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The doping effect of Fe,03; on the microstructural and electrical properties of ZnO-PrgO1; based varistor
ceramic materials was investigated. Fe, 03 doping would inhibit the growth of ZnO grains, whose average
sizes were found to decrease from 3.0 to 2.7 wm with the doping level of Fe,03 increased from 0 to
1 mol%. When the doping level of Fe,03 was 0.005 mol%, the varistors exhibited the optimum nonlinear
electrical characteristics with nonlinear coefficient of about 26, breakdown voltage of approximately
571V/mm and leakage current of less than 65 wA. With higher doping level of Fe,;0s3, more Fe atoms
would segregate at grain boundaries, providing more extra electrical carriers, decreasing the resistances
of the grain boundaries, and PrFeO; would be formed, destroying the construction of grain boundaries.

Therefore, the nonlinear electrical properties of the resultant varistor materials were deteriorated.
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1. Introduction

ZnO-based varistors are polycrystalline electronic ceramic
devices, which are obtained by sintering ZnO powder with small
amounts of other metal oxides. The most excellent property of ZnO
varistor materials is their nonlinear voltage-current characteristics
due to the potential barriers formed at grain boundaries. Their pri-
mary function is to protect electronics and electrical circuits from
being destroyed by transient voltage surges, and this protection
function can be performed promptly and repeatedly. So they are
very much useful both in power industry as well as in electronic
industry [1-5].

The conducting mechanism of ZnO-based varistors is a double
Schottky phenomenon. The key that a ZnO-based varistor functions
is the formation of grain boundary layer of high electrical resistiv-
ity. According to the different varistor forming oxides in the grain
boundary layer, ZnO-based varistor materials are classified into Bi-
doped, Pr-doped, V-doped and Ca-doped ZnO varistor materials,
and so on [5,6]. Other oxides are doped into varistor ceramics to
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achieve, hopefully, a larger nonlinear coefficient and higher resis-
tivity [7-12].

Up to now, the majority of commercial ZnO varistor materials
are Bi-doped ZnO-based semiconductors [5,6]. However, the most
commercially applied Bi-doped ZnO varistor materials have a few
drawbacks due to the high volatility and reactivity of Bi; O3 during
liquid sintering. The former changes varistor characteristics with
the deviation of inter-composition ratio of additives, and the latter
destroys the multi-layer structure of chip varistors, which gen-
erates an insulating spinel phase deteriorating surge-absorption
capabilities [5,13,14]. To overcome these problems, various fabri-
cation techniques to reduce the volatility have been continuously
developed for Bi-doped ZnO varistor materials [2,13-18], and dif-
ferent varistor forming oxides have been tentatively investigated
into ZnO varistor materials [19-24], in which Pr-doped ZnO varistor
materials are most promising in application and have been inten-
sively studied [19-22], due to their advantages over Bi-doped ZnO
varistor materials in relatively simple two-phase microstructure of
ZnO grains and praseodymium oxide intergranular phases, reduc-
ing quantity of composition materials and improving the electrical
properties of the ceramics, and stable composition at high temper-
ature sintering stemming from the high melting point of PrgO14
[5,21].
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It is a pity, however, that Pr-doped ZnO varistor materials have
not been studied as extensively as done for the Bi-doped ZnO
varistor materials. As main dopants, to our knowledge, only the
effects of Co-doping and rare-earth doping on the microstruc-
tural and electrical properties of Pr-doped ZnO varistor materials
have been reported in literature. And several other kinds of metal
oxides such as MnO,, Sb,03, Al,03, NiO, Cr,03, TiO, and K,0
which are commonly used in the ZnO-Bi;03 system were tried
into Pr-doped ZnO varistor materials [5,19-22]. Their mutual inter-
actions, especially the one between the varistor forming oxide,
PrgO11, and other electrical property improvers, have been under
dimness.

