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Abstract
The varistor properties of Sc2O3-doped SnO2�Co2O3�Nb2O5 ceramics were investigated. It was found that the non-linear coefficient

presents a peak of 17.1 at the concentration of 0.06 mol% Sc2O3, the average grain size decreases from 10 to 5 mm, the breakdown electrical

field increases from 199 to 1790 V/mm and relative electrical permittivity decreases from 2600 to 60 as Sc2O3 concentration was increased up

to 0.09 mol%. The increase of the breakdown electrical field with increasing Sc2O3 concentration is mainly attributed to the decrease of the

average grain size. The reason why the permittivity decreases with increasing Sc2O3 concentration was originated from the ratio of the grain

size to the barrier width. To illustrate the grain-boundary barrier formation of (Sc, Co, Nb)-doped SnO2 varistors, a modified defect barrier

model was introduced, in which the negatively charged acceptors substituting for Sn ions should be located at SnO2 lattice sites in the

depletion layers, instead at the grain interfaces.
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1. Introduction

Varistors can sense and limit high transient voltage surges

and can repeatedly endure such surges without being

destroyed. For this reason, they are usually used to protect

electronic circuits from voltage pulse shock. The most

important property of a varistor is its non-linear voltage–

current characteristic. It can be expressed by equation I =

KVa, where a is non-linear coefficient, the essential para-

meter to scale the non-linearity.

Currently, widely used varistor is ZnO varistor, because

of its high non-linear coefficients [1], but the degradation

problem of ZnO varistors has not been resolved. Therefore,

the efforts to search new varistor materials have not been

interrupted. In 1995, S.A. Pianaro found a new varistor

material [2] (Co, Nb)-doped SnO2, which has only single
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phase, rutile structure. The high densification of the SnO2

ceramics is attributed to the cobalt effect in the SnO2 lattice.

In this work, the properties of Sc2O3-doped SnO2�Co2O3�
Nb2O5 varistors were investigated, and some new results

were obtained.
2. Experiments and measurements

The raw chemicals were analytic grades of SnO2 (99.5%),

Co2O3(99%), Nb2O5(99.5%), and Sc2O3(99.27%). The

compositions were (99.15�x)%SnO2 + 0.75%Co2O3 +

0.10%Nb2O5 + x%Sc2O3 in molar system, where x = 0.00,

0.03, 0.06, 0.09. Varistors were prepared by conventional

ceramic processing. The mixed raw chemicals were milled in

nylon kettle with ZrO2 balls and some distilled water, dried,

mixed with 0.5% weight of polyvinyl alcohol (PVA) binder

and pressed into disks 15 mm in diameter and 1.5 mm in

thickness at 180 MPa. After being burned out the PVA binder
ved.
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Fig. 1. J–E characteristics of samples with different Sc2O3 contents.

Fig. 2. Non-linear coefficient and breakdown voltage of the samples.
at 650 8C, the disks were sintered at 1350 8C for an hour and

cooled freely to room temperature.

For microstructure characterization, the samples were

analyzed by scanning electron microscope (SEM), The

mean grain sizes were determined by the intercept method.

The sample with 0.09 mol% Sc2O3 was analyzed by high-

resolution transmission electron microscope (HRTEM).

Beforehand, the sample for HRTEM was polished on both

sides and thinned to less than 1 mm with ion beam thinner.

For electrical characterization of current density versus

applied electrical field, an I–V grapher (QT2) was used.

The dependence of permittivity on frequency was deter-

mined with Agilent 4294A impedance analyzer in the

frequency range 40 Hz–15 MHz.

The non-linear coefficient a is calculated by the follow-

ing equation [1,3]:

a ¼ logðI2=I1Þ
logðV2=V1Þ

(1)

where I2 and I1 (I2 > I1) are prescriptive currents 10 mA and

1 mA, V2 and V1 are the voltages at currents I2 and I1,

respectively. The field at current 1 mA was chosen as the

breakdown electrical field EB.

A Schottky-type barrier model is usually used to explain

the behavior of varistors [3–9]. According to the model, the

current density through a varistor is

JS ¼ AT2 exp
b

ffiffiffiffi
E

p
� fB

kBT

� �
(2)

where A is Richardson constant, kB the Boltzman constant,

fB the barrier height, E the electrical field, and b is a

constant expressed by the relation

b/
ffiffiffiffiffiffi
1

nv

r
(3)

where n is the grain number per unit length and v the barrier

width.

