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Abstract

A series of zinc oxide based varistors containing 0.5 wt.% Bi2O3 and 0.5 wt.% Mn2O3 were prepared by a conventional mixed

oxide route and sintered at temperatures between 950 and 1300�C. All samples showed the varistor e�ect, although as the sintering
temperature was increased above 1000�C, the non-linear coe�cient decreased from 22 to 3 at 1300�C. Local grain boundary
property measurements were carried out using remote electron beam induced current (REBIC) con®guration conductive mode
scanning electron microscopy. The proportions of electrically active interfaces and those showing strong resistive contrast were

found to increase with sintering temperature. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Zinc oxide varistors show highly non-ohmic current±
voltage characteristics when subjected to high-voltage
transients and are used with appropriate circuitry to
shunt voltage spikes away from sensitive equipment.
The non-ohmic properties are controlled by barrier
structures developed at grain boundaries by the incor-
poration of segregating metal oxide additives. When
present in su�cient quantity the segregating species
form a distinct grain boundary ®lm or layer.1ÿ3

Grain boundary models for zinc oxide varistors can
conveniently be divided into two main types; homo-
junction and heterojunction. The homojunction model4

describes the varistor e�ect in terms of interactions
between zinc oxide grains in close contact, with band
bending occurring in the grain boundary region as a
result of vacancy depletion during sintering, leading to an
n±i±n structure. It has been suggested that in varistors the
barrier height is increased by the introduction of speci®c
metal oxide additives, such as bismuth, manganese and
cobalt oxides.4 The heterojunction model, on the other
hand, assumes the presence of a discrete intergranular
layer, comprising bismuth, cobalt, manganese and other

oxides,1 that provides acceptor states for electrons
moving to the grain boundaries from within the n-type
grains of zinc oxide. This results in a depletion region
extending from either side of the grain boundary, giving
rise to electronic band bending and an activation energy
barrier to electron migration at the grain boundary
interface. Both models predict that at low applied vol-
tages electrons are prevented from crossing into adja-
cent grains and the material behaves in an insulating
manner. At higher voltages electrons can tunnel into adja-
cent grains,5 making the ceramic highly conducting. It has
been demonstrated that individual grain boundaries with
both thick (1 mm) and thin (<500AÊ ) interfacial layers may
show varistor behaviour.6

Sintering temperature is known to have a strong e�ect
on varistor properties and frequently variations of a few
10's of degrees in the maximum temperature attained
can give rise to noticeable di�erences in varistor perfor-
mance.7 These changes are generally quanti®ed in terms
of bulk performance parameters such as the non-linear
coe�cient, � or leakage current, rather than by obser-
ving local variations in behaviour due to di�erences in
interfacial structure or composition. There is increasing
evidence that in a typical varistor, di�erences occur in
the current±voltage response of individual grain
boundaries8 and that some grain boundaries do not
show a varistor e�ect at all.9 In order to study the con-
sequences of these di�erences it is therefore essential
that the characterisation techniques used include those
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that investigate the properties of the material on the
scale of the individual grain boundary, as well as bulk
measurements, enabling direct correlation between grain
boundary structures and bulk properties to be made.
Remote electron beam induced current (REBIC)

microscopy is a SEM based technique that is a form of
the conductive mode of operation,10,11 providing localised
information about the structure of individual electrically
active and inactive interfaces in electrical ceramics and
any conduction mechanisms that may occur locally. The
technique has been used to characterise many semi-con-
ducting materials and wide bandgap semiconductors,
including zinc oxide.10ÿ18 The current providing the
image-forming signal is collected from two electrodes
placed on the sample surface on either side of the area
of interest (Fig. 1). Variations in the current ¯owing to
earth through each electrode, or currents generated by
the separation of beam induced electron-hole pairs at
built-in ®elds within the sample result in contrast varia-
tions that maybe observed, with a spatial resolution of
the order of the excitation volume.
In zinc oxide based varistors three distinct types of

REBIC signal have been observed, coincident with
individual grain boundaries. These occur either singly,
or in combination, and are classi®ed according to their
image contrast as:

Type I consisting of adjacent, parallel dark and
bright lines;

Type II consisting of single dark or bright line; and
Type III consisting of a step change in brightness.

