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Characteristic analysis of ZnO varistors made with spherical precipitation 
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Abstract 

Small, uniform and spherical ZnO powders for the fabrication of ZnO varistors were obtained by an aqueous precipitation method. The 
varistor samples made from the ZnO powders using butylamine and urea as precipitant show excellent surge response characteristics. However, 
the varistor samples made by the ZnO-butylamine powders gave better electrical properties, including higher nonohmic property and lower 
leakage current, than those made by the ZnO-urea powders, because the ZnO powders precipitated by butylamine had smaller and more 
homogeneous size than those precipitated by urea. 
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1. Introduction 

ZnO varistors are highly nonohmic ceramic devices which 
are mainly composed of ZnO with minor additives of other 
metal oxides such as Bi,03, COO, MnO, Sbz03 and Cr,O, 
[ 11. They are produced by a sintering process, which gives 
rise to a structure comprised of highly conductive ZnO grains 
surrounded by electrically insulating grain-boundary regions 
[ 2-51. The microstructure of the ZnO varistors is therefore 
characterized by the multi-connection of individual 
nonohmic elements within the sintered body in series and 
parallel [ 6,7], which is similar to the microstructure of the 
Sic varistors. Such microstructure results in a greater energy- 
handling capability. Moreover, the nonohmic elements of the 
ZnO varistors have highly nonohmic electrical properties 

similar to those of Si Zener diodes [ 81. As a result, the ZnO 
varistors can be considered to have both the advantages of 
SIC varistors and Si Zener diodes. Actually, it is because of 
their better withstanding-surge capability and nonohmic cur- 
rent-voltage electrical properties than other types of varistor 
devices [9] that the ZnO varistors are widely used in pro- 
tecting power and signal level electrical circuits against dan- 
gerous voltage surges. 

As is well known, the energy-handling capability is one of 
the most important requirements attendant on the application 
of the varistors for transient surge suppression. Nevertheless, 
the capability of the ZnO varistors is dependent not only on 
the composition and processing procedure, but also on the 
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uniformity of the sintered body of the devices. A homoge- 
neous sintered microstructure is required to control the ther- 

mal expansion and the consequent mechanical stresses arising 
from variation in resistance [ 10,111; otherwise, the inhom- 

ogeneity of the sintered microstructure will make ZnO var- 
istors fail by puncturing, which is caused by local melting, 
when the ZnO varistors are subjected to high energy pulses 
[ 121. Amiji et al. [lo] evaluated the homogeneity of the 
ZnO varistors by means of an IR radiation thermometer and 

found that thermal distribution was extremely consistent with 
the resistance distribution. In other words, when a current 

pulse was applied to the ZnO varistors, a large current flowed 
through the region with low resistance, while little current 
flowed through the region with high resistance. The region 
where a large current passed was consequently more likely 

to deteriorate. 
From the above observations, a green pellet consisting of 

uniformly packed powders with a narrow size distribution is 
needed to achieve a homogeneous sintered microstructure. In 
order to get such uniformly packed powders with a narrow 
size distribution, it is suggested to make use of monosize, 
monodisperse, spherical powders [ 13-181, as these fine 
grain-size starting powders can be prepared by the method of 

aqueous precipitation. 
Therefore, in our study we prepared ZnO powders with 

two different kinds of precipitant, urea and butylamine, and 
tried to produce ZnO particles as monosize and spherical as 
possible. With the same controlled condition of precipitation 
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from the solutions, we compared the properties of the ZnO 
varistors made from the powders using urea as precipitant 

and those using butylamine as precipitant. 

2. Experimental procedure 

2.1. Preparation of ZnO powders and varistor samples 

The materials used in our study included reagent-grade 
methanol (MeOH; CH,OH) , triethanolamine (TEA; 

C6Hi5N03), zinc nitrate hexahydrate (Zn( N03) 2. 6H,O), 
urea (H,NCONH*) and butylamine (&Hi iN) . First, 
Zn( NO,) 2. 6H,O was added to the mixture of the MeOH- 
TEA solution with vigorous stirring. Then urea (or butylam- 
ine) was added to the mixed solution and heated by a hotplate 
at the same time. As temperature increased, the white precip- 
itate appeared gradually. The white precipitation powders 
were thoroughly washed with deionized water and ultra-fil- 
tered through a 0.22 pm pore-size filter (Millipore Co., Bed- 
ford, MA) _ This procedure was repeated several times until 
a clear transmission electron microscopy (TEM) photograph 
of the precipitate was achieved. 

