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Abstract

The microstructure, electrical properties, and DC-accelerated aging behavior of varistor ceramics, which are composed;6f,4-~Cs®+
Cr,03-Dy,03 (ZPCCD)-based ceramics, were investigated in the range of 0.0-2.0 mal@; DYs Dy,O; content is increased, the density
was decreased in the range of 5.53-4.43 §/and the average ZnO grain size was decreased in the range of 1§u8r4The varistors with
Dy, 03 exhibited a high nonlinear exponent above 30, compared with that witha@{D¥he incorporation of DyOj3 significantly improved
the nonlinear properties of ZPCCD-based varistors. The varistor wigfdpgontent of 0.5 mol% exhibited the highest nonlinearity, in which
a nonlinear exponent is 66.6 and a leakage current igA.Furthermore, this varistor showed the high stability, in which the variation rate
of varistor voltage, of nonlinear exponent, and of leakage-dr®, —10.5, and+288.8%, respectively, under DC-accelerated aging stress,
0.95 V1 ma/150°C/24 h, respectively, with increasing B®s content.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction a few drawbacks due to the high volatility and reactivity
of BioO3 melted at about 828C during a sintering above
Zinc oxide (ZnQ) varistors are smart electronic ceramic 1000°C[3]. The former changes varistor characteristics with
devices made by sintering ZnO powder with minor metal ox- the variation of inter-composition ratio of additives, the lat-
ides containing necessarilyd® 1 or BioOgz, providing indi- ter destroys the multi-layer structure of chip varistors and it
vidual roles. They exhibit highly nonlinear voltage—current generates many secondary phases in addition to insulating
(V) characteristics expressed By= kV*, wherek is a spinel phase deteriorating surge-absorption capabilities.
constant andx is a nonlinear exponent, inherent parame-  In the past few years, it has been studying ZnO varistor
ter of varistors, that is, they act as an insulator due to high ceramics containing 8911 as VFO to overcome these prob-
impedance below critical voltage and as a conductor due tolems[4-21]. In the former work, Nahm et al. reported that
extremely low impedance above critical voltage. And they ZnO-PgO11—CoO-CpO3—M203 (M = Er, Y)-based varis-
possess excellent surge withstanding capabilities. Thereforetor ceramics exhibit high nonlinear properties and stability
they have been widely used to protect semiconductor de-[12—-21] Many researchers who are interested in varistors
vices, electronic circuits, and electric power systems from wish to fabricate ZnO varistors exhibiting both higher non-
dangerous overvoltadé,?2]. linearity and higher stability. Itis very important to scrutinize
The majority of commercial ZnO varistors necessarily the role of individual additive to apply ZnO—§®1,-based
contain BpOs as varistor-forming oxides (VFO) and they varistors in various areas.
exhibit excellent varistor properties. However, they have The purpose of this work is to investigate the ef-
fect of Dy,O3 incorporation on microstructure, electri-
B . , . cal properties, and DC-accelerated aging behavior of
e o OO athor. Tel82:51-690-1068: ZnO-PEO;11-CoO-CpO3-Dy20; (in short ZPCCD)-based
E-mail address: cwnahm@dongeui.ac.kr (C.-W. Nahm). varistors.

0272-8842/$30.00 © 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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2. Experimental procedure

2.1. Sample preparation
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ary, Cyo is the value ofC, whenVy, = 0, Vg is the applied
voltage per grain boundary, is the electronic charge, is
the permittivity of ZnO ¢ = 8.5¢,). The density of inter-
face statesl\;) at the grain boundary was determined by the

Reagent-grade raw materials were prepared for ZnO varis-equationN; = (2eNg¢p/q)1/2 [23] and the depletion layer

tors with composition (98.6- x) mol% ZnO+ 0.5mol%
PrsO11+1.0 mol% CoG+0.5 mol% CrO3+x mol% Dy,O3

(x = 0.0, 0.5, 1.0, 2.0). The chemicals were weighed and

ball-milled with ZrQ, balls and acetone in a polypropylene
bottle for 24 h. The mixture was dried at 120 for 12h
and calcined at 750C for 2h. The calcined mixture was

width (t) of the either side at the grain boundaries was de-
termined by the equatioNyt = Ny [24].

