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Abstract

A new sol—gel processing method to prepare ZnO-based varistor powders, using inexpensive zinc acetate dihydrate, ethylene glycol, n-
propyl alcohol and glycerol as starting materials, is presented. Compared to conventional oxide-mixing techniques, this method yields
powders with a more homogeneous distribution of dopants; the sintering temperature could be lowered by about 200 K to 1000°C and
the grain size is much smaller which proves very helpful for achieving high breakdown strength. Microstructure and electrical char-
acteristics of the sintered powders were investigated. © 2000 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

ZnO powders are very important materials due to
many interesting properties inherent in this material,
such as dielectric [1], piezoelectric [2], pyroelectric [3],
semiconducting [4], acousto-optic [5], optical [6], electro-
optical [7], nonlinear optical [8], photoelectrochemical
[9] and electrical properties [4]. Moreover, ZnO ceramics
containing several metal oxides, such as Cr,O3 Bi,Os3,
Sb,03, Co304, MnO, etc., show highly nonlinear cur-
rent-voltage characteristics which enables them to be
used as protection devices against voltage surges and
voltage transients [10—15]. The varistor effects take place
at the grain boundaries within the ceramics and numerous
theories have been developed to explain the effect [16—-18].
It is necessary to have homogeneous distribution of
dopants and the correct oxygen concentration to form
good varistor ceramics, since oxygen defects are pre-
sumed to be the reason for ZnO-conductivity. Com-
mercial varistor powders are usually produced utilizing
a conventional mixed oxide technique with ZnO and
other metal oxide dopants as starting materials, which is
recognized as being unsuitable for achieving homo-
geneous dopant distribution. Many papers have been
published about new methods to prepare varistor powders

* Corresponding author.
E-mail address: chusy@mail.ncku.edu.tw (S.-Y. Chu).

[19-23]. A sol-gel method has been shown to achieve
high breakdown fields by small grain size [24].

In this paper, we use a different way to process sol—gel
powder for varistor application by using inexpensive
source materials such as zinc acetate dihydrate, ethylene
glycol, n-propyl alcohol and glycerol. The powders can
be sintered at a lower temperature compared to the
conventional mixed oxide method and provide smaller
grain size than has been published elsewhere. Moreover,
microstructure and electrical characteristics of the sin-
tered powders were investigated.

2. Experimental procedures
2.1. Preparation of powders

The sol was prepared using zinc acetate dihydrate,
ethylene glycol, n-propyl alcohol, and glycerol. Twenty
five milliters of ethylene glycol was added to 100 g of
zinc acetate dihydrate in a round bottomed flask fitted
with a condenser and kept at 150°C for 15 min over a
hot plate to obtain a uniform transparent solution. On
cooling to room temperature the content of the flask
solidified to a transparent brittle solid which could be
dissolved in n-propanol 200 ml. The solution thus
obtained was highly water sensitive and readily gelled
on addition of a few drops of water. Triethylamine (1
mol equivalent) was also added to help hydrolysis of the
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zinc acetate. The resulting solution was colorless and
transparent. The solution was then slowly heated to
about 500 and 700°C for 5 h to remove all organics. The
pure ZnO powders were obtained, plastified and granu-
lated with 1 wt% PVA. The procedure of the powder
preparation is shown in Fig. 1.

ZnO-based ceramics containing several metal oxides
were then prepared using the same preparation method
mentioned above. The dopant composition in the final
oxide powders is ZnO: 96.99 mol%; Sb,03: 1.0 mol%;
Bi,O3;, C0304, MnO,, Cr,O;5: each 0.5 mol%; B,Os:
0.25 mol%; Al,O3: 0.01 mol%, according to Ref. [24].
The pure ZnO and ZnO-based powders were then sin-
tered at 900-1200°C for 2 h. The phase relations for the

Zn (OAc),+C,H,O,
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Fig. 1. Flow diagram for the sol-gel preparation method.

sintered bodies were identified using a Rigaku Rint
X-ray diffractmeter (XRD). The microstructures were
observed using scanning electron microscope (HITA-
CHI Model S-4200 Field Emission SEM), and bulk
density, p (g/cm®) was determined by Archimedes
method. The average grain size of ZnO ceramics was
determined by dividing the length of a line by the num-
ber of grain boundaries intercepting it.

2.2. Measurement of electrical properties

The voltage-current characteristics of the ZnO var-
istors are expressed by /= CV* where V is the voltage
across the sample and 7 is the current flowing the sam-
ple. The non-ohmic coefficient was found from

a = dlog(/)/dlog(V)

I-V characteristics of the samples were measured by
using sine wave high-voltage supply in the current range
up to 50 mA.

