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SnO2-based varistors capable of withstanding surge current
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SnO2-based varistor material was fabricated by doping of CoO, Nb2O5, Cr2O3, and Y2O3 or Ho2O3. The microstructure, non-
linear I–V characteristic and surge current performances have been investigated. The average grain boundary voltage of the 
obtained materials is close to that of ZnO varistors. Similar to Cr3+, Y3+ or Ho3+ acts as the acceptor in the grain boundaries 
and the depletion layers. Moderate co-doping Y2O3 or Ho2O3 with Cr2O3 is helpful to improve the electrical performances and 
to prevent poor densification. The obtained optimal samples with a diameter of about 14 mm have a nonlinear coefficient (α) 
of about 60, threshold electric field (Eb) of about 380 V/mm, and the withstanding peak current of 8/20 μs wave is about 
2400 A. Higher surge current will cause failure but no visual damage happen. This kind of failure mode is helpful for safety 
use of varistors.
©2009 The Ceramic Society of Japan. All rights reserved.
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1. Introduction
With the unique nonlinear characteristics and high energy han-

dling capability, ZnO-based varistors are widely used both in 
electric power distribution networks as well as electronic circuits 
to absorb or to suppress transient voltage surges and to do so 
repeatedly without being destroyed.1) Many researchers worked 
at the mechanism or theory of ZnO-based varistors from 1970’s 
to 1990’s. The transient voltage suppressing capability of com-
mercial MOV products had been improved rapidly in those years. 
In recent years, although research papers on manufacturing 
process2)–3) and on fundamental theories4)–5) of ZnO-based varis-
tor material were still published frequently, no significant 
progress was made recently on the electrical properties. So, 
research work on different varistor materials is worthwhile.

SnO2-based varistor was reported quite long ago. But it still 
can’t be technically used. SnO2–Bi2O3–Co3O4–BaO–Nb2O5

varistor with nonlinearity coefficient of 20 was prepared in 
1989,6) and SnO2–CoO–Nb2O5–Cr2O3 varistor with nonlinearity 
coefficient of 41 was reported in 1995.7) Many research articles 
on SnO2-based varistor materials are published in the past ten 
years. Much attention has been focused on the Schottky-type 
potential barriers.8)–10)

In literature, SnO2-based varistor materials with nonlinear 
coefficient comparable to the commercial ZnO varistor materials 
have been reported. Different oxides were introduced to SnO2-
based materials to improve the densification and nonlinearity. 
CoO is an effective dopant to achieve highly densified SnO2

ceramics.7) It was reported that doping Cr2O3 could increase the 
nonlinear coefficient α of the SnO2–CoO–Nb2O5 system to be 
41,7),11) or even to be 75.12) La2O3, Pr2O3, CeO2, Yb2O3, and Bi2O3

were also reported to be good additives for nonlinearity.13)–17)

However, most of these nonlinear facilitating additives will result 
in increasing of the threshold electric field and decreasing of the 
ceramic density.13)–15)

The crystalline phases of SnO2-based varistor ceramics doped 

with different additives have been investigated by means of XRD 
analysis in some published papers.7),11),14),15) No other phase was 
found except for cassiterite with rutile crystalline structure.

The nonlinear coefficient α is generally tested in low DC cur-
rent region, such as 0.1 to 1.0 mA or 1.0 to 10.0 mA. High α
value does not imply good performance in high current region. 
For a varistor to be used to protect electric or electronic circuits 
against transient voltage surges induced by lightning or switch-
ing, high α value is basically required, but more importantly, it 
should be capable of withstanding surge current. Therefore, to 
investigate the high current performance is an essential work for 
developing applicable SnO2-based varistor materials. Recently, 
Ramirez et al. reported the degradation behavior of SnO2-based 
varistors due to current pulses.18)

Up to now, SnO2-based varistor materials with surge current 
performances comparable to the widely used ZnO-based varistor 
materials have not been reported.

In this paper we present our research results mainly on the 
surge current performances of SnO2-based varistor materials. 
And the failure mode was investigated due to surge current test.

2. Experimental procedure
Samples were prepared by conventional electroceramic 

processes. The composition in molar ratio of the investigated 
systems is listed in Table 1.

