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The Origin of Thernally Stimulated Current in Zinc Oxide Varistors
with Ti0, Additions
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Abstract

The mechanism of non-linear conduction of Zn0 varistors may be explained on the basis
of the grain structure, In this paper, the TSC spectrum  was measured to study the
trapped carriers in grain structure of Zn0 varistors

From the result of measurement, four peaks of TSC may be distinguished on the
obtained spectrum of TSC. The origin of the first, second and third TSC peaks appeared
from the hige temperature was trap, donor level and deep trap, respectively, The origin
of the fourth peak was attributed to the process of depolarization of the donor ions in
the depletion layer. The activation energy of @, peak is about 0 33~1 42 eV, The
conduct ion properties in prebreakdown region for ZnO varistor may be determinated by
the height of a, and @, peak

1. Introduction

FIugn ety A7) ey non - linearity and a large surge-energy
* FF aidiel Abgderd FEky absorption capability, For these reasons,
ek g odigtn Fagst Ar)wata zinc oxide varistors are often used in low

The Zn0 varistor has an very excellent
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ts, To particularly reduce the breakdown
voltage of ZnO varistors, it is required to
to produce the samples with some cencentr-

ation of additions(2,8). The line voltage

following the ZnO varistor is continuously

applied to the varistor because of the

gapless arrestor, so that the leakage cur-

rent, though it is very small, flows thro-

ugh it, The leakage current gradually

increases as the degradation of the varis-

tor proceeds(1].

The electrical properties of ZnO varist-
ors greatly depend on the grain structure
of Zn0O. The mechanism of non-linear condu-
ction of 7Zn0 varistors can be explained
by the basis of the grain structure, Some
researchers(3, 4) proposed the band model,
based on the double Schottky barriers, to
explain the conduction and degradation
mechanism in zinc oxide varistors, However
. the conduction and degradat ion mechanism
in zinc oxide varistors still is not
completely reasonable mechanism in Zn0
varistors, Accordingly, this paper present
-5 the results of the investigation of the
thermally stimulated current in the low
voltage zinc oxide varistors with TiO;
additives as follows: The TSC measurement
of the ZnO varistors with TiO, as additiv-
es was conducted in order to obtain the
equivalent model for the conduction and
degradat ion mechanism of low voltage vari-
stors, and the results of the investigati-
on are presented, In particular, the spec-
tra of TSC are measured in the temperature
range of - 130 ~ 200C with a various
forming electric fields E, temperature T

Four peaks of TSC may be clearly
distinguished on the obtained spectrum of
TSC, It is namely observed that there are
appeared the peaks of e, «a, £ and 7
from high temperature in a TSC spect rum
It seems that @, peak is due to depolari-
zation of donor ions forming the space
charge in the depletion layer, and e,
peak is due to the detrapping of trapped
electrons in deep trap level of intergran-
ular layer, and S peak is due to the
thermal exciting of «carrier existing in
the donor level of grain itself, and 7
peak is due to the thermal exciting of

trapped carrier in all of shallow trap
site distributed the inner of sample and/
or a intrinsic impurity existing in it.

2. Experimental Procedure and TSC
Measurement

The powder of varistor were used chemi-
cally reagents of 99.9% purity

All 7ZnO ceramic samples were prepared
by the same procedure with acceton of
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Fig. 1 Simplified fiow diagram for fabric-
ation of ZnO varistors,

50 wt% as shown in Fig 1, The main
components of ZnO ceramic sample were ZnO
(97 -x mol%) and such additives as Sb,0,(1
mol%), Bi,0s(1 mol%), Co0(0.5 mol%) and
MnO, (0. 5 mol%). These components (x=0 mol%)
were mixed, and crealed one type of speci-
men reagent was created by adding TiO, (x=2
mol%) to the previous mixed components

The above mixtures ( raw material) was
calcined for two hours at the temperature
of 750C, and then the calcined powders
were made granular and sieved with 120
mesh, Polyvinylalchol (PVA) was used as the
binder in this process, The mixture was
pressed at 400 kg/cm? into discs type and
sintered for two hours at the temperature
of 1300C in the air. Both sides of the
sintered discs were polished with SiC pow-
der, Later, both surfaces of the polished
discs were metallized with silver paste
which served as conduct ing electrodes, The
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specimen in final stage was 12mm in diame-
ter and 1mm in thickness, Fig 1 presents
the simplified flow diagram of the ZnO
varistors fabrication process used in the
invest igat ion,

A block diagram of TSC equipment is
shown in Fig. 2. As shown in Fig 2, the
equipment consists of main body, current
measuring unit, DC power supply unit, X-T
recorder and thermal controlled,

