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Study on the Development of Pr doped ZnO Varistors
and
the Characteristics of the Grain Boundaries

Kazuo Mukae

Chapter 1 Introduction

Recently, almost all organizations have become highly information-oriented.
This situation has made electric energy as not only the source of power but also the
basis of information exchange systems of the organizations. Since computers which
play the fundamental role in such systems are fatally damaged even by instantaneous
interrupt or voltage drop of the electric power supply, it is important to prevent such
failures to ensure the safety of the total organization. More than half of such failures are
caused by lightning. Therefore it is most important to prevent damages caused by
lightning. On the other hand, although most electronic devices have been quite
miniaturized by replacing electronic components by semiconductors, the endurance for
transient overvoltage, in contrast, is gradually lowered. Therefore, the protection of
electronic devices from the transient overvoltage is important. ZnO varistors have been
developed for this purpose. However, there werre only Bi doped ZnO varistors which
were commercially available and the conduction mechanism of varistor action was still
not established. This situation made it difficult to develop a new type of ZnO varistors
or a new material for ZnO varistors.

This study was started to overcome above problems, and purposes of this study
are to find new materials for ZnO varistors which contains no Bi,Os, to clarify the
characteristics of grain boundaries in ZnO varistors, and to develop surge arrester
elements for high voltage electric power stations.

Chapter 2 Development of Rare Earth Doped ZnO Varistors and Conduction
Mechanism

New elements for ZnO varistors were selected according to the policy that they
should form trivalent cations and their ionic radii were much larger than that of Zn** ion
which would form grain boundary layers, since these characteristics were similar to
those of Bi. Cobalt or Mn was also added to enhance nonlinear characteristics. Under
this policy, 14 rare earth metal(Ln) oxides were selected as doping materials and ZnO-
Ln-Co varistors were prepared by conventional ceramic process. Measurements of I-V
characteristics gave low nonlinear exponent below 10 except for Pr oxide and Tb oxide,
both of which gave excellent values of higher than 40 as shown in Fig. 1. Since no

(@) ZnO-Pr-Co varistor (b) ZnO-Th-Co varistor
V1ima=299V, a=40 Vima=432V, a=42
Fig. 1 1-V Characteristics of Pr and Th Doped ZnO Varistors
(t=1.2mm)
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Fig. 2 Band Structure of Basic ZnO Varistor Structure

ZnO-Ln-Mn systems resulted in high a, and Th was much expensive than Pr because of
the slight amount of production, only ZnO-Pr-Co system was examined for further
investigation.

Microstructural measurements, I-V characteristics and C-V characteristics
revealed that the basic structure of the ZnO varistor is ZnO grain-thin Pr oxide layer-
ZnO grain. And the highly resistant layer at the grain boundary was not formed by Pr
oxide layer itself, but the depletion layer of ZnO grain in the vicinity of the grain
boundary. Therefore, the band structure of the basic structure of the varistor can be
expressed as back to back connected double Schottky barriers(DSB’s) as shown in Fig.
2 (a). In addition, three conduction mechanisms of thermal excitation process,
avalanche process, and tunnel process were inspected resulting in tunnel process as
most reasonable conduction mechanism for ZnO varistors. In this process, thermally
excited electrons climb over the positive biased barrier and trapped by the deep
interface states at the grain boundary. These trapped electrons tunnel through the
reverse biased barrier at a high electric field by the applied voltage higher than a
threshold. Theoretical 1-V relation approximating the parabolic barrier as triangular
barrier was obtained using Fowler-Nordheim equation. This I-V relation agreed with
the experimental results and nonlinear exponent, a, obtained based on the I-V relation
predicted the lower a for higher donor concentration.

