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Abstract

In order to make a low-voltage ZnO varistor of uni-
formly large-grained microstructure, a pure ZnO
powder compact was first sintered at 1500°C. The
abnormal grain growth that occurred during the sin-
tering of the ZnO resulted in a relatively uniform
matrix of very large grains. Subsequent heat-treat-
ment in contact with a Bi,O; powder mixture
resulted in the formation of a low-voltage ZnO
varistor.

1 Introduction

Low-voltage ZnQO varistors are now widely used
for surge protection in integrated circuits and in
automobiles.'? Since the breakdown voltage (V})
of the varistor is proportional to the number of
ZnO grains in series between the electrodes,>* low
voltage varistors can be obtained either by
decreasing the thickness of the specimen or by
increasing the size of ZnO grains. The thin ZnO
varistors are, however, difficult to prepare and apt
to break. Note also that the energy absorption
capability of the thin ZnO varistor is very poor
due to its small volume.>® On the other hand, low

voltage ZnQO varistors with grains of large size -

have been fabricated by using grain growth-
enhancing additives,’ or exceptionally large seed
ZnO grains.”® Consequently, its microstructure
exhibits a nonuniform distribution of grain size,
which causes an irregular current distribution and
makes the varistor susceptible to hot spots.'*!?

In this paper, a new processing technique for
the production of a low-voltage ZnO varistor of
uniformly large-grained microstructure will be
described. Instead of conventional fabrication by
sintering of ZnO powder which has been previ-
ously mixed with Bi,O; and other oxides, the two-
step process consisting of the sintering of pure
ZnO alone and subsequent heat-treatment has
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been adopted for fabrication of the low-voltage
ZnO varistor. The uniformity in grain size and
low porosity of ZnO varistors obtained by this
process are expected to enhance its reliability and
lifetime.

2 Experimental Procedures

Commercial grade ZnO powder of 99-9% purity
(Aldrich Chem. Co. Inc., Milwakee, Wis., USA)
was used. Its average particle size determined by
sedimentation technique was 0-5 pum. The powder
was pressed to a cylindrical compact (10 mm in
diameter) with a hole (3 mm in diameter) in the
center, and then pressed hydrostatically at 100
MPa. The obtained compacts were sintered at
1500°C for 1 h in air to induce an extensive grain
growth. In order to minimize the ZnO vaporiza-
tion and consequent pore formation during sinter-
ing at such a high temperature, the specimens
were put together with the same ZnO powders in
a closed alumina crucible. Platinum foil was used
to isolate the specimen from the surrounding pow-
ders. The sintered specimens were then ground
and its thickness was controlled to be 4 mm. On
the other hand, high purity Bi,O; and MnO, pow-
ders were mixed with ZnO to give 1Bi,O5
IMn0O,—98Zn0O (in mol%). This powder mixture
was then manually rubbed into the central hole
of the sintered ZnO specimen. The specimen was then
heat-treated at 1200°C for 1 h with Bi,O; powders
in a closed alumina crucible, as illustrated in Fig.
1. Preliminary experiments showed that this heat-
treatment condition is most appropriate for
making a varistor of the desirable I-V characteristic.

The photomicrographs of the polished section
for pure ZnO, 1.e. before the Bi,O; atmosphere
treatment were obtained after the thermal etching
for 30 min at 1200°C. After the atmosphere treat-
ment, however, etching was not needed for
microstructural observation. The presence of the



372 J-H. Han, D-H. Lee, D-Y. Kim

Alumina Crucible

Powder Mixture
1Bi04-1Mn0,-98Zn0

Pure Zn0 sintered
at 1500T

Pt Plate

Atmosphere Powder

Fig. 1. Schematic illustration for heat-treatment of large—grained
pure ZnO specimen in Bi,O; atmosphere.