Before the measurement of TSC spectrum
was conducted, the tested samples were
formed under the following conditions: the
forming electric field was in the range of
2-6kV/m and the forming temperature was 50
C for forming time equal of 5min, The TSC
spectrum was taken by increasing the
temperature in the range from - 150C to
200C. The temperature of the sample was
raised at a rate of 5C/min

3. Results and Discussion

The TSC of Zn0O varistor was reported to
be caused by the emmision of trapped
carriers existed in the bulk (7), When
thermally stimulated currents arise as the
emmision of trapped carriers, the decays
of total charges by trapped carriers may
be expressed as follows:(9)

d
= .- (1)
dt T

where q is the total charge of trapped

carriers and 7t is the relaxation time

For the constant rate of heating, the
charge may be calculated from equation and
is equal:

q=qoexp[—det/f1 (2)
To J

where q, is the charge at the initial

temperature T, .

The relaxation time r at various tempera-
tures depends on the activation energy and
is represented by equation(3):
t = texp(E,/kT) (3)

where, E, : activation energy

k : Boltzmann's constant

T ! absolute temperature
On the other hand, the TSC spectrum I(T)
is equal:
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Fig 2 Schematic Diagram of TSC Measuring
Apparatus,

1(T) = - dg/dt =1, exp(-E,/kT)exp(-1/

T
. B[ exp (B./KT))dT @)

To
where, 1, (= q,/ T .) is the physical quan-
tity described in paper, and due to the
initial charge quantity in the sample
without electrical field(4), [10].
At low temperature, the I(T) function giv-
en in Equation (4) may be expressed:

In I(T) =Inl, - E, /KT (5)
On the other hand, applying the condition
for the maximum value, dI/dT = 0, to eq. (4)
,eq. (6) is derived

H I H

- =——=exp (-—) (6
kTa.? g, kT,
r is the calculated from activation ener-
gy as follows

H
(T = 7, expl P )
kT,?2
= (——exp (- L J exp( JI‘)(7)
g kT. kT

If forming time is sufficiently long and
¢ E. /KT, <€ 1, initial total charge quan-
tity is derived to eq (8). #. is the
mobility of carriers being depleted region

N (8)
0 = -—— E 8

4 3KT, '

As a result of above equations, I(T) of
TSC is that
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Ndludz
I(m = '31\7;;0& exp(- H/KT) exp ((-1/
v, 8)] exp/KT)dT’ )

To

Therefore, from the result of measureme-
nt, the quentity of q become eq (10).
Nd /1 d 2

= —— E, -H/kT
q(T) 3T, exp (-H/KT) exp

T
(C1/7,8) ] exp®/kT)AT (10)
To
The charge quentity of Qrsc 1s obtained
from the integral of TSC peak.

Ny # 42

Qrsc = 731{']‘; -E; o E, an

where N, is the density of carrier and #,
the mobility of carrier in depletion layer
and trap state,

The activation energy H may be determin-
ed from the diagram of In I(T) versus 1/T.
The relationship of In I(T) versus 1/T is
presented in Fig 3 through Fig 6. The
activation energy calculated by this
method is presented in Table 1.

Fig.3 and fig 4 show the TSC spectrum
for samples without TiO, and samples with
2 mol% Ti0, which is formed electric at
temperature 50C during 5 min, and at
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Fig. 3 TSC spectrum of ZnO varistors without
Ti0,,
various forming electrical field:
2,4 and 6(V),
forming temperature:50(CJ,
forming time:5(min, )
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Fig 4 TSC spectrum of Zn0O varistors with
TiO; 2 mol%,
various forming electrical field:
2, 4 and 6(V],
forming temperature:50(<C)
forming time:5(min, )
rising time:5(C/min, )

forming electric field 2,4 and 6 kV/m. On
these figures of the TSC spectrum may be
observed four peaks which are labeled as
@, a, f and 7 from the higher tempera-
ture,

The 7, B, and e, peaks appeared at
all forming electric fields, The e, peak
was observed only when the samples were

Table 1 The activation energy for each
peak of the TSC spectrum, in eV,

Unit [ev]
TiOz contents|Es[kV/m]]Peak] > | 8 | az| a1
[wol %] Tt ['C])
2 fo.07}0.33]0.17
0 4 Jo.06{0.27]0.32
Ee 6 J0.06]0.41 0.38
2 Io.os 0.24
2 . 4 fo.05 0.32
6 [0.02 0.44[1.15
—100| 0.55
—50| 0.15
0 0 0.31]0.94
50§0.07 0.41/0.33
Te 100§0.09{0.29/0.31
-100§0.02
—-5040.02
2 0 §0.07 0.48]1.42
5040.08 0.59]0.69
100§0.17 0.65
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formed at 6kV/m, The B peak was observed
in the range of room temperature depending
on forming electric field, The temperature
at which appeared the 7 and a, peaks
remained constant, It seems that origin of
Y, 8 and @, may be caused by the sallow
trapped electron, donor in grain itself
and trapped electron in surface state,
respect ively.