Complementary contrast e�ects are not observed in
secondary or backscattered electron images of the same
area and therefore the conductive mode contrast cannot
be due to the modulation of the absorbed beam current
by emitted electrons.
Types I and II contrast are formed by the collection

of currents generated by the separation of beam induced
electron-hole pairs in the depletion regions of charged
grain boundaries. If the grain boundary is symmetrical,
the opposed electric ®elds on either side of the grain
boundary give rise to EBIC currents of opposite sign,

resulting in type I contrast, comprising adjacent bright/
dark lines parallel to the grain boundary in EBIC images
(Fig. 2). If the grain boundary is asymmetrical and the
EBIC signal from one side of the grain boundary is
inhibited, then type II contrast is seen. Grain boundaries
where types I and II contrast e�ects occur are con-
sidered to be electrically active.
Type III contrast arises because the specimen acts as a

current divider, channelling the absorbed current between
the two current collecting electrodes placed on either
side of the region of interest.11 In an homogeneous
sample there is a linear variation in the proportion of
signal passing through each electrode as the primary
beam scans the inter-electrode region. Local hetero-
geneities in sample resistivity result in changes to this
gradient and are observed in images as steps in the
brightness level. When this occurs at a resistive grain
boundary, it gives rise to type III contrast. In situations
where no type I or type II contrast is observed, the
barrier is considered to be electrically inactive.
In this contribution we compare the micro-

structural and local electrical property development

Fig. 1. The sample con®guration used for conductive mode imaging.

Fig. 2. Sample con®guration (a), energy band diagrams (b), and the

corresponding charge collection contrast pro®le (c) for a varistor grain

boundary where charge separation e�ects occur (from Ref. 18).
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of an isochemical series of varistors sintered at tem-
peratures between 950 and 1300�C.

2. Experimental method

A simpli®ed varistor composition based on zinc oxide
doped with 0.5 wt.% Bi2O3 and 0.5 wt.% Mn2O3 was
prepared by a standard mixed oxide route. Standard
10 mm diameter and 2 mm thick compacts were formed
by uniaxial pressing at 170 MPa and sintered at tem-
peratures between 950 and 1300�C for 2 h in air using
heating and cooling rates of 100�C/h. Polished surfaces
were prepared for SEM analysis by grinding a ¯at face
on SiC paper, polishing with progressively ®ner grades
of diamond paste and ®nally lapping with a water based
slurry of 0.3 mm a-alumina powder. The samples were
mounted on insulating stubs and observed in Philips 525
and XL7 SEM's using the secondary electron, back-
scattered and conductive modes of operation. For the con-
ductive mode imaging, two electrodes, whose positions
were controlled by a micromanipulator, were placed
directly in contact with the material on either side of the
region of interest, forming ohmic electrical contacts and
enabling collection of the signal for ampli®cation with a
commercial EBIC ampli®er.
After REBIC analysis, the samples were lightly etched

using a 2% acetic acid solution for 2 min in order to
delineate all grain boundaries and permit grain size
measurements to be made using the ASTM intercept
method.19

Current±voltage measurements were carried out on
the bulk samples using an adjustable DC power supply
(Brandenberg 475R) operating in the range 10±1700 V.
The non linear exponent (�) was determined for each
sample from I±V plots using current densities of 0.1 and
1 mAcmÿ2 according to the equation;

� � log�J2=J1�= log�E2=E1� �1�

where E1 and E2 represent the electrical ®elds across the
sample at current densities J1 and J2.

3. Results

Fig. 3 shows a series of backscattered electron images
of the varistors sintered at temperatures between 950 and
1300�C, to densities between 90 and 95% of theoretical. In
these images the zinc oxide grains are di�erentiated
through di�erences in channelling contrast. A bismuth
rich phase is clearly visible as bright patches at grain
boundaries and, particularly, at triple points within the
microstructure of the 950�C sintered sample (Fig. 3a).
In the 1000�C sintered sample (Fig. 3b) the bismuth rich
phase appears to have wetted the majority of the grain

