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Abstract. This work presents a study of the influence of both Bi content and Sh/Bi ratio on the electrical charac-
teristics of a commercial-type ZnO varistor. In contrast to previous studies two nonlinear coefficients, the breakdown
fields and energy absorption abilities were measured after sinteringa@ @r@30C. The Bi-content was varied
from 0.9 to 1.8 at% while the Sh/Bi ratio was varied from 0.8 to 1.5, leading to values of up to 104 for the nonlinear
coefficientx1, 1100 V mnt? for the breakdown field and 1137 J céfor the energy absorption ability. The highest
« value was measured for the highest Bi-content and the lowest Sb/Bi ratio and vice versa. The breakd&yn field
increased with lower sintering temperature, increased Sh/Bi ratio (at a given Bi-content) and increased Bi-content
(at a given Sh/Bi ratio). The energy absorption coefficient increased at the higher sinter temperature and with lower
Sb and Bi concentrations.

The observed effects were related to the amount of spinel phag8t{th ,) formed during the sintering process
and the amount of liquid phase present during early stages of the sintering process.

Keywords: ZnO-based varistors, bismuth oxide, antimony oxide, energy absorption, nonlinearity coefficient

Introduction can be seen from a typic&ll curve, transient surges
with current densities in the upturn region (Fig. 1) are
ZnO varistors are polycrystalline ceramics contain- accompanied by rather high voltages per unit thick-
ing various minor components. They exhibit ex- ness. This corresponds to rather high energies per unit
tremely nonlinear voltage/currentf]) characteristics,  volume that must be tolerated by the varistors. Hence,
as shown for a typical device in Fig. 1 [1]. The nonlin- typical maximum energy absorption capabiliti¥sex-
ear region of some ZnO materials extends over severalpressed in J cr?, are occasionally specified for varis-
orders of magnitude in current. This extensive non- tors. TheW value of a given varistor is also dependent
Ohmic behaviour together with an ability to repeatedly on wave shape of the pulse [2]. For this study we have
withstand relatively high power pulses has resulted in chosen the wave shape of a lightning surge, an 8
their widespread application as voltage surge protec- 20 us pulse.
tors in electrical circuits. The primary function of com- It is known that the device nonlinearity is depen-
mercial varistors is to protect electrical equipment by dent on the density and chemical composition of the
rapidly discharging transient current surges and hencegrain boundaries: bodies containing large grains, and
limiting the potential difference across the device. As hence few grain boundaries, or with very low impurity
levels tend to exhibit more linedrV curves. The be-
*Formerly with Austrian Research Centre Seibersdorf, A-2444 haviour of the mtergranulgr reglons IS.Oﬁen mOd.e."ed
Seibersdorf, Austria. ‘ as a double Schottky barrier (DSB), with the additives
*Formerly with Seimens-Matsushita, A-8530 Deutschlandsberg, fepresented as bulk or interfacial defect states. How-
Austria. ever, the exact role of the minor components is often
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A ; : phase (ZpSh;Biz014) at low temperatures which
. ‘ . ; . decomposes to a spinel phase {2p,01,) above

R R by ¢ R ) i ; .

egion (a) egion (b) ; realen © 900°C by reaction with ZnO [16]. By varying the Bi
ro-breakdown | nonlinear | content from 2.0-5.1 at% at a constant Sb /Bi ratio of
P : : 2 the nonlinear coefficient was found to have higher

(ohmic) (non-ohmic)

values at 2.0 and 4.3 at% ¢ 30) than 3.4 or 5.1 at%
(o ~18) [17]. It was also reported that varying the Sb/
Bi ratio between 0.3 to 17 (at a constant 3.0 at% Bi)
resulted in a maximum in the nonlinearity coefficient
(e = 55) at a ratio of~2.3 after sintering at 120C
[18]. Ito et al. [19] found that increasing the Sb/Bi ra-
tio from 0.002 to 0.2 (at a constant 1.0 at% Bi) caused
retardation of grain growth during sintering at 1000
The growth of ZnO grains has been found to be
inhibited by spinel grains, which must obtain a certain
minimum size in order to be effective pinning points
for the migration of grain boundaries. The pyrochlore
phase has also been found to inhibit grain growth [20].
In order to obtain a high performance varistor with
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Y
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Fig. 1. Logarithmicl/V curve of a ZnO varistor, divided into three
characteristic regions.

