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High voltage gradient ZnO-based thick film varistors were fabricated by low-temperature sintering. The effect of sintering
temperature on electrical properties of thick film varistors was investigated. The voltage gradient of thick film varistors
increased significantly to 3159.4 V/mm after sintering at 725°C for 30 min. The small average grain size with good grain
boundaries was the origin for the increase in voltage gradient. Sample sintered at 725°C exhibited excellent electrical
properties, with a leakage current of 36.4 uA, a nonlinear exponent of 13.1 and the maximum resistivity difference between
Zn0O grain and grain boundary. Moreover, it possessed high permittivity and low dissipation factor in the low frequency
range for the sample sintered at 725°C. Therefore, ZnO-based thick film varistors with high voltage gradient and good
nonlinear properties could be obtained under the given experimental conditions and qualified as excellent candidates for

high voltage varistor application.

INTRODUCTION

ZnO-based varistors are ceramic semiconductor
devices, which have been widely used in voltage stabi-
lization, transient surge protection in electronic circuits
and electrical power systems [1]. They exhibit excellent
nonlinear current-voltage (I-V) characteristics expres-
sed by 7 = KV*, where K is a constant that depends on
the microstructure and o is the nonlinear exponent.
Recently, there has been considerable demand recently
for varistors being miniaturization and integration with
high voltage gradient [2]. Conventional ZnO-based va-
ristors are ceramic blocks and cannot meet the need of
some specific application such as surface mount devices,
varistors array, etc. Because of mass production at low
cost and versatility in the design, ZnO-based thick film
varistors (TFVs) appear to become suitable substitutes
and attract more and more public attention [3-5].

Until now, various techniques [4-8] have been em-
ployed to prepare ZnO-based TFVs, mainly including
sol-gel method, tape casting, direct-write technique,
screen-printing and so on. Barrow et al. [6] prepared
TFVs by sol-gel method with the film thickness of
200 pum under the sintering temperature of 1000°C.
Rubia et al. [7] obtained the ZnO-based TFVs with a
high voltage gradient value above 2000 V/mm by tape
casting for a sintering temperature of 950°C. Tovher et
al. [5] reported that ZnO-based TFVs could be sintered
at low temperature of 900°C. They fabricated ZnO-based
TFVs by direct-write technique with Na and Al dopants
and the value of voltage gradient reached 1200 V/mm.

However, due to their complex experiment processes
and high costs, it is difficult for these techniques to
realize the final aim of industrialization. Menil et al. [4]
prepared ZnO-based TFVs by screen-printing with the
sintering temperature of 1150°C and the voltage gradient
value was 900 V/mm. Rubia et al. [8] proposed a method
to improve the voltage gradient by replacing Sb,O,
and Bi,0; with the equivalent amount of a Zn,Sb,0,,
orthorhombic spinel phase and a BiyZnOsg sillenite
phase previously synthesized, respectively. The screen-
printed samples were sintered at 900°C and the voltage
gradient value was beyond 1000 V/mm. Although both
two methods have obvious advantages in low costs and
simple techniques by screen-printing, it is difficult to
apply the products to high voltage field because of their
low voltage gradient resulted from the high sintering
temperature.

In most of previous reports [2-4, 7, 9] on screen-
printed ZnO-based TFVs, sintering temperatures were
higher than 850°C which made the grain size become
larger after annealing process. The decrease of grain
boundary amount and large volatilization of Bi,0; redu-
ced the voltage gradient of TFVs and resulted in the
deterioration failure of grain boundaries, leading the
nonlinear properties to be disappeared. However, high
activity of fine particles with a nearly equiaxed grain
morphology, which had been reduced by high-energy ball
milling in the initial period of experiment, was reported
to reduce sintering temperature [10-11]. In this study,
high voltage gradient ZnO-based TFVs were fabricated
with smooth surfaces and good adhesion by screen-prin-
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ting with low sintering temperatures between 650 and
850°C. The potential of the fabrication technology
as viable and cost effective manufacturing route was
demonstrated. More importantly, the effects of sintering
temperature on microstructure, current-voltage charac-
teristics and dielectric characteristics of TFVs were
presented and discussed.

