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Abstract

The effects of thermally annealing Bi-Mn—Co-Sb,Os-added ZnO varistors on their electrical degradation were investigated. For the samples
added with 0.01 mol% Sb,03; and without Sb,03, no marked difference in the nonlinearity index « of the voltage—current (V-/) characteristics
was observed upon electrical degradation for the annealed and nonannealed samples. Upon increasing the amount of Sb,03 added, the values of «
increased after electrical degradation for the annealed samples. Moreover, the value of « after electrical degradation was proportional to the width
of gauss function (width) of the X-ray diffraction peak for Zn;33Sbg¢7;04-type spinel particles under various annealing conditions. The added
Sb, 05 did not dissolve in the ZnO grains but became segregated at grain boundaries. Therefore, it is speculated that the increase in the width of
the spinel particles is due to the increase in the numbers of fine spinel particles at grain boundaries and triple points. Furthermore, it is suggested
that the improvement of the electrical degradation is due to the decrease in the mobility of oxide ions or Zn?** ions owing to their being blocked by

uniformly dispersed fine spinel particles at grain boundaries.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The nonlinear voltage—current (V-I) characteristics of a ZnO
varistor are explained using a basic model of symmetrical double
Schottky barriers formed at grain boundaries.! The deteriora-
tion of V—I characteristics progresses with voltage application,
and the nonlinearity is eliminated.! This deterioration can be
explained as follows: the disappearance of nonlinearity is caused
by the redistribution of electrons and holes near grain boundaries
owing to the movement of oxide ions and interstitial Zn>* ions
across grain boundaries and around the neighborhood of grain
boundaries as a result of the electric field created by the applied
voltage.2’6 Moreover, an interstitial Zn2* ion between lattice
ions has mobility in a grain of ZnO and generation energy com-
parable to that of an oxide ion; both of these ions may contribute
to electrical degradation.”

Varistors with good characteristics can be obtained by adding
SbyO3 to ZnO varistors. However, SbyO3-free varistors with
good characteristics are now in demand owing to the toxicity of
SbyO3. At the present stage, it is necessary to clarify the effect
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of SbyO3 addition on the electrical degradation characteristics
of ZnO varistors. At present, the improvement of the electri-
cal degradation of ZnO varistors can be achieved by adding
several impurities, such as Si, Sb or by thermal annealing or
humidity.*31> Upon the addition of Sb,O3 to a Bi-Mn—Co-
added ZnO varistor, changes in the grain boundary structure
such as the formation of a twin crystal of ZnO, the formation
of Zn, 33Sbg 6704-type spinel structures (hereafter, spinel par-
ticles), and changes in the orientation of ZnO grains and the
crystal structure of BipO3 occur.10:16-18 [t hag been reported
that the changes in the grain boundary structure affect the elec-
trical degradation characteristics of varistors as a result of the
change in the mobility of oxide ions or Zn>* ions at grain bound-
aries and in ZnO grains near the grain boundary.®'? In previous
studies, the effect of annealing on electrical degradation char-
acteristics of ZnO varistors has been reported. The decrease
in the number of interstitial Zn>* ions or the phase transition
of Bi;O3 upon annealing causes the improvement of the elec-
trical degradation.“’13 However, the effect of Sb addition on
the improvement of the electrical degradation of ZnO varis-
tors upon annealing is not clarified. In this study, samples of
thermally annealed Sby0O3-added ZnO varistors were prepared
to investigate the effect of annealing on the tolerance charac-
teristics of electrical degradation, and the relationship between
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the change in the grain boundary structure, such as the for-
mation of spinel particles or the phase transition of the Bi»O3
phase, and the electrical degradation characteristics were inves-
tigated. The structure of grain boundaries and ZnO grains, the
element-mapping profile, and the crystal structure were stud-
ied by field-emission scanning electron microscopy (FE-SEM),
energy dispersion X-ray spectroscopy (EDS), backscattered-
electron (BSE) analysis, and powder X-ray diffraction (XRD)
analysis. Electrical characteristics were determined on the basis
of the V-I plot.

