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ZnO-Prg011 based varistor ceramics doped with 0-2.0 mol% SnO, were fabricated by sintering samples
at 1300°C for 2h with conventional ceramic processing method. X-ray diffraction analysis indicated
that the doped SnO, reacted with praseodymium oxides during sintering, generating Pr,Sn,07 phase.
Through scanning electron microscopy, it was found that the doping of SnO, played a role against the
growth of ZnO grains. Capacitance-voltage analysis revealed that the doped SnO; acted as a donor in
the varistor. The measured electric-field/current-density characteristics of the samples showed that the

g’:gsz"ff varistor voltage increased with the increase of SnO, doping content, when the SnO, content was no more
61.72.y than 1.0 mol%; with the SnO, content up to no more than 0.5 mol%, the doping of SnO, could increase the
nonlinear coefficient; but, when the SnO, doping content was further increased, the nonlinear coefficient
Keywords: and varistor voltage of the samples decreased, and the leakage current increased.
i“%vafismf © 2011 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO varistors are electronic ceramic devices produced by sin-
tering ZnO powder with small amounts of various metal oxides.
They exhibit highly nonlinear current-voltage (I-V) characteristics
expressed by I=kV¥, where k is a constant, and « is the nonlin-
ear coefficient, an inherent parameter of varistors. Because of their
high nonlinearity, they have been used to sense and limit transient
voltage surges, both in acand dc fields and over a wide range of volt-
ages. Today ZnO varistors are being extensively applied to protect
various semiconductor devices and electric power systems [1-3].

Although the main composition of ZnO varistor materials is ZnO,
ZnO itself does not exhibit nonlinear I-V characteristics. It is the
dopants of Bi, 03, PrgO11, or such alike that impart them the non-
ohmic property, which are known as varistor-forming oxide (VFO)
[3,4]. Literature even classifies ZnO varistors into ZnO-Bi, 03 based
varistors, ZnO-Prg01; varistors, and so on, on the basis of the key
material VFO in them.

Now the most commercially used ZnO varistors are ZnO-Bi, 03
based. However, although ZnO-Bi; 03 based varistors exhibit excel-
lent varistor properties, they have a few drawbacks, due to the high
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volatility and reactivity of Bi; O3 during liquid sintering [5]. To over-
come these problems, various ZnO varistors with new VFOs, such as
Zn0-Prg017 based varistors, have been studied actively [6]. Com-
pared with ZnO-Bi, 03 based varistors, ZnO-PrgO; based ceramic
varistors have a simple two-phase microstructure of ZnO grain and
a Pr oxide intergranular phase which can increase the active grain
boundary area through which electrical current flows [7,8].

ZnO ceramics containing PrgO7; and Co304 exhibiting non-
ohmic current characteristics were first reported by Mukae [7].
From then on, lots of literatures about ZnO-Prg01; based varistors
have been published, in which the doping effects of rare earth metal
oxides such as Er,03, Y203, Dy,03 and La; 03, or other metal oxides
such as MnO,, Sb,03, TiO, and Fe,03 on the microstructural and
electrical properties of ZnO-Prg011 based varistors have been well
studied [9-20]. It was found that the doping of appropriate amount
of Y,03, Er,03, Dy,03, TiO, or Fe;03 could improve the nonlinear
properties of ZnO-Prg01; based varistors [9,13,14,17,18,20]. Com-
pared with ZnO-Bi, 03 based varistors, in which the doping effects
of most additives have been well studied [21-26], however, the
doping effects of many additives on ZnO-PrgOq; based varistors
have been still not clear yet. Some promising additives, such as
SnO,, which were commonly found in the well-studied ZnO-Bi; 03
system are not reported in ZnO-PrgOq1 system.

