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Abstract

The behavior of a ZnO-Bi,O3 binary system and ZnO-based varistors under a biasing electric field and temperature was investigated. Both
types of samples were exposed to aging with 50 pA DC at 115 °C for 22 h. The degradation effect of DC biasing was manifested by a drop of
varistor voltage as well as the presence of peaks in the thermally stimulated discharge current (TSDC) spectra. It was found that the TSDC
generation is related to a particular form of the Bi,Oj3 in ceramics. Activation energies of the thermally stimulated responses ranged from 0.01 eV
to 0.17 eV. In the high temperature range, the peaks attributable to degradation were found in the TSDC current when the Bi-rich inter-granular
phase formed agglomerates and the BiO5; was in its - or defective y- variety. When Bi,O5; was in an a-form, well-crystallized y-form, or an
amorphous form, none of the high temperature TSDC maximums were identified. Under a DC bias, the varistor voltage returned to its starting
value when the samples were cooled to room temperature. However, passing the current in the opposite direction by reversing the bias from
positive to negative exhibited a persistent drop of the varistor voltage.
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1. Introduction

Metal oxide varistors are commonly used for the protection
of electronic and power devices against voltage surges. Their
extensive implementation is a result of their ability to absorb
the potentially destructive energy of an incoming transient
pulse by changing varistor impedance by many orders of
magnitude from a high resistance (about 10° Q) to a highly
conductive level, thus reducing the transient voltage to a safe
level. Their main drawback of applying is susceptibility to
degradation causing an increase in the leakage current at their
operating conditions [1] far below the nominal varistor voltage
V,.. Since the process is gradual, a failed device is defined by a
+ 10% change of the -V characteristics at a 1 mA point [2].
The long-lasting action of an electric field and temperature as
well as current surges accelerate degradation of varistors [3—6].
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Degradation is strictly connected with fundamental proper-
ties of varistor's basic components: ZnO and Bi,Os. The non-
ohmic behavior of the electric properties of this two component
system was discovered by Kossman and Petcsold [7] but it was
Matsuoka who enriched it with other metal oxides making it
commercially viable [8]. A bismuth film approximately ~5 A
thick is required to create double Schottky potential barriers at
the grain boundaries. The height of these barriers is strongly
dependent on the excess of oxygen ions at the interface
between ZnO grains [9,10]. Therefore the excess of oxygen
is essential to the formation of the double Schottky barriers in
the varistors, and there is a strong relationship between the
drift of oxygen ions and the electrical degradation of the
varistors. The diffusion of oxygen ions through the grain
boundaries of ZnO contributes to the electrical degradation
[10]. Blocking of the drift of oxygen ions by the additive
precipitated at the grain boundary can suppress the electrical
degradation of varistors [11,12]. In this study we show that the
transport of oxide ions through the grain boundaries of ZnO is
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affected by the crystal structure of Bi,O3 particles and related
to the ionic conductivity of a particular crystalline phase of the
Bi,0Oj3 rich intergranular layer.

There are four crystal forms which Bi,O3 can take during
the varistor sintering. The monoclinic a Bi,O3 is stable at room
temperature. The metastable tetragonal f and cubic y forms
appear at 650 °C and 635 °C respectively and transform to
cubic & at 730 °C. The 9 is stable until oxide fusion at 825 °C
when it evaporates as a type of Bi,O4 which covers the walls
of the furnace [13]. As the furnace is cooling, the o phase
reappears at 500 °C [13]. However, all four polymorph forms
of Bi,O3 have been observed in Bi,O; doped ZnO varistors.
The transition of o to y occurs during the post-processing
thermal treatment of varistors [13-16]. The crystal structure of
Bi,05 at the grain boundary changes from a to & due to the
addition of Al or Si or by quenching [10]. Both the y-phase
and the a-phase are characterized by low ionic conductivity. In
contrast, the d-phase and the P-phase are good ionic con-
ductors, which intensifies the oxygen migration from the grain
boundaries.

The changes in varistor microstructure caused by degrada-
tion can be identified by spectroscopic methods of surface
analysis. The important finding from X-ray Photoemission
Spectroscopy (XPS) studies is that the concentration of oxygen
ions adsorbed at the grain boundaries decreases under the force
of the electric field [10,17].