For example, it was reported that Fe,03 would be a fatal addi-
tive for ZnO-Bi, 03 system [25], but Song and Liu [26] claimed that
when the content of Fe,O3 was less than 0.1 mol% in ZnO-Bi,03
system, it could improve the electrical properties of ZnO-Bi;03
based varistor materials. However, the influence of Fe,03 doping
on ZnO-Prg04; based varistor materials has not been reported. So,
the aim of this work is to investigate the effect of Fe,O3 doping
(which is hardly to be avoided during the industrial production
of ZnO varistors due to the usage of iron-made equipments) on
the microstructural and electrical properties of ZnO-PrgO17 based
varistor materials, and to try to understand the mutual interac-
tion and reaction mechanism between the oxides in the material
system.

2. Experimental procedures
2.1. Sample preparation

The samples were fabricated using a conventional ceramic process [27,28]
with a nominal composition of (98.0 —x)mol% ZnO+0.5mol% PrgO;1 +1.0 mol%
Co304 +0.5 mol% Cr,03 +xmol% Fe,03 (x=0.0, 0.001, 0.003, 0.005, 0.01, 0.025, 0.1,
0.5, 1.0). The powder mixtures were ball-milled in water for 24 h with highly wear-
resistant ZrO, as media, in which the weight ratio of ZrO, balls to powder mixture
was 2:1. The milled slurries were dried in air at 120°C for at least 24 h. The dried
powder mixtures were then crashed into fine powders, sieved, and pressed into
discs of 6.0mm in diameter and 2.0 mm in thickness. The prepared green bodies
have a density between 2.8 and 3.5 g/cm3. And then the green discs were sintered
at 1300°C in air for 1 h with heating rates of 2 °C/min and cooling naturally. To mea-
sure the electrical properties, silver pastes were coated and toasted on both sides of
the sintered samples.

2.2. Materials characterization

The sample densities were measured by Archimedes method according to inter-
national standard (ISO18754). The phase compositions of the sintered samples were
identified by X-ray diffractometer (XRD, D/max2550HB+/PC, CuKaeand A = 1.5418 A)
through a continuous scanning mode with speed of 8°/min. The fractural surfaces of
the as-prepared samples were observed via SSX-550 scanning electron microscope
(SEM), and the polished surfaces of the samples were examined using LEO-1530
scanning electron microscope equipped with energy dispersive X-ray spectroscopy
(EDX). The average sizes (d) of ZnO grains were determined using linear intercept
method from the SEM images of the polished samples.

The electric field to current density (E-J) characteristics of the as-prepared sam-
ples was measured at room temperature with a high-voltage source measurement
unit (Model: CJ1001). The varistor voltage (Vz) was determined at 1 mA/cm? (Vima)
and the nonlinear coefficient (o) was calculated using

_ logUp/l1) _ 1 1)
~ log(Ex/E1) — log(Ex/Eq)

where E; and E, are the voltage fields corresponding to J;=1mA/cm? and
Jo»=10mA/cm?, respectively. The leakage current (I.) was determined at 0.75 Va.
The applied voltage per grain boundary (Vg,) was calculated using

Vgp =Va § (2)

where V3 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.

The dependence of impedance (reactance Z” and resistance Z') of the ceramic
varistors on frequency was determined with an Agilent 4294A impedance analyzer
in the frequency range of 40 Hz-15 MHz at temperature of 250 °C.
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Fig. 1. XRD patterns of typical samples doped with different amounts of Fe,03 (a),
in which the samples doped with 0.0 mol%, 0.05mol% and 1.0 mol% Fe,03; were
magnified in (b), and the samples doped with 0.5 mol% and 1.0 mol% Fe,03; were
compared in (c).

3. Results and discussion
3.1. Composition and microstructure

Fig. 1a shows the XRD patterns with normalized peak intensi-
ties of the as-prepared ZnO-Prg011 based varistor ceramic samples
doped with different amounts of Fe;03. The experimental results
indicate that, when the doping amounts of Fe;O3 into the sam-
ples are less than 0.10 mol%, the identifiable phases in the samples
are almost the same as that in the sample without Fe,03 doped,
where excepting the major phase of ZnO, only could praseodymium
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Fig. 2. SEM micrographs of typical samples doped with different amounts of Fe;0s3: (a) fractural surface without Fe,0s3; (b) fractural surface with 0.005 mol% Fe;0s3; (c)
fractural surface with 1.0 mol% Fe;0s3; (d) polished surface without Fe,0s3; (e) polished surface with 0.005 mol% Fe, 03 and (f) polished surface with 1.0 mol% Fe;0s3.

