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Characteristics of SnO,-doped ZnO-based varistor ceramics
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Abstract

The Sb,0O; in a ZnO-based varistor composition was systematically substituted with SnO, in the range from 0 to 100%. The
microstructural characteristics, average grain size and the general phase composition of the samples were not influenced by the sub-
stitutions. In all the samples we observed ZnO, Bi,Os-rich and spinel phase, where the composition of the spinel depends on the Sb,O3
to SnQO;, ratio in the starting composition. The non-linear coefficient « of the samples was not influenced by the SnO, substitution,
while the threshold voltage decreases and the leakage current increased with larger additions of SnO,. The capacitance—voltage
measurements indicated strong increase in the donor density and the density of interface states at the grain boundaries while the
depletion-layer width decreased and the barrier height was comparable in all the investigated samples. According to the electrical
properties, SnO, had a strong donor effect in the ZnO varistor ceramics. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The exceptional non-linear current voltage (I-V) char-
acteristics and energy-absorption capabilities of ZnO-
based varistors are strongly related to their micro-
structure, which develops during the process of firing ZnO
with small additions of Bi,Os;, Sb,O3;, C0304, Mn;04,
Cr,03, NiO and other oxides. The current—voltage (I-V)
non-linearity of the varistor is a grain-boundary phe-
nomenon. A single non-ohmic grain boundary has a
break-down voltage of 3 V. The number of non-ohmic
grain boundaries between the electrodes determines the
overall break-down voltage of the varistor and can be
controlled either by varistor thickness or the ZnO grain
size.! Sb,Oj is a standard additive in high-voltage ZnO-
based varistor ceramics which require a fine-grained
microstructure. The addition of Sb,Oj3 influences ZnO
grain growth due to the formation of a Zn;Sb,O,-type
spinel phase and inversion boundaries in the ZnO
grains.>* The addition of SnO, to the ZnO-Bi,O; sys-
tem results in similar microstructural characteristics as
observed for the addition of Sb,Os3. SnO, reacts with
ZnO to form a Zn,SnOy-type spinel phase and with

* Corresponding author. Tel.: +386-1-4773-682; fax: +386-1-
4263-1126.
E-mail address: slavko.bernik@ijs.si (S. Bernik).

Bi,05 to form a Bi,Sn,O-type pyrochlore phase. It also
triggers the formation of inversion boundaries in the
ZnO grains.* Viswanath et al. reported that SnO, pro-
motes the non-linear coefficient of the basic ZnO-Bi,O3
system.> However, very little research has been reported
on the influence of SnO, on the characteristics of “real”
ZnO-based varistor ceramics.

In the present work, we systematically substituted
Sb,03 with SnO, in “real” ZnO-based varistor compo-
sitions and observed the influence of SnO, on the
microstructural properties, current—voltage (I-V) and
capacitance—voltage (C—V) characteristics.

2. Experimental

Samples with nominal composition 96.2 mol% ZnO +
2.8 mol% (Bi,O3 + Co304 + Mn304 + NiO + Cr,03) +
(1.0—x/2) mol% Sb,O3 x mol% SnO, where x=0, 0.2,
0.6, 1.0, 1.4 and 2.0 were prepared by the classical cera-
mic procedure. In these compositions, 0, 10, 30, 50, 70
and 100% of the Sb,O5; was substituted by SnO,. The
reagent-grade oxides were mixed in proper ratios and
homogenised in absolute ethanol using a planetary mill.
The powders were dried at 70°C and pressed with 200
MPa into discs with a diameter of 10 and 2 mm thickness.
The pellets were fired in an alumina crucible at 1230°C

0955-2219/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0955-2219(01)00135-2



1880 S. Bernik, N. Daneu | Journal of the European Ceramic Society 21 (2001) 1879-1882

for 2 h in an air atmosphere with heating and cooling
rates of 5°C/min.

Densification characteristics were recorded using a
heating-stage microscope (Leitz, Wetzlar) up to 1300°C at
a heating rate of 10 K/min. The phase compositions of the
samples were analysed by X-ray powder diffractometry
(XRD; PW1710, Philips). The microstructures were
examined using a scanning electron microscope (SEM;
JSM-5800, Jeol) equipped with X-ray spectrometer (EDS;
Link ISIS 300, Oxford Instruments). Cross-sections of the
samples were mechanically ground and polished. The
average ZnO grain sizes (D) of the samples were deter-
mined by measuring the surface of each ZnO grain and
transforming its irregularly shaped area into a circle of
equivalent diameter. For each sample 500-900 grains
were taken into account.

