ZnO varistors were fabricated from ZnO (99.9999 purity, Meidensha, Japan), Bi,O3 (0.25
mol%), MnO> (0.55 mol%), Co304 (0.0, 0.2 mol%) as basic additives (hereafter denoted
ZBMC) and added with SiO> (0-55 mol%) and B»O3; (0—10 mol%). Each component was
determined to contain 100 mol% ZnO. The molar ratio of Bi2O3, MnO; and Co304 to ZnO was
the same in each sample. The preparation method is described in Chapter 4. Hereafter, each
sample is given a simplified sample name according to its composition. For example, the
sample consisting of basic additives (ZBMC), 0-55 mol% SiO,, and 1.00 mol% B0s is
denoted ZBMCSi0-55B1 or Si0-55B1.

In addition, ZBMCSi16B0 and ZBMCSil16B1 samples varying the Bi2O3 amount (0, 0.125,
0.250, 0.375, 0.50, 0.75 mol%) was prepared to evaluate the relationship between Bi, Si and B.

7.2.2 Sample Evaluation

The V—J characteristic was measured using the method described in Chapter 4. Electrical
degradation was tested on each sample. The average ZnO grain size was estimated from
micrographs obtained by an optical microscope (Eclipse ME600, Nikon, Tokyo, Japan) by
taking the grain size to be equal to the side length of a square with the same area. The surface
observation and elemental compositions of the samples were analyzed by SEM (JSM-7500FA,
JEOL, Tokyo, Japan). EDS, (EX-64195JMU, JEO, Tokyo, Japan), and the BSE (SM-34110;
JEOL, Tokyo, Japan) modes were used in the SEM to analyze the composition on the surface
of the grain boundaries. The crystal structure was analyzed by XRD. Interface traps were

investigated by ICTS at constant temperature. The measurements were conducted using a
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capacitance meter (72B (Option 05A), Boonton, USA; test frequency: 1 MHz), pulse generator
(8110A, Keysight Tech., Santa Rosa, CA, 1973, NF corp. Tokyo, Japan, Leading and trail edges
of'a pulse to prevent overshoot: 100 ps) and a digital voltmeter (34410A and 34411A, Keysight
Tech., Santa Rosa, CA). The AC test bias voltage was 100 mVrms, pulse width was 20 ms,
pulse amplitude was set to 1/6, 1/3, or 2/3 of varistor voltage (high level) and 0 V [low level
(base line)], and measurement time range was 2x10*— 9000 s. The measurements were
performed over the temperature range from 40 to 200°C, and the temperature was controlled

to within 0.1°C.

7.3 Microstructure and Crystallographic properties

7.3.1 Microstructure

When SiO; is added to a ZnO varistor, willemite particles are formed'. Therefore, EDS,
BSE, and XRD were used to examine the compounds formed at the ZnO grain boundaries.
Samples were fractured and the shapes and element distributions of the grain boundary fracture
surfaces were analyzed by SEM and BSE, respectively. This provided observations of the
boundaries between two ZnO grains.

The compositional images in the BSE mode and elemental mapping for ZBMCSi25B0 are
shown in Fig. 7.1 (a). The strong contrast of the BSE revealed a different composition for the
segregated particles and ZnO particles. The elemental mapping revealed that the large bright
gray part contained large amounts of Zn, the large dark gray part contained large amounts of
both Zn and Si, and the small bright gray part contained large amounts of Bi. It appears that
ZnO and willemite particles form a larger cluster. Grain sizes for ZnO and willemite were
comparable. A similar result was obtained for ZBMCSi25B1, as shown in Fig. 7.1(b).
Microstructure and grain size of Si25B0 and Si25B1 samples did not appear to differ
significantly in SEM images.
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/n0O  willemite

ZnO willemite ZnO willemite

Figure 7.1 Compositional image in BSE mode and elemental mappings of Zn (Ka), Bi (Ma), Si (Ka)
on fractured surface for (a) ZBMCSi25B0, (b) ZBMCSi25B1.
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Figure 7.2 Microstructures on fractured surfaces of the sintered (a) ZBMCSi0OB1, (b) ZBMCSi2B1,
(c) ZBMCSIil6Bl, and (d) ZBMCSi25B1.

Microstructures on fractured surfaces of the sintered (a) ZBMCSi0B1, (b) ZBMCSi2Bl, (c)
ZBMCSIil6B1, and (d) ZBMCSi25B1 are shown in Fig. 7.2. As SiO; increased, grains grew
smaller. Since the perfect cleavage plane of ZnO is the (0001) plane and the secondary cleavage

plane of ZnO is the (1010) plane, a ZnO grain should be fractured by cleavage as shown in
Figure 7.2 (a) and (b).

Grain size (Lm)

0 10 20 30 40
Molar ratio of SiO, (mol%)

Figure 7.3 Relation between the averaged grain size and the molar ration of added SiO».