EXPERIMENTAL

Reagent-grade raw materials were used in propor-
tions 0f 96.42 mol.% ZnO + 0.7 mol.% Bi,0; + 1.0 mol.%
Sb,0; + 0.5 mol.% Cr,0; + 0.8 mol.% Co0,05 + 0.5 mol.%
MnO, + 0.08 mol.% Y,0,. The materials were mixed in a
planetary ball mill for 5 h with a stainless steel grinding
media and ethanol as a mixing vehicle. The mixture was
dried at 120°C for 2 h and pulverized using an agate
mortar/pestle. The thick film pastes were prepared by
adding 80 wt.% of powders to an organic vehicle and
mixing them for 30 min. The organic vehicle, based on
terpineol as the solvent, ethyl cellulose as the binder and
rheological modifier, and acetylacetone as the disper-
sant were selected for the paste preparation. Then
TFVs were obtained by sequentially screen-printing
the bottom electrode, the thick film layers and the top
electrode on a 99.6 % alumina substrate. Commercial
silver paste (Baoyin, BY-6070) was used for the electro-
des and the final thickness of TFVs was controlled by
the screen-printing times. The samples were dried at
120°C to initially eliminate the organic solvents and
then sintered at nine different temperatures from 650 to
850°C for 30 min with a heating rate of 5°C/min after
soaking at 500°C for 30 min to remove the remaining
organics.

The crystalline phases of ZnO-based TF Vs were stu-
died using X-ray diffractometry (XRD, D/max 2550V).
The microstructure of TFVs was examined with scanning
electron microscopy (SEM, JSM-5610LV). The average
grain size (D) was determined by the measurement on
the micrographs with the linear intercept method [12-14]
using the expression D = 1.56 L/MN, where L is the
randomline length on the micrograph, M is the magnifi-
cation of the micrograph, and N is the number of the
grain boundaries intercepted by lines. The density of
the sintered TFVs was estimated [15] from the micro-
graphs by calculating the ratio of the grains and void
areas and then transforming the area ratio (R,.) to
the corresponding volumetric ratio (R, gume = R *uea)- The
area of voids was differentiated from the area of grains
in the micrographs by their difference in tonal values.
The electrical properties of TFVs were measured from
a CJ1001 varistor DC parameter testing instrument. The
breakdown voltage (U,,,) was measured at the current
density of 1.0 mA/cm? and the voltage gradient (E,,,,)
was obtained by E |, = U,.A/d, where d is the thickness
of sample. The leakage current (/) was measured at
the electrical field of 0.75 U, and the nonlinear coef-

ficient (o) was determined in the range of 1.0 mA/cm?
to 10 mA/cm?® in current density, according to the ex-
pression of o = 1/(logEyua - l0gE,,,4). The instrument
also contained a DC power supply so as to describe the
I-V characteristics. The dielectric parameters of TFVs,
including the permittivity (g,), the dissipation factor
(tan 8) and the resistivity (|Z|), were measured using a
precision impedance analyzer (PIA, Agilent 4294A) in
the frequency range of 10> ~ 10" Hz.

