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bstract

n this paper, the ageing characteristics of individual grain boundaries in ZnO varistor ceramics were directly measured for the first time, which were
arried out based on the microcontact technique in combination with accelerated AC voltage ageing tests. The current–voltage (I–V) characteristics
f individual grain boundaries were measured on a microprobe station after the sample was degraded under different ageing time. The results

ndicated that the I–V characteristics of individual grain boundaries varied non-uniformly during ageing process, which could be roughly classified
nto two categories as monotonic and non-monotonic. It is revealed that degradation and recovery of electrical properties coexisted in the ageing
rocess, which could be explained with ion migration and oxygen desorption mechanisms.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

ZnO varistor ceramics are polycrystalline n-type semicon-
uctors which are mainly composed of ZnO material and other
inor additives, such as Bi2O3, MnO2, Sb2O3 and so on.1–4

wing to the formation of double-Schottky barrier around the
rain boundary during sintering process, ZnO varistor behaves
ighly nonlinear current–voltage (I–V) characteristics and has
een extensively studied in enhancing its nonlinearity, stability
nd pulse energy handling capability.5–9 The stability of ZnO
aristors, including long-term ageing characteristic and pulse
egradation characteristic, is highly concerned with the life-span
f these devices that have been widely used both in electronic
nd electrical systems against overvoltage surges. Generally, the
geing or the degradation of ZnO varistors may eventually lead
o the deformation of double-Schottky barrier and deterioration
n electrical property, and then result in protection failure.10–13

espite lots of previous studies have investigated the ageing

r degradation characteristics of bulk ZnO varistor under AC,
C and pulse current or voltage stress, but rare ones debated
n the variation of electrical property from the viewpoint of

∗ Corresponding author. Tel: +86 10 62775585; fax: +86 10 62784709.
E-mail address: hejl@tsinghua.edu.cn (J. L. He).

o
e
a
t
v
t
p

955-2219/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2011.01.024
ntact measurement; Non-uniformity

ndividual grain boundaries in microstructure scale, which is
he origin of the nonlinear electrical properties for ZnO varistor
eramics.14–19

Up to now, several methods have been adopted to probe
he electrical behavior of individual grain boundaries in ZnO
aristors.20–27 Van Kemenade and Eijnthoven measured the
reakdown voltages on more than 500 grain boundaries by evap-
rating Au microelectrodes on the surface of ZnO samples and
roposed that the average barrier voltage of single grain bound-
ries is around 3.6 V as the current through the grain boundary
s 1 �A.20 Tao et al. distinguished “good” and “bad” junction
rom the I–V curves of 50 single junctions by welding thin wires
n the surface of ZnO varistor.21 Olsson and Dunlop presented
nformative research to characterize the difference and symme-
ry of breakdown voltage for individual interfacial barriers using
complex microelectrode configuration.22 They claimed that the

unctions between ZnO and intergranular Bi2O3 exhibited asym-
etric I–V characteristics with breakdown voltage of 3.2 V for

ne polarity and either 0.4 or 0.9 V for the other polarity. How-
ver, the interface between ZnO and pyrochlore was “inactive”
nd did not exhibit obvious nonlinearity. Sun et al. measured

he electrical non-uniformity of grain boundaries within ZnO
aristors and identified three types of grain boundaries with
hreshold voltage of 1.8 V, 3.5 V, and 6.0 V, respectively.23 The
ercentages of these three types of grain boundaries were char-
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Fig. 1. Surface SEM image for ZnO ceramic sample coated with an array of
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linear coefficient was defined as the maximum of local nonlinear
coefficients which were calculated by fitting the neighboring 5
data points logarithmically according to the equation I = KVα.
452 J. He et al. / Journal of the Europea

cterized and the results indicated that grain boundaries with
hreshold voltage of 3.5 V occupied dominant ratio (over 50%)
ithin the varistors. Except for the I–V measurements, deep level

ransient spectroscopy (DLTS) and isothermal capacitance tran-
ient spectroscopy (ICTS) have also been performed based on
icrocontact technique to investigate the interface state levels of

ndividual grain boundary of ZnO varistors by Wang and Tanaka,
espectively.24,25 Recently, Ramírez et al. adopted atomic force
icroscopy (AFM) and electrostatic force microscopy (EFM) to

valuate the charge distribution on varistor surface and the effi-
iency of the voltage barriers of ZnO varistor before and after
ulse degradation.26,27

In this paper, we reported the ageing behavior of individual
rain boundaries in ZnO varistor materials by microcontact mea-
urement technique for the first time. Grain boundaries existing
ifferent ageing behaviors were distinguished and categorized.
nd then, the mechanism leading to such a non-uniform ageing
ehavior was analyzed in Section 4.