Association between the averaged grain size for both ZnO and willemite particles and the

molar ration of added SiO; is shown in Figure 7.3. The average grain size decreased in inverse
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proportion to the amount of SiO; added. With comparable particle size was observed in the
sample without Co30s4, it was suggested that willemite was acting as a grain growth inhibitor
other than reported (Zn,C0)2SiO4>. A macroscopic pore without facets was observed when the

amount of SiO; was small, but it decreased as the SiO, amount increased.

Figure 7.4 EDS images observed under TEM for the microstructure at grain boundaries (a)

ZBMCSi25B0, (b) ZBMCSi25B1.

In conjunction with the element mapping, TEM was used to observe the microstructure at
grain boundaries, shown in Fig. 7.4 (a) ZBMCSi25, and (b) ZBMCSi25B1. Fig. 7.4 (a) shows
that the Bi2Os3 existed at the triple points at ZnO/willemite grain boundaries. The Bi-layer was
more homogenous with the addition of B>Os, generated at both triple points and the grain

boundaries, shown in Fig.7.4(b).
7.3.2 Crystal structure

XRD patterns from the pressurized surfaces at diffraction angles of 260 = 3 — 90° for
ZBMCSi0B0 and ZBMCSi25B0 samples are shown in Figure 7.5 for example. In the same
Figure, XRD patterns for willemite is shown. It is confirmed that most of XRD patterns for
ZBMCSi25B0 samples agreed with wurtzite-type ZnO (JCPDS No. 89-0510) or willemite
(JCPDS No. 37-1485) 33. Therefore, the large bright and dark gray parts in BSE images are
identified with wurtzite-type ZnO and willemite particles, respectively. The other broad
diffraction peaks of compounds were observed at 20 = 27.5-28.5, 32.5, 46.5, and 55 ° for the
samples to which B,O3 was not added, tough in the figure, it is not clear. Similar XRD patterns

for ZBMCSi0-40B0 and ZBMCSi0-55B1 were obtained. The intensity of diffraction peaks for
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ZnO particles decreased and those for willemite particles increased with increasing the amount

of S10;.
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Figure 7.5 XRD patterns for Si for ZBMCSiOB0 and ZBMCSi25B0 samples. m: ZnO , e:

willemite

The orientation of ZnO particles and resistance to electrical degradation have been reported
to be correlated ®. The increase in the amount of willemite particles has been reported to
promote electrical degradation '8, Changes in the orientation of (100), (002), and (101) planes
of a ZnO particle and (220), (113), (410), and (223) planes of a willemite particle will appear
as differences in the intensity of the diffraction peaks °. The diffraction peak of (220) plane for
a willemite particle does not overlap other peaks. Therefore, the intensity of those diffraction
peaks for ZnO and willemite particles was analyzed. Figure 7.6 shows a detailed view of the
absolute integrated intensity 47/ of the diffraction peaks from the (100), (002), and (101) planes
of a ZnO particle for ZBMCSi0—-40B0 and ZBMCSi0-55B1 samples. The horizontal axle of
the figures is a molar fraction of SiO; in % ([SiO2] /([Si02]+[Zn0O] ), [ZnO] = 100 mol%,
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hereafter MRS) for all molar amounts of both SiO; and ZnO ([Si02]+[Zn0O]). AII for all planes
of ZnO particles was almost the same; however, it decreased linearly in proportion to MRS
above 4 % and became zero at 35 %, as illustrated in Figure 7.6 (a). Al for all planes of
willemite particles for both ZBMCSi0-40B0 and ZBMCSi0-50B1 was also almost the same;
increased linearly in proportion to the molar fraction of SiO; as shown in Figure 7.6 (b). As a
result, most of the SiO> and ZnO added are used for the generation of willemite, whereas B2Os
barely influences the formation of willemite. A compound fabricated with SiO; added above
35 % MRS does not function as a varistor because all ZnO grains are eliminated by the
formation of willemite. Moreover, the results mean that the orientation of both a ZnO and a
willemite particle does not change above 4 % MRS. In contrast, the orientation of a ZnO
particle was markedly changed by adding up to 4 % MRS to the samples that contained or did

