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Origin of varistor properties of tungsten trioxide (WO3) ceramics�
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Abstract: To study the physical origin of the non-ohmic behavior of WO3 ceramics, the effects of heat treatment
in different atmospheres on WO3 varistors were investigated. Experiments showed that there was a dependence of
the nonlinear coefficient on thermal treatment under different atmospheres. Thermal treatments in argon and oxygen
atmospheres at 900 ıC proved this dependence, and indicated that the nonlinear coefficient got significantly lower when
the samples were thermally treated under argon atmosphere. Subsequent exposure to oxygen atmosphere at the same
temperature led to the restoration of electrical properties. The result shows that the physical origin of the non-ohmic
behavior of WO3 ceramics is oxygen on the grain surfaces adsorbed by intrinsic defects.
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1. Introduction

Varistors are nonlinear, voltage-dependent resistors whose
value of resistance decreases with increasing voltage. Varis-
tor ceramics have become important because of their highly
nonlinear electrical properties that enable them to be used as
reversible, solid-state switches with large-energy-handling ca-
pabilities. The earliest used varistors were SiC-based ceramic
systemsŒ1; 2�. The ZnO varistors were first developed by Mat-
suoka and his research group at Matsushita Electric (Japan)
in 1968. In the first decade after the invention, various ad-
ditives to the ZnO varistors were discoveredŒ3�; since then
great strides have been made in applications and research on
ZnO varistorsŒ4–6�. In 1995, Pianaro et al.Œ7� first discovered a
low-dose doped SnO2 ceramic with good density and electri-
cal nonlinearity. At the same time, a lot of research has been
done on varistor systems based on TiO2, SrTiO3, BaTiO3 and
WO3

Œ8�10�.
A set of theoretical models, based on ZnO, were put for-

ward to explain the non-ohmic behavior of the varistors. In
these theories, the grain-boundary barrier mode, proposed by
Pike et al., is consistent with the experimental results and has
been widely acceptedŒ11–15�. But there is still a lack of agree-
ment on how to explain the physical origin of the non-ohmic
behavior of the ceramicsŒ16; 17�. The non-ohmic behavior of
most metal oxide varistor systems, as mentioned above, arises
from doping, more concretely, results from the metal atoms
segregated at the grain boundaries. These metal atoms, such
as Pr and Dy in ZnO-based varistors or Mn in SnO2-based
varistors, facilitate the adsorption of oxygen on the grain sur-
facesŒ18;19�. Some authorsŒ10; 20� have reported studies on non-
ohmic behavior of WO3 ceramics, indicating that WO3-based
ceramics are potential varistor materials for low voltage appli-
cations.

It is clear that the doping method has some limitations for

studying the origin of the varistor properties of WO3 ceram-
ics, due to the complicated structures caused by various ad-
ditives, so a method without doping is needed. Recently, our
group studied pure tungsten trioxide (WO3/ ceramics by us-
ing thermal treatment, and found that there is a dependence of
nonlinear constant values on thermal treatment under different
atmospheres. This approach is more conducive to further un-
derstanding the physical origin of the non-ohmic behavior of
the ceramics.

2. Experiment
The samples were fabricated according to the conventional

electroceramic process. The raw chemical in the present study
was analytical grades of WO3 (99%). After milling with agate
balls for 3 h, the powder with binder addition (2% by weight
polyvinyl alcohol binder) was pressed into pellets of 10 mm in
diameter and 1.0–1.5 mm in thickness by a conventional mold-
ing method at a pressure of 10 MPa. The pressed disks were
sintered in an electric furnace at 1100 ıC for 2 h in air, and
furnace cooled to room temperature. The samples were sub-
jected to treatment in Ar (99.9%, under a flux of 20 cm3/min)
at 900 ıC for 1 h and further treated in O2 (99.9%, under flux
of 20 cm3/min) atmospheres at 900 ıC for 1 h. To take the elec-
trical measurements, gallium–indium eutecticum as electrode
material was coated on both polished surfaces of samples.

