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Nonlinear electrical behaviour of the WO3-based system
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Varistors can limit high transient voltage surges and can
repeatedly endure such surges without being destroyed,
therefore they are usually used to protect electronic cir-
cuits from voltage pulse shocks. The most important
property of a varistor is its nonlinear voltage–current
characteristic. This can be expressed by the equation
I = K V α , where α is the coefficient of non-linearity,
the essential parameter to scale the nonlinearity.

Commercial varistors used in protection systems are
based on SiC or ZnO. Varistors based on SiC have low
coefficients (of non-linearity) [1]. ZnO varistors exhibit
high coefficients (of nonlinearity), but the degradation
problem of ZnO varistors has not been resolved [2, 3].
While efforts to improve the temperature stability of
ZnO varistors are being made, the search for new varis-
tor materials is ongoing. In 1995, Pianaro found a new
varistor material, (Co, Nb)-doped SnO2, which is sin-
gle phase with the rutile structure [1]. In 1999, Kim
et al. found a one-step-air-fired SrTiO3-based ceramic
which had varistor characteristics [4]. In 2000, Wang
found that only one oxide (Sb2O3)-doped TiO2 ceram-
ics shows varistor behavior [5]. Following Wang, in
2002, Su found another TiO2 varistor, doped with only
one oxide (WO3) [6].

In this letter, the processing of a new WO3-based
varistor system, WO3·Na2CO3·CuO/CdO/Bi2O3/
Sb2O3, as well as its nonlinear properties (electrical
field as a function of current density) and dielectric
properties are described.

The raw chemicals used in this study were analytical
grades of WO3 (99%), Na2CO3 (99.8%), CuO (98%),
CdO (99%), Bi2O3 (99%), Sb2O3 (99.9%) and obtained
from Shanghai Chemical Company. The composites
investigated in the present work contain a molar ra-
tio of WO3:Na2CO3:X = 96.5:0.5:3, where X = CuO,
CdO and WO3:Na2CO3:Y = 98:0.5:1.5, where Y =
Bi2O3, Sb2O3. Varistors were obtained by conventional
ceramic processing. The mixed raw chemicals were
milled in nylon pot for 15 h with ZrO2 balls and some
distilled water, dried, mixed with 0.5 wt% PVA binder
and pressed into disks 15 mm in diameter and 1.5 mm in
thickness at 180 MPa. After burning out the PVA binder
at 650 ◦C, the disks were sintered in air at 1000 ◦C
for 60 min and then slowly cooled to room tempera-
ture. During sintering, compacts were surrounded with
powders of matching compositions and covered with
crucibles to reduce evaporation. The frequency depen-
dence of the relative dielectric constant and complex
impedance spectra were obtained using an impedance
analyzer (Agilent 4294A). For electrical characteriza-
tion of current density as a function of applied elec-

trical field, a semiconductor I–V grapher (QT2) was
used. The coefficient of non-linearity α was obtained
from

α = log(J2/J1)

log(V2/V1)
(1)

where V2 and V1 are the voltages at the current densities
J2 = 10 mA/cm2 and J1 = 1 mA/cm2, respectively.

Current density as a function of electrical field curves
measured at room temperature for WO3-based ceram-
ics is shown in Fig. 1. A high degree of non-linearity
was observed for all the samples and the sample doped
with 1.5 mol% Sb2O3 has the best nonlinear electrical
behavior (α = 4.1) and the lowest breakdown electrical
field (field at current 1 mA) of 4.1 V/mm.

Fig. 2 shows the frequency dependence of the dielec-
tric properties of the WO3-based ceramics, which have
very high dielectric constants of about 104–105. The rel-
ative dielectric constants of the varistors are found to
decrease significantly with increase in frequency from
40 Hz to about 10 KHz, while, in the higher frequency
range of 10 k–15 MHz, the dielectric constants of the
ceramics were almost unchanged, which is very useful
for application in the high frequency region. Accord-
ing to theoretical analysis [7], the relative dielectric
constant is expected to change rapidly near the relax-
ation frequency, which means the relaxation frequen-
cies of the varistors are lower than 100 Hz. The complex
impedance data were measured at 32 ◦C in the range
40 Hz to 15 MHz. From the impedence data cole-cole
diagrams were drawn as shown in Fig. 3 and it can be
seen that the samples doped with CdO and Bi2O3 has
the largest and lowest resistivity, respectively, at high
frequency. The lowest breakdown electrical field may
be related to the lowest resistivity of WO3 grain bound-
aries in the sample doped with Bi2O3.

In 1985, Gupta and Carlson developed a grain bound-
ary defect model for ZnO varistors [8]. By analogy to
the model for ZnO, Wang et al. proposed a model for
TiO2 and SnO2 varistors [5, 9]. All the models and
studies for varistors indicate that a dopant with higher
valency than the host cation is necessary to decrease
the resistivity of varistor ceramics. However, the WO3-
based ceramics exhibit nonlinear electrical behavior
without a donor dopant. Sahle et al. reported that even
a very slight decrease of oxygen content in WO3 could
give rise to an increase in the electrical conductivity
[10]. Wang et al. reported that pure WO3 and WO3-
MnO2 ceramics exhibited slight nonohmic behavior
and the presence of Bi2O3 was useless for nonlinearity
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Figure 1 Applied electric field as a function of current density for the
WO3-based varistors.

Figure 2 Relative dielectric constants as a function of frequency for
WO3-based varistors.

Figure 3 Complex impedance spectra of the samples.

in the WO3-MnO2-Na2CO3 system. However, the sam-
ple doped with Bi2O3 shows better nonlinearity than
that of WO3-MnO2-Na2CO3-Bi2O3 system reported by
Wang et al. [11] and Bi2O3 is essential for WO3-based
varistors according to the following reaction [1]:

Bi2O3
WO3−→ 2Bi3−

W + 3V2+
O + xOO + 3 − x

2
O2 (2)

The substitution of W atoms by Bi leads to the for-
mation of oxygen vacancies and can explain the better
nonlinearity if one considers that vacancies are rate con-
trolling in ion diffusion since the ion diffusion will lead
to a more homogeneous microstructure. The dopant
of Na2CO3 may lead to the following reaction at high

temperature:

Na2O
WO3−→ 2Na5−

W + 5V 2+
O + xOO + 1 − x

2
O2 (3)

Oxygen in the above equations will be partly absorbed
at WO3 grain boundaries and the absorbed oxygen will
capture electrons from negatively charged defects to
become negatively charged O− or O2− [2, 12, 13].

The varistor behaviour of WO3 materials can be ex-
plained by the introduction of defects in the crystal lat-
tices that are responsible for the formation of Schottky
type potential barriers at grain boundaries. By analogy
to the atomic defect model proposed by Gupta [8], for
ZnO varistor, the potential barrier is formed by intrinsic
defects of WO3, extrinsic defects created by solid sub-
stitution of dopants, and negative charges, O− and O2−
at the interface. These defects create depletion layers at
grain boundaries leading to the formation of a voltage
barrier for the electronic transport. This transport oc-
curs by tunneling and is responsible for the nonlinear
behaviour of current density as a function of applied
electric field [14].

In conclusion, WO3-based ceramics, WO3·Na2CO3·
CuO/CdO/Bi2O3/Sb2O3, were found to exhibit nonlin-
ear current–voltage characteristics. They are charac-
terized by low breakdown voltage, and are therefore,
potential materials for low voltage varistors.
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