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Effects of processing and valence states 
of metal oxides on electrical properties of 
ZnO varistors 
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The electrical characteristics of ZnO varistors with various valence states of manganese and 
cobalt were studied. The electrical properties of varistors are discussed in terms of defects 
produced by the additions. Compositions with lower trap densities have the characteristics of 
higher non-linear coefficient, higher voltage ratio and lower leakage current. The electrical 
properties are improved by increasing the sintering temperature and time due to a better 
tunnelling effect. It is also found that the depression angle and relaxation time decrease as a 
function of increasing sintering time, and the depression angle decreases and relaxation time 
increases with increasing sintering temperature. This indicates an enhancement in the degree 
of uniformity in trapping conductance and the trap emission/capture rate when the sintering 
time increases. The dependence of the depression angle and relaxation time on the 
composition are also presented. 

1. I n t r o d u c t i o n  
The zinc oxide varistors are polycrystal!ine devices 
composed mainly of ZnO with a few additions of other 
metal oxides such as Bi20 3, Sb203, CoO and MnO 
[1]. The microstructure of ZnO varistors consists of 
highly conductive zinc oxide grains surrounded by 
thin insulating grain boundaries which constitute 
double Schottky barriers, and Bi-rich phases appear 
between grains and spinel particles [2-7]. These 
Schottky barriers arise from the trapping of electrons 
and control the electrical characteristics of varistors. 
These trapped electrons are charge-compensated by 
positive shallow donors and donor-like traps located 
at the depletion regions of the grain boundaries [8]. 
The electron traps are majority carrier traps in ZnO 
varistors. 

The charge trapping phenomena occur mainly in 
depletion regions of the grain boundaries and result in 
a.c. dispersion. The multiple trapping relaxations lead 
to a terminal capacitance. One of these relaxations of 
ZnO varistors is associated with the native/intrinsic 
defects within depletion regions of the grain bound- 
aries [8-13]. Many investigators have made use of 
admittance spectroscopy, deep-level transient spectro- 
scopy, etc. to observe the relaxation at -~ 100 KHz 
[8-12, 14, 15]. It has been shown that there is a de- 
pendence of the a.c. parameters on temperature, d.c. 
biasing, sintering temperature, and soaking time for 
the relaxation in the vicinity of 100 KHz [10, 13]. 

It is well known that the non-ohmic property of 
ZnO varistors is largely affected by the addition of 
metal oxides [16, 17], in which manganese and cobalt 
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can enhance the non-linear coefficient of the varistor. 
However, the effect of valence states of additions on 
varistors, particularly on electrical properties, have 
not been clear till now. The traps produced by various 
valence states of additions are still not investigated. In 
this study, the various valence states of manganese 
and cobalt were employed in ZnO-BizO3-based var- 
istors. The dependence of donor concentration, trap 
density and barrier height on the valence states of 
manganese and cobalt, as well as the variations of the 
relaxation in the vicinity of 100 KHz in the C* plane 
with sintering temperature and time, are studied. In 
addition, the types of trap resulting from various 
valence states of manganese and cobalt are analysed. 

2. Experimental procedure 
Four types of specimen were prepared in this study. 
The compositions are shown in Table I. The sintered 
samples were prepared by conventional ceramic 
fabrication techniques. Each composition was indi- 
vidually mixed by a stirrer with acetone to eliminate 
contamination by other impurities. After being dried 
and calcined at 700~ for 2 h, the powders were 
ground by mortar and pestle and pressed into discs of 
10 mm diameter and 1.7 mm thickness. These speci- 
mens were sintered at 1250 to 1280~ in air with a 
soaking time of i to 2 h. Finally, some of the sintered 
samples were coated with conductive silver paint on 
both surfaces to provide an ohmic contact. 