not contain B>Os. The crystal structure is then analyzed.
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Figure 7.6 Relation between integrated intensity of X-ray diffraction peaks for (a) ZnO and (b)
willemite for ZBMCSi0-40B0 and ZBMCSi0-55B1 samples and the molar ratio of SiO,.
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Figure 7.7 shows XRD patterns at (a) 20 = 26.5-29 ° and (b) 31-33 ° for ZBMCSiXBO0,1 (X
=0, 2, 4, 8, 16, 40) samples. Solid lines represent XRD patterns for ZBMCSiXBO0. The dots
show XRD patterns for ZBMCSiXB1. Dashed lines show the differences in diffraction peak
intensities between ZBMCSiXB0 and ZBMCSiXB1. For ZBMCSiXB0 samples, peaks of
relatively strong intensity were observed at 260 = 27.5-28.5, 32.5, 46.5, 47, and 55 °, which
disappeared for ZBMCSiXB1 samples. The Al of the diffraction peaks for willemite hardly
changed. Amorphous borate glass diffraction peaks caused by the compounds of Bi»O3 and
B>0; were not observed for ZBMCSiXB1 samples *°. As the amount of SiO; increased, the
difference in diffraction peaks at 27.5-28.5 ° between samples with and without B changed
rapidly. It is composed of superimposing of 3—5 diffraction peaks, 260 ~ 27.2, 27.5, 27.7, 27.9,
and 28.2 °, taking the shape and the full width of the half maximum. The broad diffraction
peaks observed at 20 ~27.5-28.5 ° for ZBMCSi0BO0 are Bi>Os. In general, Bi,O3 have different
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Figure 7.7 XRD patterns for compounds for ZBMCSiXB0 and ZBMCSiXB1 samples (X=0, 2, 4, 8, 16,
25) and the difference of them. @: ZnO , m: willemite, A : y-Bi,Os, ¥: 5-Bi,O;, o: unknown.

morphology and various dimensions like 1D nanorods, nanotubes, nanowires, 2D nanoplates,

nanoflakes and 3D hierarchical nanoflowers, and so on !. There are four different polymorphs
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such as a-, f-, y-, and 0-Bi203 having the crystal structures monoclinic (JCPDS No. 41-1449),
tetragonal (JCPDS No. 27-0050), cubic (JCPDS No. 27-0052), and polymorph phases, cubic
(JCPDS No. 27-0052), respectively, as discussed in chapter 3 3637, a-Bi,O; is stable at low
temperatures up to 730°C, while the cubic 0-Bi2Os3 is the phase present at high temperatures
(up to melting point at 824 °C). The rest of polymorphs are metastable phases at different
temperature ranges, like the tetragonal - and y-Bi2O3 polymorph (450°C—667°C). Each differs
by its phase, crystal structure, morphology and properties. The thin bismuth oxide layer at the
grain boundaries is necessary to form a potential barrier for improving the varistor properties
6. The role of Bi2Os is limited to supplying excess oxygen to the grain boundaries ®. Analysis
confirms that a- and y-Bi2O3 were not present in samples. The diffraction peaks for stable and
metastable f-Bi20O3 show the maximum intensity at 26 =~ 27.80 ° and has strong intensity at 26
~31.19,31.82,32.71, 32.75, 45.82, 46.31, 46.93, 46.99, 53.45, 54.38, 55.43, 55.59, and 57.43
°. Among them, the diffraction peaks at 26 =~ 31.82 and 31.19 “overlap the diffraction peak for
ZnO. The diffraction peaks for 5-Bi2O3 show the maximum intensity at 20 =~ 27.27 ° and other
strong intensity at 260 =~ 31.94, 45.79, 54.29, and 56.91 °. Therefore, diffraction angles for this
broad one roughly agreed to those of f-Bi>O3 in particular.

Comparing the two sample groups, when B>O3 was added, no matter the amount of SiO; and
willemite, no -Bi2Os existed in the materials. Furthermore, adding B>O3 does not affect the
formation of willemite. As a further demonstration of the relationship between Bi and B, XRD
patterns for ZBMCSi16B0 and ZBMCSil16B1 added with Bi,O3; of 0.125-0.75 mol% are
shown in Fig. 7.8. The intensity of broad diffraction peaks at 27.8 and 32.5 ° increased with
increasing the amounts of Bi2O3 in samples without B, while it hardly changes willemite.
Relation between AIl of the broad diffraction peak at 27.8 ° and the molar ratio of Bi,0;3 is
shown in Figure 7.9. The increasing rate was small below 0.25 mol% Bi,O3 and became larger
and constant above it. This result shows that Bi2O3 forms compounds with other additives first
in small amounts, and the consumption of Bi2O3 remains constant for a certain amount of
addition (0.25 ml%), after which Bi,0O3; remains alone for increasing additions. Therefore, the
rapid increase of intensity for the broad diffraction peak by addition of the small amount of
Si0O2, such as 2 mol%, as shown in Fig. 7.7 may be explained as follows: SiO inhibits the
reaction of Bi2O; and other additives, so a part of Bi2O3, which corresponds to the rapidly
increased amount, exists alone. B2O3 induces the formation of Bi-related compounds that do
not contain Si. It is speculated that the formed compound contains Zn, BioO3 and/or B>O3. EDS

has confirmed that Co dissolves in ZnO, so Co may also be present inside the compound. As
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discussed in chapter 6, here, the formed compound is a Bi-B-O glass phase which exits at grain

boundaries, as shown in TEM images in Fig. 7.4.
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Figure 7.8 XRD patterns for compounds for the samples of ZBMCSi16B0 and ZBMCSil6B1 added
Bi>Os 0f 0.125. 0.25. 0.375. 0.50. and 0.75 mol%. m: willemite. A: Bi>Ox
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Figure 7.9 Relation between the integrated intensity of XRD diffractions and the molar ratio of added
Bi,03 for ZBMCSi16B0 and ZBMCSi16B1 samples.
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7.3.3 Relative mass density