RESULTS AND DISCUSSION

Figure 1 shows the electrical parameters of ZnO-
based TFVs with different sintering temperatures. As
can be seen in Figure 1a, the £, value is significantly
affected by sintering temperature. With the increase
of sintering temperature, E,,, increases at first and
then decreases. The value of E|,, achieves maximum
of 3159.4 V/mm in the sample sintered at 725°C. In-
creasing sintering temperature further causes the £,
value to decrease, whereas all samples exhibit a high
voltage gradient, which is beyond 2600 V/mm. Figure
1b and ¢ show the variation of /; and o with different
sintering temperatures. On the whole, the variation of
1, is opposite to that of a. The measured extrema of /;
and a are 36.4 pA and 13.1 for the sample sintered at
725°C. The effects on /; and o with different sintering
temperatures are similar to that on E,,,. Samples with
better £, /; and a are obtained in the optimum sinte-
ring temperature region, almost between 725-800°C.
Once beyond this range, E,,,, and o decrease abruptly
with /; increasing acutely. Therefore, the electrical pro-
perties of ZnO-based TFVs were greatly affected with
the increase of sintering temperature. It accelerates the
deterioration in E,,,, as well as /; and o, when the sam-
ples are sintered beyond the certain temperature range of
725-800°C.
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Figure 1. Evolution of electrical parameters as functions of
sintering temperature.
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For further analyses about the structural and electri-
cal properties of ZnO-based TFVs, four samples sintered
at 675, 725, 775 and 825°C are selected. Figure 2 shows
the SEM micrographs of four samples sintered at diffe-
rent temperatures. It can be intuitively seen that the
grain size increases and the pore size decreases with in-
creasing sintering temperature. As the sintering tempe-
rature is raised from 675 to 825°C, the average grain size
has an increase from 1.032 to 1.414 pm. All the sintered
samples show a somewhat porous microstructure. The
estimated density values are 71, 78, 76 and 78 vol.%
for the samples sintered at 675, 725, 775 and 825°C,
respectively. Although the densities evaluated from the
SEM micrographs cannot be considered as absolute
values, they can be used to compare the film densities.
A gradual increase in densification is seen with increa-
sing sintering temperature. The microstructures and
estimated density values show that, in the preparation
conditions we used, higher density samples are obtained
with sintering temperatures of 725, 775 and 825°C.
Sample sintered at 675°C has a looser structure with big
holes, which inevitably affects the electrical properties.

However, more research is needed in order to study the
effects of sintering conditions on the density of ZnO-
based TFVs.

The phase composition of ZnO-based TFVs is
shown in Figure 3. The XRD patterns clearly indicate
that all the prepared samples except for the sample sinte-
red at 675°C are composed of ZnO phase, Zn,Sb,0,,
phase and Bi,0; phase. No Zn,Sb,0,, phase is obser-
ved in the sample sintered at 675°C. An early sintering
study [16] indicates that the formation temperature of
Zn,Sb,0,, phase in ZnO-based systems is above 700°C
and the deliquescent Zn,Sb,0,, particles between ZnO
grains can restrain the grain growth. The sintering tem-
perature of 675°C is so low that it is difficult to form
Zn,Sb,0,, phase under this condition. The appearance
of Zn,Sb,0,, phase above 700°C coexists with Bi,0,
phase and plays a distribution role in phase compo-
sition. Therefore, the grain boundaries for the sample
sintered at 675°C are not formed well. However, increa-
sing sintering temperature weakens the diffraction peak
intensity of Bi,O; phase. The peak inten-sity of Bi,O,
phase for the sample sintered at 825°C is obviously less

Figure 2. SEM micrographs of four samples with different sintering temperatures; a) 675°C, b) 725°C, c¢) 775°C and d) 825°C.
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than that sintered at 675, 725 and 775°C, which is due to
the partial volatilization of Bi,0,. The loss of Bi,0; phase
for the sample sintered 825°C inevitably results in the
decrease of nonlinearity. Because of the detection limit
of XRD equipment, small amounts of other additives,
such as Cr,0,, C0,0;, MnO,, Y,0,, are not detected.

