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Abstract

The electrical, dielectric properties, and aging behavior of ZnO-V,05-Mn0O,—C030,~Dy,03; (ZVMCD) ceramics were investigated with
different dopants (Al, Nb, Bi, La). The phase formed for all the samples consisted of ZnO grain as a main phase, and Zn3(VOy),, ZnV,0,, and
DyVO, as the secondary phases. On one hand, Nb and Bi dopants enhanced the nonlinear coefficient whereas Al and La dopants decreased it. On
the other hand, Nb and Al improved the stability against aging stress. The Nb-doped ZVMCD ceramics exhibited the best nonlinear properties
(o = 36) and the highest stability: %AEg = —0.4%, %Ao = —20%, %Aée,pp = —1.3%, and %Atan § = +13% for DC accelerated aging stress of

0.85 Ep/85 °C/24 h.
© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Impurity doped-ZnO ceramics exhibit the nonlinear
electrical behavior, which is very similar to a back-to-back
zener diode. The sintering process gives rise to a micro-
structure, which consists of semiconducting n-type ZnO grains
surrounded by very thin insulating intergranular layers. Each
ZnO grain acts as if it has a semiconductor junction at the grain
boundary. Since nonlinear electrical behavior occurs at each
boundary, the impurity doped ZnO ceramics can be considered
as a multi-junction device composed of many series and parallel
connection of grain boundaries. The grain size distribution
plays a major role in electrical behavior. Electrically, ZnO
varistors exhibit highly nonlinear voltage—current (U-I)
properties expressed by the relation I = KU*, where [ is the
current, U is the voltage, K is a constant, « is the nonlinear
coefficient, which characterizes the nonlinear properties of the
varistors [1,2].

ZnO ceramics cannot exhibit a varistor behavior without
adding heavy elements with large ionic radii such as Bi, Pr, Ba,
etc. Commercial ZnO-Bi,03-based ceramics and ZnO-PrgO ;-
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based ceramics cannot be co-fired with a silver inner-electrode
(m.p. 961 °C) in mutilayered chip components because of the
relatively high sintering temperature above 1000 °C [3.4].
Therefore, new varistor ceramics are required in order to use a
silver inner-electrode. Among the various ceramics, one
candidate is the ZnO-V,0s ceramics [5-14]. This system
can be sintered at a relatively low temperature in the vicinity of
about 900 °C. This is very important for multilayer chip
component applications, because it can be co-sintered with a
silver inner-electrode without using expensive palladium or
platinum metals.

A study on ZnO-V,0s-based ceramics is initial step yet in
terms of materials composition and sintering process. To develop
useful ZnO-V,0s-based ceramics, it is very important to
investigate the effects of dopants on varistor properties. Until
now, ZnO-V,0s-based ceramics have been reported for a ternary
system containing MnO, [10-14]. ZnO-V,05—-MnO, ceramics
is reported to exhibit good nonlinear properties (nonlinear
coefficient measured between 1.0 mA cm™ 2 and 10 mA cm72,
o =~ 27)inpreviousresearch [13,14]. The Co and Dy are added to
Zn0-Bi,053-based ceramics or ZnO—PrgO;-based ceramics to
improve the varistor properties. In this report, the effect of dopant
(Al, Nb, Bi, La) on varistor properties and aging behavior of
Zn0-V,05-Mn0,—-Co0304-Dy,03 (ZVMCD) ceramics was
examined.
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2. Experimental procedure
2.1. Sample preparation

Reagent-grade raw materials were prepared in the propor-
tions of (96.9 — x) mol% ZnO, 0.5 mol% V,0s, 2.0 mol%
MnO,, 0.5 mol% Co30,4, 0.1 mol% Dy,O; (ZVMCD) and
independent samples of 0.005 mol% Al,O3, 0.1 mol% Nb,Os,
0.1 mol% Bi,03, and 0.1 mol% La,O;. 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 (150 pwm) screen to
produce starting powder. The powder was uniaxially pressed
into discs of 10 mm in diameter and 1.3 mm in thickness at a
pressure of 100 MPa. The discs were sintered at 900 °C in air
for 3h 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 it 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,O; powder to a
mirror-like surface. The polished samples were chemically
etched into 1HC1O4:1000H,0 for 25 s at 25 °C. 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 microstructure was examined by a scanning electron
microscope (SEM, Hitachi S2400). The average grain size (d)
was determined by the lineal intercept method such as the
expression, d = 1.56L/MN [15], where L is the random line
length on the micrograph, M is the magnification of the
micrograph, and N is the number of the grain boundaries
intercepted by the lines. The crystalline phases were identified
by an X-ray diffractometry (XRD, X’pert-PRO MPD,
Netherlands) with Ni filtered CuK, radiation. The sintered
density (p) of the ceramics was measured by the Archimedes
method.