SnO2 powder (purity of 99.5%) was blended with additives 
and ball milled with distilled water. PVA solution was used as the 
binder for granulation process. The granulated powder was 

† Corresponding author: Z. Lu; E-mail: zhylu@scut.edu.cn

Table 1. Compositions of Samples

Sample SnO2 CoO Nb2O5 Cr2O3 Y2O3 Ho2O3 Reference

SCNCr–1 98.9 1.0 0.05 0.05 7

SCNCr–2 97.4 2.5 0.05 0.05 This work

SCNCrY 97.37 2.5 0.05 0.05 0.05 This work

SCNCrHo 97.37 2.5 0.05 0.05 0.05 This work
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pressed into discs at a pressure of about 150 MPa. After burned 
out the organic binder, the discs were placed in a covered alumi-
num crucible and sintered at 1300°C for 2 h in air. Black ceramic 
discs with a diameter of about 14 mm and a thickness of about 
1.0 mm were obtained. The sintered discs were annealed at 
750°C for 2 h. Electrodes were made on both surfaces of the 
black discs with silver paste printing and firing at 600°C. The 
resulting varistor discs can be used for measurement of low 
current parameters, including varistor voltage V1mA, nonlinear 
coefficient and leakage current. The threshold electric field Eb is 
calculated from V1mA and the thickness of the tested sample. For 
surge current testing, the discs with electrodes were soldered 
with tinned copper terminals and coated with epoxy resin.

The densities of the sintered samples were determined by the 
Archimedes methods. Considering the small volume proportion of 
the additives and the unchanged crystalline main phase, the theo-
retical density of the specimens was supposed to be 6.95 g/cm3,
which is the theoretical density of SnO2. Microstructure charac-
terization of sintered samples was made by scanning electron 
microscope (SEM; FEI–Quanta 200). The polished surface was 
thermally etched at 1250°C for 20 min to reveal the grain bound-
aries. The crystalline phases of the sintered samples were ana-
lyzed by means of X-ray diffraction (XRD) with Philips X’pert 
MPD. The sintered samples for XRD analysis were pulverized.

3. Results and discussion
Figure 1 shows SEM micrographs of the sintered samples. 

These micrographs show clearly that the porosity in sample 
SCNCr–1 is much higher than that in SCNCr–2, SCNCrY and 
SCNCrHo. CoO is a crucial additive for SnO2-based varistor. It 
can improve the densification of SnO2-based varistor system.7)

Higher concentration of CoO in sample SCNCr–2, SCNCrY and 
SCNCrHo has further improved the densification.

It is difficult to identify secondary phase grains in the micro-
graphs in Fig. 1. However, X-ray diffraction patterns shown in 
Fig. 2 reveals that, besides diffraction peaks of the main phase 
SnO2, the diffraction peaks of CoSnO3 phase (JCPDS PDF 28–
1236) were also found in all the samples. The diffraction peaks 
of CoSnO3 phase were intensified in the XRD patterns of sample 
SCNCr–2, SCNCrY and SCNCrHo by increasing the concentra-
tion of CoO.

The doping element Co was considered to form a solid solu-
tion by means of the substitution of Sn4+ ions by Co2+ or Co3+

ions.7) For one-to-one substitution, the lower valent Co2+ or Co3+

ions acting as acceptors should compensate the effect of the 
donor dopant Nb2O5. The substitution should happen only in the 

Fig. 1. SEM micrographs of the sintered samples. The samples were polished and thermally etched at 1250°C for 20 min to 
reveal the grain boundaries. (a) sample SCNCr–1, (b) sample SCNCr–2, (c) sample SCNCrY and (d) sample SCNCrHo.

Fig. 2. XRD patterns for all sintered samples. The filled circles indi-
cate the peaks positions of the CoSnO3 phase.
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grain boundary layer otherwise the sintered samples can not be 
varistor materials. According to the aforesaid XRD analysis 
results, it is reasonable to deduce that most of the added CoO 
reacts with SnO2 to form a secondary phase CoSnO3.

The mean crystal grain sizes listed in Table 2 were determined 
by the intercept method.19) According to the mean grain sizes and 
the threshold electric field Eb listed in Table 2, the single grain 
boundary voltage or barrier voltage (Vgb) of the tested samples 
can be estimated to be about 2.1~2.4 V, which is close to the bar-
rier voltage of ZnO varistors.1)

As shown in Table 2, the measured nonlinear coefficient, 
which is defined as α = 1/log (V1mA/V0.1mA), of all the listed 
obtained samples are good enough for application and are com-
parable with that of the commercial ZnO base varistor sample 
shown in the same table.

