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Abstract. This work presents Bi2 O3 -doped SnO2 ceramic varistors prepared through conventional ceramic processing
in the sintering temperature range of 1290–1320°C. The sample sintered at 1300°C exhibits a breakdown electric field
as low as 11.6 V mm−1 . Scanning electron microscopy images reveal that all the samples have a compact structure, and
energy dispersive spectroscopy results for the sample sintered at 1300°C indicate that Bi distributes homogeneously along
the grain boundaries and aggregates inhomogeneously on the grain surfaces. With increasing sintering temperature, the
grain boundary barrier height remains nearly constant at 0.80 eV. In both the dielectric loss and electric modulus spectra of
the sample sintered at 1300°C, obvious relaxations were observed and the activation energies obtained from the respective
spectra were 0.33 and 0.15 eV, which are expected to be related to oxygen vacancies and interstitial ions, respectively.
Complex impedance spectra are employed to develop a non-typical equivalent circuit model for the Bi2 O3 -doped SnO2
ceramic varistors at low voltage that yields an excellent fit to the data.
Keywords.

Varistors; electroceramics; dielectric properties.

1. Introduction
Ceramic varistors are important functional components that
are widely applied to protect electronic and electrical systems
owing to their nonlinear electrical properties. The earliest
developed ceramic varistors were composed of SiC [1]. However, SiC varistors were gradually replaced by ZnO varistors
in the late 1960s owing to their improved nonlinear performance [2], and ZnO presently remains the most widely used
material for ceramic varistors [3,4]. Nonetheless, the complex multiphase structure and unsolved ageing problem of
ZnO ceramics has encouraged the ongoing development of
novel varistor materials [5–8]. For example, Pianaro et al [9]
found in 1995 that single-phased SnO2 ceramics doped with
Co and Nb also possess properties suitable for varistor applications. As a result, SnO2 varistors have been studied widely
over the past 20 years. To protect the weak current systems,
one of the recent trends in the design of electrical appliances
requires varistors to have low breakdown electric field (E B ),
which is generally defined as the electric field at which the
material allows a current density of 1 mA cm−2 . While most
studies have focussed on SnO2 ceramics with a high breakdown electric field [10–12], a few studies have considered
low-E B SnO2 ceramics. For example, SnO2 –Zn2 SnO4 composite ceramics have been demonstrated to provide low values
of E B and colossal dielectric permittivities for a Zn2 SnO4 content of about 20 mol% [13]. Either increasing or decreasing
the Zn2 SnO4 content was found to result in an increased E B
and the degeneration of varistor performance. Subsequently,
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the addition of Bi2 O3 (0.5 mol%) to the SnO2 –CoO–Nb2 O5 –
Cr2 O3 system was found to significantly decrease the value
of E B from 313 to 29 V mm−1 [14]. Recently, an E B value
as low as 12 V mm−1 was obtained for a CuO-doped SnO2 –
CoO–Sb2 O3 system [15].
In an effort to further reduce the value of E B obtained in the
past work, the present work considers SnO2 –Zn2 SnO4 –SiO2
ceramics doped with Bi2 O3 (0.3 mol%). Here, Bi2 O3 -doped
SnO2 ceramic varistors are prepared through conventional
ceramic processing in the sintering temperature range of
1290–1320°C. The values of E B obtained are found to be
very sensitive to the sintering temperature, and a minimum
value of 11.6 V mm−1 is achieved for the material sintered at
1300°C. Energy dispersive spectroscopy (EDS) results for the
material sintered at 1300°C indicate that Bi distributes homogeneously along the grain boundaries and aggregates inhomogeneously on the grain surfaces. Extensive impedance testing
was conducted to evaluate the varistor properties, including
measurements of the barrier height, φB and other electrical properties. Finally, the results were employed to develop
a non-typical equivalent circuit model for SnO2 –Zn2 SnO4 –
SiO2 –Bi2 O3 ceramics that yields an excellent fit to the data.