For the DC current—voltage (I-V) characterisation, sil-
ver electrodes were painted on both surfaces of the discs
and fired for 10 min at 590°C in air. The nominal varistor
voltages (V') at 1 and 10 mA were measured for the pur-
pose of determining the threshold voltage (V1) and the
non-linear coefficient (). The leakage current (/;) was
measured at 0.75 V'n (1 mA). The C-V characteristics of
the samples were measured at room temperature with
an LCR meter (Hewlett Packard 4270 A) at a frequency
of 10 kHz and a bias voltage in the 0-160 V range,

controlled by a digital V-meter (Hewlett Packard 3456
A). According to the Schottky-barrier model and its C—
V relation, the donor density (Np), barrier height (®g),
density of interface states (Ns) and the depletion-layer
width (¢) were determined. Np and &y were determined
from the slope and the intercept of the C—V line of the
graph (1/Cg — 1/2Cpo)? vs. Vg, and Ns and ¢ were cal-
culated from equations given elsewhere.%7-8

3. Results and discussion

Microstructures of the sample doped only with SnO,
and the sample doped only with Sb,O; are presented in
Fig. 1. It is clear that they are very similar. As the main
phase, the samples contain ZnO grains with inversion
boundaries and many intragranular spinel inclusions,
while the Bi,Os-rich phase and spinel grains and are
homogeneously distributed along the ZnO grain bound-
aries and multiple junctions. The average ZnO grain sizes
of the samples with different Sb,O5; and SnO, ratios are
between 11.1 and 12.5 pm (Table 1). Sintering curves of
the samples with different amounts of both oxides (Fig. 2)
show that the samples with higher SnO, additions start
to densify at slightly lower temperatures, while sintering
behaviour is similar for all investigated samples. These

Fig. 1. Microstructures of ZnO-based varistor ceramics fired at 1230°C for 2 h: (a) unetched, with Sb,O; only; (b) unetched, with SnO, only; (c) etched,
with Sb,Oj3 only; and (d) etched, with SnO; only. Z: ZnO phase, B: Bi,Os-rich phase, S: spinel-type phase.
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Table 1

The ZnO grain size (D) and I-V characteristics of the samples with
different nominal compositions. (¥t — threshold voltage, « — non-
linear coefficient, I — leakage current)

Sb,05, substituted by D Vt (V/mm) o I

SnO, (at. %) (um) (x1073 A)
0 120 150 41 0.2
10 113 150 37 0.09
30 125 126 36 093
50 1.6 129 4 093
70 120 131 46 1.58
100 11 127 43 8.20
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Fig. 2. Densification curves of ZnO-based varistor samples with the
addition of SnO, and Sb,O; in different atomic ratios: (a) 0%
SnO,+ 100% Sby03, (b) 30% SnO,+70% Sb,03; (c) 70% SnO, +
30% Sb,03; and (d) 100% SnO,+ 0% Sby0s.

general microstructural observations indicate that
Sb,03 and SnO, have very similar effects on the micro-
structure development of the investigated varistor com-
position. EDS analysis of secondary phases showed that
in the samples which contain only Sb>O; or SnO, the
corresponding Zn,SnOy4- and Zn;Sb,Oq,-type spinel
phases form, containing dissolved Cr, Mn, Ni and Co.
In the samples with different additions of both oxides,
Sb,03; and SnO,, the spinel phase contains cations from
both oxides in an Sb/Sn atomic ratio corresponding to
the Sb,03/SnO, ratio of the nominal composition of
these samples. The size and morphology of the spinel
grains are similar in all samples. Mostly they are inter-
granular, however they can also be frequently observed
as inclusions in ZnO grains, sometimes caught up toge-
ther with some Bi>Os-rich phase. In the samples with 50
and 70% SnO, additions, traces of pyrochlore phase
were observed. Similar to the observations of the spinel
phase, it also has a mixed composition, containing both
Sn and Sb cations along with some dissolved Cr, Mn,
Co and Ni. In the ZnO-Bi,Os3-Sb,O3 system, the
BizZn,Sb;0;;-type pyrochlore phase forms below
700°C, then it decomposes to the Zn,Sb,0;, spinel and
Bi,O; liquid phase above 1000°C and on slow cooling

it forms reversibly from the decomposition products.’
Our previous results showed similar behaviour for the
Bi,Sn,0,-type pyrochlore phase.* However, it is well
known that the presence of Cr,O3 can prevent reforma-
tion of the Bi;Zn,Sb;0,; pyrochlore on cooling.” The
results from this study indicate that the addition of Cr,O3
may also prevent the reformation of the Bi,Sn,O5-type
pyrochlore on slow cooling since no pyrochlore was
observed in most samples with additions of SnO».