oxide (PrgOq1) be detected, as can be seen in Fig. 1a and b. But
when the doping amount of Fe;03 was increased up to 0.5 mol%,
the third phase, PrFeO3, was detected, as can be clearly observed
in the magnified pattern shown in Fig. 1b and c. And Fig. 1c also
indicates that, with the increase in doping amounts of Fe,03, the
relative intensities of the diffraction peaks of Prg011 phase declined,
but the relative intensities of the diffraction peaks of PrFeO3 phase
enhanced. This phenomenon could be attributed to the reaction of
Fe, 03 with PrgO1¢ during sintering, which would produce PrFeOs.
And as can be seen in the figure, the more Fe,03 was added, the
more PrFeO3; would be produced.

Fig. 2 illustrates the SEM micrographs of typical ZnO-PrgO1
based varistor ceramic samples doped with different amounts of
Fe, 03, in which Fig. 2a-c was taken from the fractural surfaces of
the samples and Fig. 2d-f was from the polished surfaces of the
corresponding samples as illustrated in Fig. 2a-c. From Fig. 2a-f, it
can be seen that there is nearly no porosity in the sintered samples,
indicating that the samples are almost fully dense, which is consis-
tent with the quiet high relative density of the as-prepared samples
listed in Table 1. And Fig. 2d-f reveals that the microstructures of
Fe,03-doped samples are similar to that of Fe, O3-undoped sample,
probably implying that the doping of Fe,03 would not change the
crystalline structure of the as-prepared ZnO varistor ceramic mate-
rials, but the levels of electrical carriers. Moreover, from Fig. 2d-f,
one can also see that the microstructures of the varistor ceramics
primarily consist of ZnO grain (main phase) and white continuous
intergranular phase (second phase), which can also be confirmed
by Fig. 3.

Fig. 3 reveals the corresponding EDX analysis results of typical
Fe,03-doped ZnO-PrgOq; based varistor ceramic samples. It was
found that the grain phase mainly consisted of Zn and O atoms, and
tricky amount of Pr, Fe, Co and Cr atoms; on the other hand, the
continuous intergranular phase mainly composed of Pr, Fe and O
atoms, indicating that Pr and Fe elements were mainly distributed
at the gain boundaries. The reason for this phenomenon is possibly
attributed that the ionic radius of Pr3* (0.1013 nm) is much bigger
than that of Zn2* ion (0.0740 nm), and thus the solubility of Pr ions
into the ZnO grain is limited [29,30]. Combined with the results of
the XRD analysis shown in Fig. 1, it could be concluded that the
grain was ZnO phase but with tricky amount of Fe-, Co-, Cr- and Pr-
doped, and the continuous intergranular phase was a mixture of

praseodymium oxides and PrFeOs (Pr- and Fe-rich phase but with
small amounts of Co and Cr merged in).

It should be noted from the EDX results that the doped Fe atoms
existed both in ZnO grains and at the grain boundaries. With the
doping levels of Fe,03 increased, the contents of Fe atoms both
in ZnO grains and at the grain boundaries increased. The reason
for this phenomenon is that the radius of Fe3* ions (0.0645 nm) is
smaller than that of ZnZ* jons (0.0740 nm) [30,31]. So, the Fe3* jons
added in could dissolve into ZnO grains during sintering, and the
more Fe,03 was doped, the more Fe3* ions dissolved into the ZnO
grains.

However, it is impossible that all the doped Fe atoms would
dissolve into ZnO grains because of the compositional balance of
Fe atoms between ZnO crystalline phase and the second phase, and
the saturation of Fe3* doped in ZnO crystalline phase due to the
different crystal structures of Fe;03 and ZnO. So, a small portion of
the added Fe3* ions would segregate at the grain boundaries [32]
when the doping level is low, and most of them would segregate at
the grain boundaries when the doping level is high.