I - V  measurements of these samples were made by 
using a d.c. power supply in a current range up to 1 A. 
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TABLE I Compositions of ZnO varistors used in this study 

No. Composition 

$1 
$2 
$3 
$4 

97m01% ZnO + 0.5mol%(2Sb203 + Cr20 a + Bi203 + CoO + MnO) 
97mo1% ZnO + 0.5mol%(2SbzO 3 + Cr20 a + Bi203 + CoO + MnO2) 
97mo1% ZnO + 0.5mol%(2Sb203 + Cr203 + Bi203 + Co203 + MnO) 
97m01% ZnO + 0.5mol%(2Sb2Oa + Cr20 a + Bi203 + C020 ~ + MnO2) 

The non-linear coefficient was calculated in the cur- 
rent range of 1 to 10 mA from the equation 

logI  2 - logI  1 
= (1) 

log Va - log V 1 

where 1/1 and Vz are the voltages at the currents I1 and 
12, respectively. The leakage current was calculated at 
80% of V60~A. The electrical field response, also 
known as the voltage ratio, was calculated by using 
the electric fields corresponding to current densities of 
20 ~tA cm -2 and 1 m A c m  -2 obtained from I - V  data. 
A modified (1/C2)-V method using an LCR meter at 
10 kHz was applied to obtain the donor concentration 
No, trap density N T and barrier height qb [18]. 

The acquisition of two-probe a.c. small-signal 
electrical data covering the frequency range 
10 Hz ~<f~  40 MHz was accomplished by an impe- 
dance analyser HP4194A controlled by a computer. 
The a.c. electrical data from analysing the complex 
capacitance plane (the C* plane) show some influence 
on the a.c. dispersion over the same frequency range at 
room temperature. The non-Debye Cole-Cole [19] 
empirical relation can describe each semicircular re- 
laxation in the C* plane: 

Ci 
C* = Cughfreq . . . .  Y + 1 + (jo3izi) 1 -h '  (2) 

where h~ (0 ~< h~ ~< 1) is the depression angle para- 
meter of the ith relaxation. The parameter C~ denotes 
chord length and x~ denotes the average time con- 
stant. It follows that (0) i~i)peak = i corresponds to 
the peak of the semicircular relaxation. The parameter 
Chigh fr~q . . . .  y is expressed by the left intercept of each 
relaxation. Each relaxation may be represented as an 
individual lumped equivalent R - C  series branch 
[20-22]. Therefore, in the vicinity of 100 KHz, the x3 
relaxation can be described by the equation 

0)3"C 3 = ~ 3 R 3 C 3  ----- 1 (3) 

where c% is the peak angular frequency, R 3 is the 
trapping resistance and C3 is the trapping capacitance 
determined by the chord of the semicircle. The finite 
depression, angle is defined when the centre of a semi- 
circular relaxation lie below the X axis in a semi- 
circular relaxation response. The depression angle 
related to ~3 is denoted by 0 3. 

The sintered samples without ohmic contacts, 
which were to be used in secondary ion mass spectro- 
scopy (SIMS) measurements, were rinsed in acetone 
for 10 min and then cleaned in deionized water by 
ultrasonic stirring. 
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3. Results and discussion 
The donor concentration, trap density and barrier 
height corresponding to various compositions are 
shown in Fig. 1. It indicates that the S1 composition 
has the lowest No, NT and 4? values while the $4 
composition has the highest ND, NT and qb values for 
each sintering condition. 

From the transition temperatures of various valence 
states of manganese and cobalt [23], it is known that 
Co 2 + and Mn 2 + ions are more stable than Mn 4+ ions 
when the temperature is above 895 and 535 ~ re- 
spectively. So, most of the Co a+ or Mn ~+ ions can 
transform into Co 2+ or Mn 2+ ions in the sintered 
body. However, the samples which were originally 
mixed with Mn ~+ (MnO2) and/or Co 3+ (Co203) 
have higher Mn 4+ and/or Co 3+ ion concentrations 
than those originally mixed with Mn 2 + (MnO) and/or 
Co z+ (COO). Therefore, the $4 composition should 
contain higher Mn 4+ and Co a + ion concentrations, 
and the S1 composition should contain lower concen- 
trations. 

Matsuoka [24] and Inada [2] have shown that 
manganese exists in grains and spinel particles. How- 
ever, Driear et al. [25] have proposed that manganese 
is primarily active in the grain boundaries of ZnO, 
though manganese also exists in both grains and 
spinels. They also mention that situations which place 
either manganese or cobalt in the higher valence state 
will decrease these cation fractions in zinc-rich grains, 
but that these cation fractions are increased when 
both are in the high valence state [25]. 

