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Abstract

The effect of sintering temperature on the microstructural evolution and electrical properties of ZnO-Bi,03-Sb,05;-MnO,-
C0,05-Cr,05-Si0, varistors was studied in detail. With sintering at 900°C, polyhedral Bi-rich phase Bis 73Sb; ,70¢ ¢, Was
distributed in the ZnO grain boundaries, preventing the effective formation of the double Schottky barrier. With an increase
in the sintering temperature from 900°C to 1000°C, the liquefaction of Bi-rich phase occurred, leading to the beneficiation
of Mn and Cr in the Bi-rich phase Bis 73Sb; ,70¢ ¢, and a lamellar Bi-rich phase formed in the ZnO grain boundaries dur-
ing cooling. Excess O and enriched Mn** in Bi-rich phase Bi; 73Sb, 70 o, serving as oxidizing agent acted as acceptors
of e, thus improving the double Schottky barrier. When the sintering temperature was further increased from 1000°C to
1100°C, the volatilization of the Bi-rich phase intensified, the thickness of the Bi-rich thin layers increased, and the uniform-
ity decreased, leading to the deterioration of the microstructure and electrical properties of the ZnO varistors. Ion diffusion
was stronger for the samples sintered at higher temperature, leading to more obvious polarization and loss peak. Finally, the
ZnO varistors sintered at 1000°C for 2 h obtained a nonlinear coefficient of 43.4 +2.3, voltage gradient of 451 +4 V/mm,
and leakage current density of 4.5+ 0.4 pA/cm? , demonstrating optimal microstructural uniformity and reproducibility of
the sample preparation. The intensive study of sintering temperature has important relevance for the preparation of ZnO
varistors with excellent microstructural uniformity and electrical properties.
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Introduction

ZnO varistors are usually used as the core element in the
manufacture of surge arresters because of their outstand-
ing nonlinear electric field—current density (E—J) char-
acteristics and energy surge absorption capability.! To
manufacture ZnO varistor ceramics, ZnO is used as the
main ingredient to form the basic microstructure, Bi,O;
(or PrgOy,) is used as the requisite ingredient to form the
double Schottky barrier in the ZnO grain boundaries, and
other minor oxide additives (such as Cr,05, MnO,, Sb,0;,
Co,0;, and Si0,) are typically used to improve the micro-
structure and electrical properties.*™®

The ZnO varistor is connected in parallel with an elec-
tronic device to protect the device.” The nonlinear coef-
ficient reflects the response speed and the leakage current
reflects the thermal loss level, which are the key electrical
performance parameters for ZnO varistors.” Doping is the
most effective means of improving the electrical proper-
ties. He et al. conducted in-depth studies on the impacts of
doping (In,4 Al Gab or Cog) on the structure and electri-
cal properties of ZnO varistors. Doping with other ele-
ments (such as Cr,’ Ni,’ Y,> B, ' Si,' 12 B, or Cam) has
also been used to improve the electrical properties. Doping
will change the donor density in the interior of ZnO grains,
improve the microstructures of Bi-rich and spinel phases,
and further improve the characteristic of the double
Schottky barrier, leading to a larger nonlinear coefficient
and smaller leakage current.'!'>!% The sintering method
also has important effects on the structure and electrical
properties of ZnO varistors. Rapid sintering techniques
(such as flash sintering,ls’m microwave sintering,17 and
spark plasma sintering'®!?) have been used to prepare ZnO
varistors. Defect distribution and double Schottky barrier
features have important effects on the electrical properties
of ZnO varistors, but the tuning and control of defects is
difficult with rapid sintering techniques.' ZnO varistors
are usually sintered by conventional pressureless sinter-
ing, and the sintering parameters (temperature,”’ rate,?!
pre-calcination,?? two-step sintering,?® and so on) affect
the grain growth and relative density, which will further
affect the microstructure and nonlinear E—J characteris-
tics. Various studies have investigated the effects of sin-
tering temperature on Zn-Bi-0,%° Zn-Bi-Sb-Co-Ca-0,*
Zn-V-Mn-0,% Zn-Pr-Dy-Co-Cr-Si-0,%° Zn-Pr-Co-Cr-Y-
Al-0,?” Zn-Bi-Sb-Mn-Co-Cr-0,** Zn-Bi-Mn-Co-B-0,*
and Zn-Bi-Sb-Mn-Co-0?" varistors, which revealed that
the sintering temperature affects the phase evolution, the
distribution of defects and Bi-rich phase, and the char-
acteristics of the double Schottky barrier, resulting in
obvious differences in electrical properties with different
sintering temperatures.’*! Zn-Bi-Sb-Mn-Co-Cr-Si-O is