In the present study, in order to produce spherical and fine 
grain-size ZnO powders, we controlled the nucleation and 
growth of the particles by means of adequate precipitant, 
heating rate, and the ratio of deionized water to methanol. 
The fabrication processes and results are shown in Fig. 1 and 
Table 1, respectively. Methanol and deionized water are 
found to give the best dispersion and solvent. TEA tends to 
make the ZnO particles more spherical. It is found that the 
heating hotplate gives a temperature gradient, and that the 
vaporization of mixed solution gives a concentration gradi- 
ent. Both gradients can interfere with the ideal nucleation and 
growth. 

The ZnO powder precipitated by urea will hereinafter be 
referred to as ZnO-I and that precipitated by butylamine as 
ZnO-II, while the varistor prepared by ZnO-I powders as 
varistor-I and by ZnO-II powders, varistor-II. The resultant 
ZnO-I and ZnO-II powders were calcined in an alumina cru- 
cible at 800 “C for 2 h. Then, the 97 mol ZnO and 0.5 mol 
(B&O, + 2Sb,O, + MnO + Co0 + Cr,O,) were used as the 
original materials. They were mixed by ball-milling in alco- 
hol for 24 h. The mixture was dried and calcined in air at 600 
“C for 2 h and sieved through a 320-mesh screen to produce 
a starting powder. The starting powder was packed at a pres- 
sure of 350 kg/cm* into disks (diameter 10 mm and thickness 
2 mm). The samples were sintered for 1 h at three different 
temperatures, 11 SO, 1200 and 1250 “C. The temperature was 
increased to those values at a rate of 600 “C/h; the cooling 
ratewas240Wh [19]. 

2.2. Measurements 

The morphology of the ZnO powders was observed by a 
transmission electron microscope (H-7 100, Hitachi, Tokyo, 

Japan). The decomposition temperature of the intermediate 

compound, and consequently the appropriate calcination tem- 
perature for the synthesized powders, can be obtained by a 

thermogravimetric analyzer (SSCSOOO, Seiko, Japan). The 
formation of the ZnO structure was identified by X-ray dif- 
fraction (XRD, D5000, Siemens, Germany). The micros- 
tructure of the ZnO varistor samples was examined by a 
scanning electron microscope (S2500, Hitachi, Japan). 

The electrical properties were measured by means of a two- 
probe method in which silver conductive epoxy was applied 
to opposite faces of the sintered disks. The I-Vcharacteristics 

were measured by using a programmable curve tracer (370A, 
Tektronix, Beaverton, OR) at 2.5 “C. The withstanding-surge 
capability was measured with a surge generator (801-plus, 
KeyTek Co., Burlington, MA) at 25 “C. Varistor current and 
voltage were monitored with an oscilloscope (7834, Tektro- 
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Fig. 1. Simplified flow diagram for the fabrication of the ZnO powder. 

Table 1 

Initial pH value ( pH,) , final pH value ( pH,) , precipitation time, precipitation 
temperature and precipitation rate for the ZnO powder prepared by the 

aqueous precipitation method 

Precipitant PH, 

Urea 8.02 
Butylamine 10.80 

PH, Time 

(tin) 

8.01 90 
10.75 75 

Temperature 

(“r-3 

80 
80 

Rate 

(So) 

96.0 
97.5 
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nix) with a 400 MHz bandwidth, digital storage and aver- 
aging capability. 

