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Abstract

ZnO-based varistors of typical commercial compo-
sitions have been studied before and after DC
electrical degradation. Impedance spectroscopy was
used to provide information about the behaviour of the
Zn0 grain and grain boundary regions. Degradation
caused an increase in leakage current by a factor of 10,
and a reduction in the Schottky barrier height by a
factor of 2. The activation energy for grain conduc-
tion increased from 0-023 eV to 0-104eV as a result
of degradation, whilst that for grain boundary conduc-
tion decreased from 0-55 eV to 0-25 eV. The observed
variation in the activation energies of bulk, grain and
grain boundary regions are discussed in terms of
positive interstitial Zn ion and negative oxygen ion
migration in the grain boundary regions.

Auf ZnO basierende Varistoren mit einer typischen
kommerziellen Zusammensetzung wurden vor und
nach der Verdnderung durch Anlegen einer Gleich-
spannung ( Degradierung ) untersucht. Die Impeda-
nzspektroskopie lieferte Informationen iiber das Ver-
halten der ZnO-Kdrner und Korngrenzenregionen.
Die  Degradierung  verursachte eine Zunahme
des Restroms um einen Faktor 10 und eine
Abnahme der Héhe der Schottky-Barriere um einen
Faktor 2. Die Aktivierungsenergie der Kornleitfihig-
keit nahm aufgrund der Degradierung von 0-023 auf
0-104 ¢V zu, wiihrend die Aktivierungsenergie fiir die
Leitfihigkeit der Korngrenzen von 0-55eV auf
0-25 eV abnahm. Die beobachtete Verdnderung der
Aktivierungsenergien des massiven Materials, des
Korns und der Korngrenzenregionen wird beziiglich
der interstitiellen positiven Zn- und negativen O-
lonenwanderung in  den  Korngrenzenregionen
diskutiert.

* Present address: Department of Electrical and Computer
Engineering, University of South Carolina, Columbia, SC
29208, USA.

Des varistances a base de ZnQ, dans des compositions
typiques du commerce, ont été étudiées avant et apreés
dégradation sous courant continu. La spectroscopie
d'impédance a été utilisée pour obtenir des infor-
mations quant au comportement des grains en Zn0O et
des joints de grains. La dégradation provoque une
augmentation du courant de fuite d'un facteur 10 et un
réduction de la hauteur de la barriére de Schottky d'un

facteur 2. L'énergie d'activation de la conduction a

travers le grain augmente de 0-023 eV a 0- 104 eV aprés
dégradation, tandis que celle correspondant a la
conduction aux joints de grains diminue de 0-55eV a
0-25eV. Les variations observées pour les énergies
dactivation en volume, des grains et des joints de
grains sont discutées en terme de migration des ions
Zn*" interstitiels et des ions O~ dans les joints de
grains.

1 Introduction

Zinc oxide varistors are sintered polycrystalline
devices that exhibit grossly non-linear current-
voltage characteristics and good energy absorption
capability.! These properties enable this class of
materials to find wide application as circuit protec-
tion elements against transients and power
overloads.?-* The superior properties of the varistor
have led to several investigations from the viewpoint
of conduction mechanism, microstructure and
electrical properties.

The most serious problem encountered in the
application of ZnO varistors is related to the
phenomenon of degradation. The degradation
process leads to increased power dissipation within
the varistor and a concurrent rise in the varistor
temperature, which may result in thermal runaway.
The performance and life of ZnO varistors are
therefore limited by degradation processes. The
degradation behaviour of varistors has been studied
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under AC, DC and pulsed electric fields. Several
mechanisms have been proposed to explain the
observed degradation in terms of electron trapping,
dipole orientation, ion migration and oxygen
desorption.*"'! However, it has been widely
accepted that the degradation of ZnO varistors is
associated with a deformation of the Schottky
barriers, and this is believed to be caused primarily
by ion migration in the depletion region of ZnO
grains and grain boundary regions.>'!? Since the
degradation of ZnO varistors is believed to be a
grain boundary phenomenon, most of the earlier
studies were focused on the characteristics of the
grain boundary phase. Nevertheless, if a process
such as ion migration (caused by electrical stresses) is
responsible for degradation, then it is likely that the
characteristics of the ZnO grains and the grain
boundary phase would vary simultaneously. The
aim of the present study was therefore to provide an
understanding of the characteristics of the grain and
grain boundary phases in as-prepared and degraded
varistor specimens by an AC impedance method.
This technique permits unambiguous separation of
the grain boundary and grain interior components
of the conductivity for a polycrystalline sample.