. Experimental procedure

ZnO sample was prepared by conventional ceramic fabri-
ation method. The content was 95.05 mol% ZnO, 0.70 mol%
i2O3, 0.50 mol% MnO2, 1.00 mol% Co2O3, 0.50 mol% Cr2O3,
.00 mol% Sb2O3, and 1.25 mol% SiO2. These analytical-grade
eagents were homogenously mixed in a planetary mill, dried
n an oven at 90 ◦ C and pressed under 160 MPa into discs with
0 mm in diameter and 2 mm in thickness. And then, the pellets
ere sintered at 1200 ◦ C for 4.5 h and polished to about 1.5 mm

n thickness. Three varistor samples with the same composition
nd fabrication process were prepared. The following ageing test
nd microcontact measurement were carried out on these three
amples at the same time. The results are similar, so only one of
hree samples is reported in this paper.

In order to perform the microcontact measurements on sin-
le ZnO grain boundaries, an array of Ag microelectrodes with
00 nm in thickness was evaporated on the polished surface of
he ZnO sample by photolithography. The mean grain size of
he sample was about 16.7 �m which was determined from the
urface SEM graph illustrated in Fig. 1. Therefore, the elec-
rode arrays were designed as 20 �m in diameter and 5 �m
way from the adjacent electrodes for the convenience of micro-
ontacts with microprobe and observation of individual grain
oundaries.

And then, this ZnO sample was degraded under an acceler-
ted AC voltage stress of 0.85 V1 mA (V1 mA correspond to the
pplied voltage at 1 mA) at 135 ◦ C for 3 ageing intervals (the
ccumulated ageing time is 0 h, 24 h and 48 h, respectively).
ccordingly, the overall microcontact measuring experiments
ere divided into 3 stages and carried out after the accelerated

geing process is completed. A prominent mark was also made
n the surface of sample so as to locate the same grain boundaries
o be measured at different ageing stages.
Since the microelectrodes on the deposited side were isolated
rom each other, some parts of this side might not be well-
onducted during the bulk electrical property measurements and
geing tests. An experimental setup, as shown in Fig. 2, was

F
t

ound microelectrodes. Note that there may be zero, one, two, three or more
rain boundaries located between the adjacent electrodes. For simplicity, we
ainly focused on the electrode junctions containing only one grain boundary.

esigned to eliminate the influence of poor surface contact. A
ead plate was placed between the lower electrode and the depo-
ition surface. The un-deposited regions on the deposited surface
ould be filled by lead because lead is very soft and could be
eformed under pressure. As a result, both sides of the sample
ere firmly contacted with conductive materials, including the
icroelectrode array and sample surface.
The microcontact measurements were performed on a probe

tation (Summit 11000M, Cascade Microtech Inc., Beaverton,
R, USA), an optical high magnification microscope (FS-70,
itutoyo Corporation, Kawasaki-shi, Kanagawa, Japan), and a

ouple of coaxial probes with a 0.5 �m replaceable tip (DCP-
05R, Cascade Microtech Inc., Beaverton, OR, USA) equipped
ith two probe positioners (DCM-320-M, Cascade Microtech

nc., Beaverton, OR, USA). The probes were manually manip-
lated by the positioners to make electrical contact with the
eposited microelectrodes. And then, a digital source meter
Model 2410, Keithley Inc., Cleveland, OH, USA) was con-
ected with the probes’ coaxial cables to determine the I–V
urves of individual grain boundaries.

The electrical property parameters of grain boundaries were
erived from these measured I–V curves. For instance, the non-
ig. 2. The experimental setup for bulk electrical measurements and ageing
ests.
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nd then, the applied voltage corresponding to this data point
as defined as the breakdown voltage Vb of this grain bound-

ry, while the current corresponding to 0.75 Vb was noted as the
eakage current IL. Additionally, the ageing rate coefficients KT
f single grain boundaries could be estimated by the empirical
quation as follows:

L = IL0 + KTt1/2 (1)

here IL0 is the initial leakage current and IL is the leakage
urrent after stress, t is the ageing time.