In this paper, we do not agree with the latter conclu- 
sion of Driear et al. We find that more high valence 
state cobalt ion exists in grains, but the distribution of 
high valence of state manganese ion is primarily con- 
centrated in the grain boundaries when both MnO z 
and Co203 are added to ZnO varistors. SIMS meas- 
urement is used to prove our inference. In ZnO varis- 
tors, the area of grains is much larger, maybe several 
hundred times, than that of grain boundaries; so dur- 
ing SIMS measurements, the probability of the ana- 
lysis point of the electron beam locating at grains 
would be much larger than for grain boundaries. 
Thus, we assume that the data from measured samples 
is the result of measuring in the grain region. In 
addition, the high intensity of Zn 2 + and the absence of 
bismuth or antimony ion peaks in SIMS analysis also 
verify that the analysis "hole" is indeed situated at the 
grains of ZnO varistors, not at the spinel or pyro- 
chlore second phases [24, 26, 27]. The results of SIMS 
measurements are shown in Fig. 2. 

Table II shows the relative intensities of Co 2+, 
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Figure 1 Donor concentration, trap density and barrier height of all samples for a sintermg temperature of (a) 1250 ~ and (b) 1280 ~ 
Sintering time ( ~ )  1 h, (�9 1.5h, (•) 2h.  

T A B L E  I I  Results of SIMS observed in a grain sintered at 
1250~ for 1 h 

Ion Relative intensity 

$1 $2 $3 $4 

Co 2 + 8.5 22 1.3 113 

Co 3 + 0.09 O. 1 0.09 0.8 

Mn 2+ 13 5.1 7.5 24.6 

Mn "~+ 2 3 1.5 0.7 

Co 3+, Mn 2+ and Mn 4+ from four kinds of composi- 
tion. It can be seen that the relative intensity of Mn 4+ 
ions in grains of $1 composition, mixed with both 
manganese and cobalt in the low valence state, is 
higher than that of $4 composition, mixed with both 
manganese and cobalt in the high valence state. There 
would therefore be more remaining Mn 4 + ions exist- 
ing at grain boundaries in the $4 composition than in 
the S1 composition. 

As mentioned above, in the $4 composition most of 
the Co 2+ and Co 3+ ions exist in the zinc-rich grains, 
while most of the Mn 2 + ion, Mn 4 + ion and some of 
the Co z+ ion exist near the grain boundaries. The 
Mn 2+ and Co z+ ions can substitute for antimony ion 
and produce oxygen vacancy (V3) in depletion re- 
gions of the grain boundaries. The reactions followed 
[28] are 

2MnO -~ 2Mn~b + V3 + 20~) (4) 

2CoO ~ 2Co~b + V 3 + 20~) (5) 

At the same time, Mn ~+ ion can substitute for anti- 
mony site and form antimony vacancy (V~'~) near the 
grain boundaries. This reaction is described by 

3MnO2 --* 3Mnsb + V~'~, + 6 0 ~  (6) 

However, the Mn 4+, Mn z+ and Co 2+ ions cannot 
substitute for bismuth ion in depletion regions of the 
grain boundaries, because the radii of these ions are 
much smaller than that of bismuth ion. It is inferred 
that there is a great number of oxygen vacancies and 
antimony vacancies appearing in the depletion regions 
of the grain boundaries and near the grain boundaries, 
respectively, in the $4 composition. On the other 
hand, the distribution of manganese and cobalt ions in 
the S1 composition is nearly the same as that in the $4 
composition, except that Co 2 + is replaced by Co 3 + 
near the grain boundaries, and none of the oxygen 
vacancies can be produced by this replacement. The 
number of Mn 4 + ions located at grain boundaries in 
the S1 composition is less than in the $4 composition, 
as obtained from the results of SIMS. So the numbers 
of V 3 and V ~  in the depletion regions of the grain 
boundaries and near the grain boundaries, respect- 
ively, in the S1 composition are less than in the $4 
composition. It has been proved that oxygen vacancy 
is the intrinsic donor level of ZnO varistors [29]; and 
from the previous inference, the $4 composition con- 
tains higher donor concentrations and a higher barrier 
height owing to containing more V o in the depletion 
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Figure 2 Results of SIMS for (a) S1 and (b) $4 with a measurement time of 40 min. 
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TABLE III  Electrical properties of all samples 