2.3. Electrical measurement

The electric field—current density (E—-J) characteristics
were measured using a high voltage source unit (Keithley
237). The breakdown field (Eg) was measured at 1.0 mA cm 2
and the leakage current density (J;) was measured at 0.8 Eg.
In addition, the nonlinear coefficient () is defined by
the empirical law, J = K-E®, where J is the current density, E
is the applied electric field, and K is a constant. The «
was determined in the current density range 1.0-10 mA cm 2,
where o =1/(logE, —log E,), and E, and E, are the
electric fields corresponding to 1.0 mA cm? and 10 mA cm?,
respectively.

2.4. Dielectric measurement

The dielectric characteristics, such as the apparent dielectric
constant (&,pp) and dissipation factor (tan §) were measured in
the range of 100 Hz to 2 MHz using a RLC meter (QuadTech
7600).

2.5. DC accelerated aging characteristic measurement

The DC accelerated aging test was performed for stress state
of 0.85 Eg/85 °C/24 h. Simultaneously, the leakage current was
monitored at intervals of 1 min during stressing using a high
voltage source unit (Keithley 237). The degradation rate
coefficient (K1) was calculated by the expression [ =I-
Lo + K12 [16], where Iy is the leakage current at stress time (7)
and Iy, is I at t = 0. After applying the respective stresses, the
E—J characteristics were measured at room temperature.

3. Results and discussion

Fig. 1 shows SEM micrographs of surface of the samples
for different dopants. The grain structure is relatively
homogeneously distributed throughout the entire samples,
compared with ternary ZnO-V,05—-MnO, ceramics [10]. The
average grain size (d) decreased in order of ZVMCD-Nb
(7.5 pm) > ZVMCD-Bi (5.0 pm) > ZVMCD (4.6 pm) >
ZVMCD-La (4.6 pm) > ZVMCD-AI (4.2 pm). It was found
that the Nb and Bi dopants improved the grain growth, whereas
the Al dopant inhibited it. The sintered density (p) was
5.56 gcm >, in the ZVMCD, ZVMCD-AI, and ZVMCD-Nb,
whereas it was 5.44 g cm ™~ in ZVMCD-BI. It is presumed that
the low sintered density of the ZVMCD-BI is attributed to the
larger ionic radius of Bi than Zn ion. The detailed density and
average grain size of the samples are indicated in Table 1. The
XRD patterns of the samples are shown in Fig. 2. All the
samples revealed the presence of the secondary phase such as
7Zn3(VOy),, ZnV,04, and DyVO,. The Znz(VO,), is formed
when the ZnO-V,0s-based ceramics are sintered at high
temperatures and that acts as a liquid-phase sintering aid [5].
Furthermore, it seems that the DyVO, phase acts as an enhancer
for the grain growth of ZnO [17].

Table 1 reports the main electrical characteristics of the
samples for different dopants. The breakdown field (Eg)
decreased in order of ZVMCD (7013 V cm™ ') > ZVMCD-La
(4772 Vem™') > ZVMCD-Bi (4367 V cm™') > ZVMCD-Nb
(3355 Vem ™) > ZVMCD-Al (2514 V em™Y). The decrease
of Eg can be explained by both the increase in the number of
grain boundaries owing to the increase in the average ZnO grain
size and the decrease of breakdown voltage per grain
boundaries (&), as expressed by the following equation [1];
Eg = gb/d, where d is the grain size and g stands for the
breakdown voltage per grain boundaries. It should be noted that
the ZVMCD-AI exhibited the lowest Eg although the grain size
is the smallest. The addition of Nb and Bi dopants enhanced the
nonlinear coefficient, whereas the Al and La dopants decreased
it. It should be noted that the ZVMCD-Nb exhibited the highest
value (36) among ZnO-V,0s-based ceramics reported up to
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Fig. 1. SEM micrographs of the samples for different dopants.