2. Experiments

ZnO varistors were fabricated using ZnO (Meiden-
sha Corporation, purity: 99.999%), BipOs (purity: 99.9%),
MnO; (purity: 99.99%), Co304 (purity: 99.99%) and SbCls
(purity: 99.8%; hereafter, SbpO3) powders. The composi-
tion of each component was determined such that the total
mol% was 100mol%, i.e., ZnO-Bi,O3 (0.5 mol%)-MnO,
(0.5 mol%)-Co304 (0.2 mol%)-SbrO3 (0~0.5 mol%). Prede-
termined amounts of ZnO powder and added impurities were
wet-mixed for 24 h in a nylon ball mill using ethanol to pre-
vent their mixing with Al and Si, which markedly affects the
characteristics of ZnO varistors. After drying the mixed pow-
der, the samples were presintered at 600 °C for 5h in air, and
then ground in an agate mortar for a short time to prevent mixing
of Si as much as possible. The ground powder was pressurized
(320 MPa) and reshaped into 20-mm-diameter disks in vacuum.
After sintering at 1150 °C for 3 h in air, samples were thermally
treated by one of the following five types of temperature history.
Type 1: rapidly cooled to room temperature by removing from
the electric furnace. Type 2: naturally cooled to room tempera-
ture in the electric furnace. Type 3: cooled to room temperature
at a rate of 240 °C/h. Type 4: naturally cooled to room tempera-
ture in the electric furnace and then annealed at 700 °C for 5 h,
followed by natural cooling to room temperature. Type 5: cooled
at a rate of 240 °C/h to 700 °C and then annealed at 700 °C for
5h, followed by natural cooling to room temperature. Samples
were also thermally treated according to the following tempera-
ture histories after sintering: cooling at a rate of 240 °C/h to 500,
700, or 900 °C, followed by annealing for 1-10 h at the temper-
ature and natural cooling to room temperature. After polishing
a disk to 0.5 mm thickness and washing it, 2.38-mm-diameter
aluminum electrodes were formed on both faces of each sam-
ple by vacuum evaporation. V-I characteristics were obtained
in the current range of 1078 to 10* A by a dc constant-current
method (KEITHLEY, 2410-type source meter) to prevent the
samples from undergoing electrical degradation due to voltage
application. In this study, the nonlinear index « was obtained
using

V o
1:1N<V1 A) (1)

where Iy is a constant and V4 is the voltage when the current
density is 1 mA/cm?; this voltage is a measure of the break-
down voltage of a varistor and is hereafter called varistor voltage.

The same samples were used to obtain the V-I characteristics
before and after electrical degradation. The electrical degrada-
tion was induced by applying a current density of 100 mA/cm?
in air and the total duration of current conduction was 30 min.
During electrical degradation, the samples were cooled in air
and the temperature was maintained at approximately +30°C
or lower by air cooling with a blower. Values of « before and
after electrical degradation were estimated from the inclination
of V—I curves in the breakdown region from 0.1 to 1 mA/cm?. A
Multiflex instrument (Rigaku Corporation) was used for XRD
analysis. The width of gauss function (width) of the X-ray
diffraction peak for spinel particles was calculated using gauss
function of Eq. (1) given by

20— 269\
IXRD(29) = I() exXp [ — (Wldth) (2)

Here, 20 is the angle of the diffraction peak, Ixrp (20) is the
diffraction peak intensity at 26, Iy is a constant, 26 is the angle
for maximum intensity of the diffraction peak and width is the
width of gauss function. Measurements were carried out by plac-
ing the polished (pressurized) surface of each sample parallel to
the sample table. A JSM7500FA (SEM; JEOL) was used for
FE-SEM, BSE and EDS analysis.

3. Results and discussion
3.1. Dependence of o on annealing temperature history

For the sample added with 0.12mol% Sb,03, with which
the degree of improvement of the electrical degradation char-
acteristics was the lowest, the degree of improvement of the
degradation characteristic was investigated for samples annealed
with the five types of temperature history described above. Fig. 1
shows the values of o before and after electrical degradation
for various annealing temperature histories. Before electrical
degradation, the o value of the sample with Type 1 annealing
was approximately 40, which is slightly smaller than those of
samples annealed with other types of history (approximately
45-50). After electrical degradation, the « values of the sam-
ples annealed with Types 1 and 2 histories were approximately
2 and 5, respectively, and those of the samples annealed with
other types of history were approximately 15. It was found that
the electrical degradation characteristics could be improved by
particular annealing temperature histories. The « values of the
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Fig. 1. Values of « before and after electrical degradation for each type of
annealing history.
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Fig. 2. Values of o before and after electrical degradation for samples with
0.12mol% SbyO3 under (a) various annealing temperatures and (b) various
annealing times.

samples annealed with Types 1-3 histories increase with slower
the cooling rates.