2. Experimental
We prepared ceramic samples with the composition
of 89.5 mol% SnO2 + 10 mol% Zn2 SnO4 + 0.2 mol%
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SiO2 + 0.3 mol% Bi2 O3 using analytical grade SnO2 , ZnO,
SiO2 and Bi2 O3 powders. The ceramic preparation process
and the electrode fabrication method are similar to those
employed in our previous study [16]. The samples about
15 mm in diameter and 1.5 mm in thickness were sintered
at 1290, 1300, 1310 and 1320°C. The relationship between
the current density, J and the applied electric field, E was
measured using a Keithley 2410 high voltage SourceMeter. The capacitance and impedance spectra (C– f , tan δ– f ,
R– f and X – f ) were measured in the temperature range
from 40 to 200°C using an Agilent 4294A impedance analyzer. The microstructure and distribution of elements were
analysed using scanning electron microscopy (SEM) and
EDS, respectively (Zeiss, Merlin Compact). The phases were
analysed by X-ray diffraction (XRD) using CuKα radiation
(λ = 1.54178 Å) in the 2θ range of 20–70° (D8 Advance).

3. Results and discussion
Figure 1 presents SEM images of the samples sintered at
different temperatures. As can be seen, each sample has a
compact microstructure. Impurities are also clearly observable on the grain surfaces and along the grain boundaries.
The impurities have melted completely along the grain boundaries at the maximum sintering temperature of 1320°C. The
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samples sintered at 1300 and 1320°C exhibit the smallest
and largest grains, respectively. Figure 2 presents the elemental distributions of Sn, Zn and Bi on the surface of the
sample sintered at 1300°C. It is obvious that Bi distributes
homogeneously along the grain boundaries and aggregates
inhomogeneously on the grain surfaces. It is also worth noting from figure 1 that the sample sintered at 1300°C has a
relatively clean surface, indicating that most of the impurities
containing Bi element have been dissolved into the lattice.
Figure 3 shows the XRD patterns in the 2θ range of 20–
70°. In the XRD patterns, only the SnO2 (JCPDS#41-1445)
and Zn2 SnO4 (JCPDS#24-1470) phases are observed. The
impurities as shown in the SEM have not been detected due to
the low concentration of SiO2 and Bi2 O3 dopants. In addition,
no obvious shift of the diffraction angle θ can be observed with
increasing sintering temperature. The XRD results indicate
that the ceramics are composed mainly of SnO2 and Zn2 SnO4 ,
and the sintering temperature in the range of 1290–1320°C
can hardly affect the lattice constant.
Figure 4 illustrates the nonlinear relationships between J
and E obtained for the samples sintered at different temperatures. With increasing sintering temperature from 1290 to
1300°C, E B decreases dramatically from 48.7 to the minimum value of 11.6 V mm−1 , and then increases to a limiting
value of about 28 V mm−1 for sintering temperatures of 1310–
1320°C. The nonlinear coefficients, α and E B values are listed
in the first and second columns of table 1, respectively.

Figure 1. SEM images of the samples sintered at different temperatures.
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Figure 2. SEM image of the surface of the sample sintered at 1300°C and the corresponding distributions of the elements Sn, Zn and Bi.

Figure 3. XRD patterns of the samples sintered at different temperatures.

Our previous studies revealed that the physical mechanisms
affecting the electrical properties of varistors formed of sintered 0.8SnO2 –0.2Zn2 SnO4 systems are related to the grain
boundary barrier and oxygen vacancies [16–18]. Under low
E, the value of J passing through a grain boundary barrier

Figure 4. Relationships between the applied electric field, E and
the resulting current density, J for the samples sintered at different
temperatures.

can be expressed as follows [18]:

J = AT 2 exp

β E 1/2 − φB
kB T


,

(1)

97

Page 4 of 7

Bull. Mater. Sci.
Table 1.

Principle parameters of the SnO2 –Zn2 SnO4 –SiO2 –Bi2 O3 varistors.

Sintering temperature (°C)
1290
1300
1310
1320

(2020) 43:97

α

E B (V mm−1 )

φB (eV)

E O (eV)*

E i (eV)

4.8
3.0
3.8
3.4

48.7
11.6
28.7
27.7

0.80
0.79
0.80
0.80

0.37
0.33
0.32
0.31

—
0.15
—
—

*All data obtained from figure 10 except for the sample sintered at 1310°C, which was obtained
from the inset of figure 8.