The results of XRD analyses (Fig. 3) show that the
stable modification of the Bi,Os-rich phase in the sample
with the addition of Sb>O3 only is y-Bi,O3 while with
higher additions of SnO, the stable modification is B-
Bi,05. The XRD analysis of the samples after firing with
electrodes at 590°C showed the presence of the y-Bi,O;
phase in all the investigated samples. The diffraction
patterns also agree with the results of our EDS analyses
of the spinel phase which showed a mixed composition
of the spinel phase in the samples with different Sb/Sn
ratios. The Zn,SnQOy spinel has a slightly larger unit cell
than Zn,;Sb,O;,, therefore, the characteristic peaks of
the spinel phases shift to higher d-values with increasing
additions of SnO,.

The results of the current-voltage (I-V) characterisa-
tion of the samples are given in Table 1. The non-linear
coefficient « is around 40 for all samples and is not sig-
nificantly affected by the SnO, addition. On the other
hand, we observed a significant increase in the leakage
current (/1) and a decrease of the threshold voltage (V)
with larger additions of SnO,. The capacitance-voltage
(C-V) characteristics of the samples (Fig. 4) and the
characteristic C—V parameters, determined from these
characteristics (Table 2), indicate that the substitution
of Sb,O3 with SnO, results in a significant increase in
the donor density (Np) and the density of interface
states (Ns), while the barrier height (®g) is comparable
in all the samples and is around 1.15+0.5 eV. The
depletion-layer width (t) decreases from 30 to 15 nm
with increasing amounts of SnO,. The measurements of
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Fig. 3. XRD patterns of investigated samples with additions of SnO,
and Sb,0j; in different atomic ratios: (a) 0% SnO,+ 100% Sb,03; (b)
30% SnO,+70% Sb,0s3; (c) 70% SnO,+30% Sb,03; and (d) 100%
SnO, +0% Sb,03; Z:ZnO, B: Bi,O; phase, S: spinel phase.
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Table 2
Characteristic C-V parameters of the investigated samples. (Np —
donor density, Ng — density of interface states, ®g — the barrier

height, ¢ - width of the depletion layer)

Sb,0; substituted by  Np Ns dp t
SnO, (at. %) (x10¥ ecm™3)  (x 102 em™?)  (eV) (nm)
0 1.47 4.00 1.17 28
10 1.12 3.55 1.20 32
30 1.96 4.50 1.10 23
50 4.18 6.49 1.12 17
70 4.61 7.07 1.17 16
100 5.84 7.84 1.15 14
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Fig. 4. The C-V characteristics of ZnO-based varistor samples with
Sb,O; substituted by SnO, in different atomic ratios: (a) 0%
SnO, + 100% Sb,03; (b) 30% SnO, + 70% Sb,0s3; (¢) 50% Sb,O3+ 50%
SnO,; (d) 70% SnO, +30% Sb,0s; and (e) 100% SnO, + 0% Sb,03; Cp:
capacitance per unit area of grain boundary, Cpgg: value of Cg when
Vs =0, Vg: applied voltage per grain boundary.

the electrical properties of the samples with the sub-
stitution of Sb,O3; by SnO, indicate that SnO, has a
strong donor effect which contributes to the increase of
the leakage current (/) in the samples with higher
amounts of SnO,.

4. Summary

Sintering of ZnO doped with Bi,O3, C0304, Mn,O3,
NiO, Cr,05 and different additions of Sb,O3 and SnO,
at 1230°C for 2 h results in similar microstructures with
average grain sizes from 11.1 to 12.5 um. In the samples
with the addition of both SnO, and Sb,05 a mixed spinel
phase forms which contains cations from both oxides in

an Sb/Sn atomic ratio corresponding to the Sb,O3/SnO,
ratio in the nominal composition of these samples.

The non-linear coefficient « is not affected by the
substitution of Sb,O3 with SnO, and ranges from 36 to
46. In the samples with larger SnO, additions the leak-
age current increases from 0.02 to 8.2x1073A and the
threshold voltage decreases from 150 to 127 V/mm. The
capacitance-voltage measurements showed that in the
samples with larger additions of SnO, the donor density
at the grain boundaries increases from 1.47 to 5.84x10'8
cm—3, the depletion-layer width decreases from 28 to 14
nm, while the barrier height is approximately 1.15¢V for
all samples.

Our results show that substitution of Sb,O; with
SnO, does not influence the general microstructural
characteristics, but the addition of SnO, has a strong
donor effect in the ZnO-based varistor ceramics, which
results in a significant increment of the leakage current.
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