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Abstract

In this study, Semiconducting ceramics (PTC thermistor) have been developed for application to the
current limiting element with a multilayer structure. In order to decrease the room temperature resis-
tance and to enhance the PTC property, it was controlled that the effect of additives, sintering tempera-
ture and cooling rate on the PTC property. Decreasing the sintering temperature, grain size of sample
was largely decreased and room-resistance was increased. It was found that increasing the Nb,O; con-
tents leads to increase in the values of both the room temperature and the maximum resistance. And,
the steepness of the plots in the transition region was increased. Also, complex impedance spectra for
the grain and grain boundary resistance were investigated so as to find the effect of microstructure.
These results are obtained by measuring microstructure and temperature dependence of resistance and
complex impedance spectra as a function of frequency range 5 Hz to 13 MHaz.
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not only showed that the PTCR effect is a

1. Introduction grain boundary resistance phenomenon but

also illustrated that even at temperatures

Donor doped semiconducting barium well below the curie point the grain bound-
titanate (BaTiO;) exhibits positive tempera- aries are the primary contributor to the
ture coefficient (PTC) of resistivity in the electrical resistance!"®, It is well known
temperature range above the curie point. This that room temperature resistivity decreases
effect involves a substantial nonlinear change initially with increasing donor concentration
of resistivity with temperature, at which and then start to increase again rapidly
phase transition takes place from tetragonal when donor concentration in increased
to cubic phase™® It has long been estab- above about 0.4 at%. Theories accounting
lished that the barium titanate PTCR phe- for the increase in resistivity in terms of
nomina is a grain boundary resistive effect. electrical compensation of the donors have
The evidence comes from various studies also been advanced. On the other hand, H.
using the ac impedance method, decoration M. Al-Allak et al® suggested that the
technique, emission electron microscopy and increase in the resistivity is due to the com-
temperature measurement. These results bined effects of the decrease in grain size
with donor concentration and the formation

AR AEYE A% of a Ba vacancy rich insulating grain bound-
(A2 QA 33 EF3F A 66¥A, Fax ary layer. Thus, high donor concentration
0342-750-8956 E-mail : Kimyh@kyungwon-c.ackr) can reduce the grain size to about 2mm,.

* L R Qd L HAFE There is a transition from semi conducting
** a7l HEH to insulating behavior as the donor concen-
19999 8¢ 16 4, 19999 1149 229 HAIgR tration is increased. It is known that for Nb
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as the donor additive, transition occurs at
about Nb 0.5 m%, and the niobium ions
occupy Ti sites, and because Nb has a high-
er valence than Ti, it behaves as a donor™.

The purpose of the study is to develop the
lower resistance positive temperature coeffi-
cient ceramics for the SMD type multilayer
PTC thermistor application This study is
concentrated to investigate the electrical
characteristics of Nb doped BaTiO; PTC
ceramics behind various sintering and cool-
ing condition for the lower room temperature
resistance that was notice for the over cur-
rent devices. The investigation is conducted
that nonlinear characteristics on resistance
dependent temperature, complex impedance
spectra, micro structure of samples.

I. Experimental Procedure
2-1 Sample preparation

The composition of PTC ceramics powder
used in this experimental is (0.8Ba+
0.158r+0.05Ca) TiO;+0.01TiO,+0.01Si0,+
0.001MnO,+xNb,0s (md%), where x is varied
from 0.14 to 0.20 md%.

Hirsbaring H

*

le;:'x;'ding R

Fig. 1. Processing flow of sample preparation
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Fig. 1 shows the processing flow of sample
preparation. All of mixture were ball milled
in deionized water for 12 hours with zirconia
balls. After being dried, powder was cal-
cined at 1050%¢ for 2 hours. The powder was
ground again by ball milling for 2 hours and
granulated by a 100 mesh sieve, and pressed
at pressure of lton/a, The pressed samples
were sintered in an atmosphere of ambient
air at temperature range from 1300 to 1350
¢ for 2 hours with a rate of 300C/h. They
were cooled to 700C with a rate 100C/h and
therafter at the natural cooling rate of the
furnace to room temperature. The surface of
samples were lapped and finally fired on Zn-
Ag double electrode. which were used for the
ohmic contact and electrical measurement.