Figure 5. Relationships between ln(J/AT2 ) and E 1/2 under low
E conditions for the samples sintered at different temperatures.

where A is the Richardson constant, T the temperature under
which the specific measurements are conducted, β a constant
proportional to the barrier width and the number of grains
per unit length, φB the barrier height and kB the Boltzmann
constant. As such, a plot of ln(J/AT 2 ) vs. E 1/2 would provide an approximation of β/(kB T ) and φB /(kB T ) as the slope
and intercept of a linear fit to the plot, respectively. The relationships between ln(J/AT 2 ) and E 1/2 measured at room
temperature and under low E conditions for all the samples
are shown in figure 5. The good linear relationships obtained
suggest that the grain boundary barrier effect is one of the origins of the electrical properties for the system studied in this
work that make it suitable for varistor applications. We also
note from the figure (also, see the third column of table 1) that
the values of φB obtained from the intercepts of the straight
lines vary only slightly with respect to the sintering temperature. These results indicate that the observed variation in E B
cannot be attributed to φB .
Low-E B varistors typically possess high capacitance C, and
this is beneficial for fabricating double-functional varistor–
capacitor devices. As shown in figure 6, the sample sintered
at 1300°C has very large values of C as high as 30 nF at
low frequencies. With increasing frequency, the value of C
decreases sharply, and then tends towards a constant value.

Figure 6. Capacitance, C spectra obtained under different bias
voltages U for the sample sintered at 1300°C. The inset presents
the dielectric loss tan δ spectra.

With increasing bias voltage U , the value of C at low frequencies is obviously decreased, whereas the nearly constant
value of C at high frequencies changes only slightly. The
inset of figure 6 indicates that the gradual decrease in the
dielectric loss tan δ with respect to frequency becomes drastic
with increasing U , which is a typical characteristic of conductive materials. These results indicate that the conductivity of
the samples increases sharply, while C decreases drastically
under a sufficiently large applied electric field.
Figure 7 presents the real part R and imaginary part X of
the impedance spectra obtained under different values of U
for the sample sintered at 1300°C. Like the capacitance spectra, both R and X tend to zero as the frequency increases.
The top inset of figure 7 indicates that R increases slowly
to a maximum and then decreases sharply with increasing
U at 40 Hz. These results again demonstrate the existence
of a grain boundary barrier effect. Here, a proportion of the
electrons flowing through the sample under low E conditions
are captured by the large number of positive states in the
depletion layer formed on both sides of the barrier, and the
proportion of uncaptured electrons passing through the barrier increases with increasing U , and thereby forms a larger
current [3]. As such, the increase in R shown in the inset of
figure 7 corresponds to a charging process, while the decrease
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Figure 7. Real part R and imaginary part X of the impedance spectra obtained under different bias voltages U for the sample sintered
at 1300°C. The insets present the variations in R and X obtained at
40 Hz with increasing U .

Figure 9. Imaginary part M  of the complex electric modulus
spectra obtained in the temperature range from 40 to 200°C for the
samples sintered at different temperatures.

Figure 8. Dielectric loss tan δ spectra obtained in the temperature
range from 40 to 200°C for the sample sintered at 1300°C. The
inset presents the Arrhenius relations between the relaxation peak
frequency, f p and the inverse measurement temperature, T −1 . In the
inset, f 0 is the prefactor frequency.

in R indicates that electrons are discharging through the grain
boundary barriers. The bottom inset of figure 7 indicates that
X increases gradually from a negative value and approaches
zero with increasing U at 40 Hz. This result, which is consistent with the results associated with figure 6, suggests a
drastic reduction in C with increasing U because capacitors
have a negative impedance.
Figure 8 presents the dielectric loss spectra obtained at different values of T for the sample sintered at 1300°C. Here,
obvious relaxation peaks can be observed. As described in our

previous study [16,19], the relaxation activation energy about
0.33 eV was obtained from the Arrhenius equation and it is
also listed in the fourth column of table 1. In contrast, relaxation peaks in the dielectric loss spectra were not observed
for the samples sintered at 1290, 1310 and 1320°C owing to
their higher conductivity.
A corresponding relaxation can be examined for all the
samples based on an analysis of the imaginary part M  of the
complex electric modulus, which is defined as the inverse of
the complex relative permittivity. Therefore, M  was obtained
for all the samples over a range of frequencies and for different values of T , and the results are given in figure 9. Again,
obvious relaxation peaks can be observed for all the samples. Figure 10 presents the linear relationships and activation
energy values derived from a linear fit to the data in figure 9
obtained by substituting peak frequency f p , prefactor frequency f 0 and T into the Arrhenius equation. The obtained
values of activation energy for the samples sintered at 1290,
1310 and 1320°C are listed in the fourth column (table 1) and
for the sample sintered at 1300°C is listed in the fifth column
of table 1. It is interesting that the activation energy obtained
from figure 10 for the sample sintered at 1300°C is much less
than that obtained for the other samples, and is also much
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Figure 10. Arrhenius plots of the peak frequency f p of M  vs.
T −1 for the samples sintered at different temperatures.

