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Abstract 1 Introduction 

An attempt & made, to predict the non-lineariO' o f  a 
zinc oxide varistor (ZNR)  by means o f  computer- 
aided simulation. An equivalent circuit o1" the micro- 
unit (including grain and grain boundary) and a 
series-paralM equivalent circuit which is made from 
the micro-units instead o f  a random network are 
suggested, and the observed data o f  the micro-units 
are then fi t ted into equivalent circuits in sequence for 
computer simulation. The simulation results agree 
with the observation, and give an insight into the 
correlation between micro-parameters and non- 
linearity o f  the ZNR.  

Diese Arbeit besch~ftigt sich mit der Vorhersage der 
Nichtlinearitgit yon Zinkoxidvaristoren (ZNR)  mit 
Hilfe der Computersimulation. Zur Simulation wird 
eine nicht zuj~illige, iiquivalente Schaltung verwendet, 
die aus Mikroeinheiten (einschliefllich Korn und 
Korngrenze) besteht. Diese iiquivalente Schaltung 
wurde an die experimentellen Ergebnisse angepafit. 
Die Simulationsergebnisse stimmen mit den Beobach- 
tungen iiberein und geben einen Hinweis auf  die 
Korrelation zwischen den Gefiigeparametern und der 
Nichtlinearit6t yon ZNR.  

On tente de prOdire la non-linOaritO de varistances 
d'oxyde de zinc (ZNR)  71 l'aide d'une simulation 
assist~e par ordinateur. La microstructure est as- 
similOe ~ un circuit Oquivalent sOrie-parallOle non 
alOatoire constituk d'unit& (grain et joint de grains). 
Les donn{es exp~rimentales sur les unit& sont 
disposOes en circuits ~quivalents pour la simulation 
par ordinateur. Les r&ultats de la simulation sont en 
accord avec I'observation el donnent une idle de la 
corrOlation entre les param&res de la microstructure 
et la non-linOaritO des ZNR.  
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It is generally accepted that the outstanding ~ V  
characteristic of  a zinc oxide non-linear resistor 
(ZNR) is related to the grain boundaries (GB) 
distributed throughout  the Z N R  ceramic body. The 
non-linear coefficient, ~, is taken as the most 
important  performance parameter  for a Z N R  
component,  but an apparent discrepancy has been 
noted for a long time: the ~-value is found to be 
greater for a GB (ranging from 60 to 100) than for 
the ceramic body (~-~ 40). 

In the past two decades, a number of  papers have 
related the :~-value o f a  Z N R  to its composition and 
processing: all theories are based on non-linear 
behavior of a single GB. Therefore there is a gap 
existing between the microscopic parameters and the 
non-linearity of the ceramic body. An attempt has 
been made to establish a bridge across this gap; for 
example, Emtage suggested a statistical approach, ~ 
but he could not explain why the :~-value of  a 
ceramic body is generally less in a ceramic than in an 
isolated GB. 

In fact, the actual macroscopic component  of 
ceramics involves a random network of  single GBs, 
the performances of which are more or less different, 
and little or no progress has yet been made on the 
macroscopic system of  a random network. 2 

In our view, for this large number of GBs, the use 
of statistics is necessary, fitted with a network model. 
A similar computer-aided simulation study of a 
Z N R  component  supports the suggestion; ~ the non- 
linear coefficient of  a Z N R  lightning arrester 
component  was simulated by use of  the :~-values of 
thin wafers cut from the component,  with a series- 
parallel equivalent circuit instead of a network. The 
simulation result is in good agreement with the 
experimentally determined :~-value, hence in this 
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paper the approach is adopted to simulate the non- 
linearity of  a small macroscopic region (SMR) by the 
microscopic parameters. 

2 GB Model and Micro I-V Characteristic Curve 

2.1 GB model 
According to current theory, the distinctive feature 
of  the Z N R  GB is its double Schottky barrier. 
However, further research shows that part of  the GB 
is dominated by a Bi203 segregation layer with its 
:~-value ranging between one and two. In addition, 
according to our observation and Schwing and 
Hoffmann's, 4 there may exist another kind of  GB 
which has neither Bi20 3 segregation nor a distinct 
barrier effect, and its resistivity is comparable with 
that of  the grain. In the above three kinds of  GBs, the 
first one is the source that leads to the non-linear 
character, so it may be called the 'effective GB'. The 
percentage of  effective GBs can be estimated as 
follows. In an experimental observation the thick- 
ness of  wafers cut from a Z N R  component  is 0.94 
mm and the average grain size in the ceramic is ,-~ 10 
pro; hence there are ~ 100 grains along the direction 
of  wafer thickness. If there were Schottky barriers in 
every GB, the breakdown voltage of  the wafer 
should be ,-~340V, but the observed value is only 
140-150 V, therefore the percentage of  effective GBs 
may be 40%. 

The equivalent circuit of  the grain (including GB) 
is shown in Fig. 1. In the figure, besides the resistor 
which represents the grain, there are three kinds of  
element which express the different GB characters; 
these emerge randomly and exclude each other. 

2.2 Microscopic I- V characteristic 
According to the experimental data, I - V  curves of  
the effective GBs consist of  two regions. Both vary in 
exponential fashion, but their values of  power 
factor, ~, are different. Thus the I - V  characteristic 
can be formulated as follows: 

I =  V~*/C V< V b ( 1 )  

I = ( V -  V,)'2/C V>_ V b 

where V b is the breakdown voltage and V~ = V b -  
(V~I) -'2. This definition of  V 1 ensures that the two 
parts of  the I - V  curves link up at the breakdown 
point, :(z -~ 100, ~] < 5. C is a constant derived from 
the experimental I - V  curve. 5 There are seven sets of  
data available. The I - V  characteristic of  the BiaO 3 
segregation layer is also formulated from the same 

5 source: 
I =  Vl"39/e14"13 (2) 
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Fig. 1. The equivalent circuit of grain. 