3. Results and discussion 

Fig. 2 shows the morphology of the ZnO-I and ZnO-II 
powders. The average particle sizes of the ZnO-I and ZnO-II 
powders are 0.8 and 0.6 pm, respectively. It is found that the 
ZnO-II powders are of uniform and well-shaped spherical 
particles, while the ZnO-I powders are less uniform in size. 
Fig. 3 shows the thermal evolution of the ZnO precipitates 
which was examined by thermogravimetry (TG) and differ- 
ential thermal analysis (DTA) with a thermogravimetric ana- 
lyzer. From the TG and DTA curves, the ZnO-I and ZnO-II 
precipitates demonstrate an obvious weight loss at a heating 
temperature below 440 and 450 “C, respectively. Therefore, 
better quality ZnO precipitates would be achieved with the 
calcination temperature above 500 “C. XRD results of the 
ZnO-I and ZnO-II powders showed that our products are pure 
crystalline ZnO. 

Fig. 2. Transmission electron micrographs of the ZnO powders: (a) ZnO-I; 

(b) ZnO-II. 

Fig. 3. TG and DTA curves of the ZnO powders: (a) ZnO-I; (b) ZnO-II. 

The microstructure and XRD patterns of the ZnO varistor 
samples sintered at 1150 “C for 1 h are shown in Figs. 4 and 
5, respectively. Their grain shapes are typical of recrystallized 
equilibrium structure and the main features of the micros- 
tructure are found to be the same as observed in several 
previous studies [ 20-231, i.e. along the multiple grain junc- 
tions of the ZnO grains, there lies a three-dimensional net- 
work of B&O,-rich intergranular phases, while, at the grain 
boundaries and within the ZnO grains, there occasionally 

exist spine1 phases (Zn7Sb20i2) in accordance with the com- 
position of the ZnO varistors. 

It is also found from Fig. 4 that the homogeneity of the 
microstructure of varistor-II is better than that of varistor-I. 
The average ZnO grain size of varistor-I is 9.91+ 2.63 pm 
and that of varistor-II is 7.10 + 1.25 pm. This is not surprising 
because the green powders for varistor-II are more uniform 
than that for varistor-I and it is known that large grains can 
easily grow by coalescence with small grains during sintering 
[24]. Therefore, the more homogeneous the ZnO powders, 
the more uniform grain growth occurs, and the more uniform 
microstructure of the ZnO varistors would be achieved. 

Since the homogeneity of grain-size distribution plays a 
role in determining the electrical properties of the ZnO var- 
istors [25-271, it is expected that varistor-II would have 
better electrical properties than those of varistor-I. We did 
find that the varistors prepared by ZnO-II powders had supe- 
rior electrical properties to those made by ZnO-I powders 
under the conditions of the same composition and sintering 
process. 

Fig. 6 shows the nonohmic Z-V curves of varistor-I and 
varistor-II, both sintered at 1150 “C for 1 h. Their nonohmic 
properties were characterized by a nonohmic parameter (Y 
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Fig. 4. SC anning electron micrographs of the microstructure of the ZnO 
varistor samples: (a) varistor-I; (b) varistor-II. 
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Fig. 5. XRD patterns of the ZnO varistor samples: (a) varistor-I; (b) var- 

istor-II. 

from the empirical formula Z= Cv”, where V stands for the 
voltage across the samples, Z the current flowing through the 
samples and C a constant. The nonohmic parameters a were 
75, 62 and 56 for varistor-II samples sintered at 1150, 1200 
and 1250 “C, respectively; the nonohmic parameters (Y were 
68, 51 and 30 for varistor-I samples sintered at 1150, 1200 
and 1250 “C, respectively. The data provide evidence that the 
varistors made with ZnO-II powders show superior nonohmic 
electrical properties than those made with ZnO-I powders. 

Besides the nonohmic parameter (Y, another important elec- 
trical property, i.e. the leakage current, was taken into con- 

sideration and it was found that varistor-II samples had 

smaller leakage current and the change of leakage current 
with sintering temperature was less sharp than that of varistor- 
I, although both the leakage current of varistor-II and varistor- 
I increased as the sintering temperature increased. The 
variation of leakage current, which was obtained under the 
breakdown voltage (8O%V,,,,,z d.c.), with various sinter- 
ing temperatures for the samples of varistor-I and varistor-II 
is shown in Fig. 7. 

