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a b s t r a c t

B2O3-doped ZnO–Bi2O3–Sb2O3-based varistors were fabricated by conventional ceramic technique. The
microstructure and electrical properties were investigated by SEM, XRD and electrical measurements.
With the addition of B2O3, the liquid-assisted sintering based on Bi2O3 was improved, and the Bi2O3–B2O3

glass and Zn3(BO3)2 phase were formed on the grain boundaries. The doping of B2O3 markedly improved
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the varistor performance of the ZnO–Bi2O3–Sb2O3-based varistors. The nonlinear coefficient of the sample
with 3.5 mol% B2O3 sintered at 1100 ◦C reached 56 and the leakage current was only 0.3 �A.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

ZnO varistors are ceramic semiconductor devices, which
re obtained by sintering ZnO powder with small amounts
f other metal oxides [1,2]. ZnO varistors exhibit highly non-
inear current–voltage (I–V) characteristics, similar to that of
back-to-back” zener diodes but with much greater current- and
nergy-handling capabilities. These characteristics make ZnO varis-
ors very attractive as arresters or surge absorbers against electric
ower system overvoltage or electronic circuit surges [3,4].

The nonlinear current–voltage (I–V) characteristics of ZnO varis-
ors strongly depend on the presence of minor additives. The
dditives can be classified into two general categories. One is the
ain additives, termed ‘varistors formers’, without which varis-

or behavior cannot be obtained, such as Bi2O3, Pr6O11, V2O5 and
ead zinc borosilicate glass [5–10]; the other is the assistant addi-
ives, which are metal oxides, including Co, Mn, Cr, Al, Ni, Sb and
i oxides [4,11]. In present, the majority of commercially avail-
ble varistors are based on ZnO–Bi2O3 systems where Bi2O3 plays
n essential role in liquid sintering and the forming of nonlinear
ehavior [12–15]. Other dopants, such as Sb2O3, Cr2O3, CoO, NiO

nd MnO2, are added as assistant additives to increase the nonlinear
oefficient (˛) value and the resistance to degradation [16–18].

The nonlinear effect of ZnO varistors is controlled by grain
oundary barriers. Therefore, the number of active or effective bar-
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riers in the ceramics is an important parameter for the nonlinear
properties. The number of active barriers depends on the distribu-
tion of dopants and the sintering process. B2O3 is a low melting
point oxide, which is often used as an additive of liquid sintering
in the ceramic processing. Previous studies had shown that B2O3
plays an important role in ZnO–PbO-based system [19]. However,
little study has been devoted to the influence of B2O3 additives
on the ZnO–Bi2O3–Sb2O3 based varistors. In this paper, we carried
out a detailed study of ZnO–Bi2O3–Sb2O3 based varistors doped
with 0–5.5 mol% B2O3. The results indicated that the doping of B2O3
effectively improved the electrical properties.

2. Experimental procedures

The samples were fabricated using a conventional ceramic process [17,18],
with a nominal composition of (97 − x) mol% ZnO + 1.0 mol% Bi2O3 + 1.0 mol%
Sb2O3 + 0.2 mol% Co2O3 + 0.2 mol% MnO2 + 0.3 mol% Cr2O3 + 0.3 mol% NiO + x mol%
B2O3 (x = 0.0, 1.5, 2.5, 3.5, 4.5, 5.5). The powder mixtures were ball-milled in a
polyethylene bottle with ZrO2 balls for 24 h in deionized water. After dried and
granulated, the powder was pressed into discs of 15 mm in diameter and 1.2 mm
in thickness at a pressure of 80 MPa. The discs were sintered between 1050 ◦C and
1200 ◦C in air for 2 h, with heating rate of 300 ◦C/h and cooling naturally. The final
samples were pasted with silver on both faces and then heated at 300 ◦C for 10 min
to form ohmic contacts.

The phase composition of the samples was analyzed by a Rigaku D/Max-A
diffractometer with Cu K� radiation. The microstructure was examined using a
Hitachi S4800 field emission scanning election microscope (FESEM). The average

grain size (d) was determined by the linear intercept method. The I–V characteris-
tics of samples were measured using Keithley 237. The breakdown voltage (V1 mA)
was measured at a current density of 1.0 mA/cm2, and the leakage current (IL)
was measured at 0.80 V1 mA. The nonlinear coefficient (˛) was determined from
˛ = log(I2/I1)/log(V2/V1), where I1 = 0.1 mA/cm2, I2 = 1.0 mA/cm2, and V1 and V2 are
the electric fields corresponding to I1 and I2, respectively.
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F ents (Z: ZnO, S: spinel phase, B: Bi2O3 phase, ZB: Zn3(BO3)2 phase, BB: Bi2O3–B2O3 glass).
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ig. 1. The SEM micrographs of the specimens with 0 mol% and 3.5 mol% B2O3 cont

. Results and discussion

Fig. 1 shows the SEM micrographs of the specimens sintered at
100 ◦C for 2 h with 0 mol% and 3.5 mol% B2O3. One can see that
he microstructure of the specimens is consisted of ZnO grain (bulk
hase) and intergranular layer (second phase). The XRD patterns of
he specimens sintered at 1100 ◦C for 2 h with different amounts of
2O3 are displayed in Fig. 2. The XRD patterns show that the sec-
nd phase located at the boundaries was consisted of Zn2.33Sb0.67O4
pinel phase and Bi2O3 phase without the addition of B2O3. As the
ddition of B2O3, the Bi2O3 phase vanished and a new phase of
n3(BO3)2 was formed. This change of the second phase is different
rom the previous reported B2O3-contained ZnO varistors [20,21].
he disappearance of Bi2O3 phase indicated that the B2O3 reacted
ith Bi2O3 to form Bi2O3–B2O3 glass [22]. And, the formation of

n3(BO3)2 expressed that the B2O3 also reacted with ZnO grain
hrough reaction (1):