Chapter 3 Characterization of Double Schottky Barriers by C-V Characteristics
and Effects of Aluminum Doping on Varistor Characteristics

In the previous chapter, it was indicated that the varistor action is originated
from the DSB built at the grain boundaries. Therefore, it is important to know the
characteristics of the DSB. On the other hand, it is well known in the filed of
semiconductor physics that characterization of the Schottky barriers give much
information about the structure of the barriers. Especially, 1/C* -V plot of the
capacitance-voltage(C-V) characteristic is one of the most convenient methods to know
about the metal-semiconductor junctions. However, no precise analysis of C-V relation
of double Schottky barriers has been discussed quantitatively, because it is difficult to
estimate the distribution of the applied voltage between two barriers. When one tries to
know the voltage distribution of the DSB, he should know the density distribution of
the interface states at the grain boundaries. However, it is very difficult to know the
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quantitative density distribution of the interface states. In this chapter, C-V
characteristics of ZnO varistors were discussed based on the DSB model and a method
to analyse C-V characteristics for DSB and ceramic semiconductors was established.
Afterwards, the effects of aluminum which was considered as a donor dopant in ZnO
crystal was discussed to apply to control I-V characteristics of the varistors.

The capacitance of ZnO varistors decreased as the increase of the applied
voltage. This result can be regarded as the evidence of the presence of depletion layers
and DSB at the grain boundaries and. Quantitative analysis of C-V characteristics was
established supposing that the barrier height of the forward biased barrier was kept
constant as the initial value. And the modified 1/C2-V relation was introduced as the
following equation.

0 _
2C,0  S? geN,

o=

L=+ @
(0]

According to this equation, we can obtain a linear relation between left hand value and
the applied voltage. We can also obtain the value of barrier height, ¢ and the donor
concentration, Ng. When donor materials are added to ZnO, the donor concentration
will change as the concentration of the donor materials. Aluminum was chosen to vary
donor concentration of ZnO varistors and C-V characteristics were measured. Figure 3
shows the modified 1/C%-V plots of these varistors. Straight lines were obtained
corresponding to each concentration of aluminum. The slope of the lines decreased as
the increase of aluminum concentration. The values of Nd obtained from the slope
showed that the donor concentration was equal to the doped concentration of aluminum
below 100ppm, i. e., all aluminum ions formed donors in ZnO grains.

When the donor concentration is changed, non linear characteristics of I-V
relation will change according to the relation obtained in the previous chapter. The I-V
characteristics were also investigated to examine the conduction mechanism of the ZnO
varistors. Results of I-V measurements showed that higher donor concentration gave
lower nonlinear characteristics which
agreed with the prediction by the tunnel | F

. . . 7.0
conduction mechanism proposed in ok
chapter 2. The change in [V - !
characteristics by the donor concentration -~
can be applied to control the I[-V é: 50 |- —
characteristics in the industrial production
of ZnO varistors. Moreover, the modified 4.0 H

1/C-V plot can be applied not only to 20em
ZnO varistors, but also to other ceramic
semiconductors. In fact, this method was
revealed to be useful to clarify the grain
boundary characteristics of SiC ceramic
substrates, SrTiOs; varistors and other ' 100rem

ceramic semiconductors. . |
1.0

APPLIED VOLTAGE  ( YOLTS/GRAIN BOUNDARY )

Fig. 3 Modified 1/C? Plot of ZnO Varistors
Doped with Aluminum
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Chapter 4 Analysis of Interface States at the Grain Boundaries of ZnO Varistors
by Transient Capacitance Method

The structures of DSB’s are indicated to be obtained by C-V analysis in the
previous chapter. However, it is not known how DSB’s are formed and what is the
origin. DSB’s are generally understood to be formed by the electric charge of the
electrons trapped by the interface states at grain boundaries. Therefore, it is important to
know the characteristics of the interface states at grain boundaries. In this chapter,
transient capacitance change of ZnO varistors was discussed in relation to the behavior
of electrons trapped by the interface states at grain boundaries. The origin of the
interface states and effects of interface states on |-V characteristics were also discussed
taking into account of the sintering mechanism.