Figure 11. Nyquist plots under different U and curves fitted based
on the equivalent circuit given in the inset for the sample sintered at
1300°C.

less than the value obtained from the dielectric loss spectra
in the inset of figure 8. We also note from figure 9 that the
frequency range of f p at all temperatures for the sample
sintered at 1300°C is greater than that for all other samples.
Furthermore, the inconspicuous relaxations at high frequencies can also be observed for the samples sintered at 1290,
1310 and 1320°C, as emphasized by ellipses. The results indicate that the relaxations shown in figure 9 at low and high
frequencies result from different mechanisms. The values of
activation energy at low frequency range listed in the fourth
column of table 1 decrease from 0.37 to 0.31 eV with increasing sintering temperature. These values are close to similar
activation energy values reported for singly ionized oxygen vacancies in 0.8SnO2 –0.2Zn2 SnO4 systems [16,17,19].
Therefore, the relaxation peaks shown in figures 8 and 9 are
considered to be associated with oxygen vacancies, and the
activation energy values are labelled using E O . In addition, the
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activation energy for the high frequency relaxation labelled
using E i is about 0.15 eV, which was obtained for the sample
sintered at 1300°C only. Because this value is very close to that
reported for interstitial Zn ions in SnO2 –Zn2 SnO4 composite
systems, the relaxations at high frequencies are considered to
be associated with the activation of interstitial ions [13].
Usually, the Nyquist plots for ceramic varistors are composed of two semicircles [20]. Thus, the equivalent electrical
circuit is typically composed primarily of two circuits in parallel, where each circuit comprises a resistor and capacitor in
series, and therefore, represents a two-time-constant model.
However, the two semicircles can appear only as a single
semicircle because of the considerable difference between the
grain and grain boundary resistances. Figure 11 shows the
Nyquist plots for the sample sintered at 1300°C under different U . These results are similar to our previous study in which
a modified equivalent circuit containing a Warburg impedance
component was proposed. We note from the figure that the
length of the tail region following the semicircle decreased
and eventually disappeared with increasing U . This tail region
has been associated with diffusible oxygen vacancies [17].
However, neither the standard two-time-constant model nor
our previously modified equivalent circuit can provide a reasonable approximation of the results shown in figure 11.
To address this issue for the SnO2 –Zn2 SnO4 –SiO2 –Bi2 O3
ceramics studied in this work, we note from the above
results and discussion that the varistor properties can be
associated with grain boundary barriers, oxygen vacancies
and interstitial ions. Moreover, the capacitance of the material becomes negligible as the conductivity of the sample
increases with increasing U . Therefore, the equivalent circuit
for the SnO2 –Zn2 SnO4 –SiO2 –Bi2 O3 system should be composed of electrical circuits in parallel. Based on the above
analysis, we propose the new equivalent circuit shown in
the inset of figure 11. In this model, the R and C components in parallel are equivalent to the grain boundary barrier,
as depicted for conventional ZnO varistors [21]. The Q O RO
and Q i Ri series branches represent the electrical properties of
oxygen vacancies and interstitial ions, respectively. The fitted
curves using the new model are shown in figure 11, which
can be observed to yield an excellent fit to the impedance
data. Therefore, the results strongly suggest that the proposed
equivalent circuit for the SnO2 –Zn2 SnO4 –SiO2 –Bi2 O3 system is reasonable. However, the reasons why the electrical
responses of oxygen vacancies and interstitial ions can each
be considered to be equivalent to a series circuit comprising a constant phase angle element and a resistor is not well
understood, and this issue requires further study.

4. Conclusion
The present work investigated low-E B SnO2 –Zn2 SnO4 –
SiO2 –Bi2 O3 ceramic varistors with compact microstructures prepared by conventional ceramic processing.
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The sample sintered at 1300°C provided the minimum E B
value of 11.6 V mm−1 . The sintering temperature was shown
to affect the microstructures of the materials and the corresponding varistor properties significantly, whereas this had
little effect on φB . In addition to grain boundary barriers,
the oxygen vacancies and interstitial ions were also demonstrated to play an important role in the electrical properties of
SnO2 –Zn2 SnO4 –SiO2 –Bi2 O3 varistors. Finally, we proposed
an equivalent circuit composed of a parallel RC circuit and
two series RC circuits in parallel that are representative of
the electrical responses of the grain boundary barrier, oxygen
vacancies and interstitial ions, respectively.
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