hard to assess, with commercially available ZnO varis-
tors consisting of up to 10 different oxides (such as high breakdown voltages and high energy absorption
Bi»03, ShO3, CoO, MnO, Cs03, SiO;, NiO) [3-7]. capabilities it was considered necessary to develop
Depending on the amount, location and function, they varistor ceramics with small and homogeneously dis-
are sometimes distinguished as dopants and additivestributed grain sizes. To meet these demands it is nec-
Dopants are typically those that enhance the conduc-essary to develop powders which start to compact at
tivity within the ZnO grain. Additives are mostly re-  low sintering temperatures and which are able to form
sponsible for the liquid phase sintering process, during sufficient spinel to inhibit grain growth and widening
which the Schottky barriers are formed. Despite a large of the grain size distribution. On the first sight these de-
amount of research on the effect of the different oxides mands could be met by the use of suitable amounts of
on the electrical properties, the influence of the amount Bi;O3z and a high Sb/Bi ratio. However, large amounts
of additive oxides and especially their mutual interde- of intergranular phases originating from,Bg and
pendences are still not well understood. Sh,O3; phases may increase the leakage currents and
Of special interest are the common additives®i decrease the maximum discharging capabilities and
and ShO3. The ZnO-BjO3 system has a eutectic at  should therefore be avoided.
750°C [8], which gives rise to liquid formation and In this paper we studied the influence of variations
hence to grain growth during sintering..B; is cru- of the BLO3 content (0.9—1.8 at% Bi) versus the Sb/Bi
cial for the barrier formation by forming very thin ratio (0.8—1.5) on the electrical characteristics and en-

amorphous Bi rich films (1-2 nm) or intergranular
segregation of BiO3 at ZnO/ZnO grain boundaries
[9-11]. The remaining BO3; phases are suspected to

ergy absorption capability at low sintering tempera-
tures. This study differs from previousones[13, 14, 17—
20] in that several electrical characteristics (two non-

contribute to leakage current and degradation mecha-linearity coefficients and the breakdown field) together
nisms after cooling [12]. Previous studies have shown with the energy absorption ability of the varistors were
that increasing the Bi content between 1.1 and 4.6 at% considered and, to avoid complications from unquan-
in the absence of Sb, after sintering at 1800caused tified distribution of the Bi and Sb through the grain
the average grain size to increase [13] contradicting bulks, a precipitation technique was used to place the
previous findings that between 1.0 and 4.0 at% Bi the additives at the grain boundaries. Previous studies have
grain size decreased [14] and that grain size remainedtended to report a limited number of characteristics

roughly constant above 0.3 at% Bi [15].
With the addition of Sb the system is further compli-
cated as SlD3, Bi,O3 and ZnO can form a pyrochlore

which cannot readily be compared due to differing
preparative conditions (composition, sintering temper-
ature, and so on).
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Experimental Procedure
Varistor Preparation

Starting from a composition based on commercially

available varistors the powders were prepared by pre-

cipitation of the dopant salts on pure ZnO powder
from aqueous solution. A detailed description of the

tering at 930C or 96.64 1.4% after sintering at 97C,
which compares well with literature values for higher
temperature sintering (1100-13@) of 92.5+ 5.5%
[71.

Scanning electron microscopy was performed on
polished pellets after thermal etching (20 min at 800
to elucidate the microstructure. The accelerating volt-
age was 10 KeV.

baseline preparation technique is published elsewhere

[21].
A single batch of the doped ZnO powder was pre-

pared. This batch was divided into 9 parts and to each

of these parts different amounts (Table 1) of additives,
responsible for the formation of the liquid phase and in-
hibition of grain growth during sintering, were added.
The average size of the primary particles after addition
of minor components was 0.5-Q8n (as measured by
laser diffraction).