Bi-rich liquid phase at the grain boundary was
observed by transmission electron microscopy. Disks
of 3 mm in diameter were cut from the specimen
and reduced to a thickness of = 5-10 wum in the
center by mechanical grinding and dimpling. A
further thinning was carried out by using an ion-
miller. The I-V characteristic of the specimen pre-
pared was measured with a picoamnmeter (Model:
4140B pA Meter/DC voltage source, Yokogawa
Hewlett Packard Co., Yokogawa, Japan). The
individual specimen was ground on silicon carbide
paper (No. 1200) and the electrode was made by
sputtering Au on each surface of the cylindrical
specimen. The voltage per unit thickness (1 mm)
at a current of 1 mA/cm? was regarded as the
breakdown voltage of the varistor specimen.'®!3!4

3 Results and Discussion

Previous studies>!'” on sintering of pure ZnO
have shown that its densification begins at a
rather low temperature such as 700°C and the full
densification is achieved in a few minutes of sin-
tering at 1200°C. On the other hand, a decrease in
bulk density, which can be referred to as over-
firing has been reported to occur during sintering
of ZnO if the sintering temperature is too high.'®
From these works, the optimum temperature for
the densification of ZnO powder compact is
expected to be around 1100°C. In this investigation,
however, the ZnO powder compacts were sintered
at 1500°C to induce a rapid grain growth and Fig.
2 (a) and (b) show the microstructure of the speci-
men sintered for 0-5 and 1 h, respectively. In spite
of an excessively high sintering temperature, a
notable increase of porosity was not observed in this
experiment. It appears-likely that the atmosphere
powders have minimized the ZnO evaporation
from the specimen and consequent pore forma-
tion. For the specimen shown in Fig. 2 (a) and
(b), most of the pores were trapped inside the
grain as a result of extensive grain growth. The

Fig. 2. Microstructures of the pure ZnO specimen sintered at
1500°C for (a) 0-5 and (b) 1 h.

porosities determined by the point counting
method were 0-2 and 0-5%, respectively.

In comparison with the initial ZnO particle size
(= 0-5 um), the grains observed in the specimen
shown in Fig. 2 are exceptionally large. Note that
the specimens were made from fine powder and
therefore a few particles of a size substantially
larger than the average may be present, which
acted as embryos for abnormal grain growth.'®%
It has been suggested that the grains two times
larger than the average may be able to start the
abnormal grain growth. The assembly of small
grains observed in the specimen sintered for 0-5 h
(Fig. 2 (a)) may show the initial fine grained struc-
ture. Once those few abnormally growing grains
reach a size where they impinge each other, the
grain boundaries tend to be flat so that the driving
force for migration is practically eliminated. Fig.
2 (b) is expected to exhibit such a new set of
exceptionally large grains which replace com-
pletely the initial fine grained structure. For this
specimen, the average grain size was determined
to be = 500 um through the linear intercept
method.

Inside those abnormally grown grains, the
entrapped small grains were frequently observed
as indicated by the arrow in Fig. 2 (b). Such grain
entrapment during abnormal grain growth has
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also been reported in other ceramic materials and
attributed to the very rapid boundary migration.?!
It is expected, however, that the grain entrapment
is related to the size and orientation of shrinking
grains adjacent to the rapidly growing grains. As
the shrinking grains vary in size and have random
orientation, the growth rate along the advancing
boundary will be uneven from point to point. The
slowly shrinking grains and/or the relatively large
size grains will become entrapped and be left
behind to remain in an apparent metastable state.
It is further expected that the grains once trapped
shrink rapidly, which may explain their rare
experimental observation.

The breakdown voltage of a varistor, V,, is
given by’

Ve = vy D, (1)

r

where v, is the threshold voltage per grain
boundary, which has been estimated to be around
3-6 V101213 and D and r are the varistor thickness
and average ZnO grain size, respectively. For
the low-voltage ZnO varistor, such as ¥, = 7 V, it
has been consequently reported?? that the thick-
ness should be less than 100 wm, because the
average grain size of ZnO grains in conventionally
sintered ZnO-Bi1,0; is always below 50 um. Note
also that such coarse-grained ZnO-Bi,O; speci-
mens can be obtained by sintering at 1400°C for
several hours during which the vaporization of
Bi,O; occurs.”® The vaporization of Bi,O; and
concurrent increase of porosity are known? to be
significant from 1200°C and to deteriorate the
varistor characteristic.