. Results and discussion

.1. Microstructure of the sample’s surface deposited with
lectrodes

The microstructure of ZnO ceramic sample coated with an
rray of microelectrodes is shown in Fig. 1. The round emboss-
ents on the surface are corresponding to the deposited Ag
icroelectrodes as marked by labels in Fig. 1. ZnO grains are

urrounded by intergranular phase and spinel phase randomly
istributed among the grain boundaries. Since these microelec-
rodes were deposited neatly and uniformly, there may be zero,
ne, two or more grain boundaries located in series between the
djacent microelectrodes. In order to simplify our discussions
ainly on the ageing characteristics of single grain boundaries,
icrocontact measurements were restricted to carry out on the

unctions with only one grain boundary. As reported by Olsson
nd Dunlop, different types of boundaries existed in ZnO varis-
or and had different electrical properties.22 Boundaries between
nO grains containing a thin intergranular amorphous Bi-rich
lm possessed a dominant portion in ZnO varistor sample and

he breakdown voltages were about 3.2 V. ZnO grains sepa-
ated by a layer of Bi2O3 and pyrochlore or spinels did not
ave obvious varistor behavior (low nonlinearity and low break-
own voltage), which were excluded from our study. Therefore,
n our experiment, 25 junctions with breakdown voltage in the
ange from 3.0 V to 3.6 V were selected and labeled to investi-
ate the variations in electrical properties under different ageing
ime. Once the accelerated ageing test was completed, the micro-
ontact measurement on these 25 single grain boundaries were
arried out subsequently.

.2. The ageing characteristic of bulk ZnO varistor sample

Before carrying out the microcontact measurements on the
ample’s surface, the I–V characteristic curves of bulk ZnO varis-
or sample after different ageing times were measured, as well,
nd shown in Fig. 3. The pre-breakdown region of the I–V curve
hifts towards the direction with current increasing as the ageing
ime accumulated, which means that obvious electrical degrada-

ion happens on this sample due to the accelerated AC voltage
tress. The leakage current increases from 0.1 �A to 2.6 �A,
hile the nonlinear coefficient decreases from 43.4 to 38.6 when

he total ageing time is 48 h.
ig. 3. The I–V characteristic curves of bulk ZnO sample at different ageing
tage (0 h, 24 h and 48 h).

.3. Non-uniformity in ageing behavior of individual grain
oundaries

The I–V characteristic curves of 25 selected grain boundaries
fter different ageing time were measured to study the age-
ng characteristics of single grain boundaries in ZnO varistor
eramic. According to the variation trend of the leakage cur-
ent in the pre-breakdown region, the ageing characteristics of
ndividual grain boundaries can be distinguished and classified
nto two categories: monotonic and non-monotonic. Monotonic
geing process means that the leakage current of single grain
oundary monotonously degrades at different ageing stage. On
he contrary, non-monotonic ageing process means that some
rain boundaries’ leakage current could be recovered during the
geing process.

.3.1. Grain boundaries exhibiting monotonic ageing
ehavior

A typical monotonic ageing process in I–V characteristic of
0
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Fig. 4. A typical monotonic ageing process of a single grain boundary.
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Fig. 6. The nonlinearities of 25 grain boundaries at different ageing stage.

Table 1
Mean value and standard deviation of the nonlinear coefficients and the leakage
currents of the studied 25 individual grain boundaries at different ageing stage.

Ageing stage Nonlinear
coefficient

Leakage current in
logarithmic format

Mean
value

Standard
deviation

Mean
value

Standard
deviation

0 h 27.1 9.3 −6.1 0.9
2
4

d
a
t
w
b
m
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d
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i
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t
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b
value and the standard deviation of the leakage currents of these
25 grain boundaries at different ageing stages are summarized
in Table 1, which directly reveal the leakage currents of grain
boundaries increase in the ageing process directly.
I  (A)

Fig. 5. Non-monotonic ageing process of a single grain boundary.

here the current increases. The leakage current increases from
1.9 nA to 1.63 �A, and then 4.06 �A, whereas the nonlinear
oefficient decreases from 33.3 to 21.8, and then 4.2, when the
geing time increases. Meanwhile, the width of nonlinear break-
own region is significantly reduced after the sample was aged
or 48 h. The degradation phenomenon of this grain boundary in
he whole I–V curve is very noticeable and expected.