an important basic component for preparing ZnO varis-
tors, but detailed studies examining the microstructural
evolution with sintering temperature are lacking.'*’~
Meanwhile, the electrical properties of ZnO varistor sam-
ples prepared with the same experimental conditions often
differ among different batches.

In this work, the effect of sintering temperature on the
structure and electrical properties of ZnO-Bi,05-Sb,05-
MnO,-Co0,05-Cr,05-Si10, varistors was investigated. The
elemental distribution, phase distribution, grain boundary
evolution, and double Schottky barrier were analyzed, and
the standard deviations of the nonlinear coefficient, voltage
gradient, and leakage current for the samples prepared more
than three times were analyzed.

Experimental Procedure

ZnO varistors were prepared with the same components
of 95.05 mol.% ZnO, 0.7 mol.% Bi,0;, 1.0 mol.% Sb,0;,
0.5 mol.% MnO,, 0.5 mol.% Cr,0;, 1.0 mol.%Co0,05, and
1.25 mol.% SiO,. First, all of the raw powders mixed with
ultrapure water were ball-milled at a rate of 500 r/min for
3 h. After drying and grinding, the powder obtained was
mixed with 0.8 wt.% polyvinyl alcohol (PVA) by ball mill-
ing. The dry particles were pressed at 468 MPa into green
pellets 8 mm in diameter and 1.5 mm thick. The green pel-
lets were heated to 600°C for 5 h to remove organic matter,
followed by heating at a rate of 3°C/min to 900-1100°C for
2 h, and then cooled naturally to room temperature. The ZnO
varistor samples were obtained. In order to test the electrical
properties, the upper and lower surfaces of the ZnO varistor
samples were coated with silver paste and heated to 600°C
for 30 min.

X-ray diffraction (XRD, Rigaku D/Max-2200 PC diffrac-
tometer, Japan) was used to analyze the crystal structure
of the ZnO varistor samples. To analyze the microstructure
and clearly observe the Bi-rich phase, the fracture surfaces
of the ZnO varistors were analyzed by scanning electron
microcopy (SEM, Zeiss SUPRA 55-VP, Germany), with
further analysis by energy-dispersive spectroscopy (EDS).
The mean grain size was statistically calculated from more
than 500 ZnO grains observed in different areas of different
SEM images. The E—J characteristics of the ZnO varistors
were tested by a source measure (Keithley 2410 SourceM-
eter, USA). The nonlinear coefficient @ was determined as
follows: a=1/1og(E,/E), and the electric fields £, and E,
were obtained at current of 0.1 and 1.0 mA/cm?, respec-
tively. The voltage gradient E,,,, was obtained at current
of 1.0 mA/cm?, while the leakage current density J; was
determined at an electric field of 0.75 E; ,. The capaci-
tance—voltage (C-V) characteristics were analyzed using a
dielectric impedance spectrometer (Concept 43, Novocontrol
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Technologies, Germany). The relative dielectric constant &,
and dissipation factor tand were tested using a capacitance
meter (Hioki IM3536, Japan). The sample experiments were
carried out more than three times, and the mean values and
standard deviations were calculated as the values of a, E |,
and J| ; the other characterizations were performed using the
samples with values of a, E|,5, and J close to the mean
values.