As a consequence, the coarse-grained ZnO
varistors ensuring the low V,, have been prepared
either by using the grain growth enhancing addi-
tives>?? such as TiO, or by adding large ZnO seed
grains.”® The varistors thus prepared, however,
showed a large spread of grain size and a very
high porosity. The presence of a few large grains
may result in the high local currents which give
rise to a rapid degradation of the varistor.!®'? In
addition, the harmful effects of pores with respect
to the mechanical strength are evident.

Assuming that the microstructure of the ZnO
varistor is identical to that of Fig. 2 (b), several
advantages may appear. First of all, the thickness
of a low-voltage varistor (V, = 7 V) becomes
around 2 mm which can be manufactured and
handled without great difficulty. The rather uniform
distribution of grain size may provide a uniform
current flow, and its low porosity enhances the
strength and thermal conductivity of the varistor.
The high thermal conductivity and fairly large
volume may also increase the energy handling

capability of the varistor.!® However, the addition
of Bi,O, is known to be essential for ZnO varis-
tors. The Bi ions segregated in the region of the
grain boundary have been attributed for the non-
linear characteristics.® In order to make a varis-
tor, it is therefore necessary to form a depletion
layer by changing the chemistry of the grain
boundaries.

Using the specimen shown in Fig. 2(b), the for-
mation of depletion layer was carried out by the
heat-treatment with Bi,O, containing powder
mixture. The powder mixture of 1Bi,0;—1MnO,—
98Zn0O was rubbed into the central hole of the
sintered ZnO, and then it was heat-treated at
1200°C for 1 h in Bi,0; atmosphere (Fig. 1). Dur-
ing the treatment, the Bi-rich liquid formed in the
powder mixture was expected to penetrate into the
grain boundaries of ZnO specimens. Note also
that the Bi,0; atmosphere powder in the alumina
crucible may provide a high vapor pressure of
Bi,0,.1%!%2 In fact, Bi,O, was observed to diffuse
into almost all of the grain boundaries of pure
ZnO specimen when it was treated at 1200°C for 1
h with a small amount of Bi,O; on its surface.”

Figure 3 is the microstructure of the specimen
obtained. The region of 1Bi,0;-1Mn0O,—98ZnO
(upper part of Fig. 3) showed a typical liquid-
phase sintered structure with the solid grains
(white) and pores (dark) dispersed in a Bi-rich lig-
uid matrix. Note that the powder mixture was
packed by hand into the hole, which is the cause
of the rather large fraction of pores. The origi-
nally pure ZnO region can be observed in the
lower part of Fig. 3. Although a notable
microstructural change compared to Fig. 2 (b) was
not observed in this microscopic scale, the liquid
was observed to present almost all the triple grain
boundary junctions.

Fig. 3. Microstructure of the ZnO varistor prepared; the pure
ZnO was heat-treated at 1200°C for 1 h with the powder
mixture (1Bi,0,-1MnO,-98Zn0O in mol%).
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Fig. 4. TEM micrographs of the varistor prepared; (a) some
boundaries show the presence of Bi-rich liquid phase and (b)
the others show a typical grain boundary.

The grain boundaries and their triple junctions
were examined with transmission microscopy. As
shown in Fig. 4, some of the grain boundaries
showed the presence of a Bi-rich liquid phase
(bright region in Fig. 4 (a)), but other boundaries
(Fig. 4 (b)) did not show the presence of any Bi-
rich liquid phase. Approximately, 80% of the
boundaries were observed to be wetted with the
Bi-rich liquid and its maximum thickness was
around 1 um. The results may indicate that the
grain boundary structure and its energy, which
determine the liquid penetration, vary from one
grain boundary to another. For ZnO varistors, in
fact, three different types of boundary structure
were reported,” a thick intergranular liquid layer
(0-1 ~ 1 um), a thin intergranular liquid layer (10
~ 1000 A), and the grain boundary without any
liquid phase.