The potential barrier height at grain boundaries is deter-

mined by the following approach. In order to remove the

influence of electric field on the barrier height [10], J and E

of a sample were measured at different temperature. Plots of

ln J versus E1/2 of a sample were plotted and extrapolated to

E = 0 to get the intercepts ln J0. Then, the ln J0 was plotted

versus 1/Tand the value of fB can be determined by the slope

of the plot. The constant b was obtained by the slope of the

plot of ln J versus E1/2 at room temperature.
Fig. 3. SEM pictures of different Sc2O3 contents: (a) 0.00%; (b) 0.03%; (c)

0.06%; and (d) 0.09%.
3. Results and discussion

Fig. 1 shows the electrical non-linear characteristics of

the samples with different concentration of Sc2O3. From

Fig. 1 we can see that all samples have good electrical non-

linearity. Fig. 2 shows the dependences of a and EB on the

contents of Sc2O3. The non-linear coefficient a presents a
peak (17.1) at 0.06 mol% Sc2O3 concentration and the

breakdown electrical field monotonously increases with

increasing Sc2O3 dopants.

The SEM micrographs are presented in Fig. 3. It is clearly

shown that the average grain size decreases with increasing

Sc2O3 dopants. The reason for the breakdown field to
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Table 1

Characteristics of the samples doped with different contents of Sc2O3

Sc2O3 (mol%) a EB (V/mm) FB (eV) 1000b (em0.5V0.5) er
a Grain size (mm) Relative density (%)b

0.00 12.6 199 0.58 42 2600 10 97.4

0.03 14.2 262 0.60 35 2000 9 97.3

0.06 17.1 478 0.68 34 1000 7 97.3

0.09 13.3 1790 0.70 19 60 5 97.3

a er is measured at 1 kHz.
b Theoretical density of SnO2 is 6950 kg m�3.

Fig. 4. HRTEM picture of the sample with 0.09 mol% Sc2O3.

Fig. 5. Permittivity vs. frequency for samples with various Sc2O3 contents.
increase with increasing Sc2O3 concentration can be

explained according to the equation

EB ¼ nVgb (4)

where n is the average grain number per unit length, Vgb,

about 2.2–3 V [11,12], is the breakdown voltage of a grain

boundary. With increasing Sc2O3 concentration, the mean

grain size decrease significantly, which results in the

increase of n. That is the origin why the breakdown field

to increase with increasing Sc2O3 concentration.

Table 1 shows the variations of non-linear coefficient (a),

non-linear electrical field (EB), permittivities (er), relative

density and average grain size of the samples with different

contents of Sc2O3. All samples have very high and almost

the same relative densities. The high densities of the samples

can be explained by the close contact of the grains, which is

showed in Figs. 3 and 4. Fig. 4 presents a 430K magnified

photo of a grain boundary taken by HRTEM. From Fig. 4,

we can see that the crystal planes, parallel to the boundary

line, of the upper grain extend continuously to the boundary.

That is to say that the boundary layer of SnO2 varistor

ceramics does not exist almost.

Fig. 5 shows the plots of the permittivities (er) versus

frequency of the samples with different Sc2O3 concentra-

tions. It is very clear that the relative permittivity of the

varistor system decreases substantially with increasing

Sc2O3 concentration. The permittivities of all samples are

much higher than that (9.65) of SnO2 crystal. Why the

permittivities of all samples are much higher than that of

SnO2 and the relative permittivity of the varistor system
decreases substantially with increasing Sc2O3 concentration

can be explained by following equation [7]:

er ¼ eB
d

tB
(5)

where eB is the internal permittivity of the barrier material, d

the mean size of the grain size, and tB the mean thickness of

the boundary barrier. Because, d is larger than tB and eB of

the barrier region having a high polarization is greater than

er, therefore the permittivities of all samples are much higher

than that of SnO2 crystal. Owing to the significantly decrease

of the grain size d of the varistor ceramics with increasing

Sc2O3 concentration, the relative permittivity of the varistor

ceramics decreases greatly with increasing Sc2O3 concen-

tration.
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Fig. 6. The grain boundary defect model for Sc2O3-doped

