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Abstract

The microstructure and electrical properties of ZnO–Bi2O3-based varistor ceramics doped with different Sc2O3 content sintered at 1100 8C
were investigated. The results showed that the nonlinear coefficient of the varistor ceramics with Sc2O3 were in the range of 18–54, the threshold

voltage in the range of 250–332 V/mm, the leakage current in the range of 0.1–23.0 mA, with addition of 0–1.00 mol% Sc2O3. The ZnO–Bi2O3-

based varistor ceramics doped with Sc2O3 content of 0.12 mol% exhibited the highest nonlinearity, in which the nonlinear coefficient is 54, the

threshold voltage and the leakage current is 278 V/mm and 2.9 mA, respectively. The results confirmed that doping with Sc2O3 was a very

promising route for the production of the higher nonlinear coefficient of ZnO–Bi2O3-based varistor ceramics, and determining the proper amounts

of addition of Sc2O3 was of great importance.
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1. Introduction

The zinc oxide based varistors are widely used in

electronic appliances and especially in high voltage lines

as voltage surge protection devices [1–5]. Commercial

varistors are usually made by solid state of ZnO particles

with doping agent oxides such as Bi2O3, Sb2O3, Co2O3, MnO2

and Cr2O3, the mixed powder then being pressed and sintered

at higher temperatures. Then a complex microstructure is

achieved, in which conducting ZnO grains, an electrically

insulating secondary spinel phase and a Bi-rich inter-granular

phase are achieved.

To increase the threshold voltage, it is necessary to

decrease the average size of the ZnO grains. It is clear that

the addition of the rare-earth element decreases the diameter

of ZnO grains and increases the varistor voltage [5–9].

However, a study of the effects of the new rare-earth oxides,

Sc2O3 on the electrical properties of ZnO–Bi2O3-based

varistor ceramics has been seldom reported. On the other
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hand, the traditional rare-earth oxide in ZnO–Bi2O3-based

varistor ceramics had been used to improve the electrical

characteristics of ZnO varistors, but the nonlinearity of ZnO

varistor becomes bad [10].

In this paper, a new ceramic composition is proposed and

consists in using a rare earth oxide: Sc2O3. The Sc2O3 effects on

the microstructure and the electrical properties of the ZnO–

Bi2O3-based varistor ceramics were investigated and some new

results were obtained.

2. Experimental procedure

Reagent-grade raw materials were used in proportions of

(96.5 � x) mol% ZnO, 0.7 mol% Bi2O3, 1.0 mol% Sb2O3,

0.8 mol% Co2O3, 0.5 mol% Cr2O3, 0.5 mol% MnO2, and

x mol% Sc2O3, for x = 0, 0.02, 0.04, 0.12, 0.20, and 1.00

(samples labeled A0, A1, A2, A3, A4, and A5, respectively).

After milling, the mixture was dried at 70 8C for 24 h, then

the powder was uniaxially pressed into discs of 12 mm in

diameter and 2 mm in thickness. The pressed disks were

sintered in air at 1100 8C (2 h dwell time), using a heating

rate of 5 8C/min and then cooled in the furnace. The sintered

samples were lapped and polished to 1.0 mm thickness. The
d.
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Table 1

Density and electrical properties of Sc2O3 doped ZnO–Bi2O3-based varistor

ceramics.

Sample r (g/cm3) IL (mA) VT (V/mm) a

A0 5.47 0.1 332 30

A1 5.59 0.7 260 51

A2 5.56 1.3 268 53

A3 5.60 2.9 278 54

A4 5.59 1.1 270 49

A5 5.60 23.0 310 18

Fig. 1. E–J curves of ZnO–Bi2O3-based varistor ceramics doped with Sc2O3.
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final samples were about 10 mm in diameter and 1.0 mm in

thickness. The bulk density of the samples was measured in

terms of their weight and volume. For the characterization of

DC current–voltage, the silver paste was coated on both faces

of samples and the silver electrodes were formed by heating

at 600 8C for 10 min. The electrodes were 5 mm in diameter.

