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The microwave sintering process not only densified the ZnO materials in a higher rat
but also resulted in significantly better varistor characteristics. Large nonlinear coeffic
and low leakage current density were attained by cooling the samples under a rate o
80 ±Cymin after sintering, followed by 600±C postannealing for 60 min under oxygen
atmosphere. Inappropriate annealing deteriorated the varistor characteristics that can
be attributed to the insufficient reoxidation along grain boundaries when annealed in2

(or air) or loss of Zn species in these regions when annealed at 750±C (900±C). By
contrast, the degradation behavior of these materials can be improved by the anneal
process regardless of the annealing atmosphere or temperature.
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I. INTRODUCTION

The ZnO-based ceramics containing donors, sint
ing aids, and microstructural stabilizers1–3 have been
widely used as transient surge suppressors for prot
ing electrical circuits,4,5 because of their highly nonlin-
ear voltage (V)-current (I ) characteristics and excellen
surge-withstand capability. The non-ohmic properties
these materials are sensitive to the postsintering proc
even when the samples have been properly sintered6 –8

which was attributed to the modification on the defe
chemistry of the depletion region of the materials.

The degradation of varistor characteristics describ
by the increase in leakage current density with ope
tion time is the behavior of prime concern in devic
applications, besides the non-ohmic property of the Z
varistors.9,10 Among the models proposed to account f
the degradation mechanisms, the most acceptable on
due to Gupta and Carlson,11 based on the migration of
zinc interstitials present in the depletion region und
the action of electric stress. Several approaches8,11–15

have been attempted to improve the degradation beha
of ZnO varistors. Among them, heat treatment aft
sintering can effectively improve the stability of th
materials,16 –18 which was assumed to result from the o
diffusion of interstitial zinc (Zni).19

In this work, the donor-doped ZnO materials we
densified by the microwave sintering process, since t
process can enhance the densification rate for cera
materials.20 –22 The effect of postsintering process, in
cluding the cooling rate and annealing conditions,
urnals.cambridge.org Downloaded: 28 Apr 2014
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their varistor characteristics, especially the degradation
behavior, will be examined. The possible mechanism for
the modification of these properties is discussed.

II. EXPERIMENTAL PROCEDURES

A. Sample preparations

A typically commercial single uniform batch of ZnO
varistor powders was prepared. The composition of the
ZnO varistor samples consisted of 97 mol % ZnO with
1y2 mol % each of Bi2O3, Co3O4, TiO2, and Cr2O3, and
1 mol % of Al2O3. The mixtures were ball-milled with a
plastic jar, using zirconia balls and de-ionized water, for
8 h. They were then calcined at 750±C in air for 2 h,
followed by pulverization in a ball-mill for 8 h to around
0.8 mm size. The green compacts made of these pow
ders were microwave sintering at 1000±C for 10 min
in an applicator made of WR284 waveguide, using a
2.45 GHz microwave generated from commercial source
(Gerling GL107 magnetron). The temperature profile
was measured using Pt-13% Rh thermocouple, place
near the sample surface. The heating rate was 40±Cymin
and the cooling rate was either 145±Cymin, 80 ±Cymin,
or 6 ±Cymin. For comparison, the samples were also
prepared by a conventional sintering process, that is
sintering at 1000±C for 60 min in an electrical furnace.
The heating rate was 5±Cymin and the cooling rate
was 1±Cymin, 5 ±Cymin, or fast cooled (,14 ±Cymin).
In the annealing experiments, the microwave sintered
samples, cooled by a rate of 80±Cymin, were either heat-
IP address: 140.113.38.11
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treated at 600±C in controlled atmosphere (i.e., O2, air
or N2) or heat-treated at 600–900±C in O2 atmosphere.

B. Measurements

The crystal structure and microstructure of th
sintering samples were examined using a Rigaku Dymas-
IIB x-ray diffractometer and JEOL JSM-840A scannin
electron microscope (SEM), respectively. The avera
grain size,G, was estimated with the linear intercep
method as described by Mendelson23 with a multiple
factor of 1.56. The voltage-current (V-I ) properties
of these samples were measured using a Keith
237 I-V electrometer after the silver paste was rubb
onto the sample surface and fired at 100±C for 30 min
to serve as electrodes. Breakdown voltage (Vbk) was
evaluated from theI-V curve at a current density o
0.5 mAycm2, and the leakage current density (JL) was
estimated at a current density at 0.8Vbk. The nonlinear
coefficient (a) was calculated using theI-V properties
of the materials in-between the current density ranges
1.0 mAycm2 and 10 mAycm2. The capacitance-voltage
(C-V) measurements were made at room temperat
using H.P.4274A capacitance meter. The electri
characteristics, including barrier height (fb) and donor
concentration (Nd), were determined from capacitance
voltage (C-V) data, using the model proposed b
Mukaeet al.24 The capacitance-frequency relations we
measured by a H.P. impedance analyzer (HP4194A). T
degradation test was made at a temperature of 120±C
by monitoring the evolution of leakage current dens
with time, using a Keithley 237 I-V electrometer.