boundaries, although isolated pockets remain at triple
points and close to pores. Some grain growth has
occurred in this sample, giving rise to a few large grains
in a ®ner groundmass. At sintering temperatures of
1100�C and above (Fig. 3c±e), signi®cant grain growth
has occurred leaving residual 5±10 mm diameter pores
both at grain boundaries and within some grains. The
bismuth rich grain boundary ®lm is not generally
detectable in these samples except as small isolated
pockets. The grain sizes of these samples were measured
from secondary electron images of polished and etched
samples, and are presented in Table 1.
Fig. 4 shows a series of partial I±V characteristics of the

sintered varistors from which the values of the non-linear
coe�cient, �, were calculated (Table 1). � Reaches a
peak value of 22 for a sintering temperature of 1000�C,
after which there is a progressive reduction with the
1300�C sample showing only a weak varistor e�ect.
REBIC images of the sample series are presented in

Fig. 5. Two distinct types of REBIC signal occur within
these samples: charge collection currents giving rise to
type I and type II contrast e�ects at electrically active grain
boundaries, and step changes of brightness giving rise to
type III contrast e�ects at resistive grain boundaries.
In the 950 and 1000�C sintered samples (Fig. 5a and

b), charge collection contrast is seen as disjointed bright
or dark lines, coincident with some grain boundaries.
The contrast is predominantly type II, comprising single
bright or dark lines, although there is also some type I
contrast present. There is also a smooth background
resistive contrast gradient, from dark on the left to
bright on the right, running across the sample. Brightness
steps are seen occasionally at some grain boundaries,
where the local resistivity is high.
In the samples sintered at temperatures of 1100�C and

above (Fig. 5c±e), grain growth has resulted in a coarser
microstructure. Type I charge collection contrast is
visible throughout the samples; with some grain
boundaries showing type II contrast. The electrically
active grain boundaries frequently form connected
arrays through the sample. Resistive contrast is clearly
visible as brightness steps coincident with some grain
boundaries, giving rise to a terraced microstructure. In
general, the terrace boundaries coincide with electrically
active interfaces although not all of each terrace
boundary is electrically active.
Table 1 lists the percentage of electrically active

interfaces in each sample. As previously indicated elec-
trical activity in this context is de®ned by the interface
showing type I or type II EBIC contrast, rather than
implying varistor characteristics. The proportion of
electrically active grain boundaries increases steadily
with increasing sintering temperature, although even in
the 1300�C sintered sample fewer than 50% of all grain
boundaries show electrical activity. Equal proportions of
bright and dark type II contrast occur within each sample.
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4. Discussion

As the sintering temperature is increased above
1000�C, the percentage of electrically active grain
boundaries increases, although � decreases. In these

samples there does not appear to be a direct link
between the non-linear coe�cient and the proportion,
or density, of electrically active grain boundaries. The
progressive reduction in �, after reaching a peak value
of 22 for a sintering temperature of 1000�C, is attributed

Fig. 3. Backscattered electron images showing the e�ect of variations in sintering temperature on the distribution of Bi-rich phases present in the

samples sintered at (a) 950�C; (b) 1000�C; (c) 1100�C; (d) 1200�C; (e) 1300�C. Scale bar=10 mm.
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to a lowering of the grain boundary barrier height with
increased sintering temperature.20 The presence or
absence of EBIC contrast is not directly related to the
grain boundary barrier height, although for EBIC con-
trast to be present there must be built-in ®elds within
the sample caused by band bending at a charged grain
boundary. Any change in proportion of electrically
active grain boundaries must therefore be related to
some other aspect of the interfacial structure.
In a related study, local transitions between type I

(electrically active) and type III (electrically inactive)
grain boundary contrast were observed along the length
of a single varistor grain boundary.18 The grain bound-
ary contained a bismuth rich ®lm of variable thickness
that was clearly visible in the secondary electron image.
Type III contrast was observed coincident where the
®lm was thickest and type I contrast occurred where the
®lm thinned. Thus electrically active grain boundaries
appear to be associated with thin grain boundary ®lms.
In another study, the extent of grain boundary wet-

ting in varistors doped with Bi2O3 and CoO was found
to increase from 0% at the ZnO±Bi2O3 eutectic tem-
perature to 88% at 1140�C while the average dihedral
angle of the ®lms at the grain junctions decreased
monotonically with increasing sintering temperature.21