3.2. Dependence of o on annealing temperature and time

Fig. 2(a) shows the values of o before and after electri-
cal degradation of samples added with 0.12mol% Sb,O3 and
cooled at a rate of 240 °C/h to 500, 700, or 900 °C, followed
by annealing for 5 h and then natural cooling to room tempera-
ture. Fig. 2(b) shows the values of « before and after electrical
degradation of samples added with 0.12 mol% Sb; O3 and cooled
at a rate of 240°C/h to 700°C, followed by annealing for
1-10h and then natural cooling to room temperature. Before
electrical degradation, values of o were approximately 50 for
samples annealed at 500 and 700 °C, and with Type 5 anneal-
ing and approximately 30 for the sample annealed at 900 °C.
After electrical degradation, values of « for those samples were
approximately 15. It has also been reported that interstitial Zn>*
ions were removed sufficiently at annealing temperatures from
600 to 800°C.* Therefore, henceforth, annealing temperature
was fixed at 700 °C. As shown Fig. 2(b), before electrical degra-
dation, the value of « did not depend on annealing time, but after
electrical degradation, « increased with increasing annealing
time up to approximately 5 h and then became almost constant
over 5h.

3.3. Dependence of effects of annealing on amount of
Sb,>03 addition

Fig. 3(a) and (b) shows the values of « after electrical degra-
dation for the samples with various amounts of Sb,O3 annealed
at 700 °C for 5 h with Types 4 and 5 histories. Without annealing,
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Fig. 3. Values of « after electrical degradation for nonannealed and annealed
Sb03-added samples: (a) Type 4 annealing and (b) Type 5 annealing.

a of the sample with 0.01 mol% Sb,O3 increased. o decreased
with increasing amount of Sb,O3 up to 0.12 mol%, as shown in
Fig. 3(a). However, « increased again for the samples with more
than 0.12 mol% Sb,0O3 addition. After Type 4 annealing, o after
electrical degradation for the samples with 0.01 mol% Sb,0O3
and without SbyO3 were approximately 2, and that for the sam-
ple with 0.04 mol% Sb,03 increased rapidly and had the local
maximum value of 25. Then, o decreased as the amount of Sb, O3
increased to more than 0.04 mol%. With Type 5 annealing, o
increased for the samples with more than 0.01 mol% Sb,0O3,
although the samples with up to 0.01 mol% Sb,O3 showed no
difference in the value of «. This result indicated that the tol-
erance characteristics of varistors to electrical degradation are
unchanged or deteriorated upon annealing for samples with up
to 0.01 mol% Sb,Os. In contrast, the tolerance characteristics
of varistors to electrical degradation were improved markedly
by the addition of more than 0.01 mol% Sb,0O3, except for the
sample with 0.2mol% Sb;O3 and Type 4 annealing. Thus, it
was found that the tolerance characteristics of varistors to elec-
trical degradation after annealing greatly depend on the amount
of Sb,O03 added. The model of electrical degradation has been
proposed by Eda et al.> and Gupta and Carlson.* This model
is explained as follows: interstitial Zn>* or oxide ions move to
the grain boundary and inside grain when the electric field is
applied. Consequently, Schottky barriers are distorted, such as
the decrease of Schottky barrier height.
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Itis speculated that lattice defects in the crystal and the crystal
structure in thermal equilibrium at 1150 °C are partly retained for
the nonannealed samples with Types 1 and 2 histories, while the
samples annealed at 700 °C partly have a thermal equilibrium
at 700 °C. Therefore, three factors behind changes in thermal
equilibrium are considered as follows: (A) the number of Zn*
ions between among a lattice of ZnO grains, (B) crystal structure
of Bi;O3, and (C) formation of compounds such as spinel par-
ticles. These changes deeply correlate with the variation of the
tolerance characteristics of varistors upon electrical degradation
caused by thermal annealing. In the next section, we discuss
these factors.

