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The microstructure and the electrical properties of a ZnO varistor, which was composed of a ZnO-Bi,0;-
Sb,03-Co0O- MnO, -NiO-Nd,O5 system, were investigated at various Y,Oj addition concentrations. Y,03
played a role in the inhibition of the grain growth. As the Y,0; content increased, the average grain size
decreased from 6.8 pm to 4 um, and the varistor voltage(Vya) greatly increased from 275 to 400 V/mm.
The nonlinearity coefficient (o) decreased from 72 to 65 with increasing Y,0; amount. On the other
hand, the leakage current (Iy) increased from 0.2 to 0.9 pA. These results confirmed that doping the
varistors with Y,Oj; is a promising production route for production of a higher fine-grained varistor voltage
(Vima) which can dramatically reduce the size of the varistors. [DOI: 10.4313/TEEM.2009.10.5.152]
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1. INTRODUCTION

ZnO varistors are multicomponent ceramic devices that
exhibit highly nonlinear current voltage (I-V) characteristics
and greater energy absorption capabilities [1], [2]. ZnO
varistors are essential fir surge protection devices and have
dominated the market because of their highly non-linear
characteristics. ZnO varistors can generally be divided into
two categories, called Bi,O; -based and PrqO;-based
varistors, in terms of the oxides that induce the nonlinear
properties of the varistors [2]. In general, the current-voltage
characteristics of the varistors are defined by the power law;
I =kV® (k, constant, V, Voltage), where alpha represents
the degree of nonlinearity of the conduction. The non-linear
characteristic of a ZnO varistor is a grain boundary
phenomenon, and the breakdown voltage of the varistor
depends on the number of grain boundaries between the
electrodes. The electrical characteristics are related to a unit
structure composed of the ZnO grain intergranular layer and
the ZnO grain in the bulk of the device. The grain size
distribution plays a major rule in the electrical behavior. For
high voltage applications, a fine grained varistor ceramic is
required. Therefore, Sb,O; Cr,O; and rare earth oxide
(R,05) are commonly added to control the grain growth of
ZnO through the presence of the spinel phase at the grain
boundaries of ZnO. Recently, new ZnO varistors with
higher varistor voltages (Vins) have dramatically reduced
the size of the varistors. Comprehending the additives-
doping effect on the phase and the electrical properties is
very important. Rare earth oxide is often added to the ZnO-
Bi1,0;-Sb,05-C03;04-MnO, base varistors with a higher
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varistor voltage (Vima). This work investigated the influence
of co-doped Y,0;o0n the microstructure, the phase, and the
electrical and dielectric properties of ZnO-Bi,0;-Sb,03-
Co0O- MnO, -NiO-Nd,0Os; system varistors.

2. EXPERIMENTS

Reagent-grade raw materials were used to prepare the
varistor with a nominal composition of (95.8-X) mol% ZnO,
0.7 mol% Bi,05 1.25 mol% Sb,0; 0.75 mol% CoO, 0.15
mol% Cr,0;, 0.4 mol% NiO, 0.75 mol% MnO,, 0.2 mol%
Nd,0; and X mol% Y,0; (X= 0, 0.3, 0.5, 1.0). The mixtures
were prepared using ball-milling with zirconia balls in water
for 24 h and then calcined at 800°C for 2 hr. The
calcined powder was pulverized using ball-milling with
zirconia balls in water. Then a 3 wt% polyvinyl alcohol
(PVA) binder was added and the powder was granulated using
a spray dryer. The granulated powder was pressed into discs
and sintered for 2 hr at heating and cooling rates or 5°C/min
in air. The sintered samples were about 10 mm in
diameter and 1.8 mm thick. Silver paste was coated on both
faces of the samples and, an Ohmic contact was formed for
the electrodes by heating at 550°C for 10 min. The sample
microstructures were examined using scanning electron
microscopy (SEM, JSM-6360, Joel). The grain sizes were
estimated using the linear intercept method. The
compositional analysis of the selected areas was determined
using an attached X-ray energy dispersive spectroscopy
(EDS, Oxford ISIS) system. The crystalline phases were
identified using powder X-ray diffraction (XRD, Rigaku, D-
max 2200). The I-V characteristics of the varistors were
measured using a high voltage source measure unit
(Keithley 237). The varistor voltage (Vina) was measured at
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Fig. 1. X-ray Diffraction(XRD) pattern of the Y,O; doped ZnO varistor
samples sintered at 1150°C, (a) 0 mol% (b) 0.3 mol% (c) 0.5 mol% (d) 1.0
mol%.

1.0 mA/cm’, and the leakage current (I;) was measured at
80% of the varistor voltage. Additionally, the nonlinear
coefficient (@) was estimated for the current density
ranging from 1.0 - 10.0 mA/cm®. The dielectric properties
such as the dielectric constant and the dielectric loss were
measured with an impedance analyzer (HP4194A, USA).

