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Influence of Yb,03 doping on microstructural and electrical properties of
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Abstract: ZnO—Bi,03-based varistor ceramics doped with Yb,O; in the range from 0 to 0.4% (molar fraction) were obtained by a
solid reaction route. The X-ray diffractometry (XRD) and scanning electron microscopy (SEM) were applied to characterize the
phases and microstructure of the varistor ceramics, and a DC parameter instrument for varistor ceramics was applied to investigate
their electrical properties and V—I characteristics. The XRD analysis of the samples shows that the ZnO phase, Bi,O; phase,
Zn;Sb,04,-type spinel phase and Zn,Bi;Sb;014-type pyrochlore are present, and the Yb,0O3 phases and Sb,O,4 phases are found in
varistor ceramics with increasing amounts of Yb,0;. The average size of ZnO grain firstly increases and then decreases with the
increase of Yb,0; content. The result also shows that the threshold voltage is between 656 V/mm and 1 232 V/mm, the nonlinear
coefficient is in the range of 14.1-22.3, and the leakage current is between 0.60 pA and 19.6 pA. The 0.20% Yb,0s-added
ZnO-Bi,0s3-based varistor ceramics sintered at 900 °C have the best electrical characteristics.
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1 Introduction

ZnO  varistor ceramics are polycrystalline
semiconducting ceramics that are widely used as voltage
stabilization and surge arresters in electric power systems
[1-5]. These varistors have highly nonlinear voltage
(V)—current (/) characteristics, often expressed by /=
KV, where K is a constant and « is nonlinear exponent.
This appearance is due to the presence of a double

Schottky barrier (DSB) formed at grain boundaries [6—8].

The current density—electric field (J—F) characteristics of
ZnO varistor ceramics are expressed by the following
empirical equation: J =K 'E” where K' is a constant
and &' is the nonlinear coefficient. Commercial varistors
are usually made by solid state ZnO particles with

doping agent oxides such as Bi,O3, Sb,0;, C0,03, MnO,
and Cr,0s, and the mixed powders then are pressed and
sintered at higher temperatures to produce the dense,
final products. The microstructure of the sintered
material comprises a matrix of highly conductive ZnO
grains with two major secondary phases: a spinel type
phase mainly located at the grain boundaries and triple
points, and a Bi-rich phase surrounding the ZnO grains
and promoting the formation of potential barriers to
electrical conduction at the ZnO homojunctions. As the
varistors possess the nonlinear electrical behavior, an
ideal varistor should only consist of homogeneously
distributed ZnO grains with highly resistive grain
boundaries and without secondary phases. To achieve a
high breakdown voltage, changing the varistor thickness
or decreasing the average size of the ZnO grains is useful
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to increase the number of barriers or grain boundaries
[6]. ASHRAF et al [6] and HOUABES and METZ [9]
revealed that addition of rare-earth oxides in the starting
composition decreases the average grain size, and many
researches [5, 9-14] investigated the influence of
different rare earth oxides, such as Y,0;, Sc,0;, Er,Os,
Lu,0; and Dy,0; on the microstructure and electrical
properties of the ZnO—Bi,O;-based varistor ceramics.
These investigations show that the rare earth oxides may
play an important role in controlling different operation
parameters of these kinds of varistor ceramics, and the
rare earth oxides may significantly increase the
breakdown field.

In this work, the electrical characteristics of the
Zn0O-Bi,05-based varistor ceramics with different Yb,03
contents are investigated and the results are analyzed.
The major aim of this work is to study the influence of
the Yb,O; on the microstructures and electrical
characteristics of ZnO—Bi,0;-based varistor ceramics
doped with Yb,0;.

2 Experimental

Reagent-grade raw materials with the composition
of (96.5—x)% ZnO + 0.7% Bi,0; + 1.0% Sb,0; + 0.8%
C0,0; + 0.5% MnO, + 0.5% Cr,03 + x% Yb,05 (x =0,
0.1, 0.2, 0.3 and 0.4, molar fraction, labeled with PO, P1,
P2, P3 and P4, respectively) were used to prepare
ZnO-Bi,0;-based varistor ceramics. The powder
mixture was ball-milled using agate ball for 5 h, and then
the mixture was dried and sieved by 63 pum screen. The
powder was pulverized using an agate mortar/pestle and
2% (mass fraction) polyvinyl alcohol (PVA) was added
as binder. The materials were granulated by 150 pm
screen to produce starting powder, and the powder was
pressed into discs of 12.0 mm in diameter and 2.0 mm in
thickness. The discs were sintered at 900, 950 and
1 000 °C for 2 h with a heating rate of 5 °C/min, furnace
cooled and then marked with the letters A, B and C,
respectively. The sintered samples were lapped and
polished to 1.0 mm. The final samples were about
10 mm in diameter and 1.0 mm in thickness. The bulk
density (D) of the samples was measured in terms of
mass and volume. For the characterization of DC
current—voltage, silver pastes were coated and toasted on
both sides of the sintered samples, and the ohmic contact
of electrodes was formed by heating at 600 °C for
10 min. The diameter of the electrodes was 5 mm.