The DC-accelerated aging stress test was performed under
four continuous conditions, such as 08bna/115°C/24h
in the first stress, 0.90/1ma/120°C/24 h in the second
stress, 0.95/1 ma/125°C/24 h in the third stress, and 0.95

pulverized using an agate mortar/pestle and after 2wt.% V1 ma/150°C/24 h in the fourth stress. Simultaneously, the

polyvinyl alcohol (PVA) binder addition, granulated by siev-

leakage current was monitored at intervals of 1 min during

ing 200-mesh screen to produce starting powder. The pow-stressing using a high voltage source-measure unit (Keithley
ders were uniaxially pressed into discs of 10 mm in diameter 237). The degradation rate coefficietr{ was calculated
and 1.8 mm in thickness at a pressure of 80 MPa. The discsfrom the expressiod, = I o + K7tY/2 [25], wherel, is

were sintered at 135 in air for 1 h. The size of the final

samples was about 8 mm in diameter and 1.0 mm in thick-

the leakage current at stress tintpgndl o is I att = 0.
After the respective stresses, tilel characteristics were

ness. Silver paste was coated on both faces of the samplesneasured at room temperature.

and ohmic contacts were formed by heating at 8DGor
10 min. The electrodes were 5mm in diameter.

2.2. Microstructure measurement

The either surface of samples was lapped and ground

with SiC paper and polished with Ou3n-Al,O3 powder to

a mirror-like surface. The polished samples were thermally

etched at 1100C for 30 min. The surface microstructure was

The dielectric characteristics, such as the apparent dielec-
tric constant{app’) and dissipation factor (ta¥) were mea-
sured in the range of 100 Hz to 2 MHz using a RLC meter
(QuadTech 7600).

3. Results and discussion

Fig. 1shows SEM micrographs of ZPCCD-based ceram-

examined by a scanning electron microscope (SEM, Hitachi ics with various DyO3 contents. SEM micrographs clearly

S2400, Japan). The average grain sidewas determined
by the lineal intercept method, given by = 1.56L/MN,
wherelL is the random line length on the micrograph,is
the magnification of the micrograph, ailis the number
of the grain boundaries intercepted by lirf@g]. The crys-
talline phases were identified by an X-ray diffractometry
(XRD, Rigaku D/max 2100, Japan) with Cuxkradiation.
The density ) of varistor ceramics was measured by the
Archimedes method.

2.3. Electrical measurement

The voltage—currentM-l) characteristics of the varistors

show the influence of DyO3 incorporation on the density
and grain size. The sintered microstructure was less densi-
fied due to increasing porosity as §§3 content increases.
The increase of DyO3 content lead to the decrease of den-
sification, as revealed in J03-based ceramicfl8]. As a
result, the density of ceramics was decreased gradually in
the range of 5.53-4.43 g/heorresponding to 95.7—76.6%
of theoretical density (TB= 5.78 g/cn? in ZnO). The aver-
age ZnO grain size was saliently decreased in the range of
18.6—4.7um with increasing DyO3z content. The decrease
of grain size is attributed to the precipitation of secondary
phase in the grain boundaries and nodal points.

Fig. 2 shows the XRD patterns of ZPCCD-based ceram-

were measured using a high voltage source-measure uniics with various DyOs contents. All varistor ceramics have

(Keithley 237). The varistor voltag&/{ ma) was measured at
a current density of 1.0 mA/cfrand the leakage currerit }
was measured at 0.8Q . In addition, the nonlinear expo-
nent ¢) was determined from = (log Jo—log J1)/(log Eo—
logE1), whereJ; = 1.0mA/cn?, Jo = 10 mA/cn?, andE;
and E, are the electric fields corresponding ip and Jo,
respectively.

