
JOURNAL OF MATERIALS SCIENCE35 (2000 )3037– 3042

Microstructure, electrical properties, and

degradation behavior of praseodymium

oxides-based zinc oxide varistors doped

with Y2O3

CHOON-WOO NAHM, CHOON-HYUN PARK
Department of Electrical Engineering, Dongeui University, Pusan 614-714, Korea
E-mail: cwnahm@hyomin.dongeui.ac.kr

The microstructure, electrical properties, and degradation behavior of Pr-based zinc oxide
varistors, which are composed of Zn-Pr-Co-Cr-Y oxides were investigated according to Y2O3

additive content in the range of 0.5–4.0 mol%. The majority of the added Y2O3 were
segregated at the multiple ZnO grain junctions and grain boundaries. The average grain
size was markedly decreased in the range of 27.3–8.6 µm with increasing Y2O3 additive
content. Y2O3 acted as an inhibitor of grain growth. Additions of Y2O3 increased the varistor
voltage in the range of 36.90–686.58 V/mm, increased the nonlinear exponent in the range
of 3.75–87.42, decreased the leakage current in the range of 115.48–0.047µA, increased the
barrier height in the range of 1.06–2.16 eV, and decreased the donor concentration in the
range of 1.87× 1018–0.19× 1018 cm−3. Y2O3 acted as an acceptor, as a result of the decrease
of donor concentration. All Pr-based ZnO varistors doped with Y2O3 exhibited very
predominant degradation characteristics, which show nearly symmetric I-V characteristics
after the stress. In particular, since 4.0 mol% Y2O3-added ZnO varistor has not only very
excellent non-ohmicity, but also very stable degradation behavior, it is estimated to be
sufficiently used to various application fields. C© 2000 Kluwer Academic Publishers

1. Introduction
ZnO varistors are ceramic semiconductor devices man-
ufactured by sintering ZnO powder with small addi-
tive amounts of other metal oxides, such as Bi2O3,
CoO, MnO, Sb2O3, and Cr2O3, etc. [1–3]. The sinter-
ing process gives rise to a microstructure, which con-
sists of semiconductingn-type ZnO grains surrounded
by insulating thin intergranular layers and resultantly
makes potential barriers for electron inducing from trap
states at the grain boundaries. ZnO varistors, there-
fore, contain a three-dimensional series-parallel junc-
tion network, called the microvaristors [2–4]. Their
electrical characteristics exhibit a very steep nonlinear
current-voltage (I -V) relationship similar to back-to-
back Zener diode. In other word, they act as insulators
below the varistor voltage, called the breakdown volt-
age, and conductors thereafter. Generally, they have
slightly low nonlinearity than Zener diode, but much
greater energy absorption capability than it [2, 3]. They
are, therefore, widely used as surge absorption de-
vices in electronic circuits and electrical power systems
against dangerous overvoltage surges, such as light-
ning surges, switching surges, electrostatic discharges,
and electromagnetic transients [5]. Since discovery of
ZnO varistor, many workers have been investigated
the conduction mechanism [4, 6–10], the microstruc-
ture [11–13], the role of additive constituents [14–17],

and the degradation phenomena [18–21]. Most of these
studies, however, were restricted to the ZnO-Bi2O3 sys-
tem containing varistor-forming oxide, such as Bi2O3.
The electrical characteristics of ZnO varistors which
workers desire, are mainly high nonlinearity, low leak-
age current, and high stability. Many approaches have
been attempted to improve these characteristics in Bi-
based ZnO varistors.

Recently, several reports have been published for an-
other type of ZnO varistors, which contains praseo-
dymium oxide (Pr6O11) instead of Bi2O3 [22–24], but
yet have not been surveyed in detail for various aspects.
So far, the compositions of most studied Pr-based ZnO
varistors were almost limited to ternary system, such as
ZnO-Pr6O11-CoO.

The purpose of this paper is to investigate the
effects of Y2O3 additive content on the microstructure,
current-voltage (I -V) characteristics, capacitance-vol-
tage (C-V) characteristics, and degradation behavior
of Praseodymium oxides-based ZnO varistors, which
are consisted of compositions, such as ZnO, Pr6O11,
CoO, Cr2O3, and Y2O3.