Figure 5 shows the I-V characteristic of the
specimen obtained. The breakdown voltage at a
current density of 1 mA/cm? is determined to be
3:6 V/mm which is much lower than that of the
conventionally fabricated low-voltage varistors.
Using ZnO seed grains, for instance, V, = 6 V/mm
has been reported.” If the threshold voltage per
grain boundary is about 3-6 V, the grain size of
the specimen prepared is predicted to be 1000 um
by eqn (1). Note that the current always flows
through the easiest path, i1.e. the path with the
fewest number of grains between the electrodes.
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Fig. 5. I-V characteristic of the ZnO varistor prepared.

Therefore, the predicted grain size from the break-
down voltage is always larger than the microstruc-
tural average grain size. The nonlinearity
coefficient of a for this specimen in the range of
103 to 10! A/em? is 20. This value of a is
expected to be further increased if other oxides
such as CoO, Cr,0;, and Sb,0O, are incorporated
in the Bi,O; containing powder mixture. On the
other hand, the amount of leakage current in the
pre-breakdown region is acceptable. When the
strength of electric field was 10 V/cm, the magnitude
of leakage current was 10~ A/cm?

4 Conclusions

Low-voltage ZnO varistors have been fabricated
by a two-step process consisting of the sintering of
pure ZnO and subsequent heat-treatment. The
abnormal grain growth that occurred during sinter-
ing of ZnO resulted in a relatively uniform matrix
of very large grains. After the subsequent treat-
ment with Bi,O; the specimens showed a typical
microstructure for a ZnO varistor with a Bi-rich
liquid at the triple grain boundary junctions. The
breakdown voltage of the specimen obtained was
3:6 V/mm and its nonlinear coefficient a was 20.

Acknowledgement

This work was supported by the Korea Ministry
of Education (Research Fund for Advanced
Materials in 1992).

References

1. Matsuoka, M., Progress in Research and Development of
Zinc Oxide Varistor. In Grain Boundary Phenomena in
Electronic Ceramics, Advances in Ceramics, Vol 1. ed. L.



10.
11.

13.

Fabrication of low-voltage ZnO varistors by a two-step process

M. Levinson. Am. Ceram. Soc., Columbus, OH, 1981,
pp. 290-308.

. Eda, K., Inada, M., Iga, A., Makino, O., Matsuoka, M.,

Oda, H., Yoshida, N. & Hosokawa, T., High Energy
‘ZNR’ Surge Absorber for Automotive Use. Nat. Tech.
Rep. (Matsushita Electr. Ind. Co., Osaka, Japan) 25(5)
(1979) 1024-32.

. Wong, J., Barrier Voltage Measurement in Metal Oxide

Varistors. J. Appl. Phys., 47(11) (1976) 4071-4.

. Briickner, W., Bither, K. H., Moldenhauer, W., Wolf,

M. & Lange, F., Inhomogeneities and Single Barriers in
ZnO-Varistor Ceramics. Phys. Stat. Sol. (A}, 59 (1980)
K1-K4.

. Selim, F. A., Gupta, T. K., Hower, P. L. & Calson, W.

G., Low Voltage ZnO Varistor: Device Process and De-
fect Model. J. Appl. Phys., 51(1) (1980) 765-8.

. Bowen, L. J. & Avella, F. J., Microstructure, Electrical

Properties, and Failure Prediction in Low Clamping
Voltage Zinc Oxide Varistors. J. Appl. Phys., 54(5) (1983)
2764-72.

. Eda, K., Inada, M. & Matsuoka, M., Grain Growth

Control in ZnO Varistors Using Seed Grains. J. Appl.
Phys., 54(2) (1983) 1095-9.