.3.2. Grain boundaries exhibiting non-monotonic ageing
ehavior

A typical non-monotonic ageing process in I–V characteris-
ic of single grain boundary is shown in Fig. 5. The breakdown
oltage of this grain boundary is around 3.31 V. Since there is a
ecovery phenomenon in the pre-breakdown region of I–V curves
fter ageing 24 h, this ageing process differs a lot from that of
ig. 4. Even though, the trend of this ageing process tends to dete-
iorate in electrical properties, eventually. The leakage current
ecreases from 16.6 �A to 5.55 �A firstly, and then increases to
29 �A, whereas the nonlinear coefficient decreases from 17.1
o 8.8, and then 4.2, as the ageing time accumulated. Mean-
hile, the width of the breakdown region is reduced after 48 h

ompared with its initial width.

.3.3. Summary of the electrical properties of 25 individual
rain boundaries at different ageing stage

The electrical properties of individual grain boundaries
nclude the breakdown voltage, nonlinear coefficient and leak-
ge current. Since the breakdown voltages after different ageing
ime basically remain constant in ageing process, the nonlinear
oefficient and the leakage current are our primary concerned
arameters. The nonlinear coefficients of 25 individual grain
oundaries after different ageing times are summarized in Fig. 6.
he initial nonlinear coefficients of these grain boundaries
ainly distribute in the range from 25 to 40 and exhibit non-

niform variation. As the ageing time increases, the nonlinear
oefficients of most grain boundaries gradually decrease. How-

ver, the decline degrees of different grain boundaries are greatly
ifferent among these grain boundaries. The nonlinear coeffi-
ients decrease very fast from their initial values when subjected
o 24 h voltage stress. With the ageing test continuing, the decline F
4 h 10.3 4.8 −4.6 1.3
8 h 6.0 3.3 −3.8 1.1

egrees of nonlinear coefficients of these selected grain bound-
ries at second ageing stage (ageing 48 h) are significant less
han those obtained at the first ageing stage. After the sample
as degraded 48 h, the nonlinear coefficients of individual grain
oundaries are mainly distributed in the range from 5 to 10. The
ean value and standard deviation of nonlinear coefficients of

hese 25 grain boundaries at different ageing stages are summa-
ized in Table 1, which reveal the decline of nonlinearity in the
geing process intuitively.

The leakage currents of 25 individual grain boundaries after
ifferent ageing time are summarized in Fig. 7. The leakage
urrents of single grain boundaries before ageing test are in the
ange from 0.1 �A to 1 �A. As the ageing test time increased,
ifferent grain boundary behaves different ageing process, as
entioned above, including monotonic and non-monotonic pro-

ess. The leakage currents of several grain boundaries exceed 1
A after subjected to the voltage stress of 48 h, which is rela-

ively large. Meanwhile, the corresponding nonlinear coefficient
s very small, which means that the grain boundary becomes
ind of “inactive” and has higher conductivity. In other words,
hese grain boundaries behave lower nonlinearity. 16 single grain
oundaries of 25 investigated ones exhibit the monotonic ageing
ehavior, while the rest of them are non-monotonic. The mean
ig. 7. The leakage currents of 25 grain boundaries at different ageing stage.
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ig. 8. The ageing rates distribution of 25 individual grain boundaries in the
nO ceramic sample.

The ageing rate coefficients KT of individual grain bound-
ries under 48 h accelerated ageing stress were calculated by
q. (1), and then, the distribution of KT could be summarized
s shown in Fig. 8. Owing to the non-uniform ageing process of
ndividual grain boundaries, the ageing rates of different grain
oundaries are consequently non-uniform and range vastly from
0−7 to 10−3 A h−1/2. It is expected that the ageing characteristic
f bulk ZnO varistor sample is the synthetical effect of millions
f individual grain boundaries with different ageing rates in a
omplicated network.