The capacitance—voltag€+{V) characteristics of varis-

only two phases, i.e. ZnO grain and intergranular layer, as
revealed in the former workl1,12,18] Intergranular layer
was composed of pO11 (or PROs) and Dy0Os, and iden-
tified by EDS analysis to coexist in the grain boundaries
and the nodal points. There is no so large difference in
microstructure, compared with existinggPr1-based ZnO
varistor ceramics. The detailed microstructural parameters
are summarized iffable 1

tors were measured at 1 kHz using a RLC meter (QuadTech Fig. 3 shows the electric field—current densitf—()

7600) and an electrometer (Keithley 617). The donor con-

centration Ng) and the barrier heightpt) were determined
by the equation (p — 1/Cho)? = 2(¢p + Vgn)/deNg [23],

whereCy, is the capacitance per unit area of a grain bound-

characteristics of ZPCCD-based varistor cermics with var-
ious Dy O3 contents. It can be seen that the knee region
of E-J curves with DyOgz is much keener than that with-
out Dy,O3 and especially, for the varistors with 0.5 mol%



Fig. 2. XRD patterns of ZPCCD-based ceramics with various@y
contents: (a) 0.0 mol%, (b) 0.5mol%, (c) 1.0 mol%, and (d) 2.0 mol%.
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Fig. 1. SEM micrographs of ZPCCD-based ceramics with variougd@ycontents: (a) 0.0 mol%, (b) 0.5mol%, (c) 1.0 mol%, and (d) 2.0 mol%.
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Table 1

The microstructural an&/-| characteristic parameters of ZPCCD-based

varistor ceramics with various D@3 contents

Dy203  d(um) p (g/cm®)  Vima Vgb o L (nA)
content (V/imm)  (Vigb)

(mol%)

0.0 18.6 5.5 39.4 0.7 45 879
0.5 115 54 223.8 2.6 66.6 1.2
1.0 6.8 4.6 345.4 2.4 342 3.7
2.0 4.7 4.4 436.6 2.0 37.0 2.4

Dy,03. Clearly, the incorporation of D¥O3 greatly im-
proved the nonlinear properties of varistors. The varistor
voltage ¥1ma) was greatly increased in the range of
39.4-436.6V/mm. This is attributed to the increase of the
number of active grain boundaries due to the decrease of
ZnO grain size with increasing D@3 content. The aver-
age breakdown voltage per grain boundarig) in series
between electrodes, the so-called micro-varistor voltage, is
defined as following equationVg, = (d/D)V1ima, Where

d is the average grain size amis the thickness of sam-
ple. In other words, the larger the grain size, the lower
the varistor voltage. Th&g, was in the range of 2.1-2.6

— 0.0 mol%
******* 0.5 mol% o
---1.0 mol%
—=—-==-2.0 mol%

100 n L L " " L L
107 10° 10° 10* 10° 107

. 2.

Current density, J (A/cm’)

Electric field, E (V/cm)

1

10°

Fig. 3. TheE-J characteristics of ZPCCD-based varistor ceramics with
various DyOs contents.
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Fig. 4. The variation of nonlinear exponent and leakage current as a

function of Dy,O3 content of ZPCCD-based varistor ceramics.

V/gb in the varistors with DyO3 and this agrees to gener-
ally well-known 2-3V/gb regardless of sintering process
and compositions. But th¥g, of varistor without DyO3
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Fig. 5. TheC-V characteristics of ZPCCD-based varistor ceramics with
various DyOs contents.

Dy,03 4'° 2Dy,,,* + V4, + 205 + 1/20,, where Dy,,*

is a positively charged Dy ion substituted for Zn lattice
site, V7, is a negatively charged Zn vacancy, angl @ a
neutral oxygen of oxygen lattice site. The oxygen generated

was only 0.7V/gb and the ZPCC-based varistor ceramics in reaction above affects the donor concentration. In other

without Dy»O3 is suggested to have poor grain boundaries.