Further, a reduction in the total volume of bismuth rich

phase due to volatilisation as the sintering temperature
increased was shown to cause it to congregate at the
triple junctions, leaving only a partial coverage along
the grain boundaries.22 In the samples studied here, all
show the varistor e�ect, indicating that a bismuth rich
phase has segregated to grain boundaries in all of the
samples. Thus, since EBIC contrast is particularly sen-
sitive to the presence of built-in ®elds at charged grain
boundaries, its detection at an increasing proportion of
grain boundaries as the sintering temperature is
increased re¯ects a more extensive coverage of a thin
®lm of bismuth rich phase, and its retention along the
grain boundaries, as the total volume decreases, is
believed to be due to volatilisation at the higher sinter-
ing temperatures.
In the samples studied here, electrically active grain

boundaries showing type II contrast are much more
common than those showing type I contrast. This
observation concurs with previous studies23,24 but is
di�cult to explain since the EBIC contrast expected
from a symmetrical charged grain boundary is type I
(Fig. 2). The more common type II contrast occurs
when only one side of the interface shows electrical
activity, giving rise to a single contrast line. By applying
a small, external voltage bias, of the order of 10's of
mV, across a grain boundary showing type II contrast,
electrical activity can be restored in the inactive side of
the interface, causing the grain boundary to show type I
contrast. Likewise a grain boundary showing type I
contrast can be modi®ed to show either bright or dark
type II contrast by applying a small bias voltage.25 This
occurs because the electric ®eld associated with the
externally applied bias progressively compensates the
electric ®eld on one side of the grain boundary, giving
rise to ¯at band conditions. On the side where the bands
are ¯attened, no charge separation can occur and hence
no EBIC signal is observed. The side of the interface
where the ¯at band conditions are induced depends on
the polarity of the applied potential across the grain
boundary, and hence the direction of the applied electric
®eld. Changing the sign of the voltage bias applied to an
interface originally showing type I contrast will cause
the resultant type II contrast to switch from dark to
bright.
Strong type III contrast is indicative of high resistivity

grain boundaries that have previously been attributed to
relict agglomerate surfaces from the pre-sintered pow-
der structure17; the high interfacial resistivity being
caused by the e�ects of a surface build up of dopants,
particularly manganese, on the agglomerated powder,
during powder preparation. The increase in sample
resistivity with manganese doping concurs with the
®ndings of Einzinger4 who noted that polycrystalline
zinc oxide doped with 1% MnO was highly resistive,
compared with the undoped material. In this study, the
strong type III contrast observed in samples sintered at

Table 1

The variation of grain size, � and the percentage of electrically active

interfaces with sintering temperature

Sintering temperature

950�C 1000�C 1100�C 1200�C 1300�C

Mean grain size (mm) 6 8 15 39 49

� 19 22 12 10 3

Percentage of electrically

active grain boundaries

± 14 26 32 47

Fig. 4. Partial I±V characteristics, plotted as electric ®eld strength vs.

current density, for the varistors prepared in this study.
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1100�C and above indicates that, as grain growth
occurs, this resistance increase is predominantly loca-
lised to the grain boundaries. The superimposed EBIC
signals indicate that many of the interfaces have devel-
oped a highly resistive grain boundary structure, which
is also electrically active.

5. Conclusions

A series of zinc oxide based varistors containing 0.5
wt.% Bi2O3 and 0.5 wt.% Mn2O3 were prepared by a
conventional mixed oxide route and sintered at tem-
peratures between 950 and 1300�C. It was found that:

Fig. 5. REBIC images showing the e�ect of variations in sintering temperature on the distribution of electrically active interfaces. Samples were

sintered at (a) 950�C; (b) 1000�C; (c) 1100�C; (d) 1200�C; (e) 1300�C. Scale bar=10 mm.
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1. Grain growth became signi®cant in samples sin-
tered at temperatures in excess of 1000�C.

2. All samples showed the varistor e�ect, and the
peak value of the non-linear coe�cient, �, was
found to be 22, occurring at a sintering tempera-
ture of 1000�C.

3. The percentage of electrically active grain bound-
aries increased steadily with increasing sintering
temperature.

4. In the samples sintered at 1100�C and above,
many electrically active interfaces also showed
strong resistive contrast.
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