SnO2�Co2O3�Nb2O5.
From the fact that the SnO2 varistors have only single

phase with X-ray precision [2,13], one can deduce that the

dopants should be mostly dissolved into SnO2 lattice. The

addition of Nb2O5 to the SnO2 ceramics causes an increase

of electrical conductivity because of giving off electrons

according to the reaction:

Nb2O5 �!
SnO2

2NbþSn þ 2e� þ 4OO þ 1
2O2 " (6)

where e�is an electron activated from donor Nb in the SnO2

lattice. As a current carrier, the electron elevates the Fermi

level of the grains, and thus, heightens the grain boundary

barrier.
At high temperature, Co2O3 will be decomposed into

CoO [14]:

Co2O3 �!950�C
2CoO þ 1

2O2 " (7)

The CoO will lead to the reaction

CoO �!SnO2
Co2�

Sn þ V2þ
O þ OO (8)

The oxygen vacancies, V2þ
O , can speed up defects transpor-

tation, which facilitates the SnO2 grain mergence and raises

ceramics density.

Similarly, the addition of Sc2O3 to the SnO2 lattice will

lead to the substitution of Sc for Sn according to the

following equation:

Sc2O3 �!
SnO2

2Sc�Sn þ V2þ
O þ 3OO (9)

Because the radius of Sc3+ (81 pm) is much larger than that

of Sn4+ (71 pm), the addition of Sc2O3 will cause SnO2

lattice to be distorted. That is, the reaction of Eq. (9) is less

likely to proceed than the reactions of Eqs. (6) and (8),

because the reaction of Eq. (9) should be more energetic than

the reactions of Eq. (6) or (8). For this reason, much more

Sc2O3 will not be combined into SnO2 lattice instead

remaining at SnO2 grains boundaries. Sc2O3 residing at

SnO2 grains boundaries or some compounds of Sc2O3

combining with SnO2 hinder SnO2 grains from conglomer-

ating. That may be the reason why the grain size of the SnO2-

based varistors decreased significantly with increasing

Sc2O3 concentration.

Oxygen in the above Eqs. (6) and (7) will be partly

absorbed at SnO2 grain boundaries

O2 ! 2Ox
ad (10)

The absorbed oxygen capture electrons to become nega-

tively charged O� or O2� [4,6,12].

A grain boundary defect model to explain the formation

of Schottky barrier was proposed by Gupta and Carlson [5],

for multiphase ZnO varistors. Considering the single phase

of SnO2-based ceramics, Bueno et al [4] developed the

model to fit the case of SnO2 varistors. In the model the

negatively charged acceptors substituting for Sn locate at

SnO2 grain interfaces. But, from Eqs. (8) and (9), it can be

seen that the negatively charged acceptors substituting for
Sn should locate at SnO2 lattice sites. This deduction is also

supported by the fact that a new phase precipitation in the

grain boundary is not detected [2,4,9,10]. It appears to us

that the defect barrier model should be modified as Fig. 6.

Since, a new phase precipitation in the grain boundary is not

detected, the two barrier tops should touch each other. In Fig.

6, the positive charged donors (V2þ
O , NbþSn) expanding from

both sides of a grain boundary to the region near the grain

boundaries compensate the negative charged acceptors (O�,

O2�) at the grain boundary interface. The role of the oxygen

in the formation of boundary barriers can be confirmed by

impedance analysis [4] and conducting heat treatment for

the varistors sintered at oxidizing and reducing atmospheres

[12,15]. The Schottky barrier is formed with the depletion

layer of width v.
4. Conclusions

A high non-linear coefficient of 17.1 for the SnO2 varistor

doped with 0.06 mol% Sc2O3 was obtained. For the samples

sintered at 1350 8C, the deviation either higher or lower off

the 0.06 mol% Sc2O3 concentration results in the deteriora-

tion of the non-linear characteristics. The increase of the

breakdown electrical field with increasing Sc2O3 concentra-

tion is mainly attributed to the decrease of the average grain

size. The reason why the permittivity decreases with increas-

ing Sc2O3 concentration originates from Sc2O3, residing at

boundaries, hindering SnO2 grains from conglomerating.
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