Sintering conditions S 1 $2 $3 $4 

E a I L ~ E ~ I L ~ E a I L ~ E a I L 

Temp. (~ Time (h) (gA) (gA) (gA) (~A) 

1250 1 0.37 25.8 34.7 0.20 28.6 30.8 0.34 29.2 18.6 0.21 28.6 
1.5 0.43 24.1 46.8 0.38 27.2 41.5 0.39 27.7 46.3 0.36 27.3 
2 0.47 22.9 48.7 0.39 26.6 44.2 0.44 23.4 47.5 0.39 26.7 

1280 1 0.43 24.5 44.8 0.36 28.4 32.4 0.43 23.3 37.1 0.37 27.5 
1.5 0.48 21.6 46.8 0.42 25.1 34.8 0.46 23.1 41.6 0.41 26.1 
2 0.49 21.3 48.8 0.43 24.3 35.4 0.48 22.2 44.2 0.44 24.9 

14.5 
40.1 
41.5 

30.1 
31.0 
35.6 

a _ 
E -  E201tAc m 2/E =Ac m 2. 

regions of the grain bouiadaries. In addition, there is a 
greater number of traps near the grain boundaries 
caused by V;'~. With regard to the S1 composition 
which has lower donor concentrations, barrier height 
and trap density, this may be because of containing 
fewer Vo donor levels in the depletion regions and V~'~ 
traps near the grain boundaries. 

The voltage ratio, leakage current (IL) and non- 
linear coefficient (~) of all compositions are shown in 
Table III. It can be inferred from the data for the 
various compositions that the S1 composition has 
better electrical properties owing to its higher non- 

1400 

linear coefficient, higher voltage ratio and lower leak- 
age current; thus the S1 composition yields improved 
non-linearity, a sharper knee region of the current- 
voltage response and a lower leakage current. This 
may be because of having a lower trap density within 
the S1 composition to contribute to conductance. All 
the same, the S1 composition possesses improvable 
electrical properties. 

It can be seen from Table III that the electrical 
properties get better with increasing sintering temper- 
ature or time. This may be because the width of the 
grain boundaries decreases with increasing sintering 
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Figure 3 Room-temperature relaxation time and depression angle as a function of sintering time for samples sintered at (a) 1250 ~ and 
(b) 1280~ ( ~ )  S1, ( �9  $2, ( �9  $3, (A)  $4. 

TABLE IV Effects of sintering temperature and sintering time on room-temperature depression angle and relaxation time 

Sintering conditions S1 $2 $3 $4 

~3 03 ~3 03 % 03 zs 03 
Temp (~ Time (h) (ps) (deg) (Its) (deg) (ps) (deg) (ITS) (deg) 

1250 1 1.22 38.5 0.99 35.0 1.14 37.5 0.96 34.5 
1280 1 1.35 37.0 1.32 32.0 1.30 35.0 1.28 29.5 
1250 1.5 1.08 36.0 0.91 33.0 0.98 32.0 0.88 31.0 
1280 1.5 1,33 35.0 1.30 31.5 1.28 29.0 1.26 27.0 
1250 2 1.06 34.5 0.84 30.0 0.85 29.0 0.73 28.5 
t280 2 1.30 31.0 1.16 29.0 1.14 21.0 1.12 19.5 

temperature or time. The tunnelling effect is apparent 
when the width of the boundaries decreases, and the 
electrical properties can improve. Improvement in the 
non-linear characteristic of the varistors by longer 
sintering time and higher sintering temperature is due 
to the wetting behaviour of the Bi203 intergranular 
phase [30]. The dihedral angle formed by the second 
phase at the grain boundary during sintering is zero, 
and the Bi203 liquid phase coats all the ZnO grains 
and dissolves a large amount of ZnO. During the 
cooling procedure, the dihedral angle becomes greater 
than zero and the Bi203 liquid phase recedes from the 
grain boundaries so that most of the ZnO grains are in 
direct contact. At the same time, the intergranular 
phase is stable at the multigrain junctions and forms a 
continuous three-dimensional network along the multi- 
grain junctions. The Bi203 liquid phase does not. 
need to wet all the grain boundaries in order to 
decrease the interface energy. This condition can be 
sufficient to produce good varistor electrical proper- 
ties. In this study, a longer sintering time or higher 
sintering temperature can contribute to good 
ZnO-ZnO direct contacts and minimize the interface 
energy. So, these samples can exhibit better electrical 
properties. 