The field induced thermally stimulated discharge current
(TSDC) method is just a general technique of investigating the
electrical properties of high resistivity solids via the study of
thermal relaxation effects. This method is used for the study of
the charge storage mechanism in dielectric materials. The
motion of free carriers is a conduction process which, because
of the blocking characteristic of the electrodes, gives rise to the
high temperature peak.

The TSDC peak, attributable to the ion migration, disap-
pears from the spectrum after a post-processing thermal
treatment of the varistors at 600-750 °C [18,19]. During this
treatment, the oxygen high conductive p-Bi,O; transforms into
the low conductive y-Bi,O3;. As a result the varistor's I-V
characteristics stabilize at the expense of the varistor non-
linearity coefficients [20]. In our previous research [20] on the
effect of additional annealing on the crystalline microstructure
of ZnO varistors, we concluded that the improvement of the
stability of the I~V characteristics must result from the low ion
(oxygen) conductivity of y-Bi,O; and the considerably nar-
rower distribution of crystallite sizes after this post-processing
annealing. However, we are yet to find the cause of the

Table 1
Composition of samples.

decrease of the non-linearity coefficients. In the current study,
the correlations between Bi;O3 polymorph forms and degrada-
tion processes in varistors were investigated further.

2. Experimental
2.1. Samples

Three different types of samples were studied in this
experiment: ZnBiO, V59 and VBiSnO. The ZnBiO contained
the two basic components of a varistor, ZnO and Bi,Oj. The
V59 sample was composed and prepared according to the
typical procedures used for fabrication of commercial varistors.
In VBiSnO sample the Bi,O3 was replaced by Bi,Sn,O;. The
substitution of Bi,Sn,O5 for Bi,Os, allowed to reduce the
amount of Bi,O3 and other metal oxide additives to an absolute
minimum which resulted in the development of a varistor
microstructure with a nano-wide Bi-rich intergranular layer.
The composition of samples is given in Table 1. The samples
were prepared using a conventional ceramic technique. The
mixtures were ball-milled in deionized water for 18 h.
A binder (7% by weight) was added after drying and the
mixtures were sifted through a nylon mesh. The powder was
palletized into discs 15 mm in diameter and 2 mm thick. The
discs were placed in a furnace for sintering. The temperature in
the furnace was increased at a rate of 3 °C per minute up to
1250 °C and kept at this temperature for 1 h. Then the samples
were cooled in the furnace. In order to get the y-Bi,O;, the
varistor sample V59 was annealed at 650 °C and again cooled
in the furnace to the room temperature (V59a).

To observe the basic phenomena occurring at the ZnO grain
boundaries, the ZnBiO, sample was subjected to heating to
800 °C and subsequently to 884 °C. Prior to heating to 884 °C,
the sample was furnace cooled to 740 °C and quenched in an
open air.

2.2. Analytical procedures

The microstructure of the samples was examined using
scanning electron microscopy (SEM) Jeol JSM-5800 instrument
with Energy Dispersive Spectroscopy (EDS) system attached.
The crystal phases in the samples were identified with X-ray
diffraction (XRD) using DRON-2 powder diffractometer with Fe
filtered Co radiation. The XRD patterns were recorded in a scan
mode so that A20=0.05°, and then compared to reference
patterns from the Powder Diffraction Files (PDF).

Denotation of sample Component [mol%]

BaCO; Bizsn207 Bi203 szO'g C0203 MnO C1'203 NiO 7ZnO
ZnBiO - - 1.0 - - - - 99.0
V59 - - 1.0 1.0 0.5 0.5 0.4 0.8 95.8
VBiSnO 0.15 0.3 - 0.05 0.5 0.15 - 0.15 98.7




W. Mielcarek et al. / Ceramics International 39 (2013) 8219-8226 8221

For electrical measurements, gold electrodes were evapo-
rated on the discs’ faces. The current—voltage characteristics
were taken with an SPEB-1 generator applying a DC current
ranging from 10 pA to 5 mA and a pulse current from 5 mA up
to 100 A. To study the ageing processes, the samples were
subjected to the simultaneous action of electric field and
temperature by maintaining 50 pA DC at 115 °C for 22 h
and observing the recovery of the varistors voltage during
cooling (using METEX 3660 m). The varistors voltage depen-
dence on temperature during cooling from 115 °C to 23 °C
were plotted in Arrhenius type graphs. From the slope of the
curves, the activation energies of the bulk electron traps were
determined. The TSDC measurements were performed in the
temperature range from 23 °C to 400 °C. The temperature was
increased at a rate of 3 °C/min.