In ZnO-Bi, 03 based varistors, it was reported that the replace-
ment of ZnO by appropriate amount of SnO, could increase the
nonlinear exponents of samples [27-29]. But in ZnO-Prg04; based
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varistors, there is no literature about how the varistor properties
change when ZnO is substituted by SnO,. So, in this work, we
systematically replaced the portion of ZnO in ZnO-PrgO; based
varistors with different amounts of SnO, so as to investigate the
effect of SnO, doping on the microstructural and electrical proper-
ties of ZnO-Prg011 based ceramic varistors.

2. Experimental procedures
2.1. Sample preparation

Samples with a nominal composition of (98.0—x)mol% ZnO+0.5mol%
PrgO11 + 1.0 mol% Co304 +0.5 mol% Cr,03 +xmol% SnO; (x=0.0, 0.25, 0.5, 1.0, 2.0)
were fabricated using a conventional ceramic processing method [30,31]. All the
raw materials are commercially bought powders of reagent grade. For the sample
of each composition, the raw powders were mixed and ball-milled in de-ionized
water for at least 24 h. Then the resultant slurries were dried in air at 120°C. After
drying, the chunks of powder mixture were crashed into fine powders and sieved.
After that, the powders were pressed into discs of 6 mm in diameter and 1.5 mm
in thickness with a pressure of 40 MPa, and then the green samples were sintered
in a muffle oven at 1300°C in air for 2 h with heating rate of 2 °C/min and cooling
naturally. In order to measure the electrical properties, silver pastes were coated
and toasted on both sides of the sintered samples.

2.2. Materials characterization

The sample diameter shrinkage was calculated in the percentage of the diameter
difference between the green body and sintered one. The apparent density (p) of the
as-prepared samples was measured by Archimedes method according to interna-
tional standard (ISO18754), and the relative density was calculated in the percentage
of the average apparent density to theoretical density. The phase composition of
the samples was identified by X-ray diffractometer (XRD, D/max2550HB+/PC, Cu
Ko, and A=1.5418 A) using a continuous scanning mode with speed of 8°/min. To
investigate the microstructures of the samples, either of the sample surfaces was
lapped and ground with SiC paper, and polished with 0.3 wm Al, O3 powder paste toa
mirror-like surface. The polished samples were then thermally etched at 1100°C for
30 min. Then the etched surface was examined via a scanning electron microscope
(SEM, Model: SSX-550) equipped with an energy dispersive X-ray spectroscopy
(EDS). The ZnO grain size (d) of the samples was determined from the SEM images
using linear intercept method.

The capacitance-voltage (C-V) characteristics of the as-prepared varistor
ceramics were measured at 1kHz using keithley 4200-SCS recorder. The donor
density (Ng) of ZnO grains and the barrier height (@) at the grain boundary were
determined from the following equation proposed by Mukae et al. [32].

11\’ 2t 202

(E‘E) = des, " Rdeen, M
where Cp and C are the corresponding capacitances of the samples under different
applied voltages, in which Cy is the value of Cwhen V=0, and Vis the applied voltage;
tis the thickness of the specimens, A is the electrode area of the specimens, and d is
the average grain size; and ¢ is the permittivity of ZnO, and e is electron charge.

The electric field vs current density (E-J) characteristics of the samples were
recorded at room temperature with a high-voltage source measurement unit
(Model: CJ1001). The varistor voltage (Vg) was determined at 1 mA/cm? and the
leakage current (I ) was determined at 0.75 V. Moreover, the nonlinear coefficient
(«) was calculated using

_ logUs/I1)
= log(Ex/Eq)

_ 1
~ log(Ex/Eq) 2

where E; and E, are the electric fields corresponding to J;=1mA/cm? and
J»=10mA/cm?, respectively.

The applied voltage per grain boundary (Vg,) was calculated using
Ve = Vg - § (3)

where Vj is the varistor voltage of the ceramic varistors, d is the average size of ZnO
grains, and D is the thickness of the sintered samples.