Generally, the varistors withy, below 1.0V/gb exhibit
very poor nonlinear properties. It is indicatedrig. 4 that

words,Ny is related to the partial pressure of oxyge4),
namely,Ng « pO> ~1/4 or pO,~1/8. It is, therefore, assumed
that the decrease dfly with Dy,O3 content is attributed

these grain boundaries cause very low nonlinear propertiesito the increase of partial pressure of oxydéf,11] As a

Fig. 4 shows the variation of nonlinear exponeaj énd
leakage current() of ZPCCD-based varistor ceramics with
various DyOg3 contents. Thex value in varistors without
Dy,03 was only 4.5, whereas the value of the varistors
with Dy2Os was abruptly increased above 30. Then, ¢he
value varied from maximum (66.6) in 0.5 mol% B3 con-
tent to minimum (34.2) in 1.0mol% D3 content. The
maximum ¢ value is much higher than that for incorpo-
ration of EpO3 and Y>Os reported already in equivalent
conditions[12-15,17,18] Thel_ value in varistor ceramics
without Dy>,O3 was 87.QuA, whereas thd_ value of the
varistor ceramics with DyOs was very abruptly decreased
below 4pA. The minimum value of, was obtained from
0.5mol% DyOs3, exhibiting 1.20A. The variation ofl_
value revealed the opposite curve to thatxofalue. As a
result, the incorporation of D¥D3 was confirmed to signif-
icantly improve the nonlinear properties. The detaiéd
characteristic parameters are summarizetable 1

The capacitance—-voltage C{V) characteristics of
ZPCCD-based varistor ceramics with various;Dy con-
tents are shown ifrig. 5. It can be forecasted that b@3
greatly affectsC-V characteristics from the line slope and
distribution.Fig. 6 shows the variation of donor concentra-
tion (Ng) and depletion layer widtht with various DyO3
contents. The donor concentratidyyj was decreased in the
range of 419 x 108 to 0.33 x 10'%/cm?® as with increasing
Dy,»0Os content. Although Dy ions have a larger radius
(0.091 nm) than Zh? ions (0.074 nm), limited substitution
within the ZnO grains is possible. Dy substitutes for Zn and

result, DyO3 serves as acceptor. The rare-earth oxides in
PrsO11-based varistor ceramics are found to act as an ac-
ceptor[14,18] The increase of the depletion layer width (

is attributed to the decrease of donor concentration. Really,
thet is wider at side of lower doping region. The detailed
C-V characteristic parameters are givenTable 2 While,

with increasing DyOs content, the density of interface
states ) was decreased in the range aB8 x 10 to
1.74 x 10'%/cm?. The barrier height ) was increased
up to 1.0mol% and thereafter decreased with increasing
Dy203 content. Thepy is directly connected with thélg
andN;. In other words, they, is estimated by the variation
rate in theN; and Ng. In general, thep, increases with
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creates lattice defect in ZnO grains. The chemical-defect Fig. 6. The variation of donor concentration and depletion layer width as
reaction using Kroger—Vink notation can be written as a function of DyOs content of ZPCCD-based varistor ceramics.
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Table 3

The C-V characteristic parameters of ZPCCD-based varistor ceramics The dielectric parameters of ZPCCD-based varistor ceramics with various

with various DyO3 contents

Dy»0O3 contents

Dy,O3 content Ng (108 cm3) N (102 cm™2) ¢y, (eV) t (nm)
(mol%)

0.0 4.19 5.38 0.74 129
0.5 1.15 3.40 1.07 29.5
1.0 0.62 2.79 1.34 45.1
2.0 0.33 1.74 0.97 52.3

increasingN; and decreasingNgy. If the variation rate of
Ng is much larger than that df; with an additive content,
the ¢p is much more strongly affected thdy than theN:;.
According to this reason, it can be understood thatdghe
is varied with increasing DyO3 content. The detaile@-V
characteristic parameters are summarizedable 2