3.4. Relationship between change in orientation of ZnO
grains caused by annealing and electrical degradation
characteristics

The composition of elements within spinel particles mea-
sured by EDS analysis showed no difference upon annealing.
A similar tendency was confirmed for various annealing times.
Moreover, only Mn and Co were observed within ZnO grains,
which were obtained under the limit of EDS detection. The
composition of ZnO grains in annealed samples showed no dif-
ference from those of the nonannealed samples. In contrast, it
has been reported that the crystal structure of Bi;O3 at grain
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Fig. 4. Relative integral intensity of XRD diffraction peak for (004) plane of
ZnO grains for nonannealed and annealed samples with various Sb,O3 contents.
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Fig. 5. BSE image of samples with 0.12 mol% Sb,03.
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Fig. 6. Relationship between values of « after electrical degradation and the
width of diffraction peaks for spinel particles for various annealing conditions.
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Fig. 7. Relative integral intensity of spinel particles for samples with 0.12 mol%
Sb,03 and various annealing times.

boundaries changes to the «, y, or §-type structure owning to the
composition of impurities added or the sintering and annealing
conditions.3~10:16:19-21 However, in this study, it was found that
the degree of electrical degradation is related to other factors in
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peaks for spinel particles.
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addition to the crystal structure of BipO3. Furthermore, it has
been reported that the electrical degradation characteristics of
samples with 0.1 mol% Sb,Os3 or less is correlated to the ori-
entation of ZnO grains; this is because the mobility of oxide
ions or Zn** ions depends on the orientation of ZnO grains.’°
Fig. 4 shows the relative integral intensity of the diffraction peak
for the (004) plane of ZnO grains of SbyO3-added samples
before and after annealing. The intensity for the sample without

SbyO3 rapidly increased after Type 4 annealing, those of the
annealed samples decreased with increasing amount of SbyO3
up to approximately 0.12 mol% or more, and those of the nonan-
nealed samples were almost constant. The peak intensity of the
(004) plane of the sample with 0.01 mol% Sb,O3 with Type 5
annealing increased more rapidly than that of the nonannealed
sample and then decreased with increasing amount of SbyO3.
For the samples with 0.2 mol% Sb>O3 or more, the peak inten-

Fig. 9. (a) SEM image, (b) BSE image, and elemental mappings of spinel particles for nonannealed samples with 0.12 mol% Sb,03, (c) Zn, (d) Sb, and (e) Sb.
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sity for annealed samples agreed with that of the nonannealed
sample. Moreover, the peak intensity of the (0 04) plane of sam-
ples with 0.12 mol% SbO3 and Type 5 annealing as a function
of annealing time and temperature was almost constant under
various annealing conditions. It was found that the peak inten-
sity of the (004) plane of the samples with 0.12 mol% Sb,03
or less increased upon annealing. For the samples with SbyO3
and annealed at 700 °C, before electrical degradation, the val-
ues of « after thermal annealing were approximately 40 to 60
for all amounts of added Sb,;O3 and the values of « did not
change upon annealing. For the samples with 0.01 mol% Sb,0O3
and without Sb, O3, there was no marked difference in values of
« after electrical degradation upon annealing. Therefore, it was
found, for the samples with 0.12 mol% Sb, O3, the improvement
of electrical degradation upon annealing is not affected by the
peak intensity of the (004) plane of ZnO.

3.5. Relationship between formation of spinel particles and
electrical degradation characteristics

Asshownin Fig. 5, spinel particles are formed at grain bound-
aries and triple points upon a Sb, O3 addition. In a previous study,
at the amount of added Sb, O3, with which spinel particles were
formed, the value of « after electrical degradation increased from
its minimum value.'” It is suggested that there is a strong cor-
relation between the formation of spinel particles at both grain
boundaries and the triple points and the electrical degradation.'”
Fig. 6 shows the relationship between the value of « after elec-
trical degradation upon Types 4 and 5 annealing and the width of
gauss function (width) of the X-ray diffraction peak at 29.4° for
the spinel particle. Moreover, the width changed upon anneal-
ing for the samples with 0.12 mol% Sb; O3 or less. For the same
samples, the value of « after electrical degradation was propor-
tional to the width of the diffraction peak for spinel particles,
with annealing under various conditions. This result shows that
there appears to be a correlation between the electrical degra-
dation characteristics and the width for spinel particles at grain
boundaries. On the other hand, no such correlation was apparent
for samples with 0.2 mol% Sb>O3 or more. It is considered that
there are two factors behind the broadening of the width of the
diffraction peak for spinel particles upon annealing: (A) deteri-
oration of the crystallinity of spinel particles and (B) formation
of fine spinel particles upon annealing. As shown in Fig. 6, the
width of the diffraction peak for spinel particles after annealing
decrease. Therefore, it is unlikely that the increase in the width
of annealed samples is due to the deterioration of crystallinity
of spinel particles.

