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The electrical properties and dc aging behavior for specified stress state of system, which is
composed of quaternary Zn-Pr-Co-Cr, were investigated for different Dy,0; addition dopin g
level. As Dy203 doping level increased, the density decreased in the range of 5.51-4.90 g/cm’,
reachmg maximum at 0.5 mol% and the average ZnO grain size decreased in the range of
17.7-6.0 pm. The incorporation of Dy,0s significantly improved the non-ohmic properties,
above 30 in non-ohmic coefficient, compared with that of undoped samples. The samples
with the best performance of non-ohmic properties were obtamed for Dy,0; doping level of
1.0 mol%, with 49 in non-ohmic coefficient and 2.6 uA/cm’ in leakage current. The samples
with the highest stability were obtained for Dy,03 doping level of 0.5 mol%.
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1. INTRODUCTION

Many electronic devices and electric power systems
can be subjected to voltage trahsients (called surges)
induced by lightning, switching, and electrostatic
discharge. They are vulnerable to damage by surges in
excess of their voltage ratmgs because of weakness of
msulatrng strength This is severe problem One way to
overcommg this is to use the varistots. ZnQ varistors are
ceramic semiconductor components made by ZnO
powder containing minor additives. This is one of well-
known MOVs (Metal-Oxide-Varistors). They exhibit
highly non-ohmic voltage-current (V-I) characteristics
expressed by J = K-E”, where K is a constant and o is
non-ohmic coefficient as an index or figure of merit
indicating the effectiveness of a varistor. Furthermore,
they possess excellent high energy-handling capabilities.
As a result, they have been widely applied as to protect
different semiconductor devices, electronic circuits, and
electric power systems from dangerous abnormal
transient voltage[1,2]. The non-ohmic properties of ZnO
varistors are attributed to a double Schottky barriet
(DSB) formed at active grain boundaries containing
many trap states.

ZnO varistors containing PrsO;; as VFO have been
dctively studied[3-12]. Nahm et al. reported that ZnO-
Prg011-Co0-Cr,0:-M;0; (M = Er, Y, Dy, La)-based
varistors Have highly non-ohmic properties[5,7,9 10] To
develop the varistors of high petformance, it is very
important to comprehend the effects of the dopant,
doping level, and process on non-ohmic properties.

The purpose of this work is to investigate the effect of
Dy doping on electrical properties and dc accelerated
aging behaviors of the quaternary Zn-Pr-Co-Cr system.

2. EXPERIMENTAL PROCEDURE

2.1 Sample preparation

Reagent-grade raw materials were prepared for
system with composition (96.0-x) mol% ZnO, 0.5
mol% Prs041, 3.0 mol% Co0O, 0.5 mol% Cr,03, x mol%
Dy;0; (x = 0.0-2.0). Raw materials were mixed by ball
milling with zirconia balls and acetone in a
polypropylene bottle 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 an agate
mortar/pestle and after 2 wt% polyv1ny1 alcohol (PVA)
binder addition, granulated by sieving 200-mesh screen
to produce starting powder. The powder was uniaxially
pressed into discs of 10 mm in diameter and 2 mm in
thickness at a pressure of 800 kg/cmz. The discs were
covered with raw powder in alumina crucible, sintered at
1350 °C for 1 h. The heating rate and cooling rate were 4
°C/min. The sintered samples were lapped and polished
to 1.0 mm thickness. The final samples were about 8 mm
ih diameter and 1.0 mm in thickness. Silver paste was
coated on both faces of samples and ofitnic contact of
electrodes was formed by heating at 600 °C for 10 min.
The electrodes were 5 mm in diametet.
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2.2 Microstructure examination

The either surface of samples was lapped and ground
with SiC paper and polished with 0.3 pm-Al,O3 powder
to’ a mirror-like surface. The pohshed samples were
thermally etched at 1100 °C for 30 min. The surface
microstructure was examined by a scanning electron
nucroscope (SEM, Hitachi S2400, Japan). The average
grain size (d) was determined by the lineal intercept
method, given by d = 1.56L /MN, where L is the random
liné length on the micrograph, M is the magnification of
the micrograph, and N is the number of the grain
boundaries intercepted by lines[13]. The crystalline
phases were identified by an X-ray diffractometry (XRD,
Rigaku D/max 2100, Japan) with CuK,, radiation. The
density (p) of ceramics was measured by the
Archimedes method.