2 Experimental Procedure

2.1 Sample preparation

Reagent grade (BDH Ltd, UK) powders of ZnO
(87-425 wt%), Bi,O; (6:00%), Sb,0; (3:50%), CoO
(0-55%), MnO, (0:70%), Cr,0; (0:90%), NiO
(0-90%) and AINO,); (0-025%) were mixed with
deionised water in a vibratory ball mill for 10 h. The
charge was dried, mixed with 2% polyvinyl alcohol
and formed into discs of 15 mm diameter and 3 mm
thickness using a single action uniaxial press,
operating at 325 kg/cm?. The green compacts were
heated at 3°C/min, sintered at 1275°C for 2h and
cooled in the furnace to room temperature.

2.2 Characterisation

The densities of the sintered pellets were determined
from mass and volume measurements. Phase
analysis was carried out using a Philips X-ray
diffractometer (PW 1380) with high density Cuk,
radiation.

Samples to be used for microstructural studies
were ground and polished down to 1 um diamond
paste. Scanning electron microscopy was performed
on a Philips SEM 505 with an energy dispersive
system (EDS) analytical facility, and specimens were
carbon-coated prior to use.

Before electrical characterisation, metallic elec-
trodes were applied to prepared (lapped) planar
surfaces by coating with colloidal (air-drying) silver

paint. Standard DC current—voltage (/~F) measure-
ments were performed (using a stabilised DC power
supply, Brandenburg 475R, in conjunction with
precision digital multimeters, Fluke 8010A) in the
current range up to 1mA. The leakage current
was estimated at the 80% V. level. Bulk resistance
of the varistor samples was determined from /-V
measurements at temperatures in the range 22°C to
153°C. The activation energy of the varistor was
evaluated from plots of log R versus 1/T via the
relationship:

R = Roexp(E/kT) 1

where R is the resistance, R, is a constant, E, is the
activation energy, k is Boltzmann’s constant and T
the temperature (degrees Kelvin). The activation
energy (E,) in the above relationship is known to be
a function of barrier height!* as shown by:

Ey={+ ¢y — TA( + ¢pg)dT (2)

where { is the Fermi level and ¢y is the barrier height.

AC impedance characteristics of the samples were
determined as a function of frequency from 1 mHz
to 10kHz, over the temperature range 22°C to
153°C, by use of a computer-controlled fre-
quency response analyser (Solartron 1250, Schlum-
berger Electronics Ltd, UK). The data were analysed
in terms of impedance plots,'* where the imaginary
component of impedance (Z") is plotted against the
real component of impedance (Z’) for each excit-
ation frequency. An idealised impedance plot and
the equivalent circuit of a ZnO varistor are shown in
Fig. 1. The resistance of the grain (R,) and the grain
boundary (R,,) may be derived from the intercepts
of the semicircle and the real component (Z’) axis as
indicated in Fig. 1. Activation energies of the grain
and grain boundary component conduction were
determined from the respective Arrhenius plots of
resistance as discussed in the case of bulk resistance.
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Fig. 1. The equivalent circuit and typical impedance plot of a
ZnO varistor for the frequency range covered in this study. The
capacitance shown refers to grain boundary barrier capacitance.
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2.3 Sample degradation

Samples were degraded by subjecting them to a high
DC current density (25 mA/cm?) for 50h at 150°C.
During the test, the voltage was adjusted to maintain
the constant current value. The DC and AC
electrical characterisation of these samples, as
already described, was performed before and after
degradation.

3 Results and Discussion

3.1 Bulk properties of varistors

Sintered densities were approximately 96% of the
theoretical value. X-Ray diffraction analysis did not
reveal any differences between the phases present in
the as-prepared and degraded samples. In both
conditions, the samples comprised hexagonal ZnO,
cubic Zn-Sb spinel and tetragonal §-Bi,0; phases.
The compositions of the ZnO-rich grains and the
spinel (Zn,Sb,0,,) particles, determined by EDS
analysis, are given in Table 1. The Bi,O;-rich grain
boundary regions are too narrow to enable reliable
analysis by these means.