3. Results and discussion

Table 1 shows the density, electrical resistance and
grain size of pure ZnO powders sintered at different
temperatures (termed as sample S1). The highest density
is obtained about 5.4 g/cm?® which is more than 95% of
the theoretical density as the sintering temperature is
1050°C (refer to Fig. 2). The maximum value of the
electrical resistance is found to be about 156 M as the
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Fig. 2. The dependence of relative density on the sintering tempera-
ture of pure ZnO samples S1.

Table 1

Results of measurements of pure ZnO samples sintered at different temperature

Sintering temperature 900°C 950°C 1000°C 1050°C 1100°C 1150°C 1200°C
Density g/cm? 4.55 5.25 5.40 5.45 5.30 5.24 5.16
Resistance (max) MQ 16 24 156 148 144 142 72
Grain Size pm 0.26 0.31 0.38 0.56 0.85 0.97 1.42
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Fig. 3. The dependence of resistance on the sintering temperature of pure ZnO samples.
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Fig. 4. The dependence of grain size on the sintering temperature of pure ZnO samples S1 and ZnO-based samples heated at 500°C S2A and
700°C S2B.
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Fig. 5. X-ray diffraction pattern of (a) pure ZnO and (b) ZnO-based ceramics sintered at 1100°C.
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sintering temperature is 1000°C (refer to Fig. 3). The
electrical resistance of the sample could not be too
small, or the sample would break down even if a small
voltage applied. The grain size increases with increasing
sintering temperature (refer to Fig. 4). The average
grain size increases with increasing sintering tempera-
ture as well as the sintering time and can be explained
according to the phenomenological kinetic grain growth
equation expressed as [25]:

LogG = (1/n)logt + (1/n)[logKy — 0.434(Q/RT)]

Fig. 6. SEM microstructure of sol-gel prepared powders sintered at
1100°C.

Where G is the average grain size at the time, the n value
is the kinetic grain growth exponent, K is a constant, Q
is the apparent activation energy, R is the gas constant,
and T is the absolute temperature. The grain size of
ZnO-based samples (termed as S2) with a calcining
temperature of 500°C (termed as S2A) and 700°C
(termed as S2B) for 5 h and sintered at 900-1100°C are
also shown in Fig. 4. Compared to S1 and S2, the grain
size of the S2 sample is larger than that of S1, which is
in agreement with other published papers [24]. The
grain size of S2A sample is smaller than that of S2B
sample sintered at a lower temperature (900 and 950°C);
coincides at 1000°C, and the grain size of S2A sample is
larger than that of the S2B sample sintered at a higher
temperature. Fig. 5 shows the typical X-ray diffraction
patterns of the pure ZnO and ZnO-based ceramics sin-
tered at 1100°C for 2 h. Comparing Fig. 5a with 5b, an
additional peak is caused by the doping. Fig. 6 shows
the microstructure examined by SEM of S1 (Fig. 6a)
and S2 (Fig. 6b and c) sintered at 1100°C for 2 h. The
grain size for S1 is about 0.4 pm and that for S2 is about
1.7 um. The grain size for conventional ZnO varistors is
larger than 2 pm. ZnO varistors with small grain size
could lead to a significant reduction in the overall size of
the device for a given voltage and to high-voltage
applications. Therefore, the break down strength of our
sample is expected to be much higher compared to con-
ventional varistors. The current-voltage characteristics
of the S2 varistors sintered at different temperatures are
shown in Fig. 7. The calculated o value is about 40—60.
Threshold voltage is important electrical parameter that
is necessary for quantitative evaluation of the rated
varistor voltage. Fig. 8 displays the dependence of sin-
tering temperature on the threshold voltages of S2A
and S2B samples. The threshold voltage increases as

Fig. 7. Current-voltage characteristics of ZnO varistors with different
sintering temperature.
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Fig. 8. The dependence of threshold voltage on the sintering temperature of ZnO-based varistors.

the sintering temperature increases and S2B samples
have a larger threshold voltage. Thus, the desired
threshold voltage can be obtained by changing the sin-
tering temperature.

4. Conclusions

Homogeneous pure ZnO and ZnO-based powders
prepared by the sol-gel method have been successfully
fabricated. Compared to conventional oxide-mixing
techniques, the sintering temperature could be lowered
by about 200 K to 1000°C and the grain size is much
smaller (<2 pum) which is expected to show superior
electrical properties.

References

[1] M.A. Seitz, T.O. Sokoly, High-temperature dielectric behavior of
polycrystalline ZnO, J. Electrochem. Soc., Solid State Science
and Technology 121 (1974) 163-169.