3 Influence of micro-parameters on non-linearity 

In this section, when the a-values of SMR are 
simulated, the following expression is used: 

:( = log (I2/I,)/log ( V2/V 1) (3) 

The I and V data fitted into the expression are 
obtained from the simulation. The current , / ,  ranges 
from 10 -6 to 10- 3 A and the corresponding voltage, 
V, is -.. 130-170V. 

3.1 Effect of GB breakdown voltage distribution 
It is accepted that the breakdown voltage of  a GB 
Schottky barrier is 3"4 V, but in fact the breakdown 
voltage has its own distribution. 

To study the influence of  the voltage distribution 
on the a-value, four distribution characters are 
chosen. The first three are for the assumed case and 
the fourth is an experimental observation, 5 and the 
various distribution characters are illustrated in Fig. 
2. It can be seen from Fig. 2 that case A is an ideal 
and simplified condition, as 100% GBs have the 
same breakdown voltage, 3"4V. The s tandard 
deviations of  cases B and C are 0-003 22 and 0.010 58, 
respectively, but the mean values are the same, i.e. 
3.4V. For  case D, the mean value is 3.5V and its 
standard deviation is 0.0193. Table 1 shows that the 
a-value becomes larger as the data of  breakdown 
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Fig. 2. Various distributions characters of breakdown voltage. 
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Table 1. Influence of the distribution of breakdown voltage 

Distribution o/" A B C D 
breakdown voltage 

~-Value 79'2 46'5 40"5 38"3 

voltage are more concentric. The above result is 
obtained when bulk resistivity of  the grain is taken 
as 0"1 ~ - c m ,  6 and the ratio of  effective GB is 40%. In 
the simulations below, unless otherwise stated, the 
following micro-parameters are adopted: the ratio 
of  effective GB is 40%, grain resistivity is 0"1 fl-cm 
and the distribution of  GB breakdown voltage is 
case D. 

3.2 Effect of bulk resistivity and ratio of Bi~O 3 
segregation 
In Table 2 the influence of  bulk resistivity on the ~- 
value is shown; this influence explains the choice of  
0"1 ~-cm resistivity. 

Table 2. Influence of bulk resistivity of grain 

Bulk resis t ivi ty  0"1 
(O-cm) 

~-Value 38"3 

0.01 0.001 0 

105 129 247 

Table 3. Effect of Bi203 segrcgation laycr 

Bi 2 03 0 lO 20 30 ~- I~due 
(%)  obserl:ed 

~-Value 383 29'8 26'2 24'0 30 

In Table 3 a further parameter,  the Bi20 3 
segregation layer (i.e. the percentage of  GBs for 
which their properties are dominated by the Bi20 3 
segregation layer), is added, and its influence on the 
z~-value is shown and compared with the observed 
~-value. 

3.3 Effect of distribution of effective GBs 
Because the fluctuation of  local chemical com- 
position and structure is unavoidable, one may 
expect that the distribution of  effective GBs is 
different in each micro-region. Therefore it may be 
considered that in the equivalent circuit shown in 
Fig. 1 the number  of  effective GBs in each branch is 
different, and this difference in distribution should 
affect the ~-value of  the SMR. In Table 4 three kinds 
of  distribution are given, and the ~-value for each 
distribution is simulated. 

Table 4. Three kinds of distribution of effective GBs 

E{/bctire Branch number ~- Value 
GB 
( q'i, ) 1 2 3 4 5 6 7 ?¢ 9 10 

Case A 40 40 40 40 40 40 40 40 40 40 26"3 
Case B 36 38 38 40 40 40 40 42 42 44 17.7 
C a s e C  30 32 35 36 41 42 43 46 47 48 14'9 

4 Discussion and Conclusion 

In this paper the micro-parameters involved are 
ratio of  effective GBs and its distribution, distri- 
bution of  breakdown voltage, bulk resistivity, and 
percentage of  Bi20 3 segregation layer in GB. All of  
these parameters have an effect on the non-linearity 
of  the SMR. Of  these parameters, only two, i.e. ratio 
of  Bi20 3 segregation and bulk resistivity, are 
controlled directly by chemical composition; the 
others are related to non-homogeneity. This ac- 
counts  for the necessity for strict control  of  
processing. 

With respect to the role of  these parameters, it is 
noted that the percentage of  the Bi20 3 layer has less 
effect on the ~-value. This simulated result does not 
coincide with the observation, as it is recognized that 
the Bi20 3 layer is harmful to non-linearity. 7 This 
result may have arisen from eqn (2), according to 
which the Bi20 3 layer has rather high conductivity. 
On the other hand, distribution of  effective GBs is 
worth attention, as it has a profound effect on the 
non-linearity. 

In a word, the simulation gives us plentiful 
information about  the correlation between micro- 
parameters and non-linearity, although this infor- 
mation is mainly qualitative rather than quanti- 
tative. For  a more complete and quanti tat ive 
simulation, further accumulation of  experimental 
data for the Z N R  is needed. 

This paper suggests an approach to correlate 
micro-parameters  with macro-performance,  not 
only for a Z N R  but also for other kinds of  ceramics. 
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