Circle plots in Figure 7.10 show the relation of measured mass density and the molar ratio
of' SiO2 to ZnO (=[Si0z]) for ZBMCSi0-40B0 and ZBMCSi0-50B1 samples. The mass density
decreased monotonically with increasing SiO. As described above, the amount of willemite
particles increased linearly in proportion to the amount of SiO». The mass densities of ZnO and
willemite particles are Dzno = 5.67 and Dyiliemite = 4.22 g/cm?, respectively. Assuming that the
averaged mass density (AMD) of the sample is determined approximately only in ZnO and

Si02, AMD is given by

AMD = M unit-ZnONZnO +M unit -willemite I\lwillemite
Vunit-ZnONZnO +Vunit-wi|lemite NWillemite

— DZnOVunit-ZnONZnO + DwillemiteVunit-WiIIemite I\lwillemite

Vunit-ZnON ZnO +Vunit-wi|lemite Nwillemite
— DznoDuwillemite [M ZnO(l — 3MRS) + M illemite MRS]

Duiiemite M zn0(L = 3MRS) + D20M yijiemite MRS ’ 7.1
where

Vunit-ZnONZnO — Dwillemitel\/I ZnO(l_sMRS)
Vunit-wittemite Nwillemite DznoM wiltemite MRS (72)

Munit-zno and Munit-willemite are the total net mass of atoms in each unit cell for ZnO and
willemite, respectively. Nzno and Nyitiemite are the number of each unit in a sample, separately.
Vinit-zno and Vunit-willemite are the volume of each unit cell for ZnO and willemite, respectively.
Mzr0 (81.36) and Myilemite (222.76) are the molecular weight for ZnO and willemite,
respectively. MRS=[Si10;] /([S102]+100). The solid line in Fig.7.10 shows the AMD calculated
using eq. 7.1. Plots show the relative density (RD) calculated by dividing the measured value
by AMD. RD of approximately 90—100 % was obtained and increased by adding SiO2 of = 8

mol%. It has been found that adding SiO or B>O3 to a sample enhances sintering.
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Figure 7.10 Relation between measured mass density, calculated mass density, and the relative

density for Si for ZBMCSi0B0 and ZBMCSi25B0 and the malar ratio [SiO2]

7.4 Electrical properties

7.4.1 Voltage—current characteristics

Normalized voltage—current density (Vn—J) characteristics for ZBMCSi16B0 and
ZBMCSIil16B1 at several temperatures up to 150°C are shown in Figure 7.11. Vx is the
measured voltage per | mm thickness. An excellent nonlinearity of V'n— J characteristics was
observed in both samples. The Bi or Mn free samples didn’t show such excellent nonlinearity.
The varistor voltages V'nn at 30°C for ZBMCSi16B0 and ZBMCSi16B1 were = 773 and 872
V/mm and were almost constant with increasing measuring temperature. V'n—J characteristics
changed sharply from pre-breakdown to breakdown regions by adding B2O3. Similar to usual
varistors, the value of the current density increased with increasing measurement temperature.

The increasing rate was relatively small.

98



Chapter 7 High voltage ZnO varistors adding Si

(a) (b)
3 $ 3
o B erertiii I R 10" 1~
. AR VT ""W
o. .'A“‘A‘v"':“‘a"'« :8 oS i -
Sf 10* [ ...' - i : ;32 2 10> - .-" by ® 30°C
w L O A 100°C g L . s fgofc
=t i v 130°C . 1k P = A
10' [t P8V | < iserc 0 i T R e
L S T i il o s
) % -5 i3 o
LA A Y. S 10° 107 10° 105 107
MOTEOE eIty (A G.) Current density (A/cm”)

Figure 7.11 V' — J characteristics at several temperatures for the samples of (a) ZBMCSi16B0
and ZBMCSi16B1. V' :varistor voltage.