The breakdown field of the two varistors was also inves- 
tigated. It is shown in Fig. 7 that the breakdown field, which 
was measured under a current density J= 1 mA/cm*, 
decreases as sintering temperature increases for both varistor- 
I and varistor-II. However, the breakdown field of varistor-II 
is larger than that of varistor-I, which is reasonable as the 
former has a smaller grain size than the latter. 

We believe that the differences of the electrical properties, 
including nonohmic characteristic, leakage current and 
breakdown field, between varistor-I and varistor-II samples 
in our study result from the differences in homogeneity of the 
microstructures, since the homogeneity of the microstructure 
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Fig. 6. Current-voltage tracers of the ZnO varistor samples: (a) varistor-I; 

(b) wristor-II. The applied voltage (200 V/div) is displayed on the hori- 
zontal axis and the current through the varistor on the vertical axis (5 mu/ 
div). 
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Fig. 7. Variations of the leakage current and the breakdown field with dif- 

ferent sintering temperatures of the ZnO varistor samples: (0) varistor-I; 

(0) varistor-II. 

(a) 

(b) 

Fig. 8. Pulse response phenomena of the ZnO varistor samples: (a) varistor- 

I; (b) varistor-11 (Vz 400 V/div; I: 20 A/div; t: 10 wldiv). 

is able to affect the grain-boundary properties which control 
the electrical properties of the ZnO varistors [ 281. 

The aqueous precipitation method is found to be a good 
way to produce ZnO powders, which, no matter whether they 
were precipitated by urea or butylamine, show pure crystal- 
line ZnO from X-ray measurement. Between these two, the 
ZnO powders made from butylamine are more uniform, 
smaller, more well-shaped spherical particles than those made 
from urea. The average particle sizes are 0.6 and 0.8 pm for 
the powders made from butylamine and urea, respectively. 

Pulse responses of varistor-I and varistor-II samples were Although pulse responses of the varistor-butylamine and 
both excellent as they were tested with a combination volt- the varistor-urea are both excellent, the former displays supe- 
age-current surge wave. The voltage surge was 50 ps in rior electrical properties, including nonohmic characteristic 

Table 2 

Pulse response parameters of varistor-I and varistor-II samples 

Sintering 

temperature 

(“C) 

Clamping 

voltage 

(V) 

Peak 

current 

(A) 

Dynamic 

resistance 

(fi) 

1150 1120 (I) 38 (I) 31 (I) 
1140 (II) 36 (II) 35 (II) 

1200 900 (I) 40 (I) 27 (I) 
980 (II) 38 (II) 31 (II) 

1250 800 (I) 44 (I) 20 (I) 
920 (I) 40 (II) 27 (II) 

duration with a rise time of 1.2 ps between 10% and 90% 
amplitude levels, while the surge current had a width of 20 
ps and a rise time of 8 ps. As soon as the surge generator 
applied a voltage surge to the varistor samples, the surge 
current became available instantaneously. The observed 
surge responses are shown in Fig. 8. 

A summary of the measured parameters, derived from the 
surge response graphs in Fig. 8, is given in Table 2. From the 
table, we find that both the clamping voltage and the dynamic 
resistance of varistor-I and varistor-II samples decreased as 
the sintering temperature increased. The dynamic resistance, 
R +,“, of the samples can be obtained from 

Vappl 
I 

R,,,+&,, = peA 
(I) 

where V,,,, is the applied voltage, R,,, the network resistance 

of the surge generator and Ipeak the peak current which flows 
through the samples. However, varistor-II samples had higher 
clamping voltage, larger dynamic resistance and lower peak 
current than varistor-I samples. The clamping voltage 
decreased because the Schottky barrier height of the grain 
boundaries decreased with rising sintering temperature [ 29- 
311. The smaller ZnO grain size of the varistor-II sample 
suggests a larger series resistance, in comparison with the 
varistor-I sample of the same thickness. The larger series 
resistance resulted in its lower peak current because the peak 
amplitude (3 kV) of the applied voltage surge fell at the 
upturn region. 

4. Conclusions 
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and leakage current, to the latter. The differences between 
their electrical properties are suggested to be due to the dif- 
ference in homogeneity of the microstructures. 
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