ZnO + B2O3 = Zn3(BO3)2 (1)

The average ZnO grain size (d) and the density (�) of the spec-
mens sintered at 1100 ◦C for 2 h with different amounts of B2O3
re displayed in Fig. 3. The results show that the average ZnO grain
ize (d) increased with the increase of B2O3 content, then decreased
hile the added amount was beyond 3.5 mol%. It is well known

hat the liquid-assisted sintering often plays an important role in
he growth of grains. Previous studies had shown that the growth
f ZnO grains depends on the liquid-assisted sintering based on
i2O3 [12,14]. For B2O3 added ZnO–Bi2O3–Sb2O3-based ceramics,

he low melting point B2O3 is doped together with Bi2O3 that
auses the liquid-phase sintering and growth of ZnO grains start
t a lower temperature and further accelerates the growth of ZnO
rains. However, B2O3 also reacts with ZnO grain through reac-
ion (1), which leads to the formation of Zn3(BO3)2 on the grain

ig. 2. XRD profiles of the specimens sintered at 1100 ◦C for 2 h with different
mounts of B2O3 (0.0 mol%, 1.5 mol%, 2.5 mol%, 3.5 mol%, 4.5 mol%, 5.5 mol%).
Fig. 3. The average ZnO grain size (d) and the density (�) of the specimens with
different amounts of B2O3 sintered at 1100 ◦C for 2 h.

boundaries. It may inhibit grain growth by pinning the movement
of the grain boundaries. Therefore, the ZnO grain size (d) does not
monotonically increase with the increase of B2O3 content. Fig. 3
also shows that with the increase of B2O3 content, the density (�)
of the specimens increased first and then decreased.

The breakdown field V1 mA as a function of B2O3 content is
presented in Fig. 4. The sintering temperature of the specimens
was 1100 ◦C. Fig. 4 indicates the breakdown field V1 mA increased
with the increase of B2O3 content, then decreased while the added
amount was beyond 3.5 mol%. This can be explained by the change

of the average grain size as shown in Fig. 3.

The nonlinear coefficient (˛) and leakage current density (IL)
as a function of B2O3 content are presented in Fig. 5. The results
show that the doping of B2O3 had an obvious effect on the nonlin-

Fig. 4. The breakdown field of B2O3-doped ZnO varistors sintered at 1100 ◦C for 2 h.
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Fig. 5. The nonlinear coefficient (˛) and leakage current density (IL) of B2O3-doped
ZnO varistors sintered at 1100 ◦C for 2 h.

F
w

e
W
o
5
t

t
F
s
w
c

2

a
s
s
e
l

m

[
[
[
[
[
[

[

[

[

[
3635–3641.
ig. 6. The nonlinear coefficient (˛) and leakage current density (IL) of the samples
ith B2O3 content of 3.5 mol% sintered at different temperature.

ar coefficient (˛) and leakage current density (IL) of the samples.
ith increasing B2O3 content, the nonlinear coefficient (˛) showed

pposite changes to the leakage current. A nonlinear coefficient of
6 was obtained for the sample with B2O3 content of 3.5 mol%, and
he leakage current was only 0.3 �A.

The improvement of the electrical properties may be attributed
o the influence of B2O3 on the ZnO grain and intergranular layer.
or the B2O3 added samples, part of the B3+ ions are probably dis-
olved into the interstitials of ZnO lattice or substituted for Zn [23],
hich will increase the conductivity of ZnO grain by supplying extra

onduction electrons, as can be illustrated as reaction (2):

B2O3 → 4B·
Zn + 3O2 + 4e− (2)

In addition, the low melting point B2O3 can improve the liquid-
ssisted sintering based on Bi2O3. The improved liquid-assisted
intering ensures a more uniform distribution of dopants over the

intered body and, hence, increases the number of the active or
ffective boundary barriers in the ceramics and improves the non-
inear behavior of the ZnO–Bi2O3–Sb2O3-based ceramics.

However, when the doping level of B2O3 is much high, too
ore liquid-phase would be formed during sintering, which may

[
[
[

[
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cause the immoderate growth of ZnO and lead to an inhomoge-
neous increase of grain sizes. Hence, the nonlinear coefficient (˛)
decreased and the leakage current density (IL) increased while the
added B2O3 content was beyond 3.5 mol%. The influence of different
sintering temperature on the nonlinear coefficient (˛) and leakage
current density (IL) of the samples with B2O3 content of 3.5 mol%
is presented in Fig. 6. The sample sintered at 1100 ◦C exhibited the
best performance.

4. Conclusions

The microstructure and the electrical properties of B2O3-doped
ZnO–Bi2O3–Sb2O3-based varistors were investigated. With the
addition of B2O3, the liquid-assisted sintering based on Bi2O3 was
improved, and the Bi2O3–B2O3 glass and Zn3(BO3)2 phase were
formed on the grain boundaries. The I–V characteristics of the sam-
ples indicated that the doping of B2O3 can effectively enhance the
varistor performance. The nonlinear coefficient of the varistors with
B2O3 content of 3.5 mol% sintered at 1100 ◦C reached 56 and the
leakage current was only 0.3 �A.
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