3. Results
3.1. Structural measurements

The ZnO-Bi,O3 binary system was examined first. The
SEM image of a polished surface of the sintered ZnBiO sample
is shown in Fig. 1. The sample was composed of ZnO grains,
larger than ten microns, visible in the micrograph as gray
areas. The Bi-intergranular phase is also seen in the picture, in
the form of white inclusions. The specific composition of this
phase, identified by the EDS method, is given in Table 2. As
can be seen, in addition to Bi, quite a substantial quantity of
Zn, dissolved in Bi,O3, was also identified in this phase.

100 pm

Fig. 1. SEM micrographs of the sintered ZnBiO sample.

Table 2
The chemical composition of the Bi-rich phase of the ZnBiO sample
determined by EDS.

Element Zn Bi (6]

Amount [mol%] 11.54 28.42 60.04

Fig. 2. SEM micrographs of the V59 varistor.

Fig. 2 presents the SEM micrograph of the V59 varistor.
The principal constituent of the varistor microstructure, i.e.
ZnO grains, are shown as gray spots. The network of white
regions around them represents the BiyOs-rich phase. The
intergranular BiO3 phase contains a significant amount of Zn
and some amounts of Sb and Cr oxides. The bright gray
particles, noticeable in both the Bi,O; phase and ZnO grains,
have been identified as a Zn;Sb,0;, spinel. The majority of
metal additives (Bi, Co, Sb, Mn, Ni and Cr) in this varistor
appeared to be accumulated in the Zn;Sb,O;, spinel grains.
The chemical composition of the individual phases observed in
the V59 varistor's body is presented in Table 3.

The low doped VBiSnO varistor sample exhibits a different
type of microstructure. As can be seen in Fig. 3, the SEM
image of the thermally etched (at 770 °C for 4 h) sample does
not depict intergranular layers or Bi-rich agglomerates. Instead,
it shows the intergrain boundaries with pinned point segregates
of the intergranular phase.

The few bright clusters, besides Zn and Bi elements,
indicate large quantities of Sn and Ba (Table 4). This means
that the reaction between them went in the expected direction i.
e. the BaSnO; was synthesized in a reaction of Bi,Sn,O; with
BaCO; liberating the Bi,O5 in the effect. The roundness of the
segregates is thought to be due to the strong surface tension of
the Bi,O3 compound.

3.2. Identification of crystal phases

The XRD patterns of the ZnBiO sample are shown in Fig. 4.
In the as-sintered sample, the Bi,O; occurred mainly in the a-
phase [PDF 27-53]. The post-sintering heating up to 800 °C
brought about the crystal y-phase [PDF 29-235] which
remained after returning to room temperature. No significant
change in the crystal structure of Bi,O3; was observed after
reheating to 884 °C and then quenching the sample.

As seen in Fig. 5, in the V59 varistor the f-Bi,O3 [PDF 27-50]
was identified. After heating at 800 °C, the p-phase recrystal-
lized to y. The latter phase remained after the sample was
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Table 3

Chemical composition of the Bi,O5 phase and Zn;Sb,0;, grains indicated in V59 varistor as determined by EDS.

Investigated phase Identified elements [mol%]

Bi Sb Zn Co Ni Cr Mn (0]
Bi,03 (white phase in Fig. 2) 19.2 0.76 13.27 - - 0.43 - 66.34
Zn;Sby0,, (bright gray grains in Fig. 2) 0.16 5.46 18.69 0.58 1.44 1.72 0.70 74.25
~ z z
z S-spinel « Zn7Sb2012
v, B- Bi203 form
- Z-Zn0
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Fig. 3. SEM image of the thermally etched low doped VBiSnO varistor.

Table 4
The chemical composition of the bright phase in the VBiSnO varistor
determined by EDS.

Element (6] Zn Sn Ba Bi
Amount [mol%] 48.50 9.19 21.01 19.40 1.90
Z 1 V.