The voltage–current (V–I) characteristics were measured

using a V–I source/measure unit (CJP CJ1001). The nominal

varistor voltages (VN) at 0.1 and 1.0 mA were measured [11–

14] and the threshold voltage VT (V/mm) (VT = VN(1 mA)/d;

d is the thickness of the sample in mm). The leakage current

(IL) was measured at 0.75VN (1 mA). The measurement

accuracy for voltage was �0.5% and for electric current

�2%. In addition, the nonlinear coefficient a (a = 1/

log(V1.0 mA/V0.1 mA)) were determined with relative error

of �5% [12–19].

The crystalline phases were identified by an X-ray

diffractometry (XRD, Rigaku D/max 2200, Japan) using a

Cu Ka radiation. The surface microstructure was examined by

a scanning electron microscope (SEM, FEI QUANTA 400).

The average grain sizes (G) was determined by the linear

intercept method, given by G = 1.56L/MN, where L is the

random line length on the micrograph, M is the magnification of

the micrograph, and N is the number of the grain boundaries

intercepted by lines [20].

A Schottky-type barrier model is usually used to explain the

behavior of varistors [21–23]. According to the model, the

current density through a varistor is:

J ¼ AT2 exp
ðbE1=2 �FBÞ

kT

� �
(1)

where A is the Richardson constant, E is the electric field, k

is the Boltzmann constant, T is the absolute temperature,

and b is a constant related to the barrier width by the

relationship:

b ¼ 1

gv

� �
2e3

4pe0er

� �� �1=2

(2)

where g is the number of grains per unit length, e is the electron

charge (1.602 � 10�19 C), e0 is the vacuum dielectric constant

(8.85 � 10�14 F/cm), and er is the relative dielectric constant

(er = 8.5e0). By setting T at room temperature, and plotting

ln J � E1/2 for samples, KB can be obtained from the intersec-

tion of the extrapolated regression lines with the ln J axis, and

the constant b can be derived from the slopes of the plots. Using

the value of the b, the depletion layer width (v) of either side at

the grain boundaries is determined by Eq. (2). The donor

density (ND) can be estimated from the equation with relative

error of �2% [24,25].

v2 ¼ 2FBere0

e2ND

(3)

The density of the interface states (NS) at the grain

boundaries is determined by the equation:

NS ¼ NDv (4)
3. Results and discussion

The influence of the amount of addition of Sc2O3 on the

characteristics, including the density r, the threshold voltage

VT, the nonlinear coefficient a, and the leakage current IL of the

ZnO–Bi2O3 varistors ceramic sintered at 1100 8C for 2 h is

presented in Table 1. Doping with Sc2O3 also strongly influence

the density of varistor ceramics, it is significant that the samples

doped with various amounts of Sc2O3 have a higher density in

comparison to the Sc2O3-free sample (5.47 g/cm3). When

Sc2O3 content is 0.02%, the maximum density is 5.60 g/cm3.

With increasing Sc2O3 contents the density changes slightly

between 5.56 and 5.60 g/cm3. When increasing Sc2O3 contents

between 0.02 mol% and 0.20 mol%, the threshold voltage is

lower than the original composition, while the threshold voltage

increases when the content is 1.00 mol%. The result is agrees

with the SEM results of the average ZnO grain size. The a of the

varistor ceramics without Sc2O3 is only 30, whereas the a
values of the varistor ceramics with Sc2O3 are in the range of

45–54, achieving maximum (54) in Sc2O3 content of

0.12 mol%, with the addition of 0.02–0.20 mol% Sc2O3. When

the Sc2O3 content was higher than 0.20 mol%, the a value was

decreased abruptly with increasing Sc2O3 content. It can be

seen that the incorporation of Sc2O3 (0.02–0.20 mol %) can

increase the a value greatly. The results are different with the

reports of the early rare earth doped ZnO-based varistor

ceramics.