After drying in a rotary evaporator the powders
were calcined in ambient atmosphere at ABGFor
4 h. The calcined powders were ground and 2.0%
of binder was added. The powders were then uniax-
ially pressed into pellets with a green body density
of approximately 55.0% of the theoretical maximum.
The pellets were heated at a rafe3oK min—! until
the maximum temperature of either 980(denoted
la—9a) or 970C (denoted 1b-9b) was obtained.
After maintaining the maximum temperature for 90

Electrical Measurements

In order to measure the electrical properties the samples
were contacted with silver paste. TVi# characteristics
were measured at five different currentg A, 10 1A,
100A, 1mAand 10 A. IntherangeldAto 1 mAd.c.
measurements were taken, however at 10 A anZ

us shaped pulse was used to avoid excessive heating
of the samples. The & 20 us pulse, in which the
current rises to a maximum in 8s and then decays

to 50% of its maximum value after a further 28, is
sometimes used to simulate the current surge arising
from a lightening strike.

In excess of 30 pellets were measured for each of
the nine samples in order to obtain representatitte
relationships. To characterise tié behaviour of dif-
ferent ZnO varistors the breakdown fidly, and two
nonlinearity coefficients1 anda2 were evaluated by

min the samples were cooled to room temperature at athe relationships given in Eqgs. (1) and (2).

rate d 1 K min—*. The resulting dark grey ceramic bod-
ies were of approximately 8 mm diameter and 1.15 mm
height. The densities of the sintered bodies (Table 1)
were 94.4+ 2.1% of the theoretical maxima after sin-

Table 1 Additive compositions and sinter body densities of
varistor samples.

Density/% of theoretical

Bi content/
Sample at% Sh/Biratio a(930C) b (970C)
1 1.8 0.8 93.6 97.2
2 1.8 1.2 92.3 95.2
3 1.8 15 93.2 96.8
4 1.3 0.8 95.6 97.2
5 1.3 1.2 96.4 96.4
6 1.3 15 94.1 97.5
7 0.9 0.8 96.3 97.5
8 0.9 1.2 95.4 97.9
9 0.9 15 94.5 97.0

Ev = d 1)
B log (2)
*= Iog(%) @

whereV, is the breakdown voltagel is the sample
thickness )V, andV, are the voltages measured at the
currentsl; andl, respectively. The breakdown voltage
marks the transition from the Ohmic pre-breakdown
region to the nonlinear region (Fig. 1). Because of the
lack of sharpness of the transition in tNél curves

it was difficult to determine the exact location of the
breakdown voltage. Therefore we chose to define the
breakdown voltage\,) at a current of 1 mA (approxi-
mately equivalent to 2 mA cn# for our sample geom-
etry), a value that has often been used [22]. Indeed, our
previous experience has shown that for most varistors
the Ey values thus obtained were close to the onset of
nonlinearity when full/V curves were examined.
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Fig. 2. Typical scanning electron micrograph (secondary electron detector) of a sintered, polished and thermally etched varistor pellet (sample 9a).

al was measured wheh = 10 uA and I, = Results
1 mA anda2 whenl; = 1 mA andl, = 10 A.
Typically «1 described the nonlinearity of thé/l re- All of the compositions led to dense ceramic bodies

sponse in the breakdown (nonlinear) region, possi- after sintering at 93@ or 970C, with microstruc-

bly extending to the region of transition between pre- tures similar to that shown in Fig. 2. In addition each
breakdown and breakdown response®.gave some  of the sintered bodies exhibited typical nonlin&&t
indication of the width of the nonlinear region and behaviour that enabled evaluation of parameters com-
the degree of protection afforded by the device. A monly used to characterise varistors.

higher value ofa2 would tend to indicate a wider From Figs. 3 and 4 it may be noted tHa§ tended
nonlinear region and better protection against current to increase with increasing Bi content and increasing
surges. Sh/Bi ratio. At the lower sintering temperature thg