. Hennings, D. F. K., Hartung, R. & Reijnen, P. J. L,

Grain Size Control in Low-Voltage Varistors. J. Am.
Ceram Soc., 73(3) (1990) 645-8.

. Trontelj, M., Kolar, D. & Krasevec, Influence of Addi-

tives on Varistor Microstructure. In Additives and Inter-
Jaces in Electronic Ceramics (Advances in Ceramics, Vol.
7), eds. M. F. Yan & A. H. Heuer. Am. Ceram. Soc.,
Columbus, OH, 1983, pp. 107-16.

Gupta, T. K., Application of Zin¢c Oxide Varistors. J.
Am. Ceram. Soc., 73(7) (1990) 1817-48.

Einzinger, R., Metal Oxide Varistors. Annu. Rev. Mater.
Sci., 17 (1987) 299-321.

. Eda, K., Destruction Mechanism of ZnQO Varistors due

to High Currents. J. Appl. Phys., 56(10) (1984) 2948-55.
Levinson, Lionel M. & Philipp, Herbert R., Zinc Oxide
Varistors — A Review. Adm. Ceram. Soc. Bull., 65(4)
(1986) 639-46.

14.

15.

16.
17.

18.

19.
20.

21.

22.

23.

24.

25.

375

Eda, K., Zinc Oxide Varistors. IEEE Electrical Ins. Mag.,
5(6) (1989) 28-41.

Gupta, T. K. & Coble, R. L., Sintering of ZnO: 1. Densi-
fication and Grain Growth. J. Am. Ceram. Soc., 51(9)
(1968) 521-5.

Dollimoore, D. & Spooner, P., Sintering Studies on Zinc
Oxide. Trans. Faraday Soc., 67(9) (1971) 2750-9.
Whittemore, O. J. & Varela, J. A, Initial Sintering of
ZnO. J. Am. Ceram. Soc., 64 (1981) C154-5.

Gupta, T. K. & Coble, R. L., Sintering of ZnQ: II. Den-
sity Decrease and Pore Growth During the Final Stage of
the Process. J. Am. Ceram. Soc., 51(9) (1968) 525-8.
Hillert, M., On The Theory of Normal and Abnormal
Grain Growth. Acta Metall., 13 (1965) 227-38.

Chol, G. R., Influence of Milled Powder Particle Size
Distribution on the Microstructure and Electrical Proper-
ties of Sintered Mn-Zn Ferrites. J. Am. Ceram. Soc.,
54(1) (1971) 34-39.

See, for example: (a) Jeong, In-Kwon, Kim, Doh-Yeon,
Khim, Z. G. & Kwon, S. J., Exaggerated Grain Growth
During the Sintering of Y-Ba-Cu-O Superconducting
Ceramics. Mat. Lett., 8(3/4) (1989) 91-94. (b) Prochazka,
S., Dole, S. L. & Hejna, C. 1., Abnormal Grain Growth
and Microcracking in Boron Carbide. J. Am. Ceram.
Soc., 68(9) (1985) C235-6.

Shohata, N.. Matsumura, T., Utsumi, K. & Ohno, T.,
Properties of Multilayer ZnO Ceramic Varistors. In
Grain  Boundary Phenomena in Electronic Ceramics
Advances in Ceramics, Vol 1, ed. L. M. Levinson, Am.
Ceram. Soc., Columbus, OH, 1981, pp. 349-58.

Wong, J., Sintering and Varistor Characteristics of
Zn0O-Bi,0; Ceramics. J. Appl. Phys., 51(8) (1980) 4453-9.
Clarke, D. R., Grain-boundary Segregation in a Com-
mercial ZnO-based Varistor. J. Appl. Phys., 50(1) (1979)
6829-32.

Morris, W. G., and Cahn, J. W., Adsorption and Mi-
crophases at Grain Boundaries in Non-Ohmic Zinc
Oxide Ceramics Containing Bismuth Oxide. In Grain
Boundaries in Engineering Materials, ed. J. Walters et al.,
1975, pp. 223-33.