2. Experimental procedure
2.1. Sample preparation
Reagent-grade raw materials were prepared for
ZnO varistors with composition expression, such as
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(94.0-x) mol% ZnO+ 0.5 mol% Pr6O11+ 5.0 mol%
CoO+ 0.5 mol% Cr2O3+ x mol% Y2O3 (x= 0.5, 1.0,
2.0, 4.0). Raw materials were mixed by ball milling
with zirconia balls and acetone in a polypropylene bot-
tle for 24 h. The mixture was dried at 120◦C for 12 h
and calcined in air at 750◦C for 2 h. The calcined
mixture was pulverized using agate mortar/pestle and
after 2 wt% PVA binder addition, granulated by sieving
100-mesh screen to produce the starting powder. The
powder was pressed into discs of 10 mm diameter and
2 mm thickness at a pressure of 800 kg/cm2. The discs
were placed in the starting powder using an alumina
crucible, sintered in air at 1350◦C for 1 h, and furnace-
cooled to room temperature. The heating and cooling
rates were 4◦C/min and 2.5◦C/min, respectively. The
sintered samples were lapped and polished to 1.0 mm
thickness. The silver paste was coated to both faces of
samples and the silver electrode was formed by heating
at 600◦C for 10 min.

2.2. I-V characteristics measurement
The I -V characteristics of the varistors were measured
using anI -V source/measure unit (Keithley 237) in
the temperature range of 0◦C to 150◦C. The varistor
voltage (V1 mA) was measured at 1.0 mA/cm2 and the
leakage current (I`) was measured at 80% of varistor
voltage. In addition, the nonlinear exponent (α) is de-
fined by the empirical law,J= K · Eα, whereJ is the
current density,E is the applied electric field, andK
is constant.α was determined in the current density
range of 1.0 mA/cm2 to 10 mA/cm2, according to the
following expression [1]:

α = 1

(log E2− log E1)
(1)

whereE2 andE1 are the electric field corresponding to
10 mA/cm2 and 1.0 mA/cm2, respectively.

2.3. C-V characteristics measurement
The C-V characteristics of varistors were measured
at room temperature using an impedance analyzer
(HP4194A Hewlett-Packard, Co.) at 1 kHz. The donor
concentration (Nd) and the barrier height (φb) were
determined from the slope and intercept of straight line,
respectively, according to the following expression
[25]: (

1

Cb
− 1

2Cbo

)2

= 2

qεNd
(φb+ Vg) (2)

whereCb is the capacitance per unit area of a grain
boundary,Cbo is the value ofCb whenVg= 0, Vg is the
applied voltage per grain boundary,q is the electronic
charge,ε is the permittivity of ZnO (ε= 8.5εo).

The density of interface states (Nt) at the grain bound-
ary can be estimated using the value of the donor con-
centration and barrier height, according to the following
expression [25]:

Nt =
√

2εNdφb

q
(3)

Once the donor concentration and barrier height are
known, the depletion layer width (t) of either side at
the grain boundaries can be obtained from the following
expression [26]:

t =
√

2εφb

q Nd
(4)

2.4. Degradation phenomena measurement
DC degradation tests were independently performed
under the two stress conditions, such as 0.80 V1 mA/

100 ◦C/12 h and 0.80 V1 mA/100 ◦C/12 h+ 0.85
V1 mA/120◦C/12 h. At the same time, the leakage cur-
rent during the stress time, was monitored at interval of
1 min by anI -V source/measure unit (Keithley 237).
After the respective stress, theI -V characteristics were
measured at the room temperature.