III. RESULTS AND DISCUSSIONS

A. Cooling rate effect

The sintering of ZnO materials needed only 1000±C
(10 min) to reach a high density as 96.0% T.D. (theore
cal density) by microwave sintering process, where
it took 1000±C (60 min) to attain a similar density
with the furnace sintering process. Phase constitue
of the microwave sintered (ms) samples are not diffe
ent from that of the furnace sintered (fs) ones. X-r
diffraction patterns shown in Fig. 1 indicate that the
contain hexagonal ZnO as main constituents with Bi-ri
phase (24Bi2O3–ZnO) and spinel as minor secondar
phases. However, the microstructure of the ms-samp
is significantly different from that of the fs-samples
Figure 2(a) shows that the ZnO materials densified
the furnace sintering process contained uniform gr
size distribution, with the average grain size arou
4 mm, which did not change with the cooling rate. B
contrast, the grain size of the ms-samples is usua
larger than that of the fs-samples, and the grains grew
a larger size when cooled in a slower rate, as shown
http://journals.cambridge.org Downloaded: 28 Apr 2014
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FIG. 1. The x-ray diffraction patterns of ZnO materials densified by
(a) furnace sintering process at 1000±C for 60 min and (b) microwave
sintering process at 1000±C for 10 min.

Figs. 2(b)–2(d). The grain size is around 5.6mm for ms-
samples cooled with 145±Cymin and is about 6.9mm
for those cooled with 6±Cymin. Moreover, abnormal
grain growth occurred for the ms-samples slowly cooled
[Fig. 2(d)], inferring that the diffusivity of the ions is
still during this period.

Cooling rate modified the electric field-current
density (J-E) characteristics of the fs-samples only
moderately. Figure 3(a) shows that the leakage curren
density (JL) varied in-betweensJLd  2.2 3 1025–
4.6 3 1025 Aycm2, the nonlinear coefficient (a value)
changed in-betweena  30–26, and the breakdown
voltage (Vbk) is aroundVbk  343–307 Vymm. More-
over, the capacitance-voltage (C-V) measurement
revealed that the potential barrier heightsfbd and the
donor concentration (Nd) of these samples also changed
insignificantly with the cooling rate, that is,fb 
3.05–2.25 eV andNd  10.9 3 1024–8.6 3 1024 m23,
as shown in Fig. 3(b) and Table I(a).

On the contrary, a sufficiently large cooling rate, i.e.,
r . 80 ±Cymin, is needed in the microwave sintering
process to keep the varistor characteristics unmodified
The cooling rate from 145±Cymin to 80±Cymin
only moderately changed the material’s properties
that is, JL  7.0 3 1025–5.3 31025 Aycm2, Vbk 
100–110 Vymm, a 25--27, fb  0.82--0.87 eV,
Nd  15.1--13.5 3 1024 m23. However, lowering
the cooling rate from 80±Cymin to 6 ±Cymin in-
creased the leakage current density abruptly from
JL  5.3 3 1025 Aycm2 to JL  30.0 3 1025 Aycm2

and lowered the nonlinearity froma  27 to a  7,
and accompanied with the decrease of the potentia
barrier height fromfb  0.87 to fb  0.73 and the
breakdown voltage from Vbk  110 to 32 Vymm,
as indicated in Fig. 4 and Table I(b). This is at-
tributed to the fact that, when ZnO materials were
cooled in a rate of 6±Cymin, they remained at high
IP address: 140.113.38.11
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rnace
FIG. 2. The SEM micrographs of ZnO materials densified by (a) the furnace sintering process (1000±C, 60 min) and cooled in a rate of 5±Cymin,
and those sintered by the microwave sintering process (1000±C, 10 min) and cooled in a rate of (b) 145±Cymin, (c) 80±Cymin, and (d) 6±Cymin.