The energy absorption capability of a given com- value for a sample of given Sb and Bi concentration
position was examined with five samples. The varis- was significantly higher than at 970. The range of
tors were treated with pulses of 8 20 us wave Ev values was also greater at the lower sintering tem-
shape with increasing current. After each pulse the perature (480 V mm! compared to 240 V mmt).
breakdown field at 1 mAHKy) was measured. It was Figures 5 and 6 showl values arranged against Bi
considered that maximum energy absorptidh,had content and Sb/Bi ratio for varistors sintered at 930
been exceeded when one of the five varistor pellets and 970C respectively. The:1 values obtained were
was destroyed or the change iy was greater than  distributed between a value of 46 (sample 9a) which
10%. is typical of commercial samples [7, 22, 23], to the
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Fig. 3. Breakdown fieldEy, for varistors of 0.9-1.8 at% Bi and 0.8—1.5 Sb/Bi ratio, sintered at©@30
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Fig. 4. Breakdown fielcEy, for varistors of 0.9-1.8 at% Bi and 0.8—1.5 Sbh/Bi ratio, sintered at®70



140 Ott et al.

-100

-80

-60

-40

Nonlinearity coeficient, o1

-20

A8

AD 1.5

7.
Bi content 09 0.8 <
| at% Sbh/Bi ratio

Fig. 5. Nonlinearity coefficientsy1, for varistors of 0.9-1.8 at% Bi and 0.8—1.5 Sb/Bi ratio, sintered &t®30
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Fig. 6. Nonlinearity coefficientsy1, for varistors of 0.9-1.8 at% Bi and 0.8—1.5 Sb/Bi ratio, sintered &t®@70
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Fig. 7. Nonlinearity coefficient2, for varistors of 0.9-1.8 at% Bi and 0.8—-1.5 Sb/Bi ratio, sintered at®30

extremely high value of 104 (sample 1b). From Fig. 5it Sb/Bi ratio, but showed a less distinct trend with Bi
may be seen that, for the 93D varistorsp 1 increased content. The average values\&f were higher for the
with both increasing Bi content and decreasing Sh/Bi 970°C samples£700 J cnt® compared with~450 J
ratio. From Fig. 6 it may be noted that these trends are cm~3) although the range of values was large at each
less easily discerned in the varistors sintered at@70  temperature.
although for the highest Bi content and lowest Sb/Bira-
tio the highest value af1 was obtained. Overall, there
was a slight increase il for the higher temperature  Discussion
samples.

From Figs. 7 and 8 it may be seen that the calculated Equation (3) gives a relation between the microstruc-
a2 values were distributed between 29 (sample 3b) and ture of the varistor and the breakdown fiedd,
36 (samples 5b). No clear trends were observed for
the dependence of the2 values on Bi content or Sb/ Ev = VgoNg 3)
Bi ratio, although the lowest values @2 occurred at
the highest Bi content and highest Sb/Bi ratios at both whereVy,is the voltage per intergranular boundary and
sintering temperatures. There was little difference in Ngthe number of grains per unit thickness. Previously,
the o2 values between the samples sintered af@30 several researchers have shown Wgtis almost in-
and 970C. dependent of the composition of the varistor [24] and

The influences of Bi content and the Sb/Bi ratio has a value between 3.0-3.6 V [9, 25]. THtg may
on W are shown in Figs. 9 and 10 (note that the Sh/ be used to approximate the number of grains between
Bi ratio changes along the axes in the opposite sense tothe electrodes. However, it should be noted however
thatin Figs. 3-8). ClearlyV increased with decreasing that if there was a wide distribution of grain sizes the
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Fig. 8. Nonlinearity coefficient:2, for varistors of 0.9-1.8 at% Bi and 0.8—-1.5 Sb/Bi ratio, sintered at®70
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Fig. 10. Energy absorption capability/, for varistors of 0.9-1.8 at% Bi and 0.8-1.5 Sb/Bi ratio, sintered at@70

conduction pathways would be dominated by the larger 700-800C. Which in earlier work by Inada [28] was
grains. Therefore, the characteristic grain size, deter- reported to be formed at 700—7%0

mined from the breakdown field, is a reflection of the

average size of the particles constituting the conduction Zn0O + Sh0Os — ZnSkOq (4)
pathways and will tend to be larger than the overall av-

erage grain size. Explicitly, if the characteristic grain Where the SpOs is a liquid formed by oxidation
size was small, many grains would be required to form of Sb,O3 with oxygen in the ambient atmosphere at
the conduction pathways artel, would be high. For 527C. However, earlier work suggests that8p de-
the varistors examined in this studiy was found to composes at 528 withoutforming aliquid phase [29].
lie in the region 500-1000 V mnt (Figs. 3 and 4) Thus an alternative reaction may be envisaged:
indicating a characteristic grain size of 3pf from