2.5. Microstructure examination
To investigate the surface morphology, the either sur-
face of samples that the electrical measurement has
been finished was lapped and ground with SiC paper
and polished with 0.3µm-Al2O3 powder to a mirrorlike
surface. The polished samples were thermally etched at
1150◦C for 30 min. The surface of samples was met-
allized with a thin coating of Au to reduce charging
effects and to improve the resolution of the image. The
surface microstructure was examined by scanning elec-
tron microscopy (SEM, Model S2400, Hitachi, Japan).
The average grain size (d) was determined by the lineal
intercept method [27], as described below.

d = 1.56
L

M N
(5)

whereL is the random line length on the micrograph,
M is the magnification of the micrograph, andN is the
number of the grain boundaries intercepted by lines.
The compositional analysis of the selected areas was de-
termined by an attached energy dispersion X-ray analy-
sis (EDAX) system. The crystalline phases were identi-
fied by powder X-ray diffraction (XRD, Model D/max
2100, Rigaku, Japan).

3. Results and discussion
Fig. 1 shows the SEM micrographs of samples doped
with Y2O3. As can be seen in this figure, two phases
are only presented in the ceramics, that is, ZnO grain
and an intergranular phase consisted mainly of Y2O3.
These phases were revealed by XRD pattern shown in
Fig. 2 and EDAX pattern shown in Fig. 3. The majority
of the added Y2O3 were much more segregated at the
multiple ZnO grain junctions than between two ZnO
grains, and Y2O3 was not nearly solved in ZnO grains.
With increasing Y2O3 additive content, the Y-rich phase
was more distributed at the multiple ZnO grain junc-
tions and the Y-rich phase between two ZnO grains
was more discontinuously distributed. The grain size
of these samples was relatively uniform without gen-
erating abnormal grain growth. The average grain size
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Figure 1 SEM micrographs of Pr-based ZnO varistor samples doped with Y2O3.

Figure 2 XRD patterns of Pr-based ZnO varistor samples doped with
Y2O3: (a) 0.5 mol%, (b) 1.0 mol%, (c) 2.0 mol%, and (d) 4.0 mol%.

was markedly decreased in the range of 27.3–8.6µm as
the Y2O3 additive content is increased. Consequently,
Y2O3 acted as an inhibitor of grain growth.

The current-voltage (I -V) characteristics of Pr-based
ZnO varistors doped with Y2O3 are shown in Fig. 4.
It intuitively can be seen that theI -V characteristics
are saliently improved as the Y2O3 additive content is
increased. Table I shows theI -V characteristic param-
eters determined from theI -V characteristics. As the
Y2O3 additive content is increased, the varistor voltage
(V1 mA) and the breakdown voltage per grain boundary
abruptly increased in the range of 36.90–686.58 V/mm
and 1.29–5.90 V/gb, respectively. The breakdown volt-

TABLE I I -V characteristic parameters of Pr-based ZnO varistors
doped with Y2O3

Y2O3 content V1 mA vgb Ea I`
(mol%) (V/mm) (V/gb) (eV) (µA) α

0.5 36.90 1.29 0.33 115.48 3.75
1.0 77.33 2.11 0.35 55.03 9.29
2.0 251.55 3.72 0.57 1.95 43.81
4.0 686.58 5.90 0.67 0.047 87.42

age per grain boundary (vgb) was determined as the
following expression:

vgb = V1 mA

n
= d

D
· V1 mA (6)

wheren is the number of grain boundaries arranged
as the series between both electrodes,d is the average
grain size, andD is the sample thickness.

The activation energy (Ea), called the average energy
that electrons can over the Schottky barrier, is evaluated
from the investigation of the temperature dependence of
I -V characteristics, at low voltage, i.e., at the prebreak-
down region, as described the following expression:

J = A∗T2 exp(−Ea/kT) · exp
(
βsE

1/2/kT
)

= A∗T2 exp(−Ea/kT) | E=0 (7)

where A∗ is the Richardson constant,T is the abso-
lute temperature,k is the Boltzmann constant,βs is the
Schottky coefficient, andE is the applied voltage.

Fig. 5 represents the Arrhenius plot lnJ versus 1/T
drawn in order to determine the activation energy, ac-
cording to the expression (7). From the slope of Fig. 5,
the activation energy was increased in the range of 0.33–
0.67 eV with increasing Y2O3 additive content.
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Figure 3 EDAX analysis of Pr-based ZnO varistor sample containing
4.0 mol% Y2O3.