Fig. 7 shows the frequency dependence of dielectric con-
stant ¢app’) and dissipation factor (tat) of ZPCCD-based
varistor ceramics with DyO3 content. The apparent dielec-
tric constant {app’) was decreased very slowly without a

Dy,03 content (mol%) 0.0 0.5 1.0 2.0
enpP 5982.3 1477.5 545.8 373.6
tans (%) 34.2 3.0 10.5 7.6

Thatis, this is because the increase 0obOy content causes
the increase of total depletion layer width within entire bulk
due to the decrease of average grain size. The detailed di-
electric parameters, including the apparent dielectric con-
stant €app’) and dissipation factor (taf) are summarized

in Table 3 The variation of tad according to increasing
frequency exhibits a complicated curve, with no remark-
able dielectric absorption phenomenon except for the varis-
tor ceramics with 0.5 mol% D¥Os. In the varistor ceramics
with 0.5mol% DyOg, the tan is decreased as frequency
increases until a minimum. After a minimum, the aim-
creased to maximum with increasing frequency and there-

sharper dispersive drop evident increasing frequency, whichafter again decreased. This is typical curve of&am the

is associated with the polarization of dielectrics. Eaep’

varistors. It was found that the values of taare greatly af-

in the measuring frequency range decreases with increasfected by various DyO3 contents. The tahiwas increased

ing Dy»>O3 content. This is directly related to the average
grain size, as can be seen in the following equatippp’

= gg(d/t), wheregy is the dielectric constant of ZnO (8.5),

is the average grain size, ahts the depletion layer width.
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Fig. 7. Frequency variation of dielectric parameters of ZPCCD-based
varistor ceramics with various D@3 contents.

in the range of tad = 0.030—-0.342 with increasing Y3
contents at 1 kHz and was the lowest as 0.030 in the varistor
ceramics with 0.5mol% DyOs. The tans variation of all
varistor ceramics showed the same tendency as variation of
leakage current. The detailed dielectric parameters are sum-
marized inTable 3

In application of varistors, two important factors that
should be necessarily considered are the nonlinearity of
V-l properties and its stability. The electronic and electrical
systems to be protected from various surges significantly re-
quire a high stability of varistor ceramics itself above all in
order to enhance their reliability. In practice, ZnO varistor
ceramics begin to degrade because of gradually increasing
leakage current with stress time. Eventually, they loss a
varistor function due to the thermal runaway. Therefore, the
electrical stability of the varistor is far more important than
other things. In this viewpoint, in addition to nonlinearity,
the electrical stability is technologically very important
characteristic of ZnO varistor ceramics. The electrical sta-
bility can be estimated by AC and impulse, etc. in addition
to DC, as tried in this paper.

Fig. 8 shows the leakage current during various
DC-accelerated aging stresses of ZPCCD-based varistor
ceramics with various DyO3 contents. The varistors with
Dy,03 of 1.0 and 2.0mol% exhibited the thermal run-
away within a short time, even under the first stress (0.85
V1 ma/115°C/24 h). The varistors stressed were completely
degraded. This poor stability may be attributed to the low
density, which decreases the number of conduction path and
eventually leads to the concentration of current. The leakage
current of these varistors is low, but the density is very low
below 80% TD. The stability against DC-accelerated aging
stress seems to be affected more predominantly by density
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and variation rate of the leakage currentA%) after var-

Fig. 8. The leakage current during various DC-accelerated aging stresse lous DC-accelerated aging stresses, for the varistors with

ofg'ZP.CCD-basedg varistor ceram?cs with various 2Dy contegts? (@) 0.5 mol% D3O, with no thermal runaway even under the