Figure 7.12 shows the relationship between varistor voltages V'nn and the molar ratio of SiO2
for ZBMCSi0-40B0 and ZBMCSi0-40B1. Up to £12% of deviations were observed from the
averaged values of J'nn for several samples. V'nn increased linearly in proportion to SiO2 up to
30 mol%. Vn~ reached 2700 V/mm and 3000 V/mm for ZBMCSi40B0 and ZBMCSi40B1,
respectively, and was much higher than that of conventional commercial varistors. Although
samples added SiO> up to 55 mol% were prepared, when adding SiO2 more than 45 mol%, the
breakdown voltage suddenly increased up to 3000 V/mm and became unstable, as a result of
which it was immeasurable.

The average grain size decreased linearly in proportion to SiO2 amount similar to 'x. This
means that V'nn is determined mainly by the grain size up to 30 mol% SiO, because V'nn is the
product of the number of ZnO grains boundaries between two facing electrodes with distance
of Imm and the voltage V'nngs per one grain boundary. Therefore, V'nngs is estimated at 3.6 V

below 30 mol% Si0;. Similar result was obtained for and ZBMCSi25B1.
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Figure 7.12 Relationship between varistor voltage Vxn for ZBMCSi0-40B0 and ZBMCSi0-40B1
samples and inverse of ZnO grain size for ZBMCSi0-40B0 samples and the molar ratio of SiO».

Assuming that willemite particles are insulators and Sg for ZnO and willemite were the same,
the value of ZnO particles must be more than the volume percolation threshold (= 33.3 %) so
that an electric current can flow through the sample. The volume percolation threshold of =
33.3 % corresponds to = 28 mol% SiO». Due to the fact that ZnO and willemite particles form
clusters, the volume percolation threshold might need to be lowered. Sg for ZBMCSi40B0 was
~ 2.5 um and about ten times smaller than Sg of samples without SiO (23 um). Total surface
area of the particles increases as the size of ZnO and willemite particles decreases, while the
amount of the additive except for SiO2 remains constant. There will be a decrease of sediments
Bi-layer thickness at grain boundaries, which is necessary for forming nonlinearity ¢. The
relative grain boundary layer thickness 7Gs normalized by the thickness for ZBMCSi0B0 was
estimated assuming that the compounds consisting of Bi, Mn, Co, and/or B, of which total
amount of constant for all molar ratio of SiO», except for Si, cover both ZnO and willemite

particles (7G1) or only ZnO particles (7Gs2) using equation given by

2MRS
I+ —
Tap = Sg 1-3MRS
Sco 1+ DznoM wiltemite MRS
DwillemiteMZnO(l_sMRS) (7.3)
and
. _Sc (1+ 2MRS j
" Sgol 1-3WRS), (7.4)

where Sco is the grain size. Relations between both 7gp1 and 7gs2 and SiO2 for ZBMCSi0-

40B0 are shown in Figure 7.13. 7gp1 decreased monotonically with increasing SiOz. On the
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other hand, 7G> became roughly constant above 8 mol% SiO;. It is expected that 7Gg has the
value between Tg1 and 7ggo. In either case, the thickness of the grain boundary layer does not
become extremely thin even if SiO; is increased to 40 mol%. It is constant with the results of

SEM mapping.

TGBI’ TGBZ

10 20 30
Molar ratio of Si0, (%)

Figure 7.13 Relations between both Tgg1 and 7gg2 and molar ratio of SiO».

7.4.2 Electrical degradation

Figure 7.14 (a) presents the nonlinear index before and after electrical degradation, a.s and
Odeg, for ZBMCS1XB0. A small amount of SiO2to 6 mol% caused both a.s and dqeg to rise with
increasing amounts of SiOz, although the odeg was much smaller than o.s due to the electrical
degradation occurred. After that, the a.s remained around 40-60 but the oqeg decreased suddenly
with increasing amounts of SiO». As a consequence, electrical degradation became much worse
with SiO; above 6 mol%. Figure 7.14 (b) shows nonlinear index values before electrical
degradation a.s for ZBMCSi0-40B0 and ZBMCSi0-40B1. a.s for both samples showed the
similar SiO; dependence, became minimal at 0 and 12 mol% Si02, maximal sat 4 and 16 mol%
Si07, and became almost constant above 20 mol% SiO». This result is discussed with ICTS
later. Values of aas for these samples ranged approximately from 26 to 68, except for the
ZBMCSi0BO0. the nonlinearity was markedly improved by adding SiO., but not related to B2Os.
The leakage current density Ji. at 30°C for ZBMCSi0-40B0 and ZBMCSi0-40B1 was less than
~ 1x10° A/cm? as shown in Fig. 7.14(c) and was value without the problem in practical uses.

Ji decreased firstly with adding SiO: to around 10mol% and kept constant at 1x107A/cm?,
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increased with excessive amount above 25mol%.
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Figure 7.14 (a) Relationship between nonlinear index o.s before degradation and after degradation olgeg
for ZBMCSiXBO0. (b) comparison of aas for ZBMCSiX with or without B, (c) leakage current Ji for
ZBMCSiXBO.