Results and Discussion

The ZnO varistor samples obtained at different sinter-
ing temperatures of 900°C, 950°C, 1000°C, 1050°C, and
1100°C were analyzed using XRD, and the XRD patterns are
shown in Fig. 1. The samples obtained at different sintering
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Fig. 1 The XRD patterns of the ZnO varistor samples obtained at dif-
ferent sintering temperatures.

temperatures show similar diffraction patterns, in which
ZnO is the main phase (JCPDS No. 89-0511), while some
weak diffraction peaks corresponding to spinel and Bi-rich
phase Bi; 735by, 1706 ¢.. JCPDS No. 44-0191) are observed,
which is consistent with the typical phase composition of
Zn0-Bi,0;-based varistors.>*33? The diffraction peaks
of Co,33Sb 4,0, (JCPDS No. 15-0517), Zn, 35Sb 4,0,
(JCPDS No. 15-0687), Mn, 5,Cr; ,5Sb; ,50, (JCPDS No.
39-0027), and Mn, ,,Cr; 70Sbg 100, JCPDS No. 39-0028)
correspond to the diffraction peaks of spinel phase shown in
Fig. 1. This reveals that Sb is the main element present in the
Bi-rich and spinel phases formed during sintering.

To further analyze the microstructure, the ZnO varistors
were tested by SEM and EDS. Figure 2 shows the SEM
images of the samples obtained at different sintering tem-
peratures. With sintering at 900°C for 2 h, pores are clearly
distributed in the sample. The pores decrease with an
increase in sintering temperature to 950°C. With sintering
temperatures of 1000—1100°C, few pores are observed, and
densification is basically achieved.

Figure 3 shows the SEM image and related EDS mapping
of the ZnO varistor sample obtained with sintering at 900°C
for 2 h. It reveals that Co is distributed uniformly in the sam-
ple, with the other elements aggregated in some areas and
uniformly distributed in other areas. The distribution of Zn
is complementary to the distribution of Sb. The distribution
of Bi is completely involved in the distribution of Sb, and
Sb is distributed more extensively, while Bi/Sb-rich areas
have a polygon shape. Cr and Mn are aggregated in the Sb-
rich areas, but are not aggregated in the Bi-rich areas. Si is
uniformly distributed on the whole, but a small amount of
Si is enriched as a new phase which is difficult to observe
in the XRD patterns in Fig. 1. The other elements are not
enriched in the Si-enriched areas, so the Si-enriched areas

Fig.2 SEM images of the ZnO varistor samples prepared at different sintering temperatures of 900°C (a), 950°C (b), 1000°C (c), 1050°C (d),

and 1100°C (e).
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Fig.3 The SEM image (a) and related EDS mapping of Zn (b), Bi (c), Sb (d), Cr (e), Mn (f), Co (g), and Si (h) of the ZnO varistor sintered at

f
2pum

Fig.4 EDS mapping of Bi (a), Sb (b), Cr (c), and Mn (d) of the ZnO varistor sintered at 1000°C and EDS mapping of Bi (e), Sb (f), Cr (g), and

900°C.

Mn (h) of the ZnO varistor sintered at 1100°C.

may correspond to SiO,. The ZnO varistor samples sintered
at 1000 and 1100°C for 2 h were also analyzed by EDS, and
the EDS maps are shown in Fig. 4 (the distribution of Co
and Si for the samples sintered at 1000°C and 1100°C is the
same as that in Fig. 3 and is not shown in Fig. 4). Compared
with the EDS mapping in Fig. 3, Fig. 4 shows that a part
of Bi-rich areas have a polygon shape, whereas the other
Bi-rich areas have a banded distribution, while Mn and Cr
are aggregated in the Sb-rich and Bi-rich areas for the ZnO
varistor samples sintered at 1000 or 1100°C.

According to the above XRD patterns, SEM images,
and EDS mapping, the main grains in Fig. 2 are ZnO, in
which traces of Bi, Sb, Co, Cr, Mn, and Si exist, and the
mean size of ZnO grains increases from 2.0 pm to 4.8 pm
with an increase in the sintering temperature from 900°C to
1100°C (shown in Table I). The Bi-rich areas in Figs. 3 and
4 are mainly Bi-rich phase Bi; ;35b;,,0¢ ¢, With sinter-
ing at 900°C, a Bi-rich phase with polyhedral shape exists
in the ZnO grain boundaries. With sintering at 950°C, a

Table | The microstructural and electrical parameters of the ZnO var-
istors obtained at different temperatures