Z-7ZnO

a, v - Bi203 form

P ZNBIOBB4

Y

v Yoy v v ¥
w Koo ' ZNBIOB00

MZnBiO

25 30 35 40 45 50 55 60 65
2-Theta (°)

Intensity (Counts)

Fig. 4. The XRD patterns of the ZnBiO sample: as-sintered (with a-BiyO3)
and after post-sintering heating at 800 °C and 884 °C.

Fig. 5. The XRD patterns of the V59 and VBiSnO varistors.

quenched to room temperature. In the case of the low-doped
VSnBiO varistor, none of the BiOj; crystal phases were
identified.

3.3. Electrical measurements

Further investigations concerned the electrical properties of
the varistors. As it was mentioned above, the V59 varistor
represents a typical ZnO varistor i.e. containing an excess of
dopants. Compared to the theoretical estimate, the excess
Bi,O3 and other dopants in typical varistors is an absolute
necessity for developing good varistor properties in the ZnO
ceramics. However, it appears that admixituring the ZnO
varistors with Bi,Sn,O5 instead of Bi,O3 enables the possibi-
lity of reducing the amount of additives to the theoretical limit.
As can be seen in the Fig. 6, adding Bi,Sn,O; has not
diminished the varistor property.

The shape of the I-V characteristics is typical for varistors.
For V59, VBiSnO and ZnBiO varistors, the nominal voltages
V, (at 1 mA) are 194 V, 135V and 56 V, respectively. Except
for the ZnBiO sample, the non-linear exponents were in the
range of few tens.

3.4. Varistor reliability

Normally varistors operate at bias voltages below the
nominal voltage V,, and at currents measured in microamperes.
The long-term response of a varistor is characterized by a
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Fig. 6. The I-V characteristics of the investigated samples.
Table 5

Shift in the varistor voltage Vsg .4 under DC (50 pA) and temperature stressing
(115 °C).

Denotation Bi,O3 crystal ~ Varistor voltage Vsoua [V]

of sample  form in sample
at at at 115°C at 23 °C after
23°C 115°C after 21 h ageing under
Oh +/—bias
ZnBiO o 66 58 58 67/62
ZnBiO800 vy 121 98 94 128/93
ZnBiO884  defected y 106 102 86 102/61
V59 p 340 326 197 334/223
V59a Y 320 288 287 324/318
VSnBiO none 218 224 155 220/200

continuous increase in the leakage current. The change in the
low voltage leakage current is the most sensitive indicator of
varistor degradation as it causes the nominal voltage to fall
gradually with time. The definition of failure of a varistor is a
drop in the nominal voltage exceeding 10%. Although the
varistors are still functioning normally, devices at the lower
extreme of the nominal voltage tolerance begin to dissipate
more power with the ultimate possibility of a thermal runaway
and a varistor failure [6].

As indicated in Table 5, under a combined electro-thermal
stress, the wvaristor voltage (Vso,a) across the sample
decreases. This drop grows with time. The changes in varistor
relative voltage (in relation to the varistors voltage at 23 °C)
plotted against time are shown in Fig. 7. The observed
degradation process is reversible. After removing the tempera-
ture stress, the varistor voltage Vsy,a returns to its initial
value. However, when the direction of the current is reversed,
the varistor voltage shows a persistent drop.

I order to find out if the Bi,O5 crystal structure makes any
difference in the varistor susceptibility to degradation, the data
from Table 5 was also analyzed in reference to the Bi,Oj
crystal structure. In the ZnBiO sample exhibiting a form of
Bi,03, the varistor voltage Vso,a values have not changed

1.05
1.00 ~
0.95
0.90 A
0.85
g
S 080
>
0.75
0.70 =
—0—2ZnBi0884 V,,=106 V T
0.65 —_—
——V59V,,=340 V —_—
0604 | —1—V59V, =320V —
055 ] | ~*—VBISnOV, =218V
T T T T T T T T T 1
-5 0 5 10 15 20

t[h]

Fig. 7. The relative varistor voltage V/V,3:c as a function of time during
ageing with 50 pA dc at 115 °C.
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Fig. 8. The relative varistor voltage V/V,;+c as a function of temperature
during cooling of degraded samples.