Eq. (3). This is in good agreement with observations ZnO+ Sb,O3 + O, — ZnShOq (5)
from scanning electron microscopy—a typical image
(sample 9a) is shown in Fig. 1. The ZnSbOg from Egs. (4) or (5) may then undergo

From the previous observations on the trendg\n a solid-state reaction to form spinel (Eq. (6)800°C
it may be concluded that the characteristic grain size [26]) or pyrochlore (Eqg. (7), 700—90C depending
was smaller at higher Bi concentrations, higher Sb/Bi on the additives [26]). It would be expected that no
ratio and at the lower sintering temperature. Also the ZnSkh,Og remained above 90C [28].
range of characteristic grain sizes was greater at the
lower sintering temperature. ZnSkOg + 6ZN0O — Zn;Sk0;» (6)
The influence of the Sb/Bi ratio and the Bi con- . .
tent can be related to the inhibiting effect of the spinel 3ZnSB0s + 381,05 + ZN0 —~ 2ZpBisSky014
phase ZrSh,O, on the grain growth of the ZnO grains (7
[26, 27]. A controversial route to spinel has been pro-
posed by Leite et al. [26] involving the formation of However the significance of the trirutile phase is not
an intermediate trirutile phase Eq. (5), ZnSh at clear as the direct reaction, starting at 800 could
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account for all of the spinel formation [16, 28] at
temperatures below 90G:

7Zn0O+ SOz + O, — ZnN;SO;, (8)
However, at higher temperaturesq00°C [16, 28])
spinel is formed by decomposition of the pyrochlore

phase Eq. (9), which was in turn formed during the
earlier stages of sintering-(/50°C [16]).

2ZpShBi3014 + 17Zn0O

& 3Zn;Shy01, + 3BixO3(liquid) 9)

The last reactions Egs. (8) and (9) are strongly influ-
enced by additives which in general lower the reaction
temperature, for example spinel formation has been
observed at 60 in a system with high additive con-
centrations [30].

The observation that with an increased Bi content

the nonlinearity coefficien&z1 would be expected to
be smaller when the grains are larger. However, the
proportion of the potential difference across the grain
bulks is likely to be vanishingly small at currents much
below the upturn region of théV curve.

alis also influenced by the homogeneity and com-
position of the intergranular layers. It was observed that
al was higher at high Bi, low Sb/Bi and only slightly
affected by temperature. At high Bi concentrations or
low Sb/Bi ratios more liquid phase (BDs;) would be
present during the early stages of sintering. The lig-
uid phase enhances the homogeneous distribution of
barrier forming additives and hence homogeneous bar-
rier formation [31]. In this study the influence of in-
creased barrier homogeneity appears to exceed that of
increased characteristic grain size in determiniig
Current passes through a varistor via a number of dis-
crete conduction channels [3142 would be expected
to have a higher value if there were a large number

and hence an increased Sb content, at a given Sb/Biof conduction pathways through the sample (narrow
ratio, the characteristic grain size decreased can be ex-distribution of particle sizes or absence of abnormally
plained by the increased amount of spinel thatis formed large grains) and if the intergranular regions were ho-
via Egs. (6) or (8). mogeneous. The low values @ at high Bi and Sb
To explain the influence of Sh/Bi ratio two different  concentrations (Figs. 7 and 8) may be indicative of a
effects have to be taken into account. At Sh/Bi ratios large amount of inactive (spinel and pyrochlore) mate-
<1 all SkO;3 is consumed for the pyrochlore forma- rial in the intergranular regions leading to fewer, more
tion while a certain amount of liquid BD3; remains tortuous conduction pathways.
present during the whole sintering process. This lig- A high W value would be expected for varistors
uid phase enhances the grain growth. At Sb/Bi ratios in which the energy of the test pulse is uniformly
>1 all Bi»O3 is consumed at relatively low tempera- dissipated by the entire volume of the pellet. Varis-
tures by the formation of the pyrochlore. Similarly if tors in which energy is dissipated by a fraction of
any SbOs were formed it would not have remained the pellet volume would undergo localised heating
at much above 70C as it would by consumed by in a few regions. Such non-ideal varistors would be
the reaction in Eq. (6). Only at temperatures above liable to fail at relatively low overall energies, by
900°C at which Eq. (9) occurs a liquid phase is formed cracking or puncture [2]. The observed values\éf
again. Antimony that is not incorporated into the py- (54-1137 J cm®) indicate that at least some of the
rochlore can undergo reactions at temperatures abovepellets heated in a distinctly non-uniform fashion in
80C°C to form spinel (Eqg. (6)). Therefore at Sb/Bi agreement with simulations [32, 33] and experimental
ratios >1 grain growth is hindered even in the early electroluminescence observations [31]. From the low
stages of sintering and higher breakdown fiekls a2 values it was anticipated that the quality and quan-