Figure 7.15 shows the Ji — applying time of voltage characteristic at 130°C for 20 h in air,
Jip13o °c is the leakage current density during electrical degradation. The voltage of 80 % of
Van was applied. The initial value of Ji. at 130°C was =~ 5x107 — 1.5x10™* A/ecm? for ZBMCSi0-
40B0 and was = 1.6x107 — 6.5x10” A/cm? for ZBMCSi0-40B1. Because V'x—.J characteristics
changed sharply from pre-breakdown to breakdown regions by adding B>0Os, as described in
section 7.4.1. Jrpiso .c for ZBMCSi0-40B0 samples increased up to =~ 100 times for 20 h with
increasing time and as a result, V'’n — J characteristics were markedly degraded. On the other
hand, Jip130°c for ZBMCSi10-40B0 samples increased or decreased slightly for ZBMCSi0-4B0
with increasing time and as a result, the resistance to electrical degradation was drastically

improved for all molar ratios of SiO> up to 40 mol% by adding 1 mol% B>0Os.
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Figure 7.15 Change of leakage current density J; at electrical degradation.

7.4.3 Interface state levels and barrier structure at grain boundaries
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Figure 7.16 1/Cn(t)-time characteristics at several temperatures for ZBMCSi16B1 applying a pulse
from 0 to 114 V height for 20 ms.

The C—V measurement method is effective in yielding the values of ¢ and Np'%; however, it
becomes ineffective when the emission and/or capture of carriers by the trap levels at the grain
boundaries and in ZnO grains occur. It is reported that the addition of SiO; increase the density
of traps, which enhance the nonlinearity of V'x — .J characteristics?>’. Thus, interface states
(trap) levels were analyzed by using ICTS. Solid lines in Figure 7.16 shows the fitted 1/Cn(7)—
t characteristics for ZBMCSi25B2 assuming one kind of interfacial trap level, which is different
than those Y-doped varistors. The fitted characteristics obtained by calculations were in good
agreement with the measured characteristics. Similar good agreement was provided about other

samples. Figure 7.17 (a) and (b) show the relationship between Ec— Et and CCA and the molar
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ratio of SiO2 to ZnO. Ec — Er is the depth of the interface trap level Er measured from the
bottom of the conduction band Ec. o, is the capture cross-section (CCA). Both Ec — Et and
CCA for ZBMCSi0-40B2 samples were almost constant when SiO> changes and were = 0.6
eV and = 102! m? (= 0.02 nm radius), respectively. On the other hand, for ZBMCSi2-40B0, Ec
— Et were not constant and especially CCA became much smaller than those for ZBMCSi0-
40B2 samples. The value of Ec— Et increased slightly with increasing on the pulse height and
the change width of Ec— Et was = £ 0.01 around Ec — ET at the pulse height of 1/3 of varistor

voltage.
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Figure 7.17 Relationship between the depth of (a) trap levels Ec—Er and (b) the cross-sectional area oy
(CCA) and molar ratio of SiOz, (C) ND, (D, and VNNGB, (d) VNNGB, (DSMA)((SMA)(-I), and SMAx(SMAx-l).

The donor density Np, Schottky barrier height @, single boundary varistor voltage Vnngs
and Smax (Smax - 1) are presented in Fig.17 (c¢) and (d). The Np decreased with increasing SiO>
from 0 to 20mol%, then increased again with more. The @ increased slightly with addition of
SiO,, and then became almost constant around 1.0 to 1.1eV when SiO2 was below 25mol%;
increased to 1.7eV at 25mol%. Above 25mol%, a sharp increase was found to 34eV, which
should be impossible as the band gap for ZnO is 3.2eV. The C—V measurement for ZnO
varistors is not suitable in this case. However, the Vnngs corresponds to @ when SiO; was

below 20mol%; after this the V'nnes increased slightly, but not as much as @. A deeper look at
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J'nnGs and Schottky barriers, interface states was shown in Fig.17 (d). Swmax is the increase in
the ratio of interface state densities to captured electrons at grain boundaries, as discussed in
chapter 5. It was found that the V'xngs is dependent on the product of @Smax(Smax-1) when
SiO; was below 25mol%, which showed opposite increasement while @Smax(Smax-1)
decreased as SiO2 above 30mol%. This result indicates that the V'nngs for Si02 added ZBMC
varistors is dependent on the product of barrier height and the increase in the ratio of interface
state density, which are affected by SiO> additives when SiO2 amount is less than 25mol%, as
the main structure at grain boundaries is ZnO homojunction between ZnO grains. However,
when Si02 is above 25mol%, the main structure at grain boundaries turned to ZnO/willemite
heterojunction as half of the ZnO changed to willemite (as discussed in chapter 7.3). This
change was also observed under SEM. It is suggested that this change of ZnO homojunction to
ZnO/willemite heterojunction led to the change in barrier height, as the measurement for ZnO
varistors now is not suitable for heterojunction. However, the sample above 25mol% still
showed varistor nonlinear V'—J properties and the /'xngs increased to 6 V with varistor voltage
as high as 2700V/mm. Therefore, it is suggested that the ZnO/willemite heterojunction

demonstrates nonlinear V—J properties, which needs further study in future.
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Figure 7.18 Relationship between varistor voltage or inverse of ZnO grain size and B,Os content.