2-2 Microstructure and Electrical measurement

The microstructures of the sample were
investigated by the scanning electron micro-
scope (SEM). The average grain size was
obtained by the linear intercept method.
The DC electrical resistances were measured
using two probe method by a digital multi-
meter from 30C to 300 in a temperature
controlled chamber. AC complex impedance
spectra of the samples were measured using
a impedance analyzer(HP 4192A) in the fre-
quency range of 5 Hz to 13 MHz.

. Results and Discussion
3-1 Effect of Nb,05 contents

Fig. 2 shows electrical resistivity of the
specimens with the Nb,O; contents which
were sintered at 1350C for 2 hours. It is
shown that increasing the Nb,Os; contents
leads to increase in the values of both the
room temperature and the maximum resis-
tance. Also. the steepness of the plots in
the transition region (curie temperature)
was increased. Essentially Nb,O; additive
was well known to form a grain boundary



and to roles to obstruct the grain growth™.
As the Nb concentration is increased, how-
ever, the ceramics becomes insulating mate-
rial. Thus, the resistance of grain boundary
incereases because of formation resistive
insulating layers.
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Fig. 2. Resistivity of the specimens with the

Nb,0; contents

3-2 Complex impedance spectra

The difficulty with D.C measurement on
polycrystalline ceramics is that bulk and
grain resistance are limped together and can
not easily be separated. On the other hand,
by A.C. method it is possible to resolve both
bulk and grain boundary components with
the aid of complex plane analysis. Grain
boundary impedance be directly identified
experimentally. One of the most direct
method for probing grain boundary imped-
ance is complex [ npedance measurements.
This method has been used for sometime on
intermediate resistance ceramics and base
on the fact that on RC network produces a
semicircles. And this plots useful for deter-
mining an appropriate equivalent circuit for
system and for estimating the values of the
circuit parameters. Semicircular arc corre-
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sponds to a lumped R-C combination. The
resistance values are derivable from the cir-
cular arc intercepts on the R-axis and
capacitance values, which can be derived
from repressions involving the frequencies
at the peaks of the circular arc. This
method is perhaps best illustrated by specif-
ic examples of simple circuit(Fig. 3)®-",
The interpretation of frequency dependence
conduction and capacitance can be greatly
facilitated by the combined use of complex
plane diagrams and equivalent circuit.

R

a
|+ Grainf-Graicboundary -
Fig. 3. Equivalent circuit of PTC ceramics

The impedance of this circuit is given by

R, . +RyC,
1+eC,;R; ) 1+#C, R}

Z(w) =R+

where R, is grain bulk resistance. R; is grain
boundary resistance, C, is capacitance of
grain boundary and ¢ is angular frequency.
In high frequency region, it is expected to
become Z(®w)=R,. From the intercepts of the
semicircle, it is possible to determine the
values of the resistance in the equivalent
circuit and to obtain the capacitance value
C,. Fig. 4 shows complex impedance plots
for Nb,O; contents. Semicircle plots agree
the principle with a diagram in Fig. 3.

In the Fig. 3. the first intercept of real
resistance gives the bulk resistance(R,).
and the second intercept gives the sum of
grain and grain boundary resistance(R;+R,).
It is possible to obtain reasonable values of
the grain boundary capacitance (C;) by
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using ¢ R;C,=1(at the peak of semicircle).
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Fig. 4. Complex impedance plots of the speci-
mens with Nb,O; contents

Fig. 5 shows the resistance of grain and
grain boundary of samples with various
Nb,O; contents. It is shown that increasing
the Nb,O5 contents leads to increase in the
values of R,+R, resistance. Usually three
different processes take place during charge
transport through a polycrystalline ceram-
ics. (1) bulk conduction or in other words
intergrain conduction, (2) conduction across
the grain boundary and (3) transports
across the electrode-specimen interface.
FEach of these processes may be represented
by independent R-C combination and
depending on the relative values or there
relaxation times. They may give rise to
three independent semicircular arcs in the
impedance plots. In our experiment, the
highest frequency arc corresponds to the
bulk conduction, the lowest frequency arc
corresponds to the grain boundary and grain
resistance. The effect of electrode-specimen
interface can be excluded. because of using
a ohmic contact paste for the first electrode.
As a this results, it can be concluded that
the higher resistivity at room temperature
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of the sample with Nb,O; contents is attrib-
uted to the remarkable increase in grain
boundary resistance.
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Fig. 5. Resistance of grain and grain boundary
of the specimens with Nb,O; contents