A V—=I source/measure unit (CJP CJ1001) was used
to measure varistor voltages (V) at 0.1 and 1.0 mA and
the threshold voltage V¢ (Vr=V\/d; d is the thickness of
the sample). The leakage current (/) was measured at
0.75VN. The nonlinear coefficient is calculated as a=
118V oma’Vo1ma) [14—17]. The microstructure of

samples was analyzed using a scanning electron
microscope (SEM, JEOL JSM-7001F) and the phase
structure was identified by X-ray diffractometer (XRD,
Rigaku D/max 2500, Japan) [14, 18].

3 Results and discussion

XRD patterns of ZnO—Bi,Os-based varistor
ceramics doped with different amounts of Yb,0; sintered
at 900 °C are shown in Fig. 1. In the sample without
Yb,05, the phases were identified as ZnO phase, Bi,0;
phase, Zn;Sb,0O,-type spinel phase and Zn,Bi;Sb;04-
type pyrochlore. However, in samples doped with Yb,O;,
additional peaks are evident and their intensity increases
with the increase of Yb,O; content in the starting
composition. In other words, the Yb,O; phases and the
Sb,0, phases are found in ZnO—Bi,O3-based varistor
ceramics with the increase of Yb,O; content.
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Fig. 1 XRD patterns of ZnO—Bi,0s-based varistor ceramics
doped with different amounts of Yb,O; sintered at 900 °C:
(a) POA; (b) P1A; (c) P2A; (d) P3A; (e) P4A
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Differential thermal and high temperature X-ray
analysis have recently suggested the following reactions
for the microstructure development of ZnO—Bi,03-based
varistor ceramics during reactive liquid phase sintering in
the temperature range of 500—1 050 °C [16, 19—20]:

Sb,05(s)+0,—>Sb,05(1) (527 °C) (1)
Sb,05(1)+ZnO(s)—>ZnSb,04(s) (700-800 °C) )
ZnSb,04(s)+6Zn0(s)—>Zn;Sb,015(s) (>800 °C)  (3)
3ZnSb,04(s)+3Bi,05(s)+Zn0(s)—>2Zn,Bi;Sb30,4(s)

(700-900 °C) 4
271n,Bi3Sb3014(s)+17ZnO(s)—>3Zn;Sb,015(s)+3Bi,05(1)
(950—1 050 °C) &)

According to reactions (1)—(4), at the first stage of
sintering, after the formation of spinel (ZnSb,Og,
Zn;Sb,0p,) and pyrochlore (Zn,Bi;Sb;0y4) phases,
pyrochlore reacts with ZnO to lead to the appearance of a
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liquid bismuth oxide phase by reaction (5), and the
formation of spinel is accompanied with the formation of
Bi,05 liquid simultaneously. In other words, this liquid
oxide might dissolve adjacent solid ZnO phases and
generate an eutectic liquid rich in bismuth, and at the
same time, the amount of the pyrochlore decreases and
that of the spinel increases [19]. The generation of the
Bi,Os-rich liquid induces the formation of capillary
forces, which brings the second phase together to form
cluster. As soon as the Bi,O;-rich liquid is formed, the
vaporization starts. The mass loss of the varistor
ceramics thus jumps as the temperature is raised above
1 000 °C [21]. BERNIK et al [22] reported that for the
Y,0;-doped ZnO—Bi,0;-based varistor ceramics, the
addition of Y,0O; results in the formation of a
fine-grained Bi—Zn—Sb—Y—-O phase along the grain
boundaries of the ZnO grains that inhibits the grain
growth. The Y,0;-containing phase bounds the Bi,O;
and influences the sintering of the samples. Our
previously researches [12—13, 23] indicated that doping
with rare earth oxides would affect the formation and

decomposition of the Bi;Zn,Sb;Oy4 pyrochlore, which
promotes the generation of the new phases. In the
meantime, doping with rare earth oxides would affect the
time that the varistor ceramics spend in the liquid phase,
and as this process becomes longer, the vaporization of
Bi,0; from the ZnO-Bi,Os-based varistor ceramics
becomes more serious.