7.5 Effects of B203 on improvement of electrical degradation

The effects of the addition of B2Os3 in this section. Figure 7.18 shows the varistor voltage
J'nw and the inverse of ZnO grain size when changing the amount of B2O3 from 0 to 10 mol%.

Varistor voltage and the inverse of ZnO grain size were largest when B,O3 was added 2.0 mol%.
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When B>0; was added more than 2 mol%, varistor voltage and the inverse of ZnO grain size
decreased.

Figure 7.19 shows XRD patterns when changing amount of B2Os. The diffraction peaks of
B-Bi2Os appeared only when B20O3 was not added, because Bi.Os formed the amorphous borate
glass with B20Os3 less than 1 mol%. The diffraction patterns were almost the same when B20;
of 1 — 5 mol% was added. However, when 10 mol% of B>O3 was added, the diffraction peaks
of B-Zn3B,O¢ appeared. Because the diffraction peaks of any BirOsz disappeared, it is

conjectured that Bi dissolved in Zn3B>Og or existed in the amorphous borate glass.
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Figure 7.19 XRD patterns for compounds for ZBMCSi25BX samples (X=0 — 10). ®: ZnO, m:
Willemite, A: [_))-Bi203, «: B-ZH3B206.

Figure 7. 20 shows the leakage current density at 130°C in air as a function of time for
samples of ZBMCSi25B0-10. The J; could be suppressed drastically by adding B>O3 of 2 — 5
mol%. However, J; increased with increasing applying time. This is due to the be suppressed
drastically by adding B2O3 of 2 — 5 mol%. The phenomenon electrical degradation is caused
by movement of ions. B** ions existing in grain boundary block the movement of both Zn**
and/or O%*. As shown in BSE images and EDS element mapping for samples ZBMCSi25B0
and ZBMCSi25B2, Bi was distributed in boundaries between ZnO grains or between ZnO grain
and willemite in ZBMCSi25B0. In the sample of ZBMCSi25B2, Bi was distributed in

boundaries between ZnO grain and willemite or between willemite grains. Thus, addition B2O3
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changed the position of Bi. However, B could not be distributed, it is considered that B existed

in boundary with Bi due to the effect for electrical degradation.
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Figure 7.20 Time dependence of leacage current density J; at 130°C for the samples of
ZBMCSi25B0-10.

Figure 7.21 shows the Ec-Er and CCA with B addition. ET became shallower varied
increasing the amount of B2O3 and became almost constant for the amount of 5 mol% and more
than. CCA decreased with increasing the amount of B2Os. The formation of amorphous borate
glass Bi-B-O at grain boundaries change the interface trap to shallower level, and decreased
the capture cross area of traps. The shallower interface accelerates the capture of electrons at

grain boundaries, that in turn to improve the resistance to electrical degradation as shown in

Fig. 7.21.
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Figure 7.21 Relationship between (a) capture cross sectional area and (b) Ec-Erand molar ratio of B>Os.
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7.6 Conclusion

The addition of Si02 and B>O3 enhanced the sintering process. By adding SiO> to a standard
Bi-based ZnO varistor, a high varistor voltage up to approximately 2500 V/mm can be achieved.
Varistor voltages can be varied from 0 to 2500 V/mm by varying the amount of Si added.
Additionally, by adding B»Os3, the increase in leakage current density under voltage could be
drastically reduced. B,O3;, of a concentration of 2 mol% and less, primarily blocks the
movement of Zn>" ions and / or O* ions. This enhanced the resistance to electrical degradation.
The above results indicate that it is possible to manipulate the varistor voltage by varying the

amount of Si and fabricate a varistor with excellent electrical degradation resistance.
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Chapter 8

Conclusion and outlook

In this thesis, the author investigated high voltage Bi-based ZnO varistors with a voltage of
up to 1000V/mm (double the commercial varistor voltage) that offer good -electrical
degradation resistance, which can be used as surge arresters in UHV transmission systems.

The electrical properties of ZnO varistors have been controlled by adjusting additive type
and amount. Y203 was added to commercial ZnO varistors to more than double the varistor
voltage. The varistor voltage was highly dependent on the ratio of Y203 to Sb2O3. Doping Y,
however, caused severe leakage currents. To improve the stability and solve the leakage current
problem of the Y-doped ZnO varistors for real world applications, additives that may inhibit
the electrical degradation were investigated (i.e., Cr, Ni and B). As a result, Y-doped varistors
with excellent stability and resistance to degradation were successfully fabricated.