3. Results and discussion
3.1. Sinterabilities

Fig. 1 illustrates the diameter shrinkage of the as-prepared sam-
ples doped with different amounts of SnO,. It can be easily seen that
the diameter shrinkage decreases with the increase of SnO, dop-
ing contents, indicating the samples shrink less with more SnO,
doped. In particular, when the doping content of SnO- is more than
0.5 mol%, the diameter shrinkages of the samples decrease more
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Fig. 1. The diameter shrinkages of the as-prepared ZnO-PrgO¢; based varistor
ceramics doped with different amounts of SnO,.
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Fig. 2. The apparent densities and relative densities of the as-prepared ZnO-PrgO1
based varistor ceramics doped with different amounts of SnO,.

Table 1
Microstructural and electrical parameters of the as-prepared ZnO-PrgO;; based
ceramic varistors doped with different amounts of SnO5.

Doping amount  p (g/cm?®) d(um) Vipa (V/mm) o I (LA) Vg (V)
of Sn0, (mol%)

0.0 5.716 9.02 340 109 23 3.07
0.25 5.744 8.42 398 198 18 335
0.5 5.798 7.26 537 245 14 3.89
1.0 5.74 2.1 642 11.1 140 1.35
2.0 5.454 1.1 336 28 710 0.37

quickly. So, it can be deduced that the doping of SnO, plays a role
against the sintering of ZnO-Prg04; based varistor ceramics. Fig. 2
shows the apparent densities (also listed in Table 1) and relative
densities of the ZnO-Prg07; based varistor ceramics doped with
different amounts of SnO,. The apparent density increases as the
doping amount of SnO, increases up to 0.5 mol%, which might be
mainly due to the higher density of Sn0O, (6.995 g/cm?) than that of
ZnO (5.672 g/cm3), and the little increase of relative density. With
further increase of SnO, doping contents, the apparent density of
the samples decreases abruptly, which is consistent with the quick
decreases in diameter shrinkage and relative density. So, it can be
concluded that although the doping of SnO, plays a role against the
sintering of ZnO-Prg041 based varistor ceramics, one can still make
denser samples with the doping amount of SnO, up to 0.5 mol%,
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which is very important in obtaining high-performance ceramic
varistors.

3.2. Composition and microstructure

Fig. 3 displays the XRD patterns of the as-prepared ZnO-PrgO1
based varistor ceramics doped with different amounts of SnO,, in
which the intensities of all the diffraction peaks are normalized.
From this figure, it can be seen that the phase composition of the
sample without SnO, are ZnO and PrgO¢; phases. With increas-
ing doping amount of SnO; up to 0.5 mol%, there is no new phase
detected, but the peak intensities of PrgO;; phase decrease grad-
ually. When the doping amount of SnO, was more than 0.5 mol%,
a new phase, Pr,Sn,07, was detected in the samples, and PrgO14
phase could even not be detected within XRD limits. So, it can be
concluded that the doped SnO, would react with PrgO11 during the
sintering, generating Pr,Sn,07.

Fig. 4 presents typical SEM images of the as-prepared
Zn0-Prg011 based varistor ceramics doped with different amounts
of SnO,. It is well known that the microstructure of ZnO-PrgOq;
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Fig. 3. XRD patterns of the as-prepared ZnO-PrgO1; based varistor ceramics doped
with different amounts of SnO,.
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Fig. 4. Typical SEM images of the as-prepared ZnO-PrgO1; based varistor ceramics doped with different amounts of SnO,: (a) 0.0 mol% SnO,, (b) 0.25 mol% Sn0-, (¢) 0.5 mol%

SnOy, (d) 1.0 mol% SnO, and (e) 2.0 mol% SnO..
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Fig. 5. The average ZnO grain sizes of the as-prepared ZnO-PrgOq; based varistor
ceramics doped with different amounts of SnO5.

based varistor ceramics consists of only two phases, ZnO and inter-
granular phase [7,8]. From this figure, it can be seen that in general,
the doping of SnO, would not change the two-phase microstructure
of ZnO-PrgO1 based varistor ceramics. But it should be indicated
on the basis of the results of EDS analysis that some small particles,
which are mainly composed of Sn and Pr, embed in ZnO grains, and
larger ones, as intergranular phase, pin at ZnO grain boundaries.
Combined with the results determined by XRD analysis as shown
in Fig. 3, it can be concluded that the intergranular phase are mainly
praseodymium oxides and Pr,Sn,07. Moreover, it should be indi-
cated that on ZnO grains, small amount of Sn was also detected by
EDS, indicating the doping of Sn into the ZnO grains.