FIG. 3. The (a) electric field-current density (E-J) and (b) the capacitance-voltage (C-V) properties of ZnO materials densified by the fu
sintering process (1000±C, 60 min) and cooled with various rates (fast cooled,14 ±Cymin).

TABLE I. Cooling rate effect on varistor characteristics of ZnO materials: (a) furnace sintered and (b) microwave sintered.

Sintering Cooling rate Vbk JL fb Nd Grain size
process (±Cymin) (Vymm) (1025 Aycm2) a (eV) (1024ym3) (mm)

(a) FS: fast cooled 343 2.2 30 3.05 10.9 4.0
5 331 3.6 28 2.64 10.7 4.0
1 307 4.6 26 2.25 8.6 4.1

(b) MS: 145 100 7.0 25 0.82 15.1 5.6
80 110 5.3 27 0.87 13.5 5.9
6 32 30.0 7 0.73 19.8 6.9

Fast cooled:.14 ±Cymin for 1000±C–800±C; 5 ±Cymin for 800±C–500±C.
FS: furnace sintering 1000±C (60 min); MS: microwave sintering 1000±C (10 min).
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temperature for such a long period that induced abnorm
grain growth, and accompanied by the loss of Zn
species along grain boundary regions. It should be no
that the time interval needed for samples to cool fro
1000 ±C to 940±C (,10 min) is comparable with the
sintering period in microwave sintering process.

As indicated in Tables I(a) and I(b), the microwav
sintering process resulted in significantly lower wo
http://journals.cambridge.org Downloaded: 28 Apr 2014
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function (fb), larger donor concentration (Nd), and
larger leakage current density (JL) than the furnace
sintering process. The modification on the varistor char
acteristics of the ZnO materials due to the change i
sintering process is, apparently, closely related to th
modification on the defect chemistry in depletion region
near the grain boundaries, since the change mainly o
curred at the prebreakdown region of the J-E curve, wit
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wave
FIG. 4. The (a) electric field-current density (E-J) and (b) the capacitance-voltage (C-V) properties of ZnO materials densified by the micro
sintering process (1000±C, 10 min) and cooled with various rates.
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the upturn region remaining unaffected. The potent
barrier height of the materials is related to the don
concentration (Nd) and surface states (Ns) with the
following relationship19,24:

fb  q2N2
s y2ee0Nd , (1)

whereq ande0 are the electronic charges and dielectr
constant of vacuum, respectively;e is the relative di-
electric constant of the materials. The donors are eith
the trivalent donor dopants (i.e., Sb31), the interstitial
Zn species (i.e., Zni), or the oxygen vacancies (VO),
whereas the surface states may be contributed by
impurities or adsorpted oxygen at grain boundaries a
the effective trap level induced by the cation vacanci
(i.e., VZn) presented in depletion region. Larger dono
density contained in ms-samples can be attributed
the freezing of excess interstitial Zn species form
at high temperature by the fast cooling process. Ho
ever, it is believed that the grain boundaries of th
microwave sintered materials are less defective, i.
contained smaller proportion of surface states, which
the more important cause of the lowering of thef value
of those samples. These phenomena, however, requ
more detailed investigation.

The dielectric properties of the ZnO varistors a
strongly frequency dependent. As shown in Fig. 5(a
the apparent dielectric constant decreased monotono
with the measuring frequencies. TheK value of the
microwave sintered (ms) samples,Kms  3000–4000 at
1 kHz, is larger than that of the conventional furnac
sintered (fs) samples, i.e.,Kfs  1000 at 1 kHz. These
dielectric constant values are exceedingly larger th
that of the pure ZnO materials (KZnO  8.5), indicating
that the ZnO varistors behaved as a grain bound
http://journals.cambridge.org Downloaded: 28 Apr 2014
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barrier layer (GBBL) capacitors, which possessed uniq
microstructure as semiconducting grains separated
insulating grain boundaries. Similar characteristics a
even more clearly illustrated in the frequency depe
dence of dissipation factor [Fig. 5(b)]. A noteworthy
dielectric relaxation peak occurred in the vicinity o
300 kHz for ms-samples and in the vicinity of 3 MHz
for fs-samples. The low frequency resonance at 300 kH
can apparently be attributed to the relaxation of spa
charge polarization (SCP), which occurred for electron
to transport inside the grain interior, in between th
grain boundary barriers, whereas the high frequen
resonance at 3 MHz can be ascribed to the relaxati
of the orientational polarization (OP) in the depletio
region of the ZnO materials, according to the “valenc
electron resonance model” proposed by Alim25 or Shim
and Cordaro,26,27 where the electrons were assumed t
hop in-between the intrinsic defects with,0.33 eV trap
level. The SCP relaxation was suppressed in fs-samp
due to lowNd and small grain characteristics of thes
materials. On the other hand, the OP relaxation, whi
should also occur to ms-samples, is not observable due
the appearance of the exceedingly large SCP-resona
peak and relatively small OP-resonance peak, due
thinner depletion region (i.e., smallfb) of these materi-
als. A large proportion of equivalent donor concentratio
(Nd), the interstitial Zn, induced in microwave sintering
process, in addition to the thinner depletion region ne
the grain boundaries, can account for the larger appar
dielectric constant of ms-samples.