The sample phase was observed by X-ray diffraction
(XRD, 7602EA ALMELO) with CuK˛ radiation (� = 0.15406
nm) at 40 kV. For microstructure characterization, the sur-
faces of the samples were analyzed by scanning electron mi-
croscopy (SEM, FEI QUANTA200). Current-tensionmeasure-
ments were taken using a high voltage measure unit (KEITH-
LEY 2410). Impedance measurements were taken using a fre-
quency response analyzer (HP 4294A) at frequencies ranging
from 40 Hz to 15 MHz, with an amplitude voltage of 0.5 V.
The electrical nonlinear coefficient ˛ was obtained byŒ21�：
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Table 1. Some electrical characteristic parameters of WO3-based ceramics.

Sample ˛ Eb (V/mm) �B (eV) Nd (1028m–3/ Ns (1018m–2/ w(Å)
As-sintered 4.8 50.13 0.27 0.92 8.07 4.39
Argon atmosphere 1.0 0.24 － － － －

Oxygen atmosphere 4.0 30.36 0.35 1.02 9.55 4.67

Fig. 1. XRD data obtained from the ceramic samples.

˛ D lg.I2=I1/=lg.V2=V1/; (1)

where V1 and V2 are the voltages at currents I1 and I2, respec-
tively. The field at a current of 10 mA/cm2 was chosen as the
breakdown field Eb. The values of the nonlinear coefficient
and breakdown field are listed in Table 1.

The microstructure and electrical behavior were checked
throughout the above mentioned procedures after each treat-
ment.

3. Results and discussion

Figure 1 presents the X-ray data for the samples after each
treatment. The results show that the samples are mixtures of tri-
clinic and monoclinic phase WO3. Besides the two phases, no
additional phases were found in the samples when the varistors
were thermally treated in argon and oxygen atmospheres. From
the obtained X-ray data, it can also be observed that all the pat-
terns are identical indicating that no crystal phase changes oc-
cur with the different annealing atmospheres at a constant tem-
perature. Figure 2 shows SEM micrographs of different sam-
ples. The SEM images show that the grains are almost the same
shape after heat treatment. It can be seen that the grains are ba-
sically spherical.

Figure 3 presents the current–voltage (I–V ) characteristics
of the samples heat treated in different atmospheres, while Ta-
ble 1 gives some electrical parameters, such as ˛, Eb values. It
can be seen that varistor action is observed in the sample. The
current density increases sharply when it exceeds 10 mA/cm2,
so we can define the breakdown field as the electrical field cor-
responding to I D 10mA=cm2. The as-sintered sample is non-
linear with a nonlinear coefficient ˛ of 4.8 which is consistent
with the value reported by Makarov et al.Œ10�; its nonlinearity
disappears after heat treatment in argon atmosphere. However,
repeating the thermal treatment in oxygen atmospheres make
the nonlinear properties appear again. Because of heat treat-
ment temperature and time restrictions in the experiment, the
parameters failed to recover to their original values.

Fig. 2. SEMmicrographs ofWO3 ceramics. (a) As-sintered. (b) Argon
atmosphere. (c) Oxygen atmosphere.

Impedance spectroscopy is a powerful technique for the
characterization of grain boundaries in ceramic materialsŒ22�.
Complex impedance plots were carried out on the as-sintered
sample and the sample treated in oxygen atmosphere (Fig.
4(a)), presenting a grain-boundary semicircle. This means that
the grain boundaries are highly resistive regions. The spectra
obtained on varistors thermally treated in argon atmosphere
(Fig. 4(b)) are devoid of any grain-boundary semicircle. That
is to say, the highly resistive grain-boundary layers disappear
and the grain interior is the only contribution to the frequency
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Fig. 3. Current–voltage characteristics of the WO3 varistors.