Fig. 6. Microstructure of the samples pre-
pared with different Nb,O; contents

In order to clearly find a effect of grain
and grain boundary, typical micrographs of
the samples prepared with different Nb,Os
amounts shows in Fig. 6. The grain size was
decreased with increasing Nb,Os contents.
The average grain size of the sample with



Nb,O; 0.16md% was around 20wm. This results
shows that the addition of Nb donor had sig-
nificant effect on the decrease of average
grain size and increase of area of grain
boundary. In fact, BaTiO; containing sub-
stantial amounts of Nb is the basic dielectric
formulations for many ceramic capacitor.
The Nb acts to decrease the curie tempera-
ture and resists to degradation under volt-
age-temperature stress, because of produce a
fine-graind material. In these insulating
materials, the donor charge must be bal-
anced by an equivalent negative charge.

3-3 Effect of sintering temperature

Sintering is one of the principal procedure,
which can change electrical properties of the
PTC ceramics. Sintering procedure attributed to
changes of the crystal structures and microstruc-
ture such as grain and grain boundary.

Fig. 7 shows the microstructure of PTC
ceramics with Nb,O; 0.15md% under different
sintering temperature. The microstucture of
PTC ceramics consists of conductive grain
and grain boundary surrounded by thin
semiconducting layers. The grain size

decreased largely with decreasing the sin-
The average grain size

tering temperature.

Fig. 7. Microstructure according to sintering tem-
perature of specimen with Nb,Os 0.15md%
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of the specimen sintered at 1350T was
about 20m. In the specimen sintered at
1320 ~ 12807T, it was about 1~5m. But
average grain size of the specimen sintered
at temperature below 1320C is very small.
The variation of DC resistivity of speci-
men sintered at 1350C and 1320C against
the temperature is shown in Fig. 8. The
increasing of sintering temperature leads to
abruptly decrease in the room temperature
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8. Temperature characteristics according
to the sintering temperature of speci-
men with Nb,O; 0.15md%

Fig.

Fig. 9. Microstructure according to cooling rates
of specimen with Nb,O; 0.15md%
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resistivity and hardly change in the maxi-
mum resistivity. In the specimen sintered
at 1300TC and 1280%¢C, we could not mea-
sure resistivity dependent upon tempera-
ture because of deviate from measuring
range. As a result, we can conclude that
the proper sintering temperature is 1350C.

3-4 Effect of cooling rate

Electrical characteristics of PTC thermis-
tors are directly related to the sintering con-
ditions such as sintering temperature, time,
cooling rate and some other factors.
Especially cooling rate can change the
microstructure of PTC ceramics, which con-
tribute to the PTC behavior. It is very
important to find how a microstructure
changes to the cooling rate and what man-
ner those microstructures exist. Because
the microstructure is responsible for the
electrical characteristics of PTC thermistor.
Fig. 9 showed a microstructure of samples
Nby;O; 0.15md% with various cooling rates.
All sample prepared with different cooling
rate had the almost same grain size.

PTC ceramics are polycrystalline ceramics
materials which are composed of grains and
inter granular regions. All the Nb,O; grains
are completely surrounded by a liquid phas-
es during sintering and remains effectively
isolated as third phases during cooling. In
the ceramics with Nb;O; contents, Nb,O;
crystal phases can constitute inter granular
layers and continuously spreading in to the
ceramics, Those phases are formed by the
crystallization of liquid phases in the cooling
processes. As we can see in the Fig. 9, at
slow cooling rate with 70C/h which is only
shown widely grain boundary regions and
some materials overflows throughout grains
and grain boundaries. In fast cooling rate
above 100¢/h, we found that grain and inter
granular layers were observed clearly. But
the microstructures in Fig. 9 shows that
grain sizes all of samples are about 20um and
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liquid phases are included in all samples.
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Fig. 10. Resistivity according to cooling rates
of specimen with Nb,O; 0.15md%

Fig. 10 shows a resistance according to
temperature for cooling rate from 70C/h to
250¢/h. It is shown that a cooling rate with
70¢/h leads to the largest value of room
temperature resistance and maximum resis~
tance. In the between 100C/h and 250¢/h,
increasing the cooling rate leads to increase
a room temperature resistance, but maxi~
mum resistances had not any tendency.
Especially, on the cooling rate 70C/h, it is
shown that widely grain boundary regions
and some materials were formed. It was
suggested that decrease of the cooling rate
results in an increase of the