And moreover, the added Fe3* ions segregating at the grain
boundaries would, in fact, react with praseodymium oxide, pro-
ducing PrFeOs, which is a phase of perovskite structure [33,34] and
identified by XRD as shown in Fig. 1. The resultant PrFeO3 phase
segregating at the grain boundaries pins at the grain boundaries of
ZnO, playing arole of inhibitor to the growth of ZnO grains. And this
was confirmed by the decrease of the average size of ZnO grains
from 3.0 to 2.7 wm, and the higher densification of the sintered
ceramic bodies with increased density from 5.55 to 5.68 g/cm3 and
relative density from 96.7% to 99.1%, when the doping levels of
Fe,03 increased from O to 1 mol%. More detailed microstructural
parameters are summarized in Table 1.

3.2. Electrical properties

Fig. 4 shows the E-J characteristics of the as-prepared sam-
ples doped with different amounts of Fe;0s3. It is known that in
such figure, the sharper the knee of the curves between the linear
region and the breakdown field, the better the nonlinear charac-
teristics. In this case, when the doping levels of Fe; O3 are no more
than 0.005 mol%, with more Fe,03 doped, the knees become more
pronounced, so the nonlinear properties of the varistor ceramic
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Table 1
Microstructural and E-J characteristic parameters of ZnO-Prg0O1; based varistor ceramic samples doped with different amounts of Fe,03.
Fe,03 content Grain size, d Sample thickness, Apparent Theoretical Relative Vg (V/mm) o I (LA) Vg (V)
(mol%) (pm) D (mm) density (g/cm?) density (g/cm?) density (%)
0 3.0 1.76 5.55 5.74 96.7 270 12 120 0.45
0.001 3.0 1.74 5.55 5.74 96.7 308 13 117 0.52
0.003 29 1.77 5.56 5.74 96.9 485 17 95 0.79
0.005 2.8 1.76 5.56 5.74 96.9 571 26 65 0.90
0.01 2.9 1.75 5.58 5.74 97.2 415 19 110 0.68
0.025 2.8 1.73 5.59 5.74 97.4 339 16 180 0.56
0.1 2.7 1.74 5.63 5.74 98.1 320 12 210 0.50
0.5 2.7 1.75 5.68 5.73 99.1 129 4 415 0.20
1.0 2.7 1.77 5.66 5.71 99.1 11 2 690 0.02

Note: The theoretical density was defined on the condition that in the sintered bodies of the ceramics, all the doped Fe,03 reacted with PrgO4; into PrFeOs phase, and the

left phases were ZnO and PrgOy;.

materials become better. But the nonlinear properties are deterio-
rated with more Fe; 03 added when the doping levels of Fe, O3 are
higher than 0.005 mol%. The detailed E-] parameters are listed in
Table 1.

From Table 1, it can be seen that the nonlinear coefficient of the
varistor ceramic materials would increase as the doping amounts
of Fe,03 increased when the doping levels of Fe;O3 are no more
than 0.005 mol%, but the nonlinear coefficient would dramatically
decrease with too much more Fe,03 added. At the doping level of
Fe, 03 0.005 mol%, the nonlinear coefficient reached at the highest
value, 26.

As can be seen from the EDX analysis, some Fe3* ions added
could enter into the ZnO grains during sintering. Because the
radius of Fe3* ions (0.0645nm) is smaller than that of Zn2* ions
(0.0740 nm), the introduction of Fe; 03 into ZnO lattice should lead
to the reaction [25]

1
Fe,03 29 2Fez,* + 208 + 2¢’ + 502 (3)
where the Kréger-Vink symbols were used. So, it can be seen that,
in ZnO varistor ceramics, Fe3* acts as a donor, providing extra elec-
trical carriers when some Fe3* ions enter into the ZnO grains. The

carriers could improve the conductivity of ZnO grains, which can
be easily observed from the complex impedance spectra as shown
in Fig. 5. And this process is beneficial to improve the nonlin-
ear properties of ZnO ceramic varistors, that is, to obtain varistor
ceramic materials with high nonlinear coefficient. And more, the
oxygen generated from the chemical-defect reaction will be partly
absorbed at ZnO grain boundaries, easily capturing electrons to
become negatively charged ions, contributing the formation of
boundary barriers [35]. And Ref. [36] had also addressed that the
absorbed oxygen at the grain boundaries would generate electronic
interface states at the grain boundaries, which is also helpful for
obtaining a high nonlinear property. So, to certain extent, these two
processes are positive to obtain high-performance varistor ceramic
materials.