The average ZnO grain size of the samples was calculated by
linear intercept method from the SEM images as shown in Fig. 4.
Table 1 and Fig. 5 present the calculated average ZnO grain sizes of
the as-prepared ZnO-PrgO1; based varistor ceramics doped with
different amounts of SnO,. It can be clearly seen that the ZnO grain
size of the samples decreases with the increase of SnO; doping
contents. The decrease of ZnO grain size might be attributed to
the formation of intergranular phase Pr,Sn;07 during sintering,
which pins at the grain boundaries of ZnO as shown in Fig. 4, thus
hindering the growth of ZnO grains [14,18].

In addition, it is noticeable that pores are clearly observed in
the samples doped with SnO, of more than 1 mol%, and with more
Sn0O, doped, the porosity increases. This result is consistent with
the doping effect of SnO, on the relative density as illustrated in
Fig. 2, and further verifies that the addition of SnO, acts against the
sinterability of ZnO-PrgOq; based varistor ceramics.

3.3. C-V characteristics

Fig. 6 shows the C-V characteristics of the as-prepared
Zn0-Prg011 based varistors doped with different amounts of SnO5.
From this figure, the C-V characteristic parameters of the varistor
samples including donor density (N;) and barrier height (®;) were
calculated, and the results are illustrated in Fig. 7. Compared with
the sample without SnO,, the donor densities of all the samples
doped with SnO,, regardless of the SnO, doping contents, were
enhanced. So, it is believed that the doped SnO, acts as a donor
in ZnO-Prg0q1 based varistors [32,33]. The barrier height of the
varistors increases first and then decreases with increasing doping
contents of Sn0-,, in which the samples doped with 0.25 mol% and
0.5 mol% SnO, show relative larger barrier height than any of oth-
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2.0x10%°
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Fig. 6. The C-V characteristics of the as-prepared ZnO-PrgO1; based ceramic varis-
tors doped with different amounts of SnO5.
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Fig.7. The donor densities and barrier heights of the as-prepared ZnO-PrgO1; based
ceramic varistors doped with different amounts of SnO5.

ers. Because the increase of barrier height is in favor of the raise of
varistor’s nonlinear coefficient [33], so it can be expected that the
samples doped with 0.25 mol% and 0.5 mol% SnO, would possess a
relative higher nonlinear coefficient, which is consistent with the
results presented in next section.

3.4. E-] characteristics

The E-J characteristics of the as-prepared ZnO-PrgO;; based
ceramic varistors doped with different amounts of SnO, are shown
in Fig. 8. Their corresponding electrical parameters calculated from
the E-J curves are summarized in Table 1 in detail.

From Table 1, it can be seen that the nonlinear coefficient of
the ceramic varistors increases with increasing doping amounts of
SnO,, when the doping content of SnO, is no more than 0.5 mol%,
and then the nonlinear coefficient dramatically decreases when
larger amounts of SnO, are doped.

As the ionic radius of Sn** (0.069 nm) is smaller than that of
Zn%* (0.074nm), and in the C-V analysis we have already known
that the doped SnO, acts as a donor. So, it is believed that Sn**
ions could replace the sites of Zn?* in the lattices, which was also
indirectly confirmed by EDS results as discussed in Section 3.2, and
numerous electrons can be generated as carriers at the same time.
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Fig. 8. The E-J characteristics of the as-prepared ZnO-PrgO;1 based ceramic varis-
tors doped with different amounts of SnO,.

