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Abstract

The La and Dy doping effects on microstructures, nonlinear electrical properties, and its stability of ZVM (Zn—V-Mn)-based ceramics were
investigated. The microstructure of the quaternary ZVML (Zn—V-Mn-La)-based ceramics doped with La and quaternary ZVMD (Zn—V-Mn-Dy)-
based ceramics doped with Dy commonly consisted of mainly ZnO grains and Zn3(VOy), as a secondary phase. In addition, the quaternary ZVML-
and ZVMD-based ceramics revealed the secondary phases, such as LaVO,4 and DyVOQy, respectively, in addition to Zn3(VOy,),. It seems that all
secondary phases act as a liquid-phase sintering aid because it has a significant effect on the sintered density and average grain size. The
incorporation of La and Dy into the ZVM-based ceramics increased the breakdown field, and improved the nonlinear electrical properties, in which
the nonlinear coefficient was close to 33. The ZVML-based ceramics exhibited the best stability, where the variation of breakdown field (%AEg)

against DC accelerated aging stress is —9.7%.
© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Pure ZnO exhibits ohmicity through a sintering process,
whereas ZnO ceramics doped with minor metal oxides exhibit
remarkable nonohmicity. Microstructurally, they are com-
prised of semiconducting n-type ZnO grains, which are
surrounded by insulating intergranular layers at grain
boundaries. Electrically, they show highly nonlinear cur-
rent—voltage characteristics similar to the back-to-back Zener
diode, but with much greater voltage, current, and energy
handling capabilities [1,2]. Thus, they, called varistors, are
commonly used as ESD (electrostatic discharge) and surge
absorbers in electronic circuits.

ZnO ceramics cannot exhibit a nonlinear behavior without
adding heavy elements with large ionic radii, such as Bi, Pr,
Ba, etc. Commercial ZnO-Bi,03-based ceramics and ZnO-
Pr¢O;;-based ceramics cannot be co-fired with a silver inner-
electrode (m.p. 961 °C) in multilayered chip components
because of the relatively high sintering temperature [3,4].
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Therefore, new nonlinear ceramics are required in order to
use a silver inner-electrode. Among the various ceramics,
one candidate is the binary ZnO-V,05 (ZV)-based ceramics
[5-9]. This ZV-based ceramics can be sintered at relatively
low temperature in the vicinity of about 900 °C. This is
important for multilayer chip component applications,
because it can be co-sintered with a silver inner-electrode
without using expensive palladium or platinum metals. The
ZV-based ceramics have been studied for ternary ceramics
containing Mn mainly up to now [10-16]. To develop the
nonlinearity of high performance for ternary ZVM (Zn-V-
Mn)-based ceramics, it is very important to comprehend the
influences of new additives on nonlinear electrical properties.
The La and Dy are often added to ZnO-PrqO;,-based
ceramics to improve the nonlinear electrical properties [3,4].
No study of the effects of La and Dy on the varistor
properties in ternary ZVM-based ceramics has been reported,
especially, on the stability against DC accelerated aging
stress.

This paper reports microstructure, varistor properties, and its
stability of the ternary ZVM (Zn-V-Mn)-based ceramics
doped with La (ZVML) and ZVM-based ceramics doped with
Dy (ZVMD) and some new results were obtained.
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2. Experimental procedure
2.1. Sample preparation

Reagent-grade raw materials were used in the proportions
of 98.75 mol% ZnO, 0.5 mol% V,0s, 0.5 mol% Mn3z0,, and
independent samples La,O3 and Dy,0; of 0.25 mol%. Raw
materials were mixed by ball milling with zirconia balls and
acetone in a polypropylene bottle for 24 h. The mixture was
dried at 120 °C for 12 h. The dried mixture was mixed into a
container with acetone and 0.8 wt% polyvinyl butyral (PVB)
binder of powder weight. After drying at 120 °C for 24 h, the
mixture was granulated by sieving through a 100-mesh screen
to produce starting powder. The powder was uniaxially pressed
into discs of 10 mm in diameter and 1.5 mm in thickness at a
pressure of 80 MPa. The discs were sintered at 900 °C in air for
3 h and furnace cooled to room temperature. The final samples
were about 8 mm in diameter and 1.0 mm in thickness. Silver
paste was coated on both faces of the samples and the ohmic
contacts were formed by heating at 600 °C for 10 min. The
electrodes were 5 mm in diameter.