Next, let us discuss factor (B). Fig. 7 shows the relative inte-
gral intensity of diffraction peaks for the spinel particle of the
sample with 0.12 mol% Sb,03 and Type 5 annealing as a func-
tion of annealing time. The intensity increased with annealing for
3 h or more. It is considered that there are two factors explaining
this result: first, the increase in the volume of the spinel parti-
cles that already existed; second, the formation of new spinel
particles. Fig. 8 shows the relationship between the intensity
and width of the diffraction peak for spinel particles. The inten-
sity is proportional to the width. Therefore, the increase in the

width is correlated to the increase in the intensity of the diffrac-
tion peak of the spinel particle. Spinel particles in samples with
0.12mol% Sby03 and Type 4 annealing were observed by SEM
and BSE analysis to estimate the change in their shape or volume
after annealing. Here, the same spinel particles were observed
before and after annealing. The shapes of 10 spinel particles
on the pressurized surface or the side surface of a disk sam-
ple were observed. Fig. 9 shows the (a) SEM image, (b) BSE
image, and (c)—(e) elemental mappings of spinel particles. In
Fig. 9(b), the light-gray part in the BSE image is spinel particles
containing mainly Sb. The composition mapping using the BSE
image of spinel particles at grain boundaries and triple points
was much sharper than that using EDS. In the BSE image, the
inside of a spinel particle was spotted with Bi-rich particles and
Zn-rich particles of approximately 80 nm and 0.5 pm diameters,
respectively. For spinel particles on the pressurized surface, the
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Fig. 10. (a) Relative integral intensity and (b) width of spinel particles for
nonannealed and annealed samples.



M. Takada, S. Yoshikado / Journal of the European Ceramic Society 30 (2010) 531-538 537

cross-sectional areas of a spinel particle before and after anneal-
ing were almost the same. A similar tendency was confirmed for
the spinel particle on the side surface. Therefore, it was found
that the volume of spinel particles that already existed in the sam-
ple, did not increase upon annealing at 700 °C. Fig. 10 shows
the relative integral intensity and the width of the diffraction
peak for spinel particles before and after annealing. As a result,
both the intensity and the width for a sample with 0.12 mol%
Sby O3 increased, and the intensity increased by approximately
1.1 times upon annealing. Thus, it was found that the increase
in the intensity of the diffraction peak for spinel particles is
due to the increase not in the volume of existing spinel par-
ticles but in the number of fine spinel particles newly formed
at grain boundaries or triple points, and that the width of the
diffraction peak for spinel particles is strongly correlated to the
electrical degradation characteristics of ZnO varistors. In addi-
tion, the conductivity of the ion which passes through the spinel
particle is speculated to be low compared with that of Bi;O3.
This is because BioO3 segregated at grain boundary is an oxy-
gen ion conductor with high conductivity.'®22 Therefore, it is
speculated that the ionic conductivity decreases owing to the
fine spinel particle formed at grain boundary. Furthermore, it is
suggested that the improvement in the electrical degradation is
due to the decrease in the mobility of oxide ions or Zn>* ions
owning to be their being blocked by fine spinel particles at grain
boundaries.

4. Conclusions

The relationship between the change in the crystal structure
of spinel particles at grain boundaries and the electrical degra-
dation was investigated in detail to discuss the effects of the
thermal annealing of Bi—-Mn—Co—-Sb,03-added ZnO varistors
on electrical degradation. The following results were obtained:

(1) The electrical degradation characteristics were improved by
annealing with slow cooling or annealing at 700 °C for 5 h.
It was found that the tolerance characteristics of varistors
to electrical degradation after annealing strongly depend on
the amount of added SbyO3.

(2) For the samples with Sb,O3, the improvement of electrical
degradation upon annealing is not affected by the intensity
of the diffraction peak of the (0 04) plane for ZnO.

(3) For samples with 0.12 mol% Sb,03 or less, the nonlinear-
ity index o of V-I characteristics after electrical degradation
increased proportionally to the width of the diffraction peak
for spinel particles in samples annealed under various condi-
tions. It was found that the width strongly depends on both
the annealing condition and the amount of added Sb,03,
and that the increase in the width is due to the formation of
new fine spinel particles at grain boundaries or triple points
induced by annealing. It is suggested that the improvement
of electrical degradation is due to the decrease in the mobil-
ity of oxide ions or Zn** ions owing to their being blocked by
uniformly dispersed fine spinel particles at grain boundaries.

(4) The composition image of spinel particles at grain bound-
aries and triple points using BSE were much sharper than

that using EDS. In the BSE image, the inside of the spinel
particle was spotted with Bi-rich particles and Zn-rich
particles of approximately 80 nm and 0.5 pm diameters,
respectively.
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