0.5mol%, (b) 1.0mol%, (c) 2.0mol%; a: the first stress, b: the second fourth stress (0.9%1ma/150°C/24 h). In an aspect of the

stress, c: the third stress, and d: the fourth stress. stability of VI characteristics, the %V, ma should be lower
than other variation rate of parameters. In general, the al-
lowed specifications of %V1 ma for the commercial varis-

than leakage current. On the contrary, the varistors with tors are less than 10% under 085,,A/85°C/1000 h. Even

0.5mol% DyO3 exhibited far better stability, compared though the stressing time in this study is short, the stress-

with the varistors with 1.0 and 2.0 mol% B®s. Its leak- ing voltage and ambient temperature are very severe. On the

age current exhibited nearly constant value until the secondwhole, the varistor voltage exhibited comparatively much

stress (0.90/1ma/120°C/24 h), but weak positive creep of  lower variation rate than those of other parameters with DC

leakage current (PCLC) during the third stress and remark- stress strength. This varistor exhibited a high stability by

able creep during the fourth stress (0\M5,4/150°C/24 h). marking YA Vi ma = —1.9%, %Aa = —10.5%, and 9%l

The stability of varistors can be estimated by the degradation = 1+288.8% after the fourth stress (0.95ma/150°C/24 h).

rate coefficient Kt), indicating the degree of aging. The Then this varistor still exhibited good nonlinear properties,

lower theKr, the higher the stability. Thigr of varistor with in which the nonlinear exponent is 59.6 and the leakage cur-

0.5mol% DyOs; was 0.3uAh~1/2 after the first stress,  rent is 4.5uA.

however, that was lowered in 0.3 h=Y/2 rather after the Fig. 11shows the variation of dielectric parameters, such

second stress (0.901 ma/120°C/24 h). It is suggested that  as the variation rate of dielectric constant4%upr’) and the

this is attributed to stabilization of grain boundaries due to variation rate of dissipation factor (&ans) after various

DC-accelerated aging stress, like both electrical and thermalDC-accelerated aging stresses, for the varistor ceramics with

stimulation. After further stress, thér greatly increased up

to 1.66wA h=Y2 in the third stress (0.981 ma/125°C/24 h)

Stress time, ¢~ (min)

S T T — 500

and abruptly increased up to 7.82h /2 in the fourth

stress (0.95V1 ma/150°C/24 h). To exhibit good stability of o 1400

in the varistor ceramics with 0.5mol% B®3, compared 2 °i‘\-

with other varistor ceramics, is attributed to high density S ¢ . 1300

and low leakage cuurent. = e, >
Fig. 9 shows the variation dt-J curve of ZPCCD-based “‘E Aop T o 1200 g

varistor ceramics with various DC-accelerated aging stress. < ©

It can be seen that on the whole, the curve is greatly var- a B 1100

ied in the prebreakdown region, compared with breakdown 2 20l A/‘ : lo

region after DC-accelerated aging stress. Since the degra-

dation results from ultimately leakage current due to the 251 . . 100

Ist 2nd 3rd 4th

thermionic emission, the curve in the prebreakdown region,
called leakage current region, is largely changed. With pro-
ceeding degradation, the curves in the prebreakdown regionig. 10. The variation rate 0¥l characteristic parameters of ZPCCD-
shift toward low electric field and high current density. based varistor ceramics with 0.5mol% £0s.

DC accelerated aging stress
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Fig. 11. The variation rate of dielectric characteristic parameters of
ZPCCD-based varistor ceramics with 0.5 mol%;,Dy.

0.5mol% Dy O3. Thesapp’ hardly changed in the range of
+0.3% through entire stress, and the daifid not change
so greatly as %tansd = +13.9% until the third stress,
whereas it changed more and less aAtéhsé = +55.6%
after the fourth stress. Then this varistor still exhibited low
tans, 0.047.

4. Conclusions

The microstructure, electrical characteristics, and their
stability for DC-accelerated aging stress of ZPCCD
(ZnO-PE0O11—C00O—-CpO3—Dy»03)-based varistor ce-
ramics were investigated at various 4®s contents.
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