B. Annealing effect

The degradation of the ZnO materials, which is th
change of their electrical properties with time, is anoth
IP address: 140.113.38.11
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FIG. 5. The effect of cooling rate on frequency dependence of (a) apparent dielectric constant and (b) dissipation factor of ZnO varis
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characteristic of prime importance for the application
varistor devices. It was proposed that the degrada
of ZnO materials was induced by the out diffusion
interstitial Zn atom under electric stress and can
markedly improved by annealing these materials un
oxidizing atmosphere at 600–800±C.10 Similar experi-
ments were thus performed on the microwave sinte
samples (1000±C, 10 min and 80±Cymin) to examine
the annealing effect on their degradation behavior.

The electric field-current density (E-J) an
capacitance-voltage (C-V) behaviors of the 600±C
annealed ms-samples are shown in Figs. 6(a)
6(b), respectively, and the corresponding varis
characteristics deduced from these curves are lis
in Table IIa. It is observed that annealing in eith
air or nitrogen atmosphere at 600±C deteriorated the
varistor behavior markedly; that is, the leakage curr
density increased fromJL  5.3 3 1025 Aycm2 to
JL  9.8--18 3 1025 Aycm2 and the nonlinearity de
creased froma  27 to a  11–8 after annealing, the
potential barrier height increased fromfb  0.87 eV to
fb  1.10 eV, while the donor concentration was n
significantly changed. Contrarily, annealing in oxyg
atmosphere at 600±C lowered the leakage curren
density significantly toJL  1.5 3 1025 Aycm2, main-
taining the other varistor characteristics unaltered.
the other hand, the leakage current density for
ZnO samples, normalized by the initial leakage curr
density (J0), increased pronouncedly with time for th
as-sintered samples [fine solid curve, Fig. 6(c)] a
the degradation behavior was substantially suppres
due to the annealing process, regardless of annea
http://journals.cambridge.org Downloaded: 28 Apr 2014
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atmosphere. Although the annealing in N2 atmosphere
resulted in large initial leakage current density (J0), this
value will not further increase with time [dash-dotted
curve, Fig. 6(c)].

It was proposed that the prime reactions occurre
during annealing process are the inward diffusion o
oxygen along the grain boundary region and the outwar
diffusion of Zn-interstitials from grain interior to the
boundary region.3 The former will annihilate the oxygen
vacancies that reduced the effective donor concentratio
via the following reaction:

1y2 O2s gd 1 VO  OOsg.bd, (2)

and, therefore, lowered the leakage current density. Th
increase in leakage current density, when the sampl
were annealed in air or N2 atmosphere, can thus be
ascribed to the insufficient supply of the oxygen. An
abundance of oxygen vacancies was thus induced. O
the other hand, outward diffused Zn-interstitials will
interacted with the Zn-vacancies,VZn, via the following
reaction:

VZn 1 Zni  ZnZn 1 Vi (3)

and then recombined with oxygen species incorporate
into the lattice via the reaction described in Eq. (2). Si
multaneous elimination of the Zn interstitials (Zni) and
Zn vacancies (VZn) did not alter the materials’ varistor
characteristics, since the effective donor concentratio
(Nd) was not altered. However, the degradation behavio
of these materials, which occurred due to the diffusio
of Zni species under the electric stress, was significant
IP address: 140.113.38.11
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FIG. 6. The effect of annealing atmosphere (N2, air, or O2, 600 ±C) on (a) J-E, (b) C-V, and (c) degradation of leakage current density of
the ZnO materials microwave sintered at 1000±C, 10 min, followed by cooled in 80±Cymin.

TABLE II. Annealing effect on varistor characteristics of ZnO materials: (a) atmospherical effect and (b) temperature effect.