Sintering  d (pm) ¢, (eV) «a E oa (VI T (nAlcm?)
tempera- mm)

ture (°C)

900 202 38 13.6+1.1 943+21.7 45.6£4.6
950 281 42 19.8+2.9 558+26.8 36.4+8.7
1000 394 48 434+23 451+3.8 45+0.4
1050 406 4.1 31.3+2.5 409+9.2 29.3+31.7
1100 480 22 8.1+£2.6 342+29.7 112.6x72.1

lamellar Bi-rich phase appears, confirming the formation
of Bi-rich liquid phase during sintering. The Bi-rich liquid
phase formed during sintering wets the ZnO grain bounda-
ries, and a segregation layer containing Bi and other ions
forms during cooling, resulting in the formation of the
double Schottky barrier.”? With sintering at 1000°C, a mass
of lamellar Bi-rich phase is distributed uniformly in the
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ZnO grain boundaries. The thickness of the lamellar Bi-
rich phase increases with increased sintering temperature,
but the uniformity worsens when the sintering temperature
exceeds 1000°C. The Bi-rich phase is mainly composed of
Bi and Sb, but Cr and Mn aggregate in the interior of the
Bi-rich phase when the sintering temperature is larger than
1000°C, which may be because the liquefaction of Bi,O;
improves the solid solubility of Cr and Mn in Bi-rich phase.
The spinel phase distributed in the ZnO grain boundary has
a polyhedral shape throughout, in which Sb is the main ele-
ment. Cr and Mn are also aggregated in the interior of the
spinel phase, and the content of Cr and Mn increase with
increased sintering temperature. A trace of SiO, exists as a
single phase, and Co is distributed uniformly throughout the
samples, which is consistent with our previous research on
ZnO-Pr 0, ,-based varistors.*

A mass of Sb and a trace of Cr and Mn dissolve in the
Bi,0; liquid phase during sintering, and a lamellar Bi-rich
solid phase appears between the ZnO grains during cool-
ing. Combined with the XRD and EDS analyses, the Bi-rich
phase mainly has the form of Bi; ;3Sb 5704 (.- The mainly

reactions during sintering can be described as follows!>*:
ZnO
D,0; — 2D +2e¢™+27Zn0 + O,y ey
ZnO o _
EO, — E;"+2e” + ZnO + O, (2)

1.865Bi,0;+0.1355b,054+x0,4 + 2xe~ — Bi; 735b( 1704,
3
where D mainly represents Co or Cr, and E represents
Mn or Si. The chemical formula for the stoichiometric
ratio is Biz 73Sb(; ,70¢ o, 50 €xcess O exists in the phase of
Bis 735b( 170504 According to the EDS analysis, Mn, Cr,
Co, and Si acting as donor impurities distributed in the ZnO
grains will undergo defect reactions as described in Egs. 1
and 2 during sintering.!>* Therefore, point defects of D}
E;:, and e~ will exist, leading to ZnO grains having N-type
properties, while acceptor defects O,  are distributed in the
ZnO grains. Bi-rich phase Bi; 735Sb ,;05  distributed in the
ZnO grain boundaries forms a space network, providing an
important path for O, transport.”!13 Thus, Bi, 735b; 706
will more readily accept abundant O, and e~ from the ZnO
grains, and electronegative Bi; 15Sb ,,0¢ (. thin layers
will form. The free electrons near the ZnO grain bounda-
ries will be exhausted, while the electropositive D and E%:
will remain,!'° thus resulting in the formation of a double
Schottky barrier. Meanwhile, Mn** aggregated in Bi-rich
phase will partially serve as an oxidizing agent to accepte™,
which will increase the barrier height.?’
The double Schottky barriers form due to the distribu-
tion of Bi-rich phase in the ZnO grain boundaries, further
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influencing the electrical properties of the ZnO varistors.
The C-V characteristics of the ZnO varistors obtained at
different temperatures are shown in Fig. 5. The capaci-
tance as a function of voltage is determined as follows'>3%:

(l _L>2 _ 2(ep+Vy)