When a certain voltage is applied to the both side of DSB, electrons will be
injected into the interface states and the capacitance will decrease because of the
increase of depletion layer width. The positive charge of depletion laye compensates
the negative charge of the interface states. Then, if the applied voltage is eliminated, the
electrons is emitted from the interface states into ZnO grains. Consequently the
capacitance increases to recover the initial value at zero bias. The transient capacitance
change is expressed by the following equation if the interface electrons are supposed to
be discharged according to the exponential decay.

o1 1 09, (0)-Q, O t
Ing=-—0= In~——"—-—-1InS 2
EC COD D qgsNd E T ( )

The observed results of the capacitance change of the sample sintered at 13100 is shown
in Fig. 4. This figure shows the discharge characteristics of the interface states
corresponding to eq. (2). Straight lines were obtained indicating that the interface states
emit electrons according to eq. (2). Moreover Arrhenius plot of emission rates which
was obtained from Fig. 4, gave the energy of interface states as 0.8eV below the top of
the DSB. On the other hand, the discharge characteristics of the sample sintered at
13700 did not form any straight lines. This results indicate that the interface states of
the sample sintered at 13700 are not monoenergetic but widely distributed. The change
in sintering temperature gave other effects on grain boundary characteristics and
sintering characteristics. Experiments on the effects of sintering temperature revealed
that the higher temperature than 13600 made a drastic change in varistor voltage per
grain boundary, nonlinearity, the leak current and the grain diameter. These phenomena
were explained by occurrence of liquid
phase sintering which progressed in the
presence of liquid Pr,O3. The liquid 4
sintering produced new different interface
states which were generated by
chemisorbed oxygen. Hence, widely
spread distribution of interaface states
appeared at the sintering temperature of
higher than 13600 When the distribution

of the interface states were Wide, the leak 0 ‘ 560 10l0015[002060;25603000
current was increased because of the TIME/s

current through the shallow interface
states.

In{(1/C)-(1/Co)}
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Fig. 4 Discharge Characteristics of
Interface States(Sintered at 13100)
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Chapter 5 Simulation of Voltage Dependence of the Height of Double Schottky
Barrier

The electrical properties of ceramic semiconductors are strongly dependent on
the characteristics of the DSB's at grain boundaries. Therefore the 1-V characteristics of
ceramic semiconductors are mainly determined by voltage dependence of the
height(¢V dependence) of the DSB. However, since precise distribution of the
interface states is not known, it is hardly possible to evaluate ¢V dependence of the
DSB. Therefore no quantitative analysis has been reported about the ¢V dependence of
the DSB. In this chapter the difficulty was reduced to simulate @V dependence by
assuming simple shapes of the interface states distribution. The I-V relations of the
DSB were also calculated from the simulated results of ¢V dependence.

Case 1. No Interface States above Initial Fermi Level

The case without interface states above the initial Fermi level had been already
discussed by Heywang who explained the conduction mechanism of PTC thermisters
based on DSB with this distribution. In this case ¢V relation was theoretically obtained
without any approximation as a parabolic function of applied voltage. Since the barrier
height disappeared when the applied voltage became 4¢ non linear increase of the
thermally excited current might arise. The possibility to attribute the varistor action to
this disappearence of barrier could not be denied at this point.

Case 2. Rectangular Distribution of the Interface States

Three shapes of the distribution of the interface states were simulated. The
simulated results are shown in Fig. 5. At first as the applied voltage increased, the
barrier height decreased similar to Case 1 until the beginning of injection of electrons
into the interface states. The injection of electrons reduced the decrease rate of barrier
height. The degree of reduction was higher for the higher density of interface states. At
extremely high density of interface states, the pinning effect which kept the barrier
height constant was simulated. The reduced rate of decrease in barrier height continued
until the interface states were filled. The voltage at which the interface states were filled
was larger for the wider distribution of the interface states. After completion of the
injection the barrier decreased parabolically similar to Case 1.

1.2 _ (e) 5 ll..-“ I_.-

¢1 (eV)

V (V/Grain Boundary)

:.ll.l [LH] 1 E:]
V (V/Grain Boundary)
Fig. 5 Simulated ¢V Relations for
Rectangular Distributions of
the Interface States

Fig. 6 Calculated I-V Relations Based on
the Simulated ¢V Relations
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Case 3. Monoenergetic Distribution of the Interface States

When the interface states were distributed monoenegetically, the Fermi level of
the forward biased barrier was fixed at the energy level of the interface states during the
electron injection into the interface states. Therefore, this case also caused pinning
effect. After the interface states were filled with electrons, the barrier height decreased
parabolically similar to Case 1.