are obtained. At the higher sintering temperature it is
clear that more liquid from Eg. (9) may be present
for an extended period of time. Hence it is not unex-

tity of conduction pathways in samples with the highest
Bi and Sb concentrations might be low. In support of
this hypothesis th&V values are also low in this re-

pected that the grains appear larger after the higher gion. Additionally theW values may also be expected
temperature sintering. to be a sensitive measure of the pellet homogeneity
Larger grains obviously imply fewer grain bound- (and hence to be dependent on similar factore1p
aries per unit thickness. The proportion of the total W like o1 was observed to increase with decreasing
potential difference that appears across the grain Sb/Biratio. However, there was also a strong correla-
boundaries, as opposed to the grain bulks, may be ex-tion between the characteristic grain size (from Eg. (3)
pected to be smaller for larger grained samples. Hencewith Vg, taken as 3.3/) andW, Fig. 11. It appeared
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Fig. 11 Energy absorption capabilityy, arranged against the characteristic grain size determined Egnthrough Eq. (3). The linear
regressions are provided as a guide to the eye only.

that the energy absorption ability of varistors was in- summaryWwas dependent on grain size, homogeneity
creased by larger characteristic grain sizes. It may be and total amount of spinel and pyrochlore phases.
noted that smaller grains sinter more readily than larger
grains. Ifthe grains had fused together as a consequence
of localised heating induced by the test pulse the char- Conclusions
acteristic grain size would have increased, reducing the
value of Ey. The temperatures, and hence energies, re- The studied compositions with a Bi-content of 0.9
quired to sinter the grains would be significantly lower to 1.8 at% and an Sh/Bi ratio of 0.8 to 1.5 led to dense
for smaller-grained pellets. As a change By was varistor ceramics at sintering temperatures of°@70
taken as one indicator of sample failure, small-grained and 930C. At the higher temperature the growth of
pellets would have been more likely to fail by this mode ZnO grains increased and hence the number of grains
than large-grained samples. per unit thickness decreased, leading to lower val-
Also from Fig. 11 it may be noted that for pellets ues ofEy. However, by increasing the Sb/Bi ratio or
with similar characteristic grain sizes the pellets sin- the Bi concentration the grain growth could be inhib-
tered at the higher temperatures had a lower energyited, presumably by the formation of a spinel phase
absorption ability. At first, especially given the higher (Zn;Sb,015). The more and the earlier the spinel phase
densities of the 97C samples, this result appeared was formed during the sintering process the highgr
counter-intuitive. However, for a given characteristic however too much spinel (or pyrochlore) formation
grain size the pellets sintered at 9@had higher may have caused a reduction in the number of con-
amounts of additives (Sb and Bi) and therefore the duction pathways, leading to low2 andW values.
amount of pyrochlore and spinel would be expected  The nonlinearity coefficientvl could be varied
to be greater. It may be assumed that the pyrochlore from 46 to 104 by increasing the Bi concentration and
and spinel phases restricted the number (or width) of temperature. The explanation proposed here was that
conducting channels and hence reduced the energya larger amount of liquid BOs resulted in a more
which could be tolerated by the samples. Therefore, in homogeneous distribution of extragranular, minor
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