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In recent decades tin oxide based ceramics have been
studied and developed for numerous fields of applica-
tion such as electronics, electro techniques, electrochem-
istry, catalysis, biotechnology, nuclear technology, chem-
ical technologies, metallurgy [1]. As ceramic varistor ma-
terials, tin oxide has been extensively studied experimen-
tally and theoretically recently, since this oxide shows
excellent nonlinearity when doped with minor other ox-
ides, such as CoO, ZnO, Ni2O3, Ta2O5, Nb2O5 and rare-
earth oxides [2–7]. Recently, nonlinear electrical proper-
ties were obtained for a basic ceramic system based on
SnO2·CuO·Ta2O5 ternary varistor ceramics [8, 9].

In this letter, compared with the CuO and Ta2O5-doped
SnO2 system, the electrical properties (electric field as a
function of current density behavior) of CuO and Nb2O5-
doped SnO2 system as well as the microstructure develop-
ment are described. We obtained some satisfying results
that the nonlinear coefficient reaches 34.4 and the rela-
tive density of the sample is up to 94% of the theoretical
density.

Tin oxide varistors were produced by the conventional
ceramic fabrication procedure reported earlier [6, 8]. The
materials used in the present study were analytical grades
of SnO2 (99.5% purity), CuO (98.0%), Nb2O5 (99.5%)
and Ta2O5 (99.5%) to the composition of 99.00 mol%
SnO2 + 1.00 mol% CuO (named SC), 98.95 mol% SnO2

+ 1.00 mol% CuO + 0.05 mol% Nb2O5 (SCNb) and
98.95 mol% SnO2 + 1.00 mol% CuO + 0.05 mol%
Ta2O5 (SCTa). The samples were sintered at 1400 ◦C
for 1 hr and cooled to room temperature freely. The ce-
ramic phases analysis was conducted by X-ray diffraction
(XRD, XD-3, PGeneral) patterns. The density (ρ) and the
theoretical density (ρrt) were obtained by the Archimedes
method and related to the theoretical density of SnO2

(=6.95 g cm−3). Microstructure characterization of the
sintered ceramics was conducted by scanning electron
microscopy (SEM, JXA-840, JEOL). The grain sizes (d)
were calculated by microstructure linear analysis. For the
direct-current density—electrical field (J–E) characteriza-
tion, silver electrodes (1 cm2) were made on both surfaces
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of the sintered discs and fired for 20 min at 550 ◦C in air.
A 2410 High-Voltage SourceMeter (Keithley) was used
for J–E measurement.

The surface XRD patterns of selected samples are
shown in Fig. 1. The JCPDS cards (SnO2: 77-0451; CuO:
80-1916; Nb2O5: 80-2493) were used in the analysis of
the phases within the samples. The XRD data reveal that
only the rutile tin oxide lines are found in pure SnO2 sam-
ple. In the copper oxide doped samples (SCu and SCNb),
additional peak (CuO [1̄ 1 1]) is evident. However, no nio-
bium oxide peak is found in Nb2O5 and CuO-doped tin
oxide (SCNb), therefore, it may be due to that Nb ions
enter the grains and cannot be detected by XRD. It is
similar to that the pentavalent ions are introduced into
TiO2 varistors, where pentavalent ions enter the grains
to control the grain conductivity. Further, it is also to be
noted that the amount of niobium added in this system
is very small, therefore, it is difficult to detect this small
amount of niobium by the normal XRD. The phenomenon
of the appearance of other phases (copper oxide phases)
in the grain boundaries is distinct from the single phase
of SnO2·CoO based ceramic systems previously reported
[2–7], which is an interesting thing. This may be explained
by the low melting point of copper oxide. CuO will be
transformed into Cu2O at 1122 ◦C and the melting point
of Cu2O (1236 ◦C) is lower than that of CoO (1805 ◦C),
it is easy for copper oxide to form liquid when sintering
at 1400 ◦C. As in the CuO doped SnO2 ceramics, liq-
uid phases sintering mechanism is predominant. In the
case of CoO doped SnO2 ceramics, the oxygen vacancies
diffusion mechanism controls the sintering of tin oxide
ceramics. Furthermore, by XRD and SEM, we did not
obtain other phases in CuO and Ta2O5-doped SnO2 based
varistors in another work [8], which may be due to the
lower sintering temperature than that of this work. There-
fore, the copper oxide into tin oxide, sintered at 1400 ◦C,
is up to saturation, and excess copper oxide that could not
enter into tin oxide lattice would centralize at the grain
boundaries and prevent the mass transport [9], which was
also investigated and confirmed by Nisiro et al. [1].
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Figure 1 X-ray diffraction patterns of: (a) pure SnO2, (b) SnO2·CuO and
(c) SnO2·CuO·Nb2O5 ceramic system. δ: CuO [1̄11].

The sintered density value, compared to other ceramic
systems, is obtained by the Archimedes method and re-
lated to the theoretical density of SnO2 (=6.95 g cm−3),
as listed in Table I. The density of tin oxide sintered at
above-mentioned condition is 5.55 g cm−3, 80% of the
theoretical due to the high vapor pressure of this oxide
during sintering. However, when SnO2 is doped with the
copper oxide additives, the densification can be signifi-
cantly improved at this temperature. In this experiment,
we added 1.00 mol% CuO to tin oxide, the density could
be up to 6.72 g cm−3, higher than 96% of the theoretical
density. As shown in Table I, the density of CuO-doped
ceramic system is higher than that of pure SnO2. In a
previous paper [8], the high densification of tin oxide
ceramics was attributed to the copper effect in the SnO2

lattice, which leads to the existence of a liquid phase in the
Sn–Cu–O2 system. This was also studied and confirmed
by Dolet and his collaborators [10].