The 1-V relations for simulated ¢V relations were calculated on the basis of
thermally excited current as shown in Fig. 6. Since leak current of ZnO varistors is
dominated by thermally excited current, it is important to examine low current area of
simulated results. Figure 6 showed that the existence of the interface states reduced the
current increase because of reduced rate of decrease in barrier height. Consequently, it
was concluded that higher density of interface states was desirable for lower leak
current. All calculated curves in Fig. 6 showed nonlinearity at higher current region.
However, the maximum calculated nonlinear exponent, a, didn't exceed 15 for Case 1.
Although Case 2 and 3 showed higher a, they were lower than 22. Therefore, it is
impossible to explain the higher a values than 50 of actual varistors by this thermal
excitation current.

Chapter 6 Development of ZnO Surge Arrester Elements for High Voltage
Electric Power Stations

Based on the technology developed by previous chapters, surge arrester
elements for high voltage electric power stations were developed. Since elements for
surge arresters should absorb large energy of lightning or switching surges, large
diameter of elements is required. Examination of destruction mode for the large
elements revealed that the most of the destructed elements were broken with a crack
along the edge of electrodes. Moreover it was found that current at the edge of
electrodes was twice as much as the average value. Thermal stress analysis indicated
that the temperature difference at the edge of electrodes generated discontinuous
change in angular thermal stress as shown in Fig. 7. Therefore, this discontinuous
change destructed the elements with a crack along the electrode edge. In order to
improve the energy absorption capability of the elements, it is important to eliminate
the discontinuous change in thermal stress. This problem was overcome by applying a
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Fig. 7 Thermal Stress Distribution of
Destructed Elements

Fig. 8 Distribution of Grain Size and
Concentration of Boron of Developed
Element
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slight quantity of a new additive
material. Boron oxide usually
promotes grain growth during
sintering process. If a small
amount of boron oxide was added
to the raw material of ZnO
elements, the diameter of ZnO
grains will increase. However,
since boron oxide is highly
evaporative, the concentration of
boron at outer part of the elements
was found to be lower than that at
inner part as shown in Fig. 8.
Hence, the grain size became
smaller in the outer part than outer
part as shown in Fig. 8. This distribution of grain size made the outer part more resistive
resulting in reduction of discontinuous change in thermal stress. Elements thus added
with boron oxide absorbed 10 times of 100kA impulses. Based on this material, ZnO
surge arrester elements of 72gx20tmm? for high voltage electric power stations have
been developed. Figure 9 shows the surge arresters installed at electric power station
rated by 196kV.

Fig. 9 Surge Arresters Installed at ElectricPower
Station.
Rated Voltage: 196kV

Chapter 7 Conclusions
As a summary, following conclusions were obtained:

1. A new material for ZnO varistors of ZnO-Pr-Co has been developed

2. Tunnel conduction mechanism has been proposed for the varistor action
based on double Schottky barriers at garin boundaries.

3. C-V analysis for ceramic semiconductors was established and clarified the
structure of double Schottky barriers of ZnO varistors. This method also
contributed to the characterization of grain boundaries of other ceramic
semiconductors.

4. Effects of aluminum on I-V characteristics were examined and applied to
control I-V characteristics.

5. C-t characteristics have been analyzed to characterize the interface states at
grain boundaries. Sintering temperature higher than 13600 was found to
generate liquid sintering by Pr,O3 and widely spread distribution of interface
states which were originated by chemisorbed oxygen. This phenomenon
caused abrupt change in grain boundary characteristics.

6. Voltage dependence of barrier height of double Schottky barrier was
simulated assuming simple distribution of the interface states. I-V relations
were calculated based on the results of the simulation resulting in
disagreement with thermal excitation mechanism for varistor action.
Information to decrease leak current were also obtained.

6. Surge arrester elements for high voltage electric power stations were
developed by analyzing destruction mechanism and application of a small
amount of boron oxide. The elements were applied to surge arresters rated up
to 280kV.
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