Fig. 1 shows the electric field–current density (E–J) curves

of ZnO–Bi2O3-based varistor ceramics with various Sc2O3
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Fig. 2. XRD patterns of ZnO–Bi2O3-based varistor ceramics doped with Sc2O3.
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contents. The curves show that the conduction characteristics

are divided into two regions: linear region before breakdown

field and nonlinear region after breakdown field. The sharper

the knee of the curves between the two regions is, the better the

nonlinear properties are [7]. As it can be seen from Fig. 1, the

knee region of E–J curves with Sc2O3 is much keener than that

without Sc2O3. This clearly shows that the incorporation of

Sc2O3 greatly improves the nonlinear properties of varistor

ceramics. The varistor ceramics with Sc2O3 contents of

0.02 mol% and 0.20 mol% is assumed to exhibit similar

characteristics because their curves are very closely adjoined.

As adding more Sc2O3, the knee gradually becomes more

pronounce and the nonlinear properties enhance. Therefore, the

addition of Sc2O3 seems to enhance remarkably the nonlinear

properties. The breakdown field decreases greatly in accor-

dance with increasing Sc2O3 amount but when the Sc2O3

content is 1.00 mol%, it is nearly uniformly without Sc2O3.

This phenomenon suggests that Sc2O3 can affect the breakdown

voltage of a grain boundary significantly. The variation of E in

accordance with increasing Sc2O3 amount could explain by the

increase in the number of grain boundaries owing to the

decrease of average ZnO grain size and the breakdown voltage

of a grain boundary. All of these will have some influence on the

electrical properties of varistor ceramics.

XRD patterns of the investigated samples are given in Fig. 2.

No changes in crystal structure are observed in the samples. The

sample without addition of Sc2O3 and the samples doped with

various amounts of Sc2O3 also are composite materials,

consisting typically of three phases: ZnO, spinel and an

intergranular Bi-rich phase. The XRD peak intensities variety

of the spinel phase and an intergranular Bi-rich phase with the

variety Sc2O3 content, and have the relationship of the

threshold voltage VT, the nonlinear coefficient a. The Sc2O3

is not observed maybe because they only account for a small

fraction of the overall composition, as has been reported

previously [13]. Table 2 presents Sc2O3 doped on the relative X-
Table 3

Average grain sizes and boundary characteristics of ZnO–Bi2O3-based varistor cer

Sample G (mm) KB (eV)

A0 8.5 0.97

A1 9.1 0.96

A2 8.5 0.94

A3 8.1 0.96

A4 8.7 0.98

A5 7.5 0.89

Table 2

Effect of Sc2O3 doped on the relative X-ray diffraction peak area ratios.

Sample Bi2O3(310)/ZnO(101) Bi2

A0 0.040 0.04

A1 0.049 0.04

A2 0.046 0.04

A3 0.049 0.06

A4 0.046 0.05

A5 – 0.06
ray diffraction peak area ratios, which indicated the different

phase amount in the varistor ceramics, such as ZnO, spinel and

Bi-rich phase. As can be seen form Table 2, when the Sc2O3

additive content is less than 0.04 mol%, the amount of

pyrochlore phase have little change with increasing Sc2O3

additive content, in the same time, the amount of spinel phase

increase with increasing Sc2O3 additive content. Moreover,

when the Sc2O3 additive content is more than 0.04 mol%, the

amount of pyrochlore phase have significantly increase with

increasing Sc2O3 additive content, and the amount of spinel

phase have a little increase relatively with increasing Sc2O3

additive content (Table 3).

Fig. 3 shows the SEM micrographs of the sample without

addition of Sc2O3 and the samples doped with various amounts

of Sc2O3 sintering at 1100 8C for 2 h. A similar microstructure

of the samples obtains in all cases with the only appreciable

differences coming from the average size of ZnO grains, maybe

due to Sc2O3 had little effect on grain boundary migration of

ZnO–Bi2O3-based varistors. In other words, there is no phase
amics doped with Sc2O3.

v (nm) ND (1018 cm�3) NS (1012 cm�2)

7.8 15.2 11.7

7.8 14.7 11.5

7.8 14.7 11.4

6.4 22.2 14.1

6.4 22.3 14.4

8.3 12.2 10.1

Sb3Zn2O14(222)/ZnO(101) Zn7Sb2O14(311)/ZnO(101)