“
Cc 2GC, qNye

where C is the capacitance of the unit area of a grain
boundary, C, is the value of C at Vy, =0V, ¢, is the double
Schottky barrier height, V, is the applied voltage per grain
boundary, € is the permittivity of the ZnO grains, g is the
electronic charge, and N, is the donor density in the ZnO
grains. By testing the relationship between macroscopic
capacitance and applied voltage while considering the diam-
eter, thickness, and average grain size of the ZnO varistor
samples, the value of ¢, can be calculated according to the
slope and intercept of the line of (1/C —1/Cy)? versus Vb
which is shown in Table 1. The barrier height ¢, increases
from 3.8 eV to 4.8 eV with the increase in sintering tempera-
ture from 900°C to 1000°C, and then decreases with higher
temperature, which is because the Bi-rich phase including
a mass of defects is distributed more uniformly in the ZnO
grain boundaries for the ZnO varistor sintered at 1000°C.>*

The microstructure determines the electrical properties.
Figure 6 shows the E—J curves of the ZnO varistors sin-
tered at different temperatures. The nonlinear coefficient
a, voltage gradient E, 4, and the leakage current den-
sity J;_ calculated according to the E—J curve are listed in
Table I. The value of a increases with the increase in tem-
perature from 900°C to 1000°C, and then decreases with
a further increase in temperature from 1000°C to 1100°C.
The variation trend of the leakage current density J; with
increasing temperature is contrary to that of the nonlinear
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Fig.5 The C-V characteristics of the ZnO varistors obtained at dif-
ferent temperatures.
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coefficient. The voltage gradient E,,, always decreases
with increasing sintering temperature.

With sintering at 900°C for 2 h, the densification of
the ZnO varistor sample was incomplete, and the Bi-rich
phase Bi; 73Sb 5705 o, mainly retained a solid state dur-
ing sintering, with a polyhedral shape and distributed in
the ZnO grain boundaries, resulting in the inability to
effectively form a double Schottky barrier. The value of
the nonlinear coefficient a was only 13.6, the leakage cur-
rent density J; had a larger value of 45.6 pA/cm?, and the
voltage gradient £, , had a maximum value of 943 V/
mm because the ZnO varistor sintered at 900°C had a
smaller mean grain size of 2.0 pm. With an increase in
sintering temperature from 900°C to 1000°C, the Bi-rich
liquid phase mainly dissolving Sb, Mn, and Cr formed
during sintering, and Bi-rich thin layers were distributed
between the ZnO grains formed during cooling, leading to
the formation of high-quality double Schottky barriers.>

—=—900°C | |
3}——950°C j; |

——1000°C + |1
—v— 1050 °C
| ——1100°C

N

> Y4

oo0
GOOOD-0-0-0—0— 000>
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10000000
e
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Fig.6 The E—J characteristics of the ZnO varistors obtained at differ-
ent temperatures.

Polyhedral Bi-rich phase

Lamellar Bi-rich phase Bi; 73Sbg 5706.04x

Therefore, the nonlinear coefficient « increased while the
leakage current density J; decreased with the increase in
temperature from 900°C to 1000°C. When the temperature
was further increased from 1000°C to 1100°C, the vola-
tilization of Bi-rich phase intensified, and the thickness of
the Bi-rich thin layers clearly increased, leading to lower
uniformity of the Bi-rich thin layers.?*?® As a result, the
double Schottky barriers were not distributed equally and
could not be formed effectively in a part of the ZnO grain
boundaries, leading to a decrease in the nonlinear coef-
ficient o and an increase in the leakage current density J,
with an increase in the sintering temperature from 1000°C
to 1100°C. The microstructural evolution of the ZnO
varistors with increasing sintering temperature is sum-
marized in Fig. 7. The voltage gradient E, ,,, decreased
with increased temperature due to the increase in the mean
grain size.?” The barrier height pb demonstrates a simi-
lar change trend as the nonlinear coefficient a, which is
consistent with the equation @ = (v/E)(pi/z, where v is a
constant and E is the electric field intensity.!"*> For Zn-Bi-
Sb-Co-Ca-0,** Zn-Bi-Sb-Mn-Co-Cr-0,” and Zn-Bi-Mn-
Co-B-0% varistors, the best sintering temperatures with
the optimal nonlinear properties were 1050°C, 1150°C,
and 1100°C, respectively. In this work, the optimal sinter-
ing temperature is 1000°C, which is lower than that in the
above-mentioned literature,’*?%2? attributed to the fact that
SiO2 doping reduces the sintering temperature.'?