The effects of Cr and/or Ni into Y-doped varistors were studied in chapter 5, including
electrical properties, microstructure, interface states and barrier structure at grain boundaries.
Varistor voltage was increased more than 1000 V/mm with addition of Cr and/or Ni.
Incorporating 0.35 mol% Cr203 in Y-doped varistors increased single-grain varistor voltage
Vangs from 2.6 to 3.3 V and decreased the leakage current density from 2x107° to 51077 A/cm?.
Nonlinearity index a before and after degradation increased from 21 to 35. By applying a bias
roughly 80% of varistor voltage, the samples experience negligible degradation even at high
temperature for a long time, showing strong stability. When adding 1.2 mol% NiO, Vnngs
increased to 4V. The highest varistor voltage was 1500 V/mm 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 prominently changed by addition of
Cr and/or Ni, the change of barrier height was suppressed by the change of interface state
density. By analyzing the interface states and Schottky barrier parameters in combination with
the electrical properties, we discovered that either Cr or Ni increased the rate of change of
interface state density at grain boundaries, which showed a strong correlation to V'xnGs. As a
result, the change of V'nngs was related mainly to the empty interface state density under no
bias. The electrical properties of ZnO varistors and the interface states have been analyzed
using a simulation based on thermionic emission.

Furthermore, the effects of Cr and/or Ni were different in samples without Y. When Cr or

Nic were added to samples without Y, no obvious improvement to electrical degradation was

112



Chapter 8 Conclusion and outlook

found. This may due to the lack of a Bi-layer in Y-doped varistors which enhanced the effects
of Cr or Ni at the interfaces. When no Y was doped in samples, the Bi-layer at grain boundaries
absorbed the Cr and Ni, eliminating their effects on electrical degradation and interface states.

In chapter 6, the effects of B2O3 addition to Y-doped varistors were studied. The optimal
amount of B2O3 (0.75 mol%) drastically improved the electrical properties of Y-doped varistors,
reducing the leakage current to 0.8 nA/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 the formation of a Bi-rich glass phase containing B
at grain boundaries when B2Os3 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 B20O3 was greater than 1 mol%, the excessive B ions acted as donors to increase Np.

In addition, the relationship between B20O3 and SiO; in Y-doped varistors was also discussed.
The glass phase of B-Si-O was found at grain boundaries under TEM, which affects the efficacy
of B203 additives. An excess of B2O3 and SiO; produced a glass phase of Bi-B-Si-O at grain
boundaries, exacerbated electrical degradation resistance, and resulted in a larger leakage
current.

A new analytical method using differential resistance Rp of the nonlinear voltage—current
density relation was also proposed and explained in chapter 6, to clarify the effects of B2Os
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 III, and interface region II of the energy band. The Rp: and Rp> values
exhibited a junction diode-like property in regions I and IIl. The value of Rp> that correlated
with aasmax and long-term stability of varistor and Rp3z may be related to region II. This method
shows good consistency to electrical properties. A deeper understanding of the physical
connections and explanations is still needed.

In future, further study of the analytical method using differential resistance Rp is needed.
This method may be able to be applied to other types of ZnO varistors or even to similar
materials that involve barrier effects. The author expects to use this method in other recipes of
ZnO varistors. It may be first time to determine the barrier region and conductance process in
an equation. In addition, one of the arctan equations may be related to the tunneling effect. It

may also match the other Zener diode or avalanche diode reversed bias breakdown effect.
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Next, in order to reduce the amount of additives and keep high voltage and good electrical
properties while reducing cost of materials and removing toxic antimony oxides, the effects of
Si0; additives were investigated as a replacement for Y-Sb co-doping.

In Chapter 7, SiO> addition to Zn-Bi-Co-Mn varistors was investigated. Varistor voltage
increased as Si content increased due to the formation of second phase Zn>Si0O4 that inhibited
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. The relationship between Bi,O3 amount and SiO, B2O3 was also discussed.

Chapters 5 and 6 of the author's thesis have been published in two prominent journals. The
other work will be edited and submitted at a later date.

Publications in this thesis are listed below:

1. Y. Zheng, M. Fujimoto, Y. Sato, S. Yoshikado, Effects of addition of chromium and/or
nickel oxides on the electrical characteristics of yttrium oxide-doped high-voltage zinc oxide
varistors, J. Eur. Ceram. Soc. 41 (2021) 4841-4849.

2.Y. Zheng, Y. Sato, S. Yoshikado, Effects of boron oxide addition on electrical properties
of yttrium-doped bismuth-based zinc oxide varistors, Mater. Chem. Phys. (2021)125390.
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