This substitution process can be written as follows:

Sn0, 229snse + 2¢’ + 207 (4)

where, Sn$? is a positive charge substituted for a Zn lattice site, e’ is
anegative charge, and O} is the neutral oxygen of an oxygen lattice
site [33]. The generated carriers could improve the conductivity of
ZnO grains, and this process is in favor of improving the nonlinear
properties of ZnO varistors. Moreover, through the C-V analysis we
found that the samples doped with 0.25 mol% and 0.5 mol% SnO-,
exhibited a relatively larger barrier height than the sample without
Sn0,, and it is known that the increase of barrier height also plays a
positive role in improving the nonlinear properties of the obtained
ceramic varistors [33]. So, it can be concluded that the nonlinear
coefficient of the obtained ceramic varistors would increase, when
the doping contents of SnO; are no more than 0.5 mol%.

About the dramatic decrease in nonlinear coefficient of the
obtained ZnO-Prg07 varistors with the doping contents of SnO,
more than 0.5 mol%, it can be explained as follows. It was reported
that the degree of solid solution of tin in zinc oxide stayed below
0.1 mol % of SnO, and higher concentrations of SnO, would lead
to the segregation of secondary phase [34]. After that, with further
increasing amount of SnO, doped into the varistors, the changes
of phase composition and microstructure after SnO, doping might
play a more important role in the electrical property than the donor
effect.

When the doping amounts of SnO, are more than 0.5 mol%, as
can be seen in the XRD results presented in Fig. 3, the amount of
Pr,Sn, 07 phase generated increases apparently, and PrgO1; phase
is absent because during sintering the formation of Pr,Sn,07 will
consume Prg041.And, itis well-known that during sintering, PrgO11
provides for the formation of insulating boundary layers which
control the operation of varistors [35]. So, it is believed that the
consumption of a large number of PrgO11 by this reaction will be
adverse to the formation of insulating boundary layers. Further-
more, the Pr,Sn;07 phase, which will segregate at grain boundary,
may also destroy the insulating boundary layers. So, when the dop-
ing amounts of SnO; are too large, for example, more than 0.5 mol%
in this case, the nonlinear coefficient of the obtained ceramic varis-
tors may decrease.

With increasing doping amounts of SnO, up to 1.0 mol%, the
varistor voltage of the sample increases. After that, the varistor
voltage of the samples decreases when more SnO, is doped. The
varistor voltage of ZnO-Prg041 based varistor ceramic materials is
correlated to the grain size of ZnO and the applied voltage per grain

boundary [14,18]. It is in direct proportion to the applied voltage
per grain boundary and inverse to the average ZnO grain size. With
the increase of SnO, doping amounts, the increase of the varistor
voltage of the samples may be mainly attributed to the decrease
of their average ZnO grain size, and the decrease of the varistor
voltage may be mainly owing to the abrupt decrease of the applied
voltage per grain boundary of the samples when too large amount
of Sn0O, is doped.

The leakage currents of the samples decrease with the increase
of SnO, doping amounts, when the doping amounts of SnO, are no
more than 0.5 mol%. But when the doping amount of SnO;, is further
increased, the leakage currents of the samples increase dramati-
cally. The decrease of the leakage currents of the obtained varistor
samples may be caused by the increase of their nonlinear coeffi-
cients; on the other hand, when too large amount of SnO, is doped,
the abrupt increase of the leakage currents may be attributed to the
abrupt decrease of the relative densities of the samples, in which
the massively formed pores in the samples act as the hot spots for
the flow of currents [1].

4. Conclusions

In ZnO-PrgO71 based varistor ceramics, the doping of SnO,
played arole against the sinterability of the samples and the growth
of ZnO grains. The average ZnO grain size decreased with the
increase of SnO, doping contents. When the SnO, doping con-
tent was no more than 1.0 mol%, the varistor voltage increased
with increasing amount of SnO, doped. The doped SnO, acted as
donor in ZnO-Prg01; based varistors, and minor doping of SnO, up
to 0.5 mol% can improve the nonlinear coefficient and reduce the
leakage current of the ceramic varistors.
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