The standard deviation calculated for the samples pre-
pared more than three times are listed in Table I. With
sintering at 1000°C, the values of a, J;, and E,,, had the
lowest standard deviation in total. With sintering at higher
or lower temperature, the standard deviation increased.
Therefore, the samples sintered at 1000°C demonstrated
optimal microstructural uniformity and reproducibility
of sample preparation. Finally, the ZnO varistor sample
obtained at 1000°C for 2 h showed a nonlinear coefficient

Thicker lamellar Bi-rich phase

Bi3 735bg 2706.04x enriched Mn and Cr distributing inhomogeneously

Zno ZnO ZnO

Zno Zn0 Zno grain grain grain
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Fig. 7 The microstructural evolution of the ZnO varistors with increasing sintering temperature.
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Fig. 8 Relative dielectric constant (a) and loss tangent (b) as a function of frequency for the ZnO varistors obtained at different temperatures.

of 43.4+2.3, a voltage gradient of 451 +4 V/mm, and
leakage current of 4.5+0.4 pA/cm?.

The relative dielectric constant—frequency and loss tan-
gent—frequency curves for the ZnO varistors sintered at
different temperatures are shown in Fig. 8. The relative
dielectric constant &, increases with increasing tempera-
ture overall. Meanwhile, the relative dielectric constant &,
decreases only slightly with increasing frequency for the
samples obtained at 900-1000°C and then decreases near the
frequency of 0.15 MHz for samples obtained at 1050°C and
1100°C, corresponding to the loss peaks shown in Fig. 8b.
This is due to the electronic relaxation polarization from the
intrinsic oxygen vacancies and zinc interstitial defects.® It
reveals that ion diffusion is stronger for the sample sintered
at higher temperature, leading to more obvious polarization
and loss peak. The loss tangent tand is less than 0.04 in the
frequency range of 200 Hz to 2 MHz for the sample sintered
at 1000°C.

Conclusion

The effect of sintering temperature on the microstruc-
tural evolution and electrical properties of ZnO-Bi,0;-
Sb,05-Mn0,-Co,0;-Cr,05-Si0, varistors was studied in
detail. With sintering at 900°C, polyhedral Bi-rich phase
Bij 738bg 5704 o, Was distributed in the ZnO grain bounda-
ries, preventing the effective formation of a double Schottky
barrier. With an increase in temperature from 900°C to
1000°C, Bi-rich liquid phase dissolving a mass of Sb,
Cr, and Mn formed during sintering, and lamellar Bi-rich
phase Bis 135by 5,04 (.., With the beneficiation of Mn and Cr
formed in the ZnO grain boundaries during cooling. Excess
O and enriched Mn** in Bi-rich phase Bi; 753Sby 2704 o..x
served as oxidizing agent to accept e, which improved
the double Schottky barrier. Therefore, the barrier height
increased, the nonlinear coefficient increased, and the

@ Springer

leakage current density decreased with the increase in tem-
perature from 900°C to 1000°C. When the temperature was
further increased from 1000°C to 1100°C, the volatilization
of Bi-rich phase intensified, and the thickness of the Bi-rich
thin layers clearly increased, leading to poorer uniformity
of the Bi-rich thin layers. Therefore, the microstructure and
electrical properties deteriorated at a sintering temperature
higher than 1000°C. The voltage gradient decreased with
increasing temperature due to the increased grain size. Ion
diffusion was stronger for the sample sintered at higher tem-
perature, leading to more obvious polarization and loss peak.
Finally, ZnO varistors sintered at 1000°C for 2 h obtained
a nonlinear coefficient of 43.4 +2.3, voltage gradient of
451 +4 V/mm, and leakage current density of 4.5 +0.4 pA/
cm?, thus showing optimal microstructural uniformity and
reproducibility. The intensive study of sintering temperature
has important relevance for the preparation of ZnO varis-
tors with excellent microstructural uniformity and electrical
properties.
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