Fig. 4. Complex impedance plots of the WO3 ceramics.

response of the sample. However, the shape of the spectrum in-
dicates the existence of inductive effects which are similar for
the different samplesŒ23�. It is clear that the grain boundary re-
sistance is totally recovered after thermal treatment in oxygen
atmosphere. Thus, the adsorption of oxygen in grain bound-
aries, which leads to the highly resistive surface layer, is the
origin of the varistor property of WO3 ceramics. As reported
by Santos et al.Œ24� the atmosphere strongly affects the elec-
trical properties, due to the oxidizing mechanism at the grain
boundary.

In order to conduct further investigation on the grain
boundaries ofWO3 varistors, an I–V test at temperatures rang-
ing from 30 to 100 ıCwasmade. Figure 5 shows the plot of lnJ

Fig. 5. ln J as a function of E1=2 for the as-sintered sample.

versus V 1=2 at different temperatures for the as-sintered sam-
ple. A set of parallel straight lines are observed for the electric
field and temperature range studied.

The results suggest that thermionic emission is the conduc-
tion mechanism in the WO3-based varistor system. The model
for the barrier at the grain boundaries is a Schottky-type. Sim-
ilar behavior was observed in the samples after heat treatment
in different atmospheres.

For a Schottky type of mechanism, the current density of a
varistor is related to the electric field and temperature byŒ25�:

J D AT 2expŒ.ˇE1=2
� �B/=kT �; (2)

where A is Richardson’s constant, k is Boltzmann’s constant,
˚B is the interface barrier height, and ˇ is a constant related to
the grain size and the barrier width. In the thermionic emission
model, Eq. (2), the ˇ constant is given by Eq. (3),

ˇ D
p

.1=nw/.2e3=4�"0"r/; (3)

where n is the number of grains in series,w is the barrier width,
e is the electron charge, "0 and "r are the vacuum and material
dielectric constant ("r D 230/Œ26�, respectively, and n is de-
fined by

n D L=G; (4)

where L is the sample height and G is the mean grain size de-
termined from the scanning electron micrographs. By plotting
lnJ versus E1=2 in Eq. (2) a straight line is obtained where the
slope is ˇ=kT . Therefore the barrier voltage width w can be
determined by Eq. (3). The plot of lnJ versus l=T of Eq. (2)
is a straight line with a slope equal to (�B � ˇE1=2/=k. By us-
ing ˇ values, �B is determined. Both �B and w values were
carried out in a temperature range of 30–100 ıC in a DC bi-
asing test. Donor density (Nd/ and surface state density (NS/

can be derived from the equation �B D e2N 2
S =2"0"rNd and

NS D 2wNd.
These sets of parameters are listed in Table 1, which shows

the reversible trends in the barrier height, the donor density, the
surface state density and the barrier width of the varistor. It can
be concluded that oxygen plays a key role in the formation of
the Schottky-type barriers.

The composition on the grain surface of the as-sintered
sample was determined using AES depth profile curvesŒ27� by
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our group, The results show that its oxygen content decreased
with increasing sputter depth, and the O/W ratio balanced at
a depth of 2–3 nm. That is to say, the extra oxygen exists in
grain surfaces (about 3–4 oxygen ion layers) in the state of
adsorbed ions. Due to the multiple oxidation states, tungsten
trioxide (WO3–x/ has different oxygen compositions with x

ranging from 0 to 2 (+2, +3, +4, +5 and +6) of WŒ28�. It can re-
lease oxygen with the increase of ambient temperature and in-
corporate oxygen in the process of cooling. During the cooling
process, themolecule oxygenmay be adsorbed by grain surface
defects, such as native oxygen vacancies and lattice mismatch.
The adsorbed oxygen can easily capture electrons to become
negatively charged ions. In this way, a double Schottky barrier
makes the WO3 exhibit non-ohmic behavior.

4. Conclusion

The effects of thermal treatment in argon and oxygen at-
mospheres on the structural and varistor properties of WO3 ce-
ramics have been investigated. It was found that the nonlinear
coefficient first decreases and then increases when treated suc-
cessively in argon and oxygen atmospheres, but no significant
changes in phase or grain shape occur. The physical origin of
the non-ohmic behavior of the WO3 ceramics is oxygen on the
grain surfaces adsorbed by intrinsic defects.
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