Vbk JL fb Nd

Annealing conditions (Vymm) (1025 Aycm2) a (eV) (1024ym3)

(a) 600±C in N2 82 18 8 1.10 13.6
600 ±C in air 120 9.8 11 1.16 13.3
600 ±C in O2 129 (110) 1.5 (5.3) 29 (27) 1.20 (0.87) 12.5 (13.5)

(b) 750±C in O2 115 5.0 20 1.03 5.69
900 ±C in O2 90 4.9 19 0.86 5.27

(. . .) properties of as-sintered ZnO materials.
s
s

to
es.
er

-
nt
improved [cf. Fig. 6(c)]. The assumption that the elim
nation of Zni species improves the degradation behav
of these materials is in accord with the mechani
reported earlier.3 Restated, annealing in oxidizing atmo
phere, i.e., O2, not only suppressed the initial leakag
current density (J0) but also improved the degradatio
http://journals.cambridge.org Downloaded: 28 Apr 2014
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behavior [bold solid curve, Fig. 6(c)], which ascribed
the annihilation of Zn-interstitials and oxygen vacanci

On the other hand, annealing in oxygen at high
temperature (i.e., 750 and 900±C) deteriorated the varis
tor characteristics markedly. The nonlinear coefficie
(a) and the donor concentration (Nd) were significantly
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lowered, while the leakage current density (JL), the
potential barrier height (fb), and breakdown voltage
(Vbk) were insignificantly altered, as shown in Fig. 7
and Table II(b). However, the degradation of the leakag
current density was still improved, even though th
varistor characteristics were markedly degraded. The
phenomena indicate, again, that the degradation behav
is intimately related to the presence of a large pro
portion of interstitial Zn species existing in the grain
interior, whereas the other varistor characteristics a
more closely related to the constitution and proportio
of atomic defects existing in the depletion zone near th
grain boundaries.

Postannealing at 600±C imposed an insignificant ef-
fect on the dielectric properties of the ZnO varistors, re
gardless of annealing atmosphere. As shown in Figs. 8
and 8(b), the apparent dielectric constant decreas
monotonously with measuring frequency and an SC
http://journals.cambridge.org Downloaded: 28 Apr 2014
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relaxation occurred in the vicinity of 300 KHz. Postan-
nealing at higher temperature (i.e., 750 and 900±C,
O2) markedly lowered the apparent dielectric constan
and suppressed the space charge polarization (SC
relaxation. Table II inferred, again, that the decrease
donor concentration (Nd) is the main factor resulting in
the modification on the dielectric properties.

IV. CONCLUSIONS

Sintering behavior and varistor characteristics o
ZnO materials prepared by microwave or furnace
sintering process were examined. The ZnO sample
can be densified to.96% T.D. (theoretical density)
at 1000±C (10 min) in the microwave sintering process
and at 1000±C (60 min) in the furnace sintering process
Cooling rate after sintering markedly modified the mi-
crostructure, electric field-current density (J-E), and
FIG. 7. The effect of annealing temperature (600±C, 750±C, or 900±C, in O2) on (a) J-E, (b) C-V, and (c) degradation of leakage current
density of the microwave sintered ZnO materials.
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ristors.
FIG. 8. The effect of postannealing on frequency dependence of (a) apparent dielectric constant and (b) dissipation factor of ZnO va
h

e

h

b

capacitance-voltage (C-V) characteristics of the micro-
wave sintered samples, but insignificantly altered tho
properties of the furnace sintered samples.

Postannealing resulted in a pronounced effect
both the varistor characteristics and the degradation
havior of ZnO materials. Annealing under O2 atmosphere
at 600±C for 1 h optimized the varistor properties, wit
leakage current densityJL  1.5 3 1025 Aycm2, non-
linear coefficienta  29, and breakdown voltageVbk 
129 Vymm, and the intrinsic parameters with potenti
barrier heightfb  1.20 eV and donor concentration
Nd  1.33 3 1025 m23. Annealing under nonoxidizing
atmosphere (air and N2) and unsuitable temperatur
(750 or 900±C) deteriorated the varistor characteristic
that were ascribed to the insufficient reoxidation or t
induction of oxygen and zinc vacancies. Contrarily, th
degradation behavior, evaluated by time evolution
leakage current density, was significantly improved
the annealing process, regardless of annealing atm
phere or temperature. Such a behavior was attributed
the elimination of interstitial zinc (Zni) due to annealing
such that the phenomenon of out diffusion of Zni species
was suppressed.
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