7 0.237

8 0.358

7 0.393

3 0.410

3 0.459

9 0.513



Fig. 3. SEM images of ZnO–Bi2O3-based varistor ceramics doped with Sc2O3.
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change with the change of the amount of Sc2O3; it agrees with

the results of Fig. 2. The sample A5 has a smaller average ZnO

grain size than the other samples doped with Sc2O3. For the

ZnO–Bi2O3-based varistors ceramics, the smaller the grains

size, the higher the threshold voltage. Therefore, the threshold

voltage of the sample A5 was higher than the other samples, and

it is agrees with the results of Table 1.
Fig. 3 also shows the number of spinel have a significantly

increase when the Sc2O3 additive content is 1.00 mol%, and it is

according with the results of Table 2. Maybe with the increase

of the spinel phase, the formation of ZnO–Zn7Sb2O12 electrical

active junctions increased the effective number of grain-

boundaries, resulting in the increase of threshold voltage

[13,26]. In the meantime, the spinel is a highly resistive phase,



Fig. 4. Grain boundary defect model for ZnO–Bi2O3-based varistor ceramics

doped with Sc2O3.
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and ZnO–Zn7Sb2O12 junctions do not contribute to the

nonlinear effect [27], but on the other hand, maybe the more

the junctions, the bad the uniform of the microstructure.

Therefore, the nonlinear coefficient decreased and the leakage

current increased.

The grain boundary properties of ZnO–Bi2O3-based varistor

doped with Sc2O3 such as the donor concentration (ND), the

depletion layer width (v), the density of interface states (NS)

and the barrier height (KB) are presented in Table 2 and the

defect barrier model are shown as Fig. 4. When the amount of

Sc2O3 is less than 0.20 mol%, the donor concentration is

increase slightly, the depletion layer width exhibited a tendency

decreasing in the range of 6.4–7.8, and it is an opposite

variation of the donor concentration. On the other hand, the

density of interface states is increased and the barrier height is

decreased with the increase of Sc2O3 content. The barrier

height is directly associated with the donor concentration and

density of interface states. Moreover, the barrier height is

estimated by the variation rate in the density of interface states

and donor concentration as represented expression (3, 4).

Generally, the barrier height is increased with increasing

density of interface states and decreasing donor concentration.

If the variation rate of donor concentration is much larger than

that of density of interface states with an additive content, the

barrier height is much more strongly affected to donor

concentration than density of interface states. According to

this reason, it would be understood that the barrier height is

increased or decreased with increasing Sc2O3 additive content

[25,28]. In the same time, the depletion layer width increases

and decreases also is associated with the increase and decrease

of the donor concentration.

When the amount of Sc2O3 is more than 0.20 mol%, there

may be some Sc2O3 phase inhibit the growth of ZnO grains by

pinning effect. At the same time, the ZnO grain size decrease

and the grain boundary increase, that is benefit for the formation

of grain boundary phase. Therefore, with the increase of the

amount of Sc2O3, the relative amount of Sc ion substitute into

the ZnO lattice decrease and the donor concentration also

decrease. On the other hand, in the conditions with the same

adsorbed oxygen ions in the grain boundary, the grain

refinement could lead to the grain boundary increase, that

will make the concentration of adsorbed oxygen ions of the
grain boundary decrease, that is, the density of interface states

decrease.

4. Conclusions

The microstructure and electrical properties of ZnO–Bi2O3-

based varistor ceramics doped with different Sc2O3 content

were investigated. The results showed that the threshold voltage

of the samples doped with Sc2O3 were lower than the Sc2O3-

free sample. With the addition of 0.02–0.20 mol% Sc2O3, the

nonlinear coefficient of the varistor ceramics doped with Sc2O3

were in the range of 45–54, achieving maximum (54) in Sc2O3

content of 0.12 mol%, that was very high than that of the

sample undoped with Sc2O3. The XRD and SEM also showed

that no phase transformations were observed in the samples.

When the amount of Sc2O3 is less than 0.20 mol%, the donor

concentration increase basically, and the depletion layer width

exhibited a tendency decreasing. When the amount of Sc2O3 is

more than 0.20 mol%, the donor concentration and the density

of interface states decrease. The results confirmed that doping

with Sc2O3 was a very promising route for the production of the

higher nonlinear coefficient ZnO–Bi2O3-based varistor cera-

mics, and determining the proper amounts of addition of Sc2O3

was of great importance.
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