2.3 E-J characteristic measurement

The E-J characteristics of the system were measured
using a high voltage source measure unit (Keithley 237).
The electric field (E1 ma) Was measured at a current
density of 1.0 mA/cm® and the leakage current (J1) was
measured at 0.80 E; .. In addition, the non-ohmic
coefficient (o) is defined by the empirical law, J = K-E®,
where J is the current density, E is the applied electric
field, and K is a constant. a was determined in the
current density range of 1.0 mA/cm® to 10 mA/cm?,
where o = 1/(logE,—logE,), and E; and E% are the
electric field corresponding to 1.0 mA/cm™ and 10
mA/cm’ , respectively.

(a) 0.0 mol% Dy,0;

2.4 DC accelerated aging measurement

The stability against DC accelerated aging stress was
performed under the four continuous states;

(1) Iststress: 0.85 Vi na/115 °C/24 h,

(i1) 2nd stress: 0.90 V; 1a/120 °C /24 h,

(iii) 3rd stress: 0.95 Vy na/125 °C /24 h,

(iv) 4th stress: 0.95 V; 1a/150 °C /24 h. ,
Simultaneously, the leakage current during the stress
time was monitored at intervals of 1 min by a high
voltage source-measure unit (Keithley 237). The system
stressed was applied to the electrical characteristics after
storage at normal room temperature for 2 h. The
degradation rate coefficient (Ky) was calculated from the
following equation[14], I, = I, + KTt , where I is the
leakage current at stress time (t) and IL0 islpatt=0.
After the respective stresses, the V-I characteristics were
measured at room temperature. In treatment of
numerical data, 5 samples for system (sintered at the
same time) were used for all electrical measurements
and their average value is presented.

3. RESULTS AND DISCUSSION

3.1 Microstructure

Figure 1 shows SEM micrographs of system for
different Dy203 doping level. When Dy,0; doping level
increased in less than 0.5 mol%, the smtered density
increased in the range of 5.38-5.51 g/cm’ correspondmg
to 93-95 % of theoretical density (TD = 5.78 g/em’ in

(b) 0.5 mol% Dy,05
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Fig. 1. SEM micrographs for different Dy,0; doping level; @ ZnO grain and ® intergranular layer.
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Fig. 2. XRD patterns for different Dy,O; doping level;
(a) 0.0 mol%, (b) 0.5 mol%, (c) 1.0 mol%, and (d) 2.0
mol%.

Zn0). However, when Dy,0; doping level increased in
more than 0.5 mol%, the sintered density decreased in
the range of 5.40-4.90 g/em’. It is assumed that the
increase of sintered density with increasing Dy,03
doping level less than 0.5 mol% is related to the
formation of liquid-phases. Liquid-phase sintering in
ZnO-Prs0;;-CoO system is affected by Pr/Co
composition. A. B. Alles, etc reported that liquid-phase
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is formed at 1350 °C when Pr/Co is in the range of 1/1-
1/4[15]. Therefore, Pr/Co=1/6 composition in this paper
will sufficiently cause liquid-phase at 1350 °C. However
it is assumed that Dy,0; doping will affect liquid-phase
formation, which Dy,0; concentration more than 0.5
mol% may prevent liquid-phase even at 1350 °C. As a
result, the samples doped with 0.5 mol% in Dy;O;
doping level exhibited the highest sintered density. The
average grain size was linearly decreased from 17.7 to
6.0 pm with the increase of Dy,0Os; doping level, as
indicated in Fig. 4. It is supposed that this is attributed to
the secondary phases generated by segregating at grain
boundaries and nodal points with the increase of Dy,0;
doping level. It is confirmed from XRD shown in Fig. 2
that secondary phases are the mixture of Pr- and Dy-rich
phases. All systems was consisted of only two phases,
ie. ZnO grain and intergranular layer as a secondary
phase comprising of Pr oxide and Dy,O; regardless of
Dy,0; doping level.

3.2 E-J characteristics

Figure 3 shows the electric field-current density (E-J)
characteristics of samples for different Dy,O; doping
level. The non-ohmic properties are characterized by
non-ohmicity in the E-J characteristics. The curves show
the conduction characteristics divide into two regions: an
ohmic region before breakdown and a non-ohmic region
after breakdown. The sharper the knee of the curves
between the two regions, the better the non-ohmic
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Fig. 3. E-J characteristics for different Dy,0; doping level.