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the ZnO varistors as
a function of the Y,O; amount. The XRD patterns showed
hexagonal ZnO as the major phase along with the spinel
phase of zinc antimony oxide (Zn;Sb,0;,), cobalt antimony
oxide (Co;Sb,0;,), the pyrochlore phase of bismuth zinc
antimony oxide (Bi;Zn,Sb;O;) and the R phase (Y03 +
spinel phase, Y-Sb-Bi-Zn-O). These results suggested that
reaction 1 occurred at 900°C, and reaction 2 occurred above
~1050°C [1].

pyrochlore phase + ZnO — spinel + Bi,O; (1)
pyrochlore phase + ZnO + Y,03; — R phase + Bi,O; + spinel phase (2)

Figure 2 shows the scanning electron micrographs of the
fractures and the backscattered electron image of the ZnO
varistors as a function of the Y,O; amount. As the Y,O;
content increased, the average grain size decreased from 6.8
um to 4 gm. These results implied that the addition of
Y,0; inhibited the ZnO grain growth and suggested that the
R-phase was segregated at the ZnO grain boundary with
Y,0;, and the grain growth was suppressed by the existence
of the R-phase with the pinning effect. The mechanism of
grain growth inhibition caused by the spinel and pyrochlore
phases is known for other ZnO based composition with
secondary phase forming additives, such as Al,03;, Sb,0s,
CoO and others [2]-[4]. Figure 2(b) shows the SEM
backscattered electron images doped with 0.5 mol% Y,0;.
The Y,O0; rich R-phase and Sb,0; rich spinel phase were
found in the intergranular layer and the nodal point at the
grain boundaries of ZnO. Y, Sb, Bi and Zn oxides coexisted
in the nodal point and the intergranular layer.
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Fig. 2. Scanning electron micrographs (SEM) and back scattered electron

image of the Y,O; doped ZnO varistor samples sintered at 1150°C, (a) 0
mol% (b) 0.3 mol% (c) 0.5 mol% (d) 1.0 mol%

Figure 3 shows the varistor voltage (Vi) and the grain size
of ZnO varistors as a function of the Y,0; amount. The
varistor voltage (Vina) greatly increased from 275 to 400
V/mm because the decrease in the average ZnO grain size
caused an increase in the number of grain boundaries. The
varistor voltage (Vina) is defined using the following
equation,

Vima = k + (1/D) 3)

where k is a constant and D is the grain size of ZnO.
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Fig. 3. Varistor voltage (Vima) and grain size of the ZnO varistors as a
function of the Y,0; amount.
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Fig. 4. Nonlinearity coefficient (a) and leakage current (I.) of the ZnO
varistors as a function of the Y,O3; amount.

From this equation, the relation between the varistor

voltage and average ZnO grain size is inversely proportional.

Figure 4 shows the nonlinearity coefficient (@) and the
leakage current (I.) of the sample as a function of the Y,0;
amount. The nonlinearity coefficient ( @ ) showed decreased
from 72 to 65 with increasing Y,0; amount. On the other
hand, the leakage current (I.) increased from 0.2 to 0.9 fA.
Y,0; acted as a donor and increased the donor density.
Assuming that ZnO formed a solid solution with Y,O; gives

Y,0; = 2Y‘Zn+22n0+%02(g)+26/ (4)

During this reaction, the trivalent Y** ion replaced a divalent
Zn*" ion on the lattice through the liberation of a net electron
to the conduction band and the formation of positively
charged 2Y 7, This reaction mechanism assumed that the
Y,0; doping effect on the non-Ohmic properties was related
to electronic state at the grain boundary [5], [6].

Figure 5 shows the dielectric constant and the dielectric
loss with respect to the frequency of the Y,0O; doped ZnO
varistor samples sintered at 1150°C. The dielectric constant
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Fig. 5. Dielectric constant and dielectric loss with respect to the frequency

of the Y,0; doped ZnO varistor samples sintered at 1150°C. (a) dielectric
constant (b) dielectric loss

is decreased with increasing amounts of Y,0s3;, which was
mainly attributed to the high resistivity of the segregation
layers 1.42 [M-ohm]. Interestingly, the dielectric constant
produced a peak at a frequency around 100 KHz and
decreased again up to 10 MHz. As the frequency increased,
the space charge caused the oscillation to lag, producing a
Maxwell-Wagner relationship between the varistor, with a
time constant (7 ) that was dictated by the dielectric
constant and resistivity ( © ), and the dimension (d) of grain
boundary and the grain. The peak frequency in the dielectric
loss is given by f. = (di/dy)" (127 €, € p5), where
the subscript "1" denotes the grain boundary, the subscript
"2" denotes the ZnO grains, and & = 8.5 is the dielectric
constant of ZnO. Therefore, the frequency depended on the
resistivity [4], [6], [7].

4. CONCLUSIONS

The influence of the added Y,O; content was investigated
in a starting ZnO-Bi,03-Sb,0;-Co0O-MnO,-NiO-Nd,0; system.
In the Y,0O;doped samples, the spinel and R phases (Y,05+
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spinel phase, Y-Sb-Bi-Zn-O) were present at the grain
boundaries and played a role in the inhibition of the grain
growth. As the Y,0; content increased, the average grain
size decreased from 6.8 pm to 4 pm, and varistor voltage
(Vima) greatly increased from 275 to 400 V/mm. The
nonlinearity coefficient (@) decreased for 72 to 65 with
increasing Y,0O; amount. On the other hand, the leakage
current (I) increased from 0.2 to 0.9 fA.

155

REFERENCES

[1] T. Kato, A. Hori, S. Yamashita, and Y. Takada, TIEEJ, 120-B, 968 (2000).

[2] M. Matsuoka, Jpn. J. Appl. Phys. 10, 736 (1971).

[3] C. W. Nahm, Trans. Electr. Electron. Mater. 7, 123 (2006).

[4] T. Senda and R. C. Bradt, J. Am. Ceram. Soc. 74, 1296 (1991).

[5] C. W. Nahm, C. H. Park, and H. S. Yoon, J. Mater. Sci. Lett. 19, 271
(2000).

[6] S. Bernik, S. Macek, and A. Bui, J. Euro. Ceram. Soc. 24, 1195 (2004).

[7] K. Mukae, K. Tsuda, and 1. Nagasawa, Jpn. J. Appl. Phys. 16, 1361
(1977).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


