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Influence of TiO,/Sb,03 ratio on ZnO varistor ceramics
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Abstract

The influence of TiO,/Sb,O5 (Ti/Sb) ratio on the microstructure development and electrical properties of varistor ceramics in
Zn0O—(Bi,05-TiO,-Sb,03)-CoO-MnO, system was investigated. Characterization of varistors was performed by XRD, SEM, d.c.
degradation behavior, and electrical measurements. It is found that the Ti/Sb ratio greatly influences the microstructure and elec-
trical properties of the ZnO varistor. The specimen with Ti/Sb ratio of 5 has the lowest breakdown field (20V/mm) and improved
d.c. degradation behavior. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Zinc oxide varistors are ceramic semiconductors devi-
ces which have extreme nonlinearity in their current—
voltage behavior and thus are widely used for electronic
devices. The nonlinear characteristics are attributed to
the formation of double Schottky barriers at the zinc
oxide grain boundaries.!

ZnO varistors are formed by sintering mixture of ZnO
powders with small amounts of other oxides, such as
those of bismuth, antimony, cobalt, manganese, chro-
mium, etc., at a given temperature. Microstructurally, the
device is composed of semiconducting ZnO grains, inter-
spersed with second phases which are predominantly bis-
muth oxide, Zn;Sb,O, spinel and Zn,Bi;Sb;04 pyro
chlore composition.! The roles of the additives and
synergistic effects are only partially understood.

Nowadays, an ever increasing number of varistors is
being used for low-voltage applications, such as in
automobile electronics and semiconductor electronics.
The approaches to reducing the break-down voltage of
varistor have included multilayering, thin foil, and thick
film techniques.? Our approach has been to optimize the
processing and composition of conventional varistor in
order to maximize ZnO grain size.

The addition of Sb,O5 or TiO, to ZnO varistors has
received considerable attention,*® because they strongly
affect microstructure development and electrical behavior
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Sb,0j3 is a powerful grain growth inhibitor of ZnO. The
primary effects of antimony on the electrical properties
of varistors devices are to increase breakdown voltage
because of inhibited grain growth, decrease the leakage
current, and increase the nonlinear coefficient.*!! TiO,
can greatly enhance the grain growth of ZnO, thus
widely used in producing low-voltage ZnO varistors. Pre-
vious studies have been devoted to the effect of the
Sb,0;® and TiO,® doping on the grain growth and
microstructure of ZnO varistors. It was reported that
Bi,03/TiO, doping had an effect on low-voltage varistor.?
However, to the best of our knowledge, in a previous
study, they are not co-doped with both TiO, and Sb,Os.
No study has been devoted to the understanding of the
influence of TiO,/Sb,O3 ratio on the microstructure
development and subsequent electrical behavior.

In present work, the influences of TiO,/Sb,O; ratio on
the microstructure and electrical characteristic of var-
istor ceramics in ZnO—(Bi,O3-Ti0»—Sb,03)-CoO-MnO,
system were investigated, where the amount of Bi,Os,
Co0, MnO, remains constant, around 0.2 mol%, TiO, is
no more than 0.12 mol%, but Ti/Sb ratio was varied.

2. Experimental procedure
2.1. Sample preparation
Oxide precursors of 99.9% purity were used. Samples

were prepared by conventional ceramic processing. Bi;Os,
TiO,, Sb,O5 were first mixed in specific proportions,
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where the total amount of the mixture and the amount
of Bi,O3; remain constant, but the amount of TiO, and
Sb,05 were adjusted with Ti/Sb ratio (by weight) 1, 1.4,
2, 3, 5, respectively. The mixture was ball-milled for 48
h, air dried and sieved, then sintered at 650°C for 5 h.
The pre-sintered mixtures of Bi,O3, TiO,, Sb,O; were
mixed with ZnO, CoO and MnQO,. The mixture was
milled with agate balls and deionized water for 48 h.
After being air-dried and sieved, the mixture was cal-
cined at 750°C for 2 h. The calcined mixture was milled
for another 24 h, air-dried and sieved. Finally the discs
of 12 mm diameter were pressed and sintered at 1200°C
for 2 h and cooled down to 800°C at a rate of 200°C/h.
After lapping both surfaces, silver paste was coated on
the surfaces by firing at 500°C.

2.2. Methods of characterization

For phase identification of the fired specimens, X-ray
diffraction analysis (XRD) and an electron probe micro-
analyzer (EPMA) were performed. Sintered density was
determined by Archimede method. The microstructure
and grain size distributions were carried out using a
scanning electron microscope (JEOL JSM-35C). Grain
size was measured by the linear intercept method on the
micrographs. The polished samples were lightly etched
with dilute solution of hydrochloric HCl (HCI:H,O=
1:2) for microstructure investigations.

Current—voltage (I-V) characteristics were measured
in d.c. modes for lower current regions. The nonlinear
coefficient o is evaluated in terms of relation:

Inl, — Inl;
a_ll’le —anl (1)
where V), and V; are the voltage corresponding to
L, =10 mA and 7, =1 mA.