To test their surge current performances, samples were subjected 
to 8/20 μs waveform current impulses. The standard 8/20 μs
waveform current impulse (refer to the standard: IEC 61643–1–
2005) has been widely used for surge current test of varistors or 
surge protective devices (SPDs). An 8/20 μs wave surge current 
generator was used for the test. The surge current waveform and 
the response voltage waveform are recorded simultaneously 
using an oscilloscope (Rigol DS 1062). Varistor voltage at DC 
current 1 mA was measured before and after the surge current 
test. The withstanding peak current listed in Table 2 is defined as 
the maximum peak value of the recorded current wave, after 
being subjected to this surge current, without visual damage hap-
pen to the tested sample and the change of varistor voltage V1mA

is smaller than ±10%. For comparison, commercial ZnO base 
varistor samples with comparative diameters and varistor volt-
ages (see Table 2) was also tested in the same way.

As shown in Table 1 and Table 2, when the CoO concentration 
increases from 1.0 mol% (system SCNCr–1) to 2.5 mol% (sys-
tem SCNCr–2), the surge current performance is improved 
greatly. Higher concentration of CoO lowered the porosity (see 
Fig. 1) and may further improve the grain boundary structure, the 
number of the active nonlinear grain boundaries20) increases, the 
surge current performance can be improved consequently.

A small quantity of the rare earth addition Y2O3 (system 
SCNCrY) or Ho2O3 (system SCNCrHo) is much helpful for the 
surge current withstanding capability (see Table 2). Similar to 
Cr3+, Y3+ or Ho3+ acts as the acceptor in the grain boundaries and 
the depletion layers. Higher concentration of Cr2O3 is harmful to 
the densification and electrical performances.11) However, we 
found moderate co-doping Y2O3 or Ho2O3 with Cr2O3 is helpful. 
The acceptor Cr3+ and Y3+ or Ho3+ should distribute in different 
location for their difference of the ion radii, the smaller cation 

Cr3+ get deeper to the depletion layer. Co-doping Y2O3 or Ho2O3

with Cr2O3 make the depletion layer to be thicker and stronger 
to withstand the surge current.

Figure 3 shows the recorded current wave and voltage wave 
for surge current testing of sample SCNCrY and the comparative 
ZnO varistor sample. The voltage responses of them to the 8/20 
μs waveform surge current are similar except for the different 
residual voltage, which is defined as the peak value of the voltage 
wave responding to a given surge current wave (refer to the stan-
dard: IEC 61643–1–2005).

The residual voltage is a crucial parameter for a surge protec-
tive device. The residual voltage ratio listed in Table 2 is defined 

Table 2. Relative Density, Mean Gain Size and Electrical Performance

System Relative 
density
(%)

Mean 
grain size
(μm)

Eb

(V/mm)
Barrier 
voltage
Vgb

Nonlinear 
coefficient
α

Residual 
voltage ratio
V500A/V1mA

withstanding 
peak current
(A)**

SCNCr–1 96.26 5.4 415 2.24 50 2.55 600

SCNCr–2 97.55 7.0 310 2.17 56 2.51 1500

SCNCrY 97.27 6.4 363 2.32 60 2.15 2400

SCNCrHo 97.10 6.2 385 2.39 55 2.20 2000

ZnO varistor* / / 218 / 61 1.69 6500

*commercial ZnO based varistor sample, the dimension of the ceramic disc is about φ14 × 1.82, the varistor 
voltage (V1mA) before surge test is 397 V.

**The peak value of the surge current with a standard 8/20 μs waveform.

Fig. 3. Surge current wave and response voltage wave. (a) sample of 
System SCNCrY, the residual voltage peak is about 845 V, and the varis-
tor voltage V1mA = 392 V, (b) ZnO varistor sample, the residual voltage 
peak is about 670 V, and the varistor voltage V1mA = 397 V. The current 
peak for both (a) and (b) is about 500 A. The voltage wave didn’t fall to 
zero, that resulted from the underdamped state of the surge discharge 
circuit and the capacitive effect of the samples.
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as the ratio of the residual voltage to the sample’s varistor voltage 
V1mA when the surge current peak is about 500 A. As shown in 
Fig. 3, to a surge current with about 500 A peak value, the volt-
age responses of the obtained SCNCrY sample and the compar-
ative ZnO varistor sample are similar in shape, but the residual 
voltage of system SCNCrY is higher than that of ZnO varistor 
sample although their varistor voltage V1mA are nearly equivalent. 
The calculated residual voltage ratios are 2.15 and 1.69 respec-
tively (see Table 2).