The effects of sintering time on the depression angle 
(03) and the relaxation time (%) are shown in Fig. 3. 
The depression angle and the relaxation time decrease 

with increasing sintering time. This implies that 
spatial non-uniformity of intrinsic defects which 
existed near the boundary decreases with increasing 
sintering time, The more uniform distribution of in- 
trinsic defects enhances the uniformity of trapping 
conductance. The relaxation time decreases with in- 
creasing sintering time, indicating that the trap emis- 
sion/capture rate and the cross-section are enhanced. 
It is known from Table III that the longer is the 
sintering time, the better are the electrical properties. 
The nature of the conduction paths is a combination 
of the series-parallel non-uniform conducting net- 
work within the ZnO microstructure between the 
electrodes. A non-zero depression angle presents a 
degree of non-uniformity in the relaxation process 
between electrodes [31]. The decreasing depression 
angle indicates that the nature of non-uniformity in 
the relaxation process between the electrodes gradual- 
ly unifies under the longer sintering time. This means 
that the conduction paths gradually approach a singu- 
lar nature. Thus the electrical properties are better. 

The relations between the depression angle and the 
relaxation time and various sintering conditions are 
illustrated in Table IV, The depression angle decreases 
and the relaxation time increases with increasing 
sintering temperature. This implies that the degree of 
uniformity in the trapping conductance is enhanced 
and the trap emission/capture rate is decreased when 
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Figure 4 Room-temperature trapping resistance and trapping capacitance as a function of composit ion for samples sintered at (a) 1250 ~ 
and (b) 1280 ~ Sintering time ([Z) 1 h, ( �9 1.5 h, ( ~ )  2 h. 

sintering temperature is high. From Table III, it is 
found that the electrical properties are improved with 
increasing temperature. This is because the conduc- 
tion paths between the electrodes gradually approach 
a singular nature, even if the relaxation time increases. 

It can be observed from Fig. 3 and Table IV that the 
$4 composition possesses a smaller depression angle 
(03) and relaxation time (%), while the S1 composition 
possesses a larger depression angle and relaxation 
time. The relationships between composition and 
trapping resistance R3 or trapping capacitance C3 are 
shown in Fig. 4. It can be seen that the-trapping 
capacitance is nearly constant for each composition. 
Therefore the trapping resistance is directly dependent 
on relaxation time. The S1 composition has a larger 
trapping resistance and contributes to a larger relaxa- 
tion time and depression angle. In contrast, the $4 
composition has a smaller trapping resistance so it 
possesses a smaller relaxation time and depression 
angle. The larger trapping resistance of the S1 com- 
position is attributed to a lower donor concentration, 
whereas the smaller trapping resistance of the $4 
composition is due to a higher donor concentration. 

4. Conclusion 
The electrical properties of ZnO varistors with various 
valence states of manganese and cobalt were investi- 
gated. The samples which originally contained high 
valence states of manganese and cobalt resulted in a 
high donor concentration, trap density and barrier 
height. This was due to higher V o and V~'~ contents. 
The composition which originally contained low 
valence states of manganese and cobalt resulted in a 
lower donor concentration and trap density, owing to 
the lower V~; and V~'~ in it. From the electrical ana- 
lysis, it can be concluded that samples with a lower 
trap density appear to have better electrical proper- 
ties. The wetting behaviour of the intergranular phase 

1 4 0 2  

also affects the electrical properties. A longer sintering 
time or higher sintering temperature makes most of 
the Z n O ~ n O  junctions into direct contacts and 
minimizes the interface energy. For this reason the 
electrical properties become much better. 

The depression angle and relaxation time decrease 
with increasing sintering time. It is concluded that 
the uniformity of trapping conductance, the trap emis- 
sion/capture rate, and the cross-section are improved 
with an increase in sintering time. It is also found that 
a longer sintering time can gradually unify the nature 
of non-uniformity in the relaxation process between 
the electrodes. The depression angle decreases and the 
relaxation time increases with increasing sintering 
temperature. This implies that the degree of uni- 
formity in the trapping conductance is enhanced when 
the sintering temperature increases. The samples con- 
taining a larger trapping resistance due to the lower 
donor concentration have a larger depression angle 
and relaxation time. 
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