The voltage-dependent capacitance at the pre-break-
down region was measured with the. aid of an adjus-
table d.c. power supply. [-V measurements were made
at room temperature with an LCR meter at 1 kHz in the
bias range 0-30 V. d.c. Degradation phenomena of sam-
ples were performed under stabilized d.c. bias at 140°C
for periods up to 120 h. The applied voltage ratio was
0.75 Vi ma (.e. 75% of the voltage when the current
was 1 mA). When the leakage current increased to 200
pA,the tests were ceased.

3. Results and discussion

3.1. The effect of Ti/Sb ratio on the microstructure
feature

The typical XRD patterns of the samples are shown in
Fig. 1. They revealed that B-Bi,O3 and antimony spinel

exist as minor phases for the sample with Ti/Sb ratio of
2. As for the sample with the Ti/Sb ratio of 5, secondary
phases were hardly detected on XRD patterns. However,
small crystal particles are present at the triple point and
also at the grain boundaries in the SEM observations.
EPMA revealed that substantial Sb is present in these
particles, and it also indicated higher Bi concentration at
the grain boundary than in the grain interiors.

The sintered densities were in the range from 94-96%.
Fig. 2 shows the microstructure of the samples. For
the sample with Ti/Sb ratio of 2, the average grain
size is 20 pm. Some ZnO grains have a single twin,
which is characterized by one straight line. Secondary
phases are seen mostly distributed near the grain—
boundary. Grain size of the sample with Ti/Sb ratio of 5
is larger than those in Fig. 2(a) (the average grain size
is 40 um). Twinning is very uncommon and this is due
to the small amount of Sb,O; (0.025 wt.%) in this
sample. In both cases, grain-boundaries are flat, and
ZnO grains are plate-shaped and the corners are slightly
rounded. These features indicate the least involvement
of liquid phase during the sintering process.'? Fig. 2(c)
and (d) show the fractured surfaces of specimens with
Ti/Sb ratio of 3 and 1.4, respectively. They reveal
mainly polygon-shaped grains of anhedral morphology,
and have average grain sizes 11, 9.0 um, respectively.
A lot of twin boundaries can be seen in the sample
with a Ti/Sb ratio of 1.4 but not in the sample with
a Ti/Sb ratio of 3; this is maybe due to the small
amount of Sb,O; (0.06 wt.%) in the latter. The
microstructure of the specimen with a Ti/Sb ratio of
1 is very similar to that of the specimen with a Ti/Sb
ratio of 1.4 except that the grain size is smaller (7.8
pm).

It should be pointed out that the twin boundaries
observed here did not appear in every grain as reported
by Senda and Bradt,* the reason for which may be co-
existence of TiO, and Sb,Oj; in the original composi-
tion, or the small amount of Sb,O3 (<0.11 wt.%) in all
the samples.

3.2. Electrical properties and degradation behavior

Fig. 3 shows E;,o and o changing with different Ti/
Sb ratio. Both parameters have the same changing ten-
dency with the Ti/Sb ratio. Fig. 5 shows the I-V char-
acteristic of the samples. These results indicate that
except for the sample with a Ti/Sb ratio of 2, the decrease
of the Ti/Sb ratio causes an increase in the breakdown
field and a-values, i.e., the breakdown field does not
increase monotonically with an increase in the amount
of Sb,O3 or a decrease in TiO, within the whole range.
The specimen with a Ti/Sb ratio of 5 has the lowest
breakdown field around 20 v/mm and a nonlinear coef-
ficient of around 22. The sample with a Ti/Sb ratio of 2
has a lower breakdown field than that for the sample
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Fig. 1. XRD patterns of samples with Ti/Sb ratio; (a) 5 and (b) 2, respectively. @ — ZnO, ¢ — Zn;Sb,01,, O — B-Bi,0s.

Fig. 2. SEM micrograph of ZnO ceramics, Ti/Sb ratio: (a) 2, (b) 5 (etched surface) (c) 3, (d) 1.4 (fractured surface). (Bar:0 um).

with Ti/Sb ratio of 3. This can be explained as follows:
there was inhomogeneity in the microstructure, and there
was variation of electrical properties of the individual
grain boundary, for example, there existed some ineffec-
tive grain-boundary.>!3 Although the twin boundary has
the higher barrier voltage,'? it does not appear to form
within each individual ZnO grain as there are a lot of grain
boundaries without twinning that have the lower barrier
voltage. Also, the broader grain size distribution resulted
in a lower breakdown voltage and nonlinear coefficient.!#
Here, SEM confirmed that there exists variations of
grain size in all samples and the distribution of grain

size for the sample with a Ti/Sb ratio of 2 is broader than
that for the sample with a Ti/Sb ratio of 3, the reason for
which is related to the formation of the twin boundaries.
As suggested by Senda and Bradt,* twin boundary has
the reduced mobility, however, for the grains without
twinning, the grain growth is rapid, so the grain sizes
differ greatly.

Combined with microstructure analysis in 3.1, it can
be seen that Ti/Sb ratio plays a crucial role in the micro-
structure and electrical property of the studied system.