The pre-breakdown current-voltage character-
istics of the varistor before and after the application
of electrical stress are shown (in terms of current
density—electric field, i.e. J-E) in Fig. 2. The increase
in leakage current after the application of electrical
stress indicates that the varistors suffered a signifi-
cant degree of degradation. It has been estab-
lished*1°-!? that conduction in the pre-breakdown
region is mainly controlled by thermionic emission
over the Schottky barrier. The observed increase in
leakage current is believed to be caused by deform-
ation of the Schottky barrier. It is also possible that
formation of short circuit or conduction paths could
lead to an increased leakage current without
lowering the barrier. However, the formation and
significance of the short circuit paths are not well
understood. Arrhenius plots for sample bulk
resistance, before and after degradation, are shown
in Fig. 3. It may be seen that the application of
electrical stress led to a reduction in the activation

Table 1. Typical compositions (obtained by EDS analysis) of
phases in as-prepared and degraded ZnO varistors

Element Zn0 grain Zn-Sh A[)lﬂé’/
{or as oxide) _
Element  Oxide  Element  Oxide
(wt?s) (wt%) (w1%) (wt%)
Zn (ZnO) 79-61 99-10 4379 54-51
Bi (Bi,0;) — — — —
Sb (Sb,0;) — 24-89 29-80
Cr (Cr,0;) — — 424 6-20
Mn (MnQ,) 010 016 1-74 275
Co (Co0) 045 0-57 1-14 1-45

Ni (NiO) 0-14 0-18 4-17 531
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Fig. 2. Current density—electric ficld characteristics of ZnO
varistor {(®) before and (x) after degradation (LC = leakage
current in each case).

energy (E, =~ {+ ¢p) from 0-57eV to 0-28eV. It has
been shown that the barrier height (¢5) of the
varistors, estimated from the /-V characteristics, is
reduced after degradation.!®> The observed reduc-
tion of the activation energy, in the present work, is
therefore believed to be due primarily to the
reduction in the potential barrier height.

In order to investigate the cause of activation
energy reduction in the varistors, AC impedance
measurements were also performed on as-prepared
and degraded samples to reveal the characteristics of
grain and grain boundary regions separately.
Impedance plots for an as-prepared varistor at
temperatures in the range 22-153°C are shown in
Fig. 4. It may be observed that the total resistance
(R, + R,,), based upon the low frequency intercept
(right hand side) of the semicircle with the Z’ axis,
decreased with increasing temperature. The figure
also shows that the frequency at which the max-
imum Z’ value occurred (in each plot) increased with
temperature. The grain resistance (R,) was estimated
from the high frequency intercept (left hand side) of
the impedance plot with the Z’ axis, and the grain
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Fig. 3. Arrhenius plots of varistor resistance () before and ( x )
after degradation.
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Fig. 4. Impedance plots of the varistor, before degradation, at
temperatures from 22°C to 153°C.

boundary resistance (R,,) was obtained from the
difference between the low and high frequency
intercept values (see also Fig. 1).

3.2 Characteristics of the ZnO grains

Arrhenius plots of ZnO grain resistance before and
after degradation are shown in Fig. 5. As expected,
the grain resistance decreased with increasing
temperature, yielding activation energies of 0-023 eV
and 0-104eV for specimens before and after
degradation respectively. It is interesting to note that
the activation energy of the ZnO grains before
degradation (0-023 eV), is significantly lower than
the value (0-3 eV) reported for pure ZnO crystals.!®
The observed low activation energy (0-023 eV) of the
Zn0O grains before degradation therefore suggests
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Fig. 5. Arrhenius plots of the grain resistance of the varistor
(©) before and ( x ) after degradation.

that the grains in the ZnO varistor samples are not
pure ZnO. This proposal is supported by the results
of EDS analysis (Table 1) which indicate that the
ZnO grains contain small amounts of CoO, MnO,
and NiO. Indeed, the activation energy for the
binary system ZnO—CoO is reported to be 0-05eV.1”
The low activation energy (0-023 eV) for the varistor
grains may therefore be attributed to the dissolution
of additives such as CoO and possibly NiO in ZnO
grains. However, a major cause of the reduction in
the activation energy of the grains may be the
presence of trivalent ions such as AI** and Cr3*
(added in the form of AI(NO,); and Cr,0, to the
charge) in the ZnO grains. This is because such
trivalent impurities are known to form shallow
donor defects, located at about 0-05eV below the
conduction band edge of ZnO.!8 The concentrations
of the trivalent donor impurities in the ZnO grains,
however, are believed to be very low (i.e. below the
detection limit of analysis) as they were not observed
by EDS analysis (Table 1).