SEM micrographs of fracture surfaces of varistor
ceramics doped with different amounts of Yb,0; sintered
at 900 °C are shown in Fig. 2. When the content of
Yb,05 dopant increases from 0 to 0.2% (molar fraction),
the average size of ZnO grain is increased; when the
content of Yb,0; is more than 0.2%, the average size of
ZnO grain is decreased. When the content of Yb,0Os5 is
less than 0.2%, although Yb" ions have larger radius
(0.086 nm) than Zn** ions (0.074 nm), it is possible that
the limited substitution occurs within the ZnO grains by
preparing the varistor ceramics using high energy ball
milling. Yb substitutes Zn and creates lattice defect in
ZnO grains. The chemical defect reaction can be written
by Kroger-Vink notation:

Fig. 2 SEM micrographs of fracture
surfaces of varistor ceramics doped
with different contents of Yb,03
sintered at 900 °C: (a) POA; (b) P1A;
(c) P2A; (d) P3A; (e) PAA
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where Yb, is a positively charged Yb ion substituting

Zn lattice site; Vy, is a negatively charged Zn vacancy,

and O>O( is a neutral oxygen of oxygen lattice site [24]. —- o

At the same time, the little doping with Yb,O; would 5

also affect the formation and decomposition of the 3 6

Bi3Zn,Sb;0,4 pyrochlore and the time that the varistor = a— POA
ceramics spend in the liquid phase. Therefore, the l *—PIA
average size of ZnO grain is increased. When the content 3" :: E%Q
of Yb,0; is more than 0.2%, the majority of the added «— P4A
Yb,0O;3 is much more segregated at the multiple ZnO :

grain junctions than between two ZnO grains. With
increasing Yb,0O; additive content, the Yb,O; phase is
more distributed at the multiple ZnO grain junctions and
the Yb,O; between two ZnO grains is more
discontinuously distributed. The grain size of these
samples is relatively uniform without generating
abnormal grain growth. The average grain size is
markedly decreased when the Yb,0; additive content is
increased. Consequently, Yb,O; acts as an inhibitor of
grain growth [25].

The FE—J characteristics of ZnO—-Bi,Os-based
varistor ceramics doped with different contents of Yb,0;
sintered at 900, 950 and 1 000 °C for 2 h are shown in
Fig. 3. It is known that the sharper the knee of the curves
between the linear region and the breakdown field is. the
better the nonlinear characteristics is. In other words, the
threshold voltage Vr, the nonlinear coefficient o, and the
leakage current /; are determined by the E—J curves [7].
As can be seen from Fig. 3(a), the E—J curves show that
the nonlinear properties increase in the order of POA—
P3A—P4A—P1A—P2A, and the threshold voltage
increases in the order of PIA—P2A—P0A—P3A—P4A,
and Fig. 3(b) and Fig. 3(c) show the same order.

The densities of ZnO—-Bi,Os-based
ceramics doped with different contents of Yb,05 sintered
at 900, 950 and 1 000 °C for 2 h are shown in Fig. 4. The
results show that the higher the sintering temperature is,
the lower the density of the varistor ceramics is. In
general, the varistor ceramics sintered at 900 °C has the
maximum density. The densification that occurs during
sintering is a main factor in the Bi,O3 vaporization, and
the higher the sintering temperature is, the more the
Bi,0; volatilizes. It is significant that the samples doped
with various contents of Yb,Os sintered at 900 °C and
950 °C have higher densities in comparison with the
Yb,0s-free sample. The ytterbium ions have a larger
radius (0.086 nm) than the zinc ions (0.074 nm). Relative
atomic mass of zinc (65.39) is less than that of ytterbium
(173.04). Thus, initial addition of Yb,0; affects the grain
distribution and develops different phases in the ceramic
matrix, thereby increasing the bulk density initially.
Further increase of the Yb,O; content may mainly
contribute to the change in grain size and phase distribu-
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Fig. 3 E-J characteristics of ZnO—Bi,O3-based varistor
ceramics doped with different contents of Yb,0O; sintered at
different temperatures: (a) 900 °C; (b) 950 °C; (c) 1 000 °C

tion. So, bulk density increases with the Yb,O; content
then decreases at the different temperatures. The
decrease in bulk density of the varistor ceramics with
higher Yb,0O3; content may be due to the increase of
intragranular porosity [6], which is related with the
vaporization of Bi,O; from the ZnO-Bi,Os-based
varistor ceramics. And the vaporization of Bi,O; would
affect the liquid phase reaction time, which is affected by
the doping with rare earth oxides.