significantly during the electro-thermal ageing. The same
sample with the Bi,O3 phase transformed from o to y-form,
by heating at 800 °C (ZnBiO800), showed a substantial drop in
the Vsq . just after being heated to 115 °C (from 121 V at 23 °C
to 98 V at 115 °C) and the magnitude of this drop did not
change much during further ageing. After removing the
temperature stress, whilst retaining the voltage bias, the
varistor voltage returned to its initial value. When the direction
of the current was reversed, the Vs, exhibited a persistent
drop and the magnitude of this change was substantial. It is
worth noting that although no meaningful change in the crystal
structure of Bi,O; was observed after the second reheating of
the sample to 884 °C (ZnBiO884) and subsequent quenching,
the behavior of V5o 4 was different and the initial drop of the
Vs0 ua Was not sharp but progressed systematically with time.
Moreover, as in the previous case, passing the current in the
opposite direction by altering the bias terminals from positive
to negative showed a large drop of the Vsg 4.
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Both the V59 varistor containing the f-phase of Bi,O; and
the low-doped VSnBiO varistor behaved similarly to sample
ZnBiO884 during the electro-thermal ageing. However, the
persistent drop of the V5o 4 in VSnBiO was much smaller and
did not exceed 10%. The V59a varistor, obtained by heating
the V59 at 800 °C which caused a Bi,O3 phase change from f
to y, behaved like the ZnBiO800 during the electro-thermal
ageing.

The dynamics of the varistor's recovery during cooling after
a thermal stress is shown in Fig. 8. The measurements started
at 115 °C and continued down to 23 °C. These measurements
also allow calculating the trap energies. Fig. 9 shows a
representative Arrhenius plot of the In(V) against 1/kT
generated for the ZnBiO sample heated at 800 °C (ZnBiO800).

In the plot, two straight sections have been distinguished.
The high-temperature section ranged from 115 °C to 80 °C,
and the low-temperature section ranged from 80 °C to 23 °C.
The value of the trap energy can be calculated from the slope
of each section. The corresponding trap energies were 0.02 eV
and 0.05 eV, respectively Fig. 10.

In a similar way, the trap energies for all the samples were
determined and listed in Table 6. Some of these samples
exhibited only one trap. The V59 sample, containing the
B-Bi,0O5, showed the highest values of trap energies (0.17 eV).
The trap energies of varistor samples with the y-phase were
much lower. Attributing specific trap energy to a particular
dopant is not possible because of the complex superposition of
the effects originating from different dopants.

As it is generally known [17,18], the degradation effect
caused by the field produced by the accumulation of electrons
and highly mobile interstitial ions adjacent to grain boundaries,
disappears after heat treatment. In this process, the released
charge can be measured as the thermally stimulated discharge
current. Therefore, the degraded samples were further char-

acterized using the TSDC.

The thermally stimulated release of the built up charge
occurred in the ZnBiO884 sample (with the defected y-phase),

4.85
4.80
4.75 4 .
~ |
A
I/.
= 4.70 »
Z .’.
> re
£ 465 /'
/l
|}
/
4.60 /.
/l —n—ZnBiO800
7 High-temperature E1=0,047eV
4.55 + - —— Low-temperature E2=0, 02eV
450 T T T T T T T T T
29 30 31 32 33 34 35 36 37 38
KT [K]

Fig. 9. Determination of the activation energies for sample ZnBiO800 from the
Arrhenius plots of the voltage across the varistor during cooling.
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Fig. 10. TSDC spectra of degraded samples.

Table 6
High-temperature (E1) and low-temperature (E2) trap energy determined from

the Arrhenius plots (for forward bias).

High temperature trap Low temperature trap

Denotation Bi,Oj3 crystal
of sample  form in activation energy El activation energy E2
sample [eV] [eV]

ZnBiO o - 0.02

ZnBiO800 vy 0.05 0.02

ZnBiO884  defective y 0.04 0.02

V59 B 0.17 0.01

V59a Y 0.02 0.005

VSnBiO none 0.03

Table 7

The parameters of TSDC peaks in degraded ZnBiO884 and V59 samples.
Denotation of sample Bi,O; form E [eV] Tmax [°C] Inax [RA]
ZnBiO884 k% 1.91 322 6.26
V59 i 0.65 195 0.45

and in the V59 sample (with -Bi,O5). The parameters of the
observed TSDC peaks are presented in Table 7. The TSDC
spectra of the degraded samples with an a-phase (ZnBiO) and
a well-developed y-phase (ZnBiO800 and V59a), as well as the
low doped VSnBiO varistor samples with no Bi,Oj3 crystal
phases, did not show any TSDC peaks attributable to the
degradation.