now. These are a higher value than that of ZnO-V,0s-based
multi-component ceramics prepared by microwave sintering
process [7]. The high barrier caused by the electronic states at
active grain boundary will give rise to a large «. In general, the
leakage current (1) shows an opposite relation to the nonlinear
coefficient («). On the whole, the I} value is much higher than
the expected value in the light of o value. Presumably, a high
leakage current of these samples seems to be due to the
recombination of electron and hole rather than thermionic
emission over barrier at the grain boundary.

Fig. 3 shows the apparent dielectric constant (&} pp)
and dissipation factor (tan §) of the samples for different

Table 1

dopants. With increasing frequency for all varistors, the &)pp
decreased with a relatively sharp dispersive drop in the vicinity
of 100 Hz which is closely associated with the interfacial
polarization of dielectrics. The &}pp in the frequency above
1 kHz increased in order of ZVMCD-Al > ZVMCD-Nb >
ZVMCD-Bi > ZVMCD-La > ZVMCD. This is directly
related to d/t ratio, as can be seen in the following equation,
Expp = &g(d/1), where &, is the dielectric constant of ZnO (8.5),
d is the average grain size, and ¢ is the depletion layer width of
the both sides at the grain boundaries. On the other hand, the
tan § decreased until the vicinity of 20 kHz with increasing
frequency, which exhibits a second dispersion peak in the

Microstructure, E-J, and dielectric characteristic parameters of the samples for different dopants.

Sample d (pm) o (gem™) Eg (Vem™) Vo (Vgb™") o Ji (LA cm™?) epp (1 kHz) tan § (1 kHz)
ZVMCD 4.6 5.56 7013 33 32 90 385 0.23
ZVMCD-Al 4.2 5.56 2514 1.1 17 334 1555 0.26
ZVMCD-Nb 7.5 5.55 3355 2.5 36 85 775 0.31
ZVMCD-Bi 5.0 5.44 4367 22 35 42 621 0.15
ZVMCD-La 4.6 5.50 4772 2.2 12 403 631 0.5
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Fig. 2. XRD patterns of the samples for different dopants.
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vicinity of 300 kHz, and thereafter again decreased. The
detailed dielectric characteristic parameters at 1 kHz are
summarized in Table 1.

Fig. 4 shows the variation of leakage current during DC
accelerated aging stress of the samples for different dopants. It
can be seen that the dopants have a significant effect on aging
behavior. All the samples except for the ZVMCD-AI and
ZVMCD-Nb exhibited thermal run-away under specified DC
accelerated aging stress of 0.85 Ep/85 °C/24 h. The La and Bi
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Fig. 4. Leakage current during accelerated aging stress of samples for different

dopants: (a) ZVMCD, (b) ZVMCD-AI, (c) ZVMCD-Nb, (d) ZVMCD-BIi, and
(e) ZVMCD-La.
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Fig. 5. E—J characteristics after applying stress of samples for different dopants.

dopants impaired the stability against accelerated aging stress. In
particular, the Bi dopant improved the nonlinear electrical
properties, whereas it resulted in a severe problem in stability. On
the contrary, the ZVMCD-AI and ZVMCD-Nb were found to
exhibit a good stability without thermal run-away during
specified stress time period. The stability for nonlinear properties
of the samples can be estimated by the degradation rate
coefficient (K1), indicating the degree of aging from the slope of
the I; —'/? curve. The lower the Ky, the higher the stability. The
ZVMCD-Al exhibited low value: —13nAh™ "% whereas
ZVMCD-Nb exhibited extremely low value: +4 nA h™ "2,

Fig. 5 compares the variation of E—J characteristics after
applying the stress with initial E—J characteristics for the
respective samples. It can be seen that the variation of E-J
curves after applying the stress is strongly affected by the
dopants. The ZVMCD, ZVMCD-Bi, and ZVMCD-La exhib-
ited very large variation of E—J curves in the entire range of
electric field after applying the stress. However, the ZVMCD-
Al and ZVMCD-ND exhibited small variation in E—J curves
after applying the stress, in particular, in the ZVMCD-Nb case.