Influence of Dy Doping on Electrical Properties and dc Aging Behaviors of Zn-Pr-Co-Cr System : Choon-Woo Nahm 237

20 — T T — 4,500 —
= . g
18 14,000
E 8l o =
~ A 13,500 ~—
VU 16‘ H é
o) {3,000 —
N 14+ [
o 1l K —o—q 2500 S
‘= L
B 1of b —a—E,, 72000 =
Q A 41,500
&8t J _§
= 1,000
Q 3
> 6F A o j '%é
< {500 @
1 a— 1 1 —_— 1 m
00 05 10 15 20 25

Dy, O, doping level (mol%)

Fig. 4. Average grain size and Breakdown field as a
function of Dy,05 concentration.

properties. It can be seen that the knee region of E-J
curves of the doped samples is much keener than that of
the undoped samples. The undoped samples showed
poor non-ohmic properties. On adding more Dy,0s3, the
knee gradually becomes more pronounced and the non-
ohmic properties are enhanced. Therefore, the
incorporation of Dy,0; seems to remarkably enhance
non-ohmic properties.

Figure 4 shows the breakdown field (E; ma) and the
average grain size (d) of the samples as a function of
Dy,0s concentration. The E; ma Was greatly increased in
the range of 699-4053 V/cm with the increase of Dy,03
doping level. The increase of E; ya with increasing
Dy,0; concentration can be explained by the increase in
the number of grain boundaries owing to the reduction in
the average ZnQO grain size. The breakdown voltage per
grain boundaries (V) of the doped samples was in the
range of 2-3 V/gb, whereas the undoped samples were
only 1.2 V/gb. Therefore, it is assumed that the undoped
samples have poor grain boundaries. These grain
boundaries cause very low non-ohmic properties.

Figure 5 shows the non-ohmic coefficient (o) and the
leakage current (Ju) of the samples as a function of
Dy,0; concentration. The o and J;, values are derived
from the E-J curves shown in Fig. 3. The o value of
undoped samples was only 7.4, whereas the o value of
the doped samples significantly increased to above 30.
The o value increased up to 1.0 mol% in Dy,0;
concentration, whereas further doping decreased it.
The maximum non-ohmic coefficient was 49.4, which
was obtained for 1.0 mol% in Dy,0s doping level. It is
assumed that the increase of o increasing Dy,0;
concentration is attributed to predominant tunneling
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Fig. 5. Non-ohmic coefficient and leakage current as a
function of Dy,0O; concentration.

current due to the increase of barrier height at the grain
boundaries. The J; value of the undoped samples was
379.1 pA/cm’, whereas the J. value of the doped
samples very abruptly decreased in the range of 2.6-24.5
pA/cm’. The minimum value of J. was 2.6 pA/cm®
which obtained for 1.0 mol% in Dy,O; doping level. It
can be seen that the variation of Jp shows the inverse
relationship to the variation of a. This is because the
high a value leads to low leakage current due to
relatively high tunneling current and the low o value
leads to high leakage current due to relatively high
thermionic emission current. As a result, the
incorporation of Dy,Os; was confirmed to significantly
improve the non-ohmic properties.

3.3 DC accelerated aging characteristics

Figure 6 shows leakage current during DC accelerated
aging stress for different Dy,0; doping level. Each
sample shows different behavior for DC accelerated
aging stress. This means Dy,0; doping level affects
resistance against stress. The samples doped with 2.0
mol% in Dy,0; concentration exhibited the thermal
runaway within a short time for the first stress (0.85 E,
ma/115 °C/24 h). The samples stressed were completely
degraded. This poor stability may be attributed to the
low density, which decreases the number of current
conduction path, and it eventually leads to the
concentration of current. The samples doped with 1.0
mol% in Dy,0; concentration exhibited a high stability
until the second stress (0.90 E; ,4/120 °C/24 h), and
highly positive creep of leakage current during the third
stress (0.95 E; ma/125 °C/24 h). These samples finally
exhibited the thermal runaway during the fourth stress
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Fig. 6. Leakage current during DC accelerated aging stress for different Dy,O; doping level.