The lower residual voltage ratio means the better limiting volt-
age performance. The limiting voltage performance of the 
obtained SnO2-base varistor should be further improved.

Comparing to the ZnO varistor sample, the withstanding surge 
current of the obtained SnO2-based varistor samples is smaller 
(see Table 2). However, considering the difference of the thresh-
old electric field Eb and the residual voltage ratio, the absorbing 
surge energy density Ev of the obtained sample SCNCrY is com-
parable to that of the tested ZnO varistor sample, according to 
Eq. (1).

(1)

where v is volume of the ceramic disc of the tested sample.
If the residual voltage ratio can be lowered further by compo-

sition optimizing or new manufacture process, the withstanding 
surge current of the SnO2-based varistor will increase corre-
spondingly.

Cracking and puncture are typical failure modes of ZnO varis-
tors due to surge current.21) However in this work, for most of 
the failure samples after surge current test, no cracking or punc-
ture happen. Practically, no visual destruction happen to most of 
the failure samples except for some samples of system SCNCr–
1. Side flashover traces were observed in some failure samples 
of system SCNCr–1. We ascribe this failure to the higher thresh-
old electric field Eb. It was found that the epoxy insulating coat 
is not good enough to prevent the flashover when the threshold 
electric field Eb is higher than 400 V/mm. When side flashover 
happened, the surge current flowed through the side flashover 
traces instead of the bulk varistor material, and no puncture or 
cracking happened.

Figure 4 shows the pictures of the failed samples after surge 
current test. A side flashover trace can be seen on the failed sam-
ple SCNCr–1 (see Fig. 4(a)).

For most of the tested samples of system SCNCr–2, SCNCrY 
and SCNCrHo, when the surge current peak is higher than the 
withstanding peak current listed in Table 2, the current-voltage 
characteristic degraded severely. The varistor voltage V1mA of 

some failed samples decreased nearly to be zero although with-
out visual damage happen (see Fig. 4(b)).

As for the comparative ZnO samples, the failure mode is dif-
ferent, after subjected to a surge current with a peak of 8500 A, 
the sample cracked (see Fig. 4(c)), that is consistent with the 
result of Eda.21)

The different failure modes between sample SCNCrY and the 
comparative ZnO varistor should be related to the different ther-
mal conductivity. Bueno et al. reported the SnO2-based varistor 
system showed a thermal conductivity higher than that of ZnO-
based varistors.22) When surge energy was injected into the tested 
specimens, higher thermal conductivity could improve the tem-
perature uniformity of the ceramic materials and reduce the prob-
ability of the thermal-mechanical failure.

Figure 5 shows the J–E characteristic of a SCNCrY sample. 
Before failure, the nonlinear performance is similar to that of a 
commercial ZnO varistor. The failure sample SCNCrY behaves 
as a several kΩ resistor in low current region, but in higher cur-
rent region, the J–E curve tends to be close to that of a normal 
sample (before failure). The voltage response to higher current 
may be come from the undamaged grain boundary barriers. 
While the linked damaged grain boundary barriers serves as the 
current pathway in the low current region.

4. Conclusions
In summary, SnO2-based varistor materials with promising 

surge current performance were fabricated. CoO is a crucial 
dopant for the investigated SnO2-based varistor. Higher concen-
tration of CoO further enhances the density and may improve 
the grain boundary structure, the surge current performance can 
be improved consequently. Co-doping Y2O3 or Ho2O3 with 
Cr2O3 make the depletion layer to be thicker and stronger to 
withstand the surge current. The failure mode of the obtained 
SnO2-based varistor is different from that of the comparative 
commercial ZnO-based varistor samples. Further works is 
needed to lower the residual voltage ratio and to further improve 
the surge current performances of the investigated SnO2-based 
varistors.
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2006A11003001) and by the Scientific and Technological Planning 
Project of Guanghou City (No. 2006Z3–D0431).

Fig. 4. Failed samples after high surge current test. (a) Sample 
SCNCr–1 after a surge current with a peak of 1500 A, (b) Sample SCN-
CrY after a surge current with a peak of 4000 A and (c) ZnO varistor 
sample after a surge current with a peak of 8500 A.
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Fig. 5. J–E characteristic of sample SCNCrY and the comparative 
ZnO varistor. After failure, serious degradation happened in low current 
region of the J–E curve of sample SCNCrY.
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