Meanwhile, the leakage current was decreased in the
range of 115.48–0.047µA as the Y2O3 additive content
is increased. It is believed that the decrease of leakage
current is attributed to the increase of activation en-
ergy. In particular, 4.0 mol% Y2O3-added varistor ex-
hibited the excellent insulating properties at low volt-
ages. Since the leakage current is directly related to the
degradation and the reliability, which will be mentioned
afterward, it is particularly important to realize that the
leakage current should be as low as possible to the var-
ious applications.

One of the important performance figures of ZnO
varistor is the nonlinear exponent, which is the essential
property of the varistor. When Y2O3 was added less
than 2.0 mol%, the nonlinear exponent was very poor,
but more than 2.0 mol%, was markedly enhanced and
at the level of 4.0 mol%, was 87.42.

Figure 4 I-V characteristics of Pr-based ZnO varistors doped with
Y2O3.

Figure 5 Arrhenius plot of lnJ of Pr-based ZnO varistors doped with
Y2O3.

The capacitance-voltage (C-V) characteristics of
Pr-based ZnO varistors doped with Y2O3 are shown in
Fig. 6. Table II shows theC-V characteristic parame-
ters determined fromC-V characteristics. As the Y2O3
additive content is increased, the donor concentration
was largely decreased in the range of 1.87× 1018–
0.19× 1018 cm−3. Generally, when a trivalent ion is
soluble in ZnO grains, a trivalent ion will act as a donor.
Based on the decrease of donor concentration with in-
creasing Y2O3 additive content, it is thought that Y2O3
addition to ZnO is not likely to involve accommoda-
tion of Y ions on host lattice sites. In this case, a triva-
lent Y+3 ion will not substitutes a divalent Zn+2 ion
allowing an electron to move to the conduction band.
If so, what is the cause for the decrease of donor con-
centration? It is thought that this is probably related
to the partial pressure of oxygen. Anyway, Y2O3 in
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TABLE I I C-V characteristic parameters of Pr-based ZnO varistors
doped with Y2O3

Y2O3 content Nd Nt φb t
(mol%) (×1018cm−3) (×1012cm−2) (eV) (nm)

0.5 1.87 4.32 1.06 35.76
1.0 1.43 4.58 1.56 48.01
2.0 0.39 2.12 1.21 86.54
4.0 0.19 1.98 2.16 149.74

Figure 6 ModifiedC-V characteristics of Pr-based ZnO varistors doped
with Y2O3.

ZnO grain acts as an acceptor, the density of interface
states exhibited a tendency decreasing in the range of
4.32× 1012−1.98× 1012 cm−2.

While the barrier height is connected with donor the
concentration and density of interface states. The bar-
rier height is estimated by the variation rate in the den-
sity of interface states and donor concentration as rep-
resented expression (3). Generally, the barrier height is
increased with increasing density of interface states and
decreasing donor concentration. If the variation rate of
donor concentration is much larger than that of density
of interface states with an additive content, the barrier
height is much more strongly affected to donor con-
centration than density of interface states. According
to this reason, it would be understood that the barrier
height is increased or decreased with increasing Y2O3
additive content. The increase of depletion layer width
with increasing Y2O3 additive content is attributed to
the decreased of donor concentration.

Fig. 7 shows theI -V characteristics of Pr-based ZnO
varistors doped with Y2O3 before and after the stress. It
intuitively can be seen that after the stress, the variation
of I -V curve is very small regardless of the bias direc-
tions and the stress conditions. It is well known facts that
the nonlinearI -V characteristics are mainly governed
by Schottky barrier at the grain boundaries. Therefore,
the variation in theI -V curve is directly related to
the deformation of Schottky barrier. Since the applied
DC voltage is mostly dropped to the reverse-biased

Figure 7 I-V characteristics of Pr-based ZnO varistors doped with
Y2O3 before and after the stress: (a) before stress, (b) 0.80V1 mA/

100◦C/12 h, and (c) 0.80V1 mA/100◦C/12 h+ 0.85V1 mA/120◦C/12 h.