These TSDC results support the hypothesis that there is a
strong relationship between the drift motion of oxygen ions
and the electrical degradation. The degradation process has not
been observed when the low-ion conductive crystal phases (a-
and y-Bi,O3) segregated to the ZnO grain boundaries and
effectively suppressed the diffusion of oxygen ions through the
grain boundaries between ZnO grains.

On the other hand, the presence of maxima in the TSDC
spectra of the ZnBiO884 sample, with a defected y-phase, and
in the V59 sample, with a p-Bi,O3 can be attributed to good
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ionic conductivity of these Bi,Oj3 crystal phases. In the case of
low doped VBiSnO, the severity of electric and temperature
stressing was too low to induce degradation effects detectable
with the TSDC method.

4. Summary of results

The dependence of the varistor susceptibility to degradation
on Bi,0; polymorph forms was established for three different
types of samples. The first was the binary ZnO-Bi,O3 system
in which non-linear -V properties were discovered by
Kossman [7]. The second type of samples, with typical ZnO
varistor starting phases described by Matsuoka [8] were
composed of ZnO and secondary crystal phases such as f§ or
v-Bi,0O5 or Zn;Sb,0, spinel. The third consisted of the low
doped ZnO varistor with a composition established by the
authors. The last samples have not developed any secondary
crystal phases during sintering.

The non-ohmic behavior of ZnO varistors is related to the
microstructure developed during sintering. The sintering pro-
cess produces a structure which consists of ZnO grains
surrounded by Bi-rich intergranular layers resulting in a
network of double Schottky barriers. The I~V behavior of
varistor is greatly influenced by the barriers. The nature of the
barriers is associated with the intergranular layer material
doping profile and its thickness. The degradation of the
electrical properties of ZnO varistors results from various
phenomena occurring at the grain boundaries, such as trap
generation or ion migration. These are facilitated by inter-
granual Bi,O5; agglomerates.

The Bi,O3 agglomerates emerged in the grain boundary of
Zn0O-Bi,0; binary system as well as in ZnO doped with Bi,O3
and metal oxides which typical for ZnO-based varistors. The
useless Bi,O3 agglomerates were avoided by admixing ZnO with
Bi,Sn,0; instead of Bi,Os. This enabled limiting of the amount
of dopants to an absolute minimum. Therefore, in the micro-
structure of the third type, there were no Bi,O5; agglomerates.

The degradation phenomena in ZnO varistors result in a
continuous increase of the leakage current. The change in the
leakage causes the varistor voltage to drop. Cooling the sample
to room temperature under a fixed applied current allows the
varistor voltage to recover its initial value. The phenomenon of
recovery depends on the bias polarization. The varistor voltage
recovers only in the case of forward bias. The degradation is
related to the low-energy traps ranging from 0.01 eV to 0.17 eV.

The release of charge accumulated in the traps generated by
the motion of oxygen ions results in a thermally stimulated
discharge current. In varistors with typical composition, as
well as in ZnO-Bi,03 binary systems, the TSDC current peaks
occur when BiyOj is in - or poorly crystallized defected
y-form, both of which are good oxygen conductors. The
activation energy of the TSDC peak, observed for samples
composed of typical varistor starting phases, was 1.91 eV, and
for the ZnO-Bi,03 system, 0.65 eV. Both values correspond to
traps associated with the second ionization of oxygen vacan-
cies which are 0.69 eV according to Bueno at al.[9] or 2.0 eV

according to Kroger [21]. These support a vacancy mechanism
for oxygen diffusion in ZnO, proposed by Sabioni et al. ([22]).

When Bi,03 was in low-conductive forms i.e. in an a well-
crystallized y-form or in an amorphous form, there were no
high temperature TSDC peaks. This confirms that varistor
susceptibility for degradation strongly depends on the oxygen
presence at the interface between ZnO grains, and that the
concentration of oxygen is related to the presence of Bi,O3; and
the particular crystalline form of Bi,Oj3.
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