[2] D.F. Crisler, J.J. Cupal, A.R. Moon, Dielectric, piezoelectric, and
electromechanical coupling constants of zinc oxide crystals, Pro-
ceedings Letters for the IEEE 56 (1968) 225-226.

[3] N. Schwesinger, H. Bartsch, F. Moller, Deposition of thick zinc
oxid film with a high resistivity, SPIE 2639 (1994) 315-325.

[4] T. Okamura, Y. Seki, S. Nagakari, H. Okushi, Preparation of n-
ZnO/p-Si heterojunction by sol-gel process, Japanese Journal of
Applied Physics 31 (1992) 762-764.

[5] F. Hickernell, ZnO processing for bulk and surface wave devices,
1980 IEEE Ultrasonics Symposium, 1980, pp. 785-794.

[6] H. Nanto, T. Minami, S. Shooji, S. Takata, Electrical and optical
properties of zinc oxide thin films prepared by rf magnetron
sputtering for transparent electrode applications, Journal of
Applied Physics 55 (1984) 1029-1034.

[7] F. Quaranta, A. Valentini, F.R. Rizzi, G. Casamasima, Dual-ion-
beam sputter deposition of ZnO films, Journal of Applied Physics
74 (1993) 244-247.

[8] T. Shiosaki, S. Fukuda, K. Sakai, H. Kuroda, A. Kawabata,
Second harmonic generation in as sputtered ZnO optical wave-
guide, Journal of Applied Physics 19 (1980) 2391-2394.

[9] M.F. Ogawa, Y. Natsume, T. Hirayama, Preparation and electrical

properties of undoped zinc oxide films by CVD, Journal of
Materials Science Letters 9 (1990) 1351-1353.

[10] M. Matsuoka, Nonohmic properties of zinc oxide ceramics,
Japanese, Journal of Applied Physics 10 (1971) 736-746.

[11] J. Wong, W.G. Morries, Microstructure and phase in nonohmic
ZnO-Bi,O; ceramics, American Ceramic Society Bulletin 53
(1974) 816-820.

[12] L.M. Levinson, H.R. Philipp, Zinc oxide varistors — a review,
American Ceramic Society Bulletin 65 (1986) 639-646.

[13] T.K. Gupta, Influence of microstructure and chemistry on the
electrical characteristic of ZnO varistor, in: R. Tressler (Ed.),
Tailoring Multiphase and Composite Ceramics, Plenum Press,
New York, 1986, pp. 493-507.

[14] T. Asokan, G.N.K. Iyengar, G.R. Nagabhushana, Influence of
process variables on microstructure and V-I characteristics of
multicomponent ZnO-based nonlinear resistors, Journal of
American Ceramic Society 70 (1987) 643—650.

[15] H. Cerva, W. Russwurm, Microstructure and crystal structure of
bismuth oxide phases in zinc oxide varistor ceramics, Journal of
American Ceramic Society 71 (1988) 522-530.

[16] G.D. Mahan, L.M. Levinson, H.R. Philipp, Theory of conduc-
tion in ZnO varistors (special issue), Journal of Applied Physics
50 (1979) 2799-2812.

[17] F. Greuter, G. Blatter, Semiconductor Science Technology 5
(1990) 111-116.

[18] P. Strassacker, A. Defect, Chemical Model for ZnO Varistors,
VDI-Verlag, Dusseldorf, 1987.

[19] E. Sonder, T.C. Quinby, D.L. Kinser, ZnO varistors made from
powders produced using a urea process, American Ceramic
Society Bulletin 65 (1986) 665-668.

[20] R. G. Dosh, in L.L. Hench (Ed.), Science of Chemical Proces-
sing, John Wiley & Sons, New York, Chichester, Brisbane, Tor-
onto, Singapore, 1986, pp. 311-319.

[21] K. Seitz, E. Ivers-Tiffee, Characterization of varistor-type raw
materials prepared by the evaporative decomposition of solution
technique, American Ceramic Society Bulletin 66 (1987) 1384—1388.

[22] S. Hashita, Y. Yao, S. Shirasaki, Zinc oxide varistors made from
powders prepared by amine processing, Journal of American
Ceramic Society 72 (1989) 338-340.

[23] M. Kuntz, G. Bauer, 1. Grobelsek, German Patent Office,
Patentschrift DE 3916643Cl1, 1991.

[24] G. Hohenberger, G. Tomandl, Sol-gel processing of varistor
powders, Journal of Materials Research 7 (1992) 546-548.

[25] T. Senda, R.C. Bradt, Grain growth in sintered ZnO and ZnO—
Bi203 ceramics, Journal of the American Ceramic Society 73 (1)
(1990) 106-114.