To define the stability of the sample, curves were plot-
ted in terms of leakage current /1 against time (Fig. 4). If
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Fig. 3. Breakdown field and nonlinear coefficient vs. Ti/Sb ratio.
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Fig. 4. d.c. Degradation behavior for samples of different Ti/Sb ratio.
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Fig. 5. 1-V characteristic of sample with different Ti/Sb ratio: B-3, C-
2, D-1.4,E-1, G(inset)-5.

the leakage current did not exceed 200 pA during 120 h,
it could be concluded the specimen had good stability.
Fig. 4 revealed that the leakage current increased with
the biasing time. The defect model proposed by Gupta
and Carlson®® can be used to explain these results. The
basic concept of this model is that the Schottky barrier
consists of two components in the depletion layer: a

stable component consisting of spatially fixed positively
charged ions and a metastable component consisting of
mobile zinc interstitials in the depletion layer. Under
external stress, zinc interstitials in the depletion layer are
driven to migrate toward the grain boundary interface to
react with the negatively charged V7, and neutral
defects are formed at the interface. The barrier heights
and the width of the depletion layer are thus continually
reduced by the decreasing metastable component
through the decreasing concentration of Zn interstitials
by diffusion and chemical reaction.®® This is confirmed
by the following results in Table 1. It was reported that
relation between I; and /2 obey an empirical equation
(linear relation).”

I =1, + k1 (2

Where I is the leakage current at time ¢, Iy is the
leakage current at =0 and « is the rate constant. How-
ever, in our experiments, it seems that the exponent of ¢
for sample with a Ti/Sb ratio of less than 5 is more than
0.5. For the samples with a Ti/Sb ratio of 1, 1.4 and 3,
leakage current increased rapidly with time and soon
surpassed measurement range, i.e., they had higher
degradation rates (see Fig. 4). However, two other sam-
ples were quite stable and relatively temperature insen-
sitive in the operating region of interest. The sample
with a Ti/Sb ratio of 5 had a lower breakdown field and
improved degradation characteristics. According to the
model of Gupta,®® the difference in the degradation
rates was maybe related to the defects and their dis-
tribution in the samples. The exact cause needs further
study.

3.3. Capacitance-voltage(c-v) analyses|/Grain-boundary
property

On the basis of Schottky barrier model for the grain
boundary region, parameters such as the barrier height,
donor density, interface state density and depletion
layer width have been determined from the capacitance—
voltage relations.®

)

(1 - i) — 2o+ V)/gNae )
c 2

where

1/2¢ = (2¢v/qNae)'"? 4)

q is the electron charge, € the dielectric constant of ZnO,
Ny the donor density, ¢ the barrier height, ¢ the capa-
citance per grain boundary junction and ¥V the applied
voltage per grain boundary. Using these values the
depletion layer width (w) can be obtained from the
equation:
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Table 1
Grain boundary properties of ceramics from C-V data®
Ti/Sb ratio Ny by (ev) N w
(x10%* m—3) (x10"*m=2)  (x10~% m)
1 2.373 1.5648 6.0270 2.5390
1.4 2.049 1.5149 5.5094 2.6886
0.835 1.1574 3.0691 3.6876
3 1.553 2.6282 6.3187 4.0671
5 2.099 2.2802 6.8407 3.2594
5+ 1.501 1.3830 4.5057 3.0014
2 +measured after d.c. degradation.
2 1/2
w = (2eg0¢0/q° Nq) ®)

where g is the permitivity of the vacuum. The density of
states at the interface (Ns) between the ZnO grain and
the grain boundary region can be estimated from

Ny = (2Nqeso9/q)"? (6)

Table 1 summarizes the grain boundary properties of
the specimens sintered under identical conditions. The
donor density is of the same order, which is indicative of
the condition prevailing in the grain interiors by way of
the concentration of n-type defects as well as the donor
impurities (Ti*" in the present case). The specimen with
a Ti/Sb ratio of 2 has the lowest values of N, Nq and ¢y,.
The reason for which may be the presence and con-
centration of bismuth, and probably other dopant
atoms residing in the grain boundary alter the grain
boundary property. It can be seen that ¢, is reduced
after degradation.

4. Conclusion

Ti/Sb ratio in ZnO ceramics doped with both TiO, and
Sb,05 greatly influences their microstructure and elec-
trical properties. Grain size does not decrease mono-
tonically with the decrease of Ti/Sb ratio, i.e., the increase
of Sb,O5 content and decrease of TiO, content. It reveals
that TiO, and Sb,O3 dopants have a synergistic effect on
the ZnO varistor: the formation of twin boundary is
related to the Ti/Sb ratio. When Ti/Sb ratio is decreased
to 2, twin boundaries appear to form in ZnO grains,
which result in the broad grain size distribution and
reduce the average breakdown field of this sample. Under
the same processing conditions, low-voltage varistor with

excellent electrical characteristics and good degradation
stability can be obtained by a correct Ti/Sb ratio of 5.
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