Schottky barrier, the variation rate of a voltage for the
I -V curve in the reverse direction is larger than that the
forward direction corresponding to the same current.

For 2.0 mol% Y2O3-added varistor, after the sec-
ond stress, in the reverse direction, the variation rate of
varistor voltage was less than 1% and that of nonlinear
exponent was less than 5%. For 4.0 mol% Y2O3-added
varistor, after the second stress, in the reverse direction,
the variation rate of varistor voltage was about 0.5% and
that of nonlinear exponent was about 5%. The Pr-based
ZnO varistors doped with Y2O3 show nearly symmet-
ric I -V characteristics, which were slightly degraded in
the reverse direction. Therefore, it can be seen that Pr-
based ZnO varistors doped with Y2O3 above 2.0 mol%
show good and stableI -V characteristics.

The time dependence of the leakage current during
the stress is shown in Fig. 8. It should be noted that the
leakage current represents a nearly constant value re-
gardless of the Y2O3 additive content. In other words,
the positive creep phenomena of leakage current were
not observed in the all samples. The degradation of
ZnO varistors is associated with the lowering of the
potential barrier at the grain boundaries, which is re-
lated to the annihilation of interface defect states when
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Figure 8 Time dependence of leakage current during the stress:
(a) 0.80V1 mA/100 ◦C/12 h and (b) 0.80V1 mA/100◦C/12 h+ 0.85
V1 mA/120◦C/12 h.

stressed continuously by an electric field. So far, among
mechanisms proposed to explain the degradation, the
most probable mechanism is accepted to be ion migra-
tion mechanism proposed by Gupta and Carlson [18].
According to this, when ZnO varistor is stressed con-
tinuously by an electric field, the positively charged
zinc interstitial (Zni) formed and frozen in the deple-
tion layer during cooling from sintering temperature,
migrates toward the negatively charged grain boundary
interface, and it recombines with zinc vacancy (VZn)
positioned in there. As a result, the recombination of
these species leads to the degradation of ZnO varistor.
In the light of these facts, It is guessed that the reason
why Pr-based ZnO varistors doped with Y2O3 exhibit
predominant degradation characteristics, is to be be-
cause the added Y2O3 spatially restricts the migration
of zinc interstitial (Zni) within depletion layer.

4. Conclusions
1. The majority of Y2O3 added to composition for-
mulation of Pr-based ZnO varistors was much more
segregated at the multiple ZnO grain junctions than be-
tween two ZnO grains. The phases, which present in the
ceramics of Pr-based ZnO varistors doped with Y2O3
were only ZnO grain and intergranular phase consisted
mainly of Y2O3. The average grain size was markedly
decreased in the range of 27.3–8.6µm as the Y2O3 ad-
ditive content is increased. Y2O3 acted as an inhibitor
of grain growth.

2. Additions of Y2O3 to a composition formulation
of Pr-based ZnO varistors increased the varistor voltage

and nonlinear exponent, and decreased the leakage cur-
rent. What is remarkable, 4.0 mol% Y2O3-added ZnO
varistor marked the excellent non-ohmicity, which the
nonlinear exponent reaches 87.42 and the leakage cur-
rent reaches 0.047µA.

3. Although the density of interface states is de-
creased with increasing Y2O3 additive content, the bar-
rier height exhibited the increasing tendency due to the
abrupt decrease of donor concentration. This coincided
with the increasing tendency of the activation energy
in I -V characteristics. Y2O3 acted as an acceptor, as a
result of the decrease of donor concentration.

4. All Pr-based ZnO varistors doped with Y2O3 ex-
hibited very predominant degradation characteristics,
which show nearly symmetricI -V characteristics af-
ter the stress. What is remarkable, the leakage current
with time during the applied stress, was observed to be
constant in all samples. In particular, since 4.0 mol%
Y2O3-added ZnO varistor has not only very excellent
non-ohmicity, but also very stable degradation behav-
ior, it is estimated to be sufficiently used to various
application fields.
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