Figure 5 shows the variation of the threshold
voltage (V1) as a function of the content of Yb,O; of
ZnO—Bi,05-based varistor ceramics sintered at different
temperatures. With the variation of amount of rare earth
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Fig. 4 Relative densities of ZnO—Bi,0s-based varistor ceramics
doped with various contents of Yb,03
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Fig. 5 Threshold voltage of ZnO-Bi,O;-based varistor
ceramics doped with various contents of Yb,05

]

and sintering temperature, the threshold voltage is
between 656 V/mm and 1 232 V/mm. It is observed that
the threshold voltage initially decreases and then
increases with increasing the Yb,O; content, and the
similar changes of the threshold voltage at different
sintering temperatures are found. The threshold voltage
increases with the decrease of grains size. The higher the
sintering temperature is, the lower the threshold voltage
is, due to the grain growth at elevated temperatures. The
maximum value of threshold voltage is found for 0.40%
Yb,0O; doped varistor ceramics. Compared with the
varistor ceramics without Yb,O;, the threshold voltages
of varistor ceramics doped with 0.40% Yb,O; are
increased by 12%, 35% and 37% Yb,0;, respectively
when sintered at three different temperatures.

Figure 6 shows the variation of the nonlinear
coefficient (a) as a function of Yb,O; content of
ZnO—Bi,0;-based varistor ceramics sintered at 900, 950
and 1 000 °C for 2 h. With the variation of amount of
rare earth and sintering temperature, the nonlinear
coefficient is in the range of 14.1-22.3. It is seen that the
nonlinear coefficient initially increases and then
decreases with increase of the content of Yb,0; basically.

|5,0-’/\_/
S

intering temperature

] . —900°C

12.5 s
s— 1000°C

1005 01 02 03 0.4
A(Yb.0,)%

Fig. 6 Nonlinear coefficient of ZnO-Bi,0;-based varistor
ceramics doped with different contents of Yb,05

As a factor of characterizing nonlinearity of the varistor
ceramics, the mnonlinear coefficient varies from a
maximum of 22.3 in 0.20% Yb,03; doped ZnO—Bi,05-
based varistor ceramics sintered at 900 °C to a minimum
of 14.1 in 0.10% Yb,O; doped ZnO-Bi,O3-based
varistor ceramics sintered at 1 000 °C. Yb,0; is involved
in the formation of interfacial states and deep bulk traps,
and our previously research [13] indicated that the
doping with rare earth oxides would affect the formation
and decomposition of the Bi;Zn,Sb;O0y4 pyrochlore.
Meanwhile, Yb,03 would affect the time that the varistor
ceramics spend in the liquid phase. As the time becomes
longer, the vaporization of Bi,O; from the ZnO-Bi,0;-
based varistor ceramics becomes more serious, both of
which contribute to the highly nonlinear properties [6]. It
is seen that an increase of Yb,0O; content above 0.20%
deteriorates the nonlinear properties.

Figure 7 shows the variation of the leakage current
(1) as a function of Yb,0; content of ZnO—Bi,03-based
varistor ceramics sintered at different temperatures. With
the variation of amount of rare earth and sintering
temperature, the leakage current is between 0.60 pA and
19.6 pA. There is no significant increase of leakage

20, —
Sintering temperature
*—900°C
=— 950°C
15+ +— 1000°C

0 0.1 0.2 03 0.4

x(Yb,04)/%
Fig. 7 Leakage current of ZnO—Bi,0s-based varistor ceramics
doped with different contents of Yb,0;
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current of ZnO—Bi,Os-based varistor ceramics doped
with 0.10%—0.40% Yb,0s3, and the leakage current is in
the range of 0—8 pA. Moreover, the variation of the
leakage current value is opposite to the nonlinear
coefficient. This is because the high nonlinear coefficient
leads to low leakage current due to relatively high
tunneling current and the low nonlinear coefficient value
leads to high leakage current due to relatively high
thermionic emission current [7].

4 Conclusions

1) The addition of Yb,0; results in the formation of
the ZnO phase, Bi,O; phase, Zn;Sb,0y,-type spinel
phase and Zn,Bi;Sb;0,,-type pyrochlore, and the Yb,03
phases and Sb,O, phase are found in ZnO—Bi,0;-based
varistor ceramics with increasing contents of Yb,0O3. The
average size of ZnO grain is firstly increased and then
decreased with the increase of Yb,0O; content.

2) The threshold voltage is between 656 V/mm and
1 232 V/mm, the nonlinear coefficient is in the range of
14.1-22.3, and the leakage current is between 0.60 pA
and 19.6 pA. The ZnO—Bi,0O3-based varistor ceramics
with 0.20% (molar fraction) Yb,O; sintered at 900 °C
exhibits comparatively ideal comprehensive electrical
properties with the threshold voltage of 999 V/mm, the
nonlinear coefficient of 22.3 and the leakage current of

5.59 pA.
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