For ZnO varistors with TiO, samples (Fig.
4), the amplitude of the TSC at 7 peak
did not change compared to the samples
without TiO,., The magnitude of the TSC at
B and e, peaks decreased and the magnit-
ude of the TSC for «, increased, That has
a great influence on the conductivity of
the samples which is dominated by the
magnitudes of the TSC at a, and e, peaks

The increase of the leakage current in
Zn0 varistors with TiO, is responsible for
a, and a; peaks of the TSC spectrum,

When the TiO, is added to the ZnO varistor
, the number of donor ions increased, which
caused an increase in the magnitude of the
TSC at  «a, peak, The increase of donor
ions is affected by the radicals of Ti**
which have more ions than radicals of Zn*?

Fig 5 presents the TSC spectrum when the
samples were formed at temperature -100T,
0C, 50C and 100C during 5min, and at
the forming electric field of 6kV/m,

For higher forming temperature, the
magnitude of TSC at @, peak is higher and
the @, peak appeared at lower temperature
The @, peak may be originated by detrapp-
ing the electrons deeply trapped at the
inner surface level because it has higher
activation energy. The 7 peak may be
created by detrapping of trapped electron
in the surface level near the conduction
band of the ZnO grains and the intergranu-
lar layers electrons in a donor level or
within the depletion layer., The a, peak
was observed at temperature around 160C
and appeared only when the forming temper-
ature was 0C or 50C. For higher forming
temperature, the magnitude of TSC at the

a, peak is higher, and the peak appeared
at the same temperature, The origin of the
o | peak may be caused due to depolariza-
tion of donor ions in the deletion layer
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Fig 5 TSC spectrum of Zn0 varistors without
TiO,,
forming electrical field:6(V),
various forming temperature:
-100, =50, 0, 50, 100 ),
forming time:5(min, )
rising time:5(°C/min, ]
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Fig 6 TSC spectrum of ZnO varistors
with TiO, 2 mol%,
forming electrical field:6(V)
various forming temperature:
-100, =50, 0, 50, 100(C ],
forming time:5(min. J
rising time:5(°C/min, )

because the activation energy of ions is
higher than that of electrons,

Hayashi et al(6) also observed the 7, 8
and e, peaks of the TSC spectrum for the
Zn0 varistor even without applying the
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forming electric field,

The «, peak of the TSC spectrum was
explained in paper(6) as due to the mobile
10ns,

Fig. 6 presents the TSC spectrum for
samples with TiOz mol%, formed at these
same conditions as samples without Ti0, (F-
ig 5). For samples with TiOg, the magnitu-
de of TSC is higher than for samples with-
out Ti0,, Therefore, it may be concluded
that the @, and a, peaks of the TSC
spectrum were created by the det rapping of
trapped electrons and depolarization of
donor ions

Fig 7 presents the trap model of charged
particles in the Zn0 varistor and shows at
which level appeared the 7, B, a; and a,
peaks of the TSC spectrum,

: The origin of a1 peak
: The origin of a2z peak
: The origin of B peak
: The origin of 7 peak
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Fig 7 The band diagrams at the grain
boundary region of Zn0O varistors

4. Conclusions

As a result, investigation of the degra-
dat ion mechanism of ZnO varistor fabricat-
ed with TiO, additions may be concluded as
follows;

{. The origin of @, peak may be created
by the thermal excitation of space
charge formed in depletion layer, The

The Origin of Thermally Stimulaled Currenl in Zinc

energy of thermal excitation for the
space charge is about 0.33~1 42 eV

2 The a, peak may be caused by the
detrapping of trapped carriers in the
surface state of grain boundary inlerf-
ace between the intergranular layer and
Zn0 grain,

3. The B peaks may be due to detrapping
of trapped electrons in donor level of
7n0 grains, Calculated donor level is
about 0.3 eV.

4 The 7 peak may be originated by the
detrapping of impurity distributed
within the bulk and trapped electrons
in shallow trap,

5. The conduct ion properties of Zn0O varis-
tor may be determinated by the height
of e, and @, peak,
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