Fig. 2 presents the SEM photomicrographs of SCNb
varistor sample compared with the SCTa sample. It is
clearly shown the SnO2 grains are tightly close together
with minor copper oxide at grain boundaries. As shown
in Table I, the grain size of CuO-doped ceramic system
(SC, SCNb and SCTa ceramics) is highly bigger than that
of pure SnO2. Therefore, the introduction of copper oxide
not only makes the tin oxide densify, but also advances
the grain growth. As donors, the introduction of Nb2O5

in small amounts into the SnO2 ceramics leads to an in-
crease of electronic conductivity in the SnO2 grains due to
substitution of Sn4+ for Nb5+, according to the following
equation:

Nb2O5
SnO2−→ 2Nb.

Sn + 2e′ + xOx
o

+ 5 − x

2
O2, x = 0 − 5 (1)

where the Kröger–Vink marks were used. Therefore, by
creating the donor, Nb2O5 contributes to an increase in the
electronic conductivity in the grain, which is similar to the
tantalum is introduced into the SnO2-based varistors [6].

Fig. 3 shows the logarithmic plots of the current density
against the applied electrical field for the SCNb varistor
system compared with SCTa varistor system. The best
nonlinear coefficient (α = 34.4) was obtained when doped
with the 0.05 mol% concentration of Nb2O5. The nonlin-

T AB L E I Densities and average grain size for samples sintered at
1400 ◦C for 1 hr

System ρ (g cm−3) ρ∗
rt (%) d (µm) Reference

SnO2 5.55 79.9 11.5 This work and [9]
SC 6.72 96.7 17.4 This work and [9]
SCNb 6.56 94.4 18.2 This work
SCTa 6.55 94.2 16.5 This work and [9]

∗The theoretical density of SnO2 is 6.95 g cm−3.

ear coefficient (α) was obtained by the following equa-
tion:

α = log J2 − log J1

log E2 − log E1
(2)

where J1=10 A m−2, J2=100 A m−2 and E1 and E2 are
the electrical fields corresponding to J1 and J2, respec-
tively. The breakdown electrical field (EB) was measured
at a current density of 10 A m−2 and the leakage current
density (JL) was measured at 0.75 EB. As the important
parameters, these varistor parameters are listed in Table II.

The nonlinear electrical parameters could not be
obtained for SC system using the above experimental
instrument and it shows ohmic electrical behavior with
a very high resistivity and has no signs of nonlinearity,
as discussed in a previous work [9]. The introduction of

Figure 2 Scanning electron micrographs of the: (a) SnO2·CuO·Nb2O5 and
(b) SnO2·CuO·Ta2O5 varistor system.
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Figure 3 J–E characteristics of the SCNb and SCTa varistor system.

either Nb2O5 or Ta2O5 to the SnO2·CuO system increases
grain conductive, making possible the measurement of the
breakdown electrical field of these systems. As shown in
Table II, the nonlinear electrical properties are enhanced
by the Nb2O5 doping as compared with the addition of
Ta2O5. Further, the leakage current density of SCNb
varistor sample is greatly lower than that of SCTa sample.
The leakage current originates at the grain boundaries
and determines the amount of watt loss that a varistor is
expected to generate upon application of a steady-state
operating voltage. Therefore, it is an important factor to
be considered in varistor fabrication. The SCNb varistor
sample has the high nonlinear coefficient (α = 34.4)
and low leakage current density (JL = 2.4 µA cm−2).
Therefore, SnO2·CuO·Nb2O5 system is a very beck-
oning varistor ceramic material and worth to further
investigation.

By SEM and XRD, the CuO and Nb2O5-doped tin ox-
ide varistors are found to be SnO2 grains as predominant
and minor copper oxide at grain boundaries, while nio-
bium improves the conductive of the grains. The copper
oxide intergranular insulating layer separates two semi-
conductive tin oxide grains and forms the barriers. The
electric transport occurs by tunneling across the barriers
and is responsible for the electrical nonlinearity of the
varistors. Further, the oxygen will be partly adsorbed at
SnO2 grain boundaries and the adsorbed oxygen species
may easily capture electrons or react with partial nega-
tively charged defects to become negatively charged ions
[6]:

O2 → 2Ox
ad (3)

Ox
ad + e′ → O′

ad (4)

These negatively charged adsorbed oxygen species are es-
sential to the Schottky barrier formation and also respon-
sible for the electrical nonlinearity of the varistors. The
role of the adsorbed oxygen in the formation of boundary
barriers was studied and confirmed by the literatures [11,
12].

T AB L E I I Electrical parameters of the SnO2·CuO·Nb2O5 (SCNb) varis-
tor system compared to the SnO2·CuO·Ta2O5 (SCTa) system

System α EB (kV m−1) JL (µA cm−2) Reference

SCNb 34.4 844 2.4 This work
SCTa 27.3 750 16.4 This work and [9]

In conclusion, the densification of tin oxide could
greatly be improved when doped with 1.00 mol% CuO.
Furthermore, the introduction of 0.05 mol% Nb2O5

into SnO2·CuO ceramic system would make it pos-
sess excellent nonlinearity. The SnO2·CuO·Nb2O5 varis-
tor system was investigated compared to the SnO2·
CuO·Ta2O5 system, and the high nonlinearity coeffi-
cient α = 34.4 and low leakage current density JL =
2.4 µA cm−2 was obtained. A modified defect bar-
rier model has been introduced to explain the forma-
tion of the grain-boundary barrier. The nonlinear be-
haviour of SnO2·CuO·Nb2O5 varistor system can be ex-
plained by the barrier model. The varistor system of SnO2·
CuO·Nb2O5 would be worth of further investigation.
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