The 1I-V characterization of these samples normali-
zed in electrical potential gradient (E) as a function of
current density (J) is shown in Figure 4. It shows that
the conduction characteristics are divided into two
regions: prebreakdown region at low electric field and
break-down region at high electric field. The knee of
curves between the two regions plays an important role
in electrical behaviors of ZnO-based TFVs. In other
words, the better nonlinearity can be obtained with the
sharper knee. Samples sintered at 725 and 775°C exhibit
nearly similar shape of characteristic curves and show
higher nonlinearity. However, it can be forecasted that
samples sintered at 675 and 825°C exhibit the worse
nonlinear properties by showing nearly round-like knee.
The detailed I-V characteristics parameters, including
the barrier height (®y), depletion layer width (¢), donor
density (Np) and density of interface states (Ng) are
summarized in Table 1. ®; and ¢ are determined by the
thermionic emission theory [17] described as InJ = B"/kT
+ InA*T? - ®y/kT, where B o< 1/t is a constant governed

by depletion layer width, & is Boltzmann‘s constant, 7 is
absolute temperature and 4* is Richardson‘s constant.
Np and Ny are determined by the equations N, = 2e®y/
/e’ and Ng = Np/t, where ¢ is the permittivity of ZnO
(e = 8.5 gy) and e is the charge of a single electron.
Calculated from the J-E curves in Figure 4, @5, N, and
N coincide with the variation of E,,, values in I-V
characteristics, while t shows opposite relation to £, ..
The @y value increases from 0.70 to 0.81 eV between
675 and 725°C, whereas it decreases to 0.71 eV with
further increasing sintering temperature to 825°C. As
the sintering temperature increases, the ¢ value decreases
to a minimum value of 10.2 nm in the sample sintered at
725°C. Increasing sintering temperature further causes
the ¢ value to increase. The variations of @ and t result
from the Schottky barrier at grain boundary. High and
narrow barrier formed at the sintering temperatures of
725°C is helpful to improve the electrical properties of
ZnO-based TFVs, especially in £, and a. At the sinte-
ring temperature of 675°C, the average value of voltage
across single grain/grain boundary (U,) is 2.74 V, which
can be estimated by the equation U, = £\, D. Lower
U, value also shows that the grain boundary formed
at this temperature is not good and results in the poor
nonlinear properties. At higher sintering temperatures
of 825°C, although the average value of U, achieves a
high level of ~ 4V, the loss of Bi,O; combined with low
and wide barrier causes the electronic inactivity of grain
boundaries and deteriorates the nonlinear properties.
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Figure 3. XRD data of four samples with different sintering £V emm™)
temperatures; a) 675°C, b) 725°C, ¢) 775°C and d) 825°C. Figure 4. Partial J-E curves for the four samples.
Table 1. Experiment parameters of ZnO-based TFV for diffe-rent sintering temperatures®.

T (Eimp) I o D U, (0% t Np Ny
(°C) (V/mm) (nA) (um) %) (eV) (nm) (x10%/cm®)  (x10"%/cm?)
675 2650.8 114.3 6.4 1.032 2.74 0.70 329 0.61 2.00
725 31594 36.4 13.1 1.290 4.08 0.81 10.2 7.34 7.49
775 3036.2 65.7 10.0 1.353 4.11 0.75 21.5 1.53 3.28
825 2842.3 98.4 6.2 1.414 4.02 0.71 314 0.68 2.14
@ T: sintering temperature
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Figure 5 shows the frequency variation of dielectric
parameters of ZnO-based TFVs sintered at various tem-
peratures. It is apparent in Figure 5 a that sample
sintered at 725°C possesses the highest permittivity
(g,) in the measuring frequency range. The ¢, value has
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Figure 5. Dielectric properties for the four samples; a) € — f,
b) tand - fand ¢) |Z| - f.