(0.95 E; ,a/150 °C/24 h). This is also due to the sintered
density which is not so high, although it is low leakage
current, as mentioned just previously. The undoped
samples exhibited weak positive creep phenomena of the
leakage current during the first stress (0.85 E; pa/115
°C/24 h). Thereafter, they showed negative creep
phenomena. Although these samples have very high
leakage current, to not cause the thermal runaway is like
to due to ohmic-like properties, which is low non-
ohmicity. On the other hand, the samples doped with 0.5
mol% in Dy,0s; concentration exhibited much better
stability, compared with the samples for different Dy,O;
doping level. They exhibited very weak positive creep of
leakage current until the third stress (0.95 E; ,4/125
°C/24 h), but they exhibited rather weak negative creep
of leakage current during the fourth stress (0.95 E; pa/150
°C/24 h).

The stability of samples can be estimated by the
degradation rate coefficient (Kt), indicating the degree
of aging. The lower the Kr, the higher the stability. For
samples doped with 0.5 mol% in Dy,0; concentration,
the Kr was 8.6 pAh™” after the first stress (0.85 E;
ma/115 °C/24 h), 5.9 pAh™ after the second stress
(0.90 E; ,4/120 °C/24 h), 49 pA-h"? after the third
stress (0.95 E; ua/125 °C/24 h). Furthermore, the Kt was
27.5 pA-h'”2 after the fourth stress (0.95 E; ma/150
°C/24 h). As a result, the Ky value decreased in
accordance with increasing strength for stress. The
detailed Ky variation for different Dy,0; doping level is
shown in Fig. 7. The reason why the samples doped with
0.5 mol% in Dy,0; concentration exhibit high stability
may be macroscopically attributed to high sintered density,
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Fig. 7. Degradation rate coefficient for different Dy,0;
doping level.

even though it is relatively high leakage current,
compared with other samples, and microscopically to
the restriction of zinc interstitial (Zn;) migration within
depletion layer or the stabilization of interface states by
propetly doping Dy,0;. o

The E-J characteristic parameters, the variation of
electric field, variation (%6 AEq ma) of fon- ohmlc
coefficient (o), and variation of 1eakage current
density (%AJy) after dc accelerated aging stress are
summarized in Table 1. The samples doped With 0.5
mol% in Dy,0; concentration exhibit high stability, with
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Table 1. E-J characteristic parameters before and after dc accelerated aging stress for different doping level.

Dy,0; Stress Kr Eima  %AEimao %oo %L
concentration state (nA'h"?) (V/em) (uA/em®)
{mol%)
before 699 0 7.4 0 379.1 - 0
1st 13.5 570 -18.5 5.6 -243 449 ‘18.4
0.0 2nd -13.1 570 -18.5 5.6 243 4459 17.6
3rd 241 576 -17.6 5.8 -21.6 4413 164
4th -116.4 626 -9.0 6.4 -13.5 4138 9.2
before 1434 0 30.7 0 24.5 0
1st 8.6 1334 -3.5 27.0 -121 444 81.2
0.5 2nd 59 1371 -4.4 259 -15.6 52.6 114.7
3rd 4.9 1357 -5.4 246 -199 679 177.1
4th -27.5 1406 -2.0 248 -192 735 195.9
before 2340 0 49.4 0 2.6 0
1st 2.1 2295 -1.9 45.6 -8.9 5.6 1154
1.0 2nd 8.8 2270 -3.0 409 -17.2 7.1 173.1
3rd 151.3 2215 -5.3 345 302 9.2 253.8
4th Thermal runaway |
before 4053 0 368 0 107 0
20 ist Thermal runaway

+2.0 % in U AE; 4, -19.2 % in %Aaq, and +195.9 %
in % AJp for stress state of 0.95 E; ;4/150 °C/24 h.

4. CONCLUSION

The electrical characteristics and dc accelerated aging
behaviors of Zn-Pr-Co-Cr system were investigated for
different Dy,0; doping level. The sintered density
increased up to 0.5 mol% in Dy,0; concentration and
further doping decreased the sintered density. The non-
ohmic coefficient increased up to 1.0 mol% in Dy,0O3
concentration and further doping decreased the non-
ohmic coefficient. The maximum non-ohmic coefficient
was 49.4 for 1.0 mol% in Dy,0; concentration. The dc
accelerated aging characteristics of the doped samples
were worse with the increase of Dy,O; doping level. The
highest resistance against stress was obtained for 0.5
mol% in doping level, with in %YAE; pa =
+2.0 %, %Aa =-19.2 % , and %AJ, = +195.9 % for

stress state of 0.95 E; ,a/150 °C/24 h. In conclusion, the
stability against DC accelerated aging stress seems to be
affected more predominantly by sintered density than
leakage current.
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