2.2. Microstructure analysis

Both surfaces of the samples were lapped and ground with
SiC paper and polished with 0.3-pum Al,O3; powder to a mirror-
like surface. The polished samples were chemically etched into
1HC10,4:1000H,0 for 40 s at room temperature. The surface of
the samples was metallized with a thin coating of Au to reduce
charging effects and to improve the resolution of the image. The
surface microstructure was examined by scanning electron
microscopy (SEM, Model S2400, Hitachi, Japan). The average
grain size (d) was determined by the linear intercept method
[17]. The compositional analysis of the selected areas was
determined by an attached energy dispersion X-ray analysis
(EDX). The crystalline phases were identified by powder X-ray
diffraction (XRD, Model D/max 2100, Rigaku, Japan) with Ni
filtered CuK,, radiation. The sintered density (p) was measured
by the Archimedes method.

2.3. Electrical measurement

The E-J characteristics of the samples were measured using
an [-V meter (Keithley 237 SMU). The breakdown field (Eg)
was measured at 1.0 mA cm ™~ and the leakage current density
(Jp) was measured at 0.8 Ez. In addition, the nonlinear
coefficient («) is defined by the empirical law, J = KE®, where
J is the current density, E is the applied electric field, and K is a
constant. The o was determined in the current density range
1.0-10 mA cm 2, where « = 1/(log E> — log E;), and E; and
E, are the electric fields corresponding to 1.0 mA cm ™2 and
10 mA cm ™2, respectively. The DC accelerated aging test
was performed for a stress state of 0.85 Eg/85 °C/24 h. The
degradation rate coefficient (K;) was calculated from the
expression Iy, = Iy, + KTtl/ 2 [18], where I is the leakage current
at stress time (f) and I, is Iy at t=0. After applying the
respective stresses, the /-V characteristics were measured at

room temperature. Five samples (with the same composition)
were used for all electrical measurements and the average
value was obtained.

3. Results and discussion

3.1. Phase composition and microstructure

Fig. 1 shows the SEM images of the samples. It can be
seen that the grain structure of the ZVM sample is very
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Fig. 1. SEM micrographs of the ZVM-based ceramics doped with La and Dy.
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Fig. 2. XRD patterns of the ZVM-based ceramics doped with La and Dy; (@):
Zn3(VOy),; ([O): LaVOy; (A): DyVOy; (x): Mn-rich phase (Mn30y).

heterogeneously distributed throughout the samples. The ZVM
sample showed very abnormal grain growth of the ZnO. On the
contrary, the ZVML and ZVMD samples were remarkably
uniformed in the grain size, compared with the ZVM sample.
Therefore, the incorporation of La and Dy effectively reduced
the abnormal grain growth. It assumed that this is attributed
to the restriction of abnormal ZnO grain growth due to the
secondary phase generated by La and Dy doping. Uniform
grain is very important in varistor application, because it
prevents the concentration of current flowing through grains.
The average grain sizes of the ZVM, ZVML, and ZVMD
samples exhibited 5.2 pm, 8.4 wm, and 7.4 pwm, respectively.
The sintered densities of the ZVM, ZVML, and ZVMD samples
were in the range of 95.3%, 95.5%, and 96.4% of theoretical
density (TD) (theoretical density 5.78 g cm  for ZnO). La and
Dy slightly improved the sintered density. This has a significant
effect on the improvement of electrical stability. The XRD
patterns of the samples are shown in Fig. 2. The XRD patterns
in all the samples revealed the presence of Zn3(VO,), as a
secondary phase, in addition to a primary phase of hexagonal
ZnO. In addition, the ZVML and ZVMD samples revealed the
presence of LaVO, and DyVO, as the secondary phases,
respectively. The Zn3(VO,), is formed when the ZV-based
ceramics are sintered at high temperatures and that acts as a
liquid-phase sintering aid [5]. Furthermore, it seems that
LaVO, and DyVO, act as an enhancer for the grain growth of
ZnO0, in the light of experimental results. No secondary phase
related to Mn was detected. The EDX microanalysis for the
samples doped with La and Dy is shown in Fig. 3. No peak for
the V-species is found in the grain interior within an EDX
detection limit, though the ion radius of V is smaller than that of
Zn. This means the V-species is not dissolved into the ZnO
grain. However, the Mn-species was found to exist at the grain
interior, in addition to Zn. On the other hand, it was found that
the grain boundaries (GB) contain V- and Mn-species. As a
result, the Mn-species exist in both grain and grain boundaries.
It can be seen from Fig. 3(c) and (d) that La and Dy are
segregated to grain boundaries because the ionic radius of La®*
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Fig. 3. EDX analysis of the ZVM-based ceramics doped with La and Dy.