little variation as the frequency increases in the range
of 10> ~ 10* Hz, while it decreases with a sharper dis-
persive drop being evident at 10° Hz. In the low frequen-
cy range, the effective capacitance is originated from
grain boundaries. High ¢, with little variation in the
low frequency range indicates that the grain boundary
formed at 725°C is good. At the high frequency of 10°
Hz, the er value decreases sharply, which is attributed
to the polarization generated in the narrow grain
boundaries. With the further increasing of frequency,
the ZnO grain capacitance gradually plays a dominant
role in er. With the increase of sintering temperature,
er increases at first and then decreases, which is due to
the grain boundary layer capacitance (GBLC) effect
[18-19]. According to the simple series model for the
GBLC effect, ¢, of ZnO-based TFVs can be simply ex-
pressed as €, = g(D/f), where ¢ is the permittivity of ZnO,
D is average grain size and t is depletion layer width.
In these samples, D increases gradually and ¢ exhibits
a minimum value as the sintering temperature increases,
as shown in Table 1. The equation ¢, = g(D/f) indicates
that €, can be controlled by the thin insulative depletion
layer and the average grain size, which is opposite to
the thickness of depletion layer and proportional to the
average grain size. Compared with the slow growth in
grain size, the influence of the thickness of depletion
layer on ¢, is more remarkable. Therefore, although the
average grain size of ZnO-based TFVs increases with
increasing sintering temperature beyond 725°C, the
thickness of depletion layer also increases, which leads
to a decrease of .. It is found in Figure 5b that the values
of dissipation factor (tand) are also greatly affected by
sintering temperature. All the TFVs exhibit an obviously
dispersion with the increasing frequency from 107 to 10*
Hz and the sample sintered at 725°C has the lowest tand.
In the low frequency range, the dielectric loss mainly
depends on electric conductance and is determined by
the grain boundary resistance. Lower tand value indicates
that the grain boundaries formed at 725°C are better than
that formed at others sintering temperatures, which has
also been proved by the lower /; for the sample sintered
at 725°C. In addition, the dielectric loss peak of all
the TFVs can be seen clearly through tand - f curve at
~10° Hz. This is strongly affected by polarization loss
in the high frequency range. Levinson et al. [20] con-
sidered the dielectric loss peak is originated from the
polarization of thermion. The material components and
process conditions also have important effects on the
dielectric loss peak. Figure 5c¢ shows the variation
in resistivity (|Z|) of ZnO-based TFVs with different
sintering temperatures. The results reveal that as the
measuring frequency increases, |Z| of all the samples
decreases significantly with a nearly logarithm linear
relation on f. The |Z| values of ZnO-based TFVs achieve
~10” Qcm at 10° Hz and decrease in several orders of
magnitude as the frequency increases in the range of
10°~10" Hz. The resistivity of grain boundary plays the
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leading role in the low frequency range, while the grain
resistivity takes a leading position in the high frequency
range. The difference of |Z| between low frequency
range and high frequency range actually represents the
resistivity difference of grain boundary and ZnO grain.
Although the |Z| - f curves overlap or closely approach, it
can be seen in the Figure 6 that sample sintered at 725°C
has the maximum resistivity difference and sample
sintered at 675°C has the minimum resistivity difference.
Therefore, due to the higher resistivity difference, sample
sintered at 725°C possesses the good grain boundary
characteristics with lower /; and higher a, as shown in
Table 1.

CONCLUSIONS

High voltage gradient ZnO-based TFVs are fabri-
cated by sintering at a low temperature region from
650 to 850°C. The electrical properties of TFVs are
investigated with various sintering temperatures. Sample
with excellent electrical properties is obtained at the
sintering temperature of 725°C, which exhibits a £, .
value of 3159.4 V/mm, a /; value of 36.4 pA and a a
value of 13.1.

Under the given experimental conditions, small ave-
rage grain size is the origin for the increase in voltage
gradient. As the sintering temperature is raised from 675
to 825°C, the average grain size has a little increase from
1.032 to 1.414 pum. High and narrow grain boundary
barrier formed at the sintering temperatures of 725°C
improves the grain boundary properties. In addition, high
er with little variation and low tand in the low frequency
range indicate that the grain boundaries formed at 725°C
are better. The maximum resistivity difference between
ZnO grain and grain boundary in the measuring frequency
range is also obtained at the sintering temperature of
725°C, which directly results in the good nonlinearity.
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