Whilst the degradation process increased the
activation energy for the ZnO grains from 0-023 eV
to 0-104 eV (Fig. 5), the EDS analyses did not reveal
any significant differences between the composition
of the ZnO grains in the as-prepared and the
degraded samples. The increase in the activation
energy of ZnO grains is therefore believed to be
associated with subtle changes in the composition of
ZnO grains which are below the analytical detection
limits.

It is possible to speculate that the increase in
activation energy for the ZnO grains by degradation
may have been caused by a process involving (i) the
migration of trivalent impurities, and perhaps Zn
interstitials, towards the grain boundary under the
influence of an electric field, and (ii) the migration of
oxygen atoms (from the grain boundary) towards
the grain resulting in the oxidation of the impurities
and Zn interstitials. There is, however, no evidence
to support such a model and the process responsible
for the increase in activation energy is yet to be
identified.

3.3 Characteristics of the grain boundary

Arrhenius plots of the resistance of the grain
boundary before and after degradation are shown in
Fig. 6. In contrast to the behaviour of the ZnO grain,
the activation energy of the grain boundary de-
creased after degradation from 0-55eV to 0-25¢eV.
The observed decrease in the activation energy may
be attributed to a change in the defect con-
centrations in the grain boundary phase.

The simultaneous change in the activation
energies of grain and grain boundary regions (after
degradation) may be due to the change in the
concentration and nature of ionised charge carriers
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Fig. 6. Arrhenius plots of the grain boundary resistance of the
varistor () before and ( x ) after degradation.

near the grain boundary regions. The depletion
region, adjacent to the grain boundary interface, of
ZnO varistors before degradation is known to be
positively charged.!®-2? This is primarily due to the
presence of mobile interstitial Zn ions (Zn,” and
Zn?*) originating from the non-stoichiometric
nature of ZnO and the spatially fixed (immobile) ions
including the native oxygen vacancies such as Vg
and VZ* and ions based on the impurities such as Sb,
Cr, Al and Bi. Under continuous or prolonged
electrical stressing, the positive charges (e.g. Zn,;") are
converted to neutral ions and accumulate at the
grain interface, whilst the concentration of the
mobile interstitial Zn ions in the depletion region is
reduced.!®

Simultaneously, the neutral oxygen present at the
grain boundary regions would undergo ionisation to
(O™ and O? ") under the electric stress and migrate
towards the depletion regions, whilst the Zn, ions
(from the depletion regions) migrate towards the
grain boundary interface. A reaction between the Zn
and oxygen ions can lead to the formation of neutral
ZnO lattice.'® Similar reactions involving other ions
(AI**, Cr3* etc.) may also contribute to the increase
in the grain activation energy. However, the
migration of oxygen ions (originating at the grain
boundary regions) towards the depletion region
would cause depletion of oxygen at the grain
boundary regions. The direct observation of oxygen
depletion at the grain boundary regions of de-
graded varistors by Stucki et al.>! support the above
argument for the mechanism of oxygen ion migr-
ation towards the depletion region. The reduction in
the grain boundary activation energy is therefore
believed to be related to the oxygen depletion in the
grain boundary regions.

The simultaneous increase in grain activation
energy and decrease of grain boundary activation

energy, after degradation, may thus be due to a
process involving the simultaneous migration of
positive ions such as Zn;" and negative oxygen ions.

4 Conclusions

The increase of leakage current in ZnO varistors
after the application of electrical stress is due to a
reduction in the bulk activation energy which is a
function of potential barrier height. The observed
reduction of the bulk activation energy may be
attributed to a simultaneous change in the activation
energies of the grain and grain boundary phases. The
activation energy of the ZnO grains was found to
increase after degradation whereas the activation
energy of the grain boundary decreased after
degradation. The above change in the activation
energies of grain boundary regions may be due to a
simultaneous migration of negative oxygen ions and
positive interstitial Zn ions.
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