and Dy>* are larger than that of Zn®*. Presumably, this ion
migration will have an effect on electrical properties.

3.2. Electrical properties

Fig. 4 shows the electric field-current density (E-J)
characteristics of the ZVM sample doped with La and Dy.
The E—J characteristics of the samples are characterized by the
nonlinearity. The curves show that the conduction character-
istics divide into two regions: an ohmic region with very high
impedance before the breakdown field and a nonlinear region
with very low impedance after the breakdown field. All of the
samples show similar curves, except for the breakdown field.

Fig. 5 compares the breakdown field (Eg) and nonlinear
coefficient (o) with additives. The Eg of ZVM sample was
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Fig. 4. E-J characteristics of the ZVM-based ceramics doped with La and Dy.

1106 Vem ™. However, the breakdown field of the ZVML and
ZVMD samples greatly increased to 4804 Vcem™' and
5287 V cm ™', respectively. In general, the Ej is firstly affected
by the number of grain boundaries (n) across a series between
the electrodes, which is inversely proportional to the average
grain size. As a result, the decrease of the grain size leads to
higher Eg. The Eg is secondly affected by the breakdown
voltage per grain boundaries (vg,), as expressed by the
following equation [1]; Eg = vg,/d, where d is the grain size.
As a result, the increase of the vg, leads to higher Eg. It is
forecasted that the increase of average grain size with impurity
doping will decrease the Eg. However, this is opposite to
experimental results. If so, it is assumed that the increase of Eg
in the ZVML and ZVMD samples is attributed to the increase of
the vgp, compared with the ZVM sample. The vg, was in the
range of 3.9-4.0 V/gb for the doped samples. It is also
interesting to note that the doped samples exhibited a general
value of 2—4 V/gb [1]. This suggests that the grain boundaries
have the active electronic states. Therefore, the increase of Eg
with impurity doping could be agreed to be due to the increase
of vy, rather than the effect of grain size.

The ZVM sample exhibited high nonlinear properties by
presenting 22 in the nonlinear coefficient (o), compared with
a = 13-18 for well-known ternary Zn—-Bi—Co-based ceramics
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Fig. 5. Breakdown field and nonlinear coefficient of the ZVM-based ceramics
doped with La and Dy.
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Fig. 6. Leakage current during DC accelerated aging stress of the ZVM-based
ceramics doped with La and Dy.

or Zn-Bi—Mn-based ceramics. Furthermore, the ZVML and
ZVMD samples exhibited o = 33. Therefore, it can be seen that
La and Dy are significant dopants, which greatly improve the
nonlinear properties. This results from a more activated grain
boundary by the migration of La and Dy ions toward the grain
boundary. The leakage current density (J1) of the ZVM sample
was about 0.22 mA cmfz, whereas the Ji, value of the
ZVML and ZVMD samples decreased to 0.16 mA cm™~ and
0.17 mA cm ™2, respectively. This has a significant effect on the
improvement of electrical stability together with sintered
density, as mentioned previously. Incorporation of La and
Dy to the ZVM sample remarkably improves the nonlinear
properties, resulting in higher nonlinear coefficient and
smaller leakage current. It is presumed that the incorporation
of La and Dy to the ZVM sample enhances the electronic
activity of grain boundaries; raising potential barrier height at
grain boundaries.