However, when the doping level of Fe; 03 is much high, too more
Fe ions would be segregated at the grain boundaries, so the density
of electrical carriers at the grain boundaries would be high, and the
resistance of the grain boundaries would be reduced, which can
also be observed from the complex impedance spectra shown in
Fig. 5, thus decreasing the barrier height. In such case, the doping
of Fe;03 would have negative effect on the nonlinear coefficient of
the varistor ceramic materials [37].
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Fig. 3. The EDX spectra recorded from intergranular layer or ZnO grain of typical samples doped with different amounts of Fe,03: (a) intergranular layer with 0.005 mol%
Fe,03; (b) ZnO grain with 0.005 mol% Fe,0s; (¢) intergranular layer with 0.5 mol% Fe, 03 and (d) ZnO grain with 0.5 mol% Fe,0s.
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Fig.4. E-] characteristics of typical samples doped with different amounts of Fe,;03.

Like the dependence of the nonlinear coefficient of the as-
prepared varistor ceramic materials on the doping level of Fe, 03,
their varistor voltages had the similar change tendency with the
variation of the doping levels of Fe;0s. In this work, when the dop-
ing level of Fe;03 was 0.005 mol%, the breakdown voltage had the
highest value, 571 V/mm.

The varistor voltages of ZnO-PrgOq; based varistor ceramic
materials have correlated to the grain size of ZnO in the samples and
the applied voltage per grain boundary. The varistor voltages of the
ceramic varistors are positively proportional to the number of grain
boundaries between the two applied electrodes, but in inverse pro-
portion with the ZnO grain sizes. As can be seen from Table 1, with
the doping levels of Fe, 05 increased, the ZnO grain sizes decrease
gradually but in a quite narrow range. Thus, the applied voltage per
grain boundary plays a quite important role in the variation of the
varistor voltages.

The applied voltage per grain boundary of the as-prepared sam-
ples is relatively low as compared with the reported value in
literature [22], because high-impedance grain boundaries are not
formed during the sintering. As can be seen in Fig. 2, there are too
much intergranular phases formed at the ZnO grains, and the inter-
granular phase is Pr-rich phase as confirmed by XRD and EDX. The
rare-earth metal oxide layer itself is of low electrical resistance
because of its high concentration of defects [38]. In addition, as
presented above, when the doping level of Fe, 05 is much high, too
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Fig.5. Compleximpedance spectra of typical samples doped with different amounts
of Fe,03.

more Fe ions would be segregated at the grain boundaries, reducing
the resistance of the grain boundaries. In short, these two mecha-
nisms lead to a low-impedance grain boundary, and that is why the
grain size of the samples is so small but the breakdown voltage is
not high.

Generally speaking, the variation of the leakage current of varis-
tor ceramics is opposite to that of the nonlinear exponent, which
can also be seen in Table 1. A high value of nonlinear exponent
of varistor ceramics would lead to low leakage current due to its
relatively high tunneling current, and a low value of nonlinear
exponent would lead to high leakage current due to its relatively
high thermionic emission current [39].

4. Conclusions

In ZnO-Prg011-Co304-Cry03-Fe;03 based varistor ceramic
materials, Fe;O3 was an important additive, acting as an inhibitor
of ZnO grain growth. With tricky and appropriate amount of Fe; O3
doped, the electrical property of ZnO-PrgO4; based varistor ceram-
ics would be significantly improved. When the doping level of
Fe, 03 was no more than 0.005 mol%, more addition of Fe; 03 could
improve the nonlinear coefficient and varistor voltage of the mate-
rials. The optimum nonlinear coefficient, 26, and varistor voltage,
571V/mm, were acquired when the doping level of Fe,03 was
0.005 mol%. Too much more of Fe,0O3 doped would destroy the
nonlinear properties of the ceramic materials.
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