. Discussions on the non-uniform ageing behavior

Totally, the samples with the same composition and fabrica-
ion process were prepared and tested, the grain boundaries’

onotonic and non-monotonic ageing behaviors exist in all
hree samples. The proportions of monotonic to non-monotonic
rain boundaries of these three samples are 16:9, 19:6 and
8:7, respectively. The actual mechanism that leads to the age-
ng phenomena of ZnO varistor is still on dispute. One of the

ain reasons is the lack of direct experimental support. The
istribution of charged ions and defects in the depletion layer
nd boundary interface determine the double-Schottky barrier
eight. Generally, the ageing phenomenon of ZnO varistors is
onsidered to be caused by the reduction of double-Schottky bar-
ier height of individual grain boundary. There are mainly two
echanisms used to interpret the decline of the barrier height

n the ageing process: interstitial ion migration and oxygen des-
rption.

A grain boundary defect model is widely accepted to describe
he ion migration process.28,29 Zinc interstitial ions in the deple-
ion layer, which are considered to be the dominant migration
ons, can move rapidly through the octahedral and half the
etrahedral interstitial sites in ZnO structure (Wurtzite form).
hose positive ions migrate towards the negatively charged
rain-boundary interface where charged defects are converted to

eutral defects due to the following chemical reaction between
efects:

n•
i + V′

Zn = Znx
i + Vx

Zn (2)

m
a
t
o

amic Society 31 (2011) 1451–1456 1455

s a result of these reactions at the interface, two neutral defects
Znx

i and Vx
Zn) are formed at the grain boundary interface to

eplace the charged ions (Zn•
i ) and (V′

Zn). With the continuous
geing stress on the varistor, the barrier height declined contin-
ously due to the loss of charged ions and the accumulation of
eutral defects at the grain boundary interface.

Meanwhile, the desorption of oxygen in ZnO varistor plays
n important role in the degradation process, this has been ver-
fied by Ramírez et al.30,31 The tetragonal �-Bi2O3 phase in
nO varistor is regarded as boundary activator to limit oxygen
round the grain boundary, which is necessary to improve the
arrier characteristics. The elimination of �-Bi2O3 phase in ZnO
aristor after degradation stress would lead to the desorption of
xygen and deterioration of barrier.

Ion migration and oxygen desorption mechanism could be
asily used to explain the monotonic ageing phenomenon in
he single grain boundary ageing test. However, there are sev-
ral grain boundaries (occupying an unignorable percentage in
he randomly selected boundaries) exist non-monotonic ageing
ehavior. The I–V characteristic curves could be recovered after
ubjected voltage stress, which behave like the recovery phe-
omenon of bulk varistor samples under heat treatment in some
xtent. It means that there might be a counter mechanism on the
–V characteristic’s variation of individual grain boundaries dur-
ng the ageing tests. In our opinion, except for the migration of
ositively charged ions from depletion layer to the grain bound-
ry interface, the migration of negatively charged defects from
he grain boundary to the interface should also be taken into con-
ideration. Although the major defects distributed in the grain
oundaries which are spatially fixed at interfaces, the existence
f extrinsic defects may migrate towards the interface under age-
ng stress and partly compensate the loss of negative charges at
he interface, which results in the enhancement of barrier height
n some extent. In addition, there could be an reversible process
s compared to the desorption of oxygen, noted as absorption,
hich could improve the barrier property. The desorption and

bsorption of oxygen around the grain boundary may coexist
n the ageing process. The barrier could be recovered when the
bsorption of oxygen possesses dominant ratio in the ageing pro-
ess. The improvement of barrier height would eventually have
n opposite effect on the deterioration of electrical properties,
s noticed in Fig. 5. The above explanation is based on deduc-
ion, further detailed discussions on the non-monotonic ageing
ehavior will be conducted on specially prepared single grain
oundary in the near future.

. Conclusions

The ageing characteristics of individual grain boundaries in
nO varistor ceramic has been studied based on microcontact

echnique and accelerated ageing test. The ageing behavior and
geing rates of single grain boundaries are found to be differ-
nt from each other. Over 60% of investigated junctions have

onotonic ageing process, while the rest have non-monotonic

geing process. It is suggested that the migration of zinc intersti-
ials towards the interface at the grain boundaries and desorption
f oxygen around the grain boundary lead to the degrada-
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ion. However, the migration of negatively charged defects in
rain boundaries towards the interface and absorption of oxy-
en should also be taken into consideration, which may lead to
he recovery of electrical properties.
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