3.3. DC accelerated aging characteristics

Fig. 6 shows the variation of leakage current during the DC
accelerated aging stress of the ZVM sample doped with La and
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Fig.7. Degradation coefficient of the ZVM-based ceramics doped with Laand Dy.
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Fig. 8. E—J characteristic behavior after DC accelerated aging stress of the ZVM-based ceramics doped with La and Dy.

ZVM — ZVML — ZVMD (I.: ZVM < ZVML < ZVMD)
during DC accelerated aging stress. On the whole, all of the
samples exhibited high stability without thermal runaway. The
stability for nonlinear properties of the samples can be
estimated by the degradation rate coefficient (K7), indicating
the degree of aging. The K7 value of the samples is shown in
Fig. 7. The ZVM sample exhibited weak positive creep of
leakage current (PCLC), with K values of +1.55 wA h™ "2,
However, the ZVML and ZVMD samples exhibited strong
PCLC with the K7 value of +2.46 and +10.86 pA h~"?
respectively. Though the leakage current and sintered density of
doped samples are better than those of the ZVM sample, the
low stability is likely to be related to LaVO, and ZnVOQOy, as a
secondary phase, which decrease cross-sectional area of grain
boundary. This decrease of cross-sectional area leads to the
concentration of current in the conduction path. The E-J
characteristic behavior before and after DC accelerated aging
stress of the ZVM sample doped with La and Dy is shown in
Fig. 8. The E-J curves of the ZVM and ZVML samples show
the large variation in the vicinity of knee than that at low and
high field regime after stress. However, the E—J curve of the
ZVMD sample shows the larger variation than that of the
ZVM and ZVML samples, in electric field regime more than
1500 V ecm ™" after applying the stress. When the E—J curves
shifted toward low electric field after applying the stress, the
samples are degraded. For this reason, the ZVMD sample
exhibited remarkable degradation, compared with the ZVM and

ZVML samples. This coincides with the variation of the
K value.

Fig. 9 compares the variation of Eg after the stress with
initial Eg with the additives. The ZVML sample was less than
—10% in %AEg, exhibiting higher stability than the ZVM
sample. In contrast, the ZVMD sample exhibited high variation,
—25.5% in %AEg. In the same way, the variation of « after the
stress with initial o with the additives is shown in Fig. 10. On
the whole, the variation for o of all samples exhibited to be
high, unlike the breakdown field (Eg). Of the samples, the ZVM
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Fig. 9. Breakdown field before and after DC accelerated aging stress of the
ZVM-based ceramics doped with La and Dy.
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Fig. 10. Nonlinear coefficient before and after DC accelerated aging stress of
the ZVM-based ceramics doped with La and Dy.

sample undoped with La and Dy exhibited the least variation
rate against DC accelerated aging stress.

4. Conclusions

The microstructure of the ZVM-based ceramics doped with
Dy and La commonly consisted of main phase of the ZnO grains
and Zn;(VQO,), as a secondary phase. Furthermore, in addition to
Zn3(VOy),, the quaternary La-doped ZVM (ZVML) and
Dy-doped ZVM (ZVMD)-based ceramics were found to possess
a secondary phase, such as LaVO, and DyVQy,, respectively. It
seems that all secondary phases act as a liquid-phase sintering
aid because it has a significant effect on the sintered density and
the average grain size. The La and Dy as a dopant greatly
improved the nonlinear electrical properties of the ZVM-based
ceramics, in which the nonlinear coefficient («) is about 33
and the leakage current density is close to 16 pAcm 2.
The ZVML-based ceramics exhibited the best stability,
which the variation of breakdown field (%AFEg) against DC
accelerated aging stress is —9.7%. Conclusively, it is estimated
that ZVML-based ceramics could be sufficiently applied as a
useful material for multilayer chip varistors with an Ag inner-
electrode.
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