Fig. 6 compares the variation of Ey after applying the stress
with initial Eg for the respective samples. The ZVMCD,

ZVMCD-Bi, and ZVMCD-La, which revealed a thermal run-
away, exhibited a high variation, reaching approximately
—35% in breakdown field (%AEg). The ZVMCD-ALI exhibited,
high stable Eg characteristics reaching —6% in %AEg. In
particular, the ZVMCD-NDb exhibited the highest stable Eg
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Fig. 6. Breakdown field before and after applying stress of samples for different
dopants.
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characteristics showing %AEg = —0.4% so there is almost no
variation before and after applying the stress. Fig. 7 compares
the variation of « after applying the stress with initial « for the
respective samples. The ZVMCD, ZVMCD-Bi, and ZVMCD-
La, which revealed a thermal run-away, exhibited extremely
bad nonlinear properties by decreasing to inside and outside
a =5 after applying the stress. The ZVMCD-Nb exhibited the

Table 2
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Fig. 9. Dissipation factor before and after applying stress of samples for
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highest stable o characteristics showing %A« = —20%. On the
other hand, the ¢),pp and tan § before and after applying the
stress is shown in Figs. 8 and 9, respectively. The ZVMCD,
ZVMCD-Bi, and ZVMCD-La, which revealed a thermal run-
away, exhibited a high variation for &}, and tan 8. However,
the ZVMCD-Al and ZVMCD-Nb exhibited very small
variation. In particular, the %Aég,pp and %Atan$ in the
ZVMCD-Nb were only —1.3% and +13%, respectively. The
detailed variation of Efg, «, szPP, and tan § before and after
applying the stress is summarized in Table 2.

In discussing stability, in general, macroscopically, the
sintered density and the leakage current have a significant effect
on the stability against stress. That is, the higher the sintered
density and the lower the leakage current, the higher the
stability. The low sintered density decreases the number of
parallel conduction path and eventually leads to the concentra-
tion of current. The high leakage current gradually increases the
carrier generation due to Joule heat and it leads to repetition
cycle between joule heating and leakage current. In this
viewpoint, although the high leakage current, the ZVMCD-AI
did not exhibit any thermal run-away. On the contrary, although
the lowest leakage current, the ZVMCD-Bi exhibited the
thermal run-away. Therefore, it is difficult to assert that
macroscopic factors such as sintered density and leakage
current affect the stability. Microscopically, this is related to the

E—J and dielectric characteristic parameters before and after applying the stress the samples for different dopants.

Sample Stress state Es (Vem™) o Jo (pA cm™?) &ypp (1 kHz) tan § (1 kHz)
ZVMCD Initial 7013 32 90 385 0.23
Stressed 4551 5 131 627 0.82
ZVMCD-Al Initial 2514 17 340 1555 0.26
Stressed 2356 11 402 1531 0.28
ZVMCD-Nb Initial 3355 36 85 775 0.31
Stressed 3343 29 186 765 0.35
ZVMCD-Bi Initial 4367 35 42 621 0.15
Stressed 2815 6 534 894 0.47
ZVMCD-La Initial 4772 12 403 631 0.5
Stressed 3042 4 698 901 0.86
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rather migration of zinc interstitial (Zn;) within depletion layer
[18]. In this viewpoint, it is guessed that the reason why the
ZVMCD-ND exhibits good stability is because the Nb spatially
restricts the migration of ions within the depletion layer.

4. Conclusions

The electrical, dielectric properties, and its accelerated aging
behavior of ZnO-V,05-MnO,-Co3;04-Dy,0; (ZVMCD) cera-
mics were investigated with different dopants (Al, Nb, Bi, La).
On one hand, Nb and Bi dopants enhanced the nonlinear
coefficient whereas Al and La dopants decreased it. On the
other hand, Nb and Al dopants improved the stability against
aging stress. The Nb-doped ZVMCD ceramics exhibited the
best nonlinear properties (o« =36) and the highest stability:
%AEg = —0.4%, %oAa=—-20%, %Aeypp=—13%, and
%Atan § = +13% for DC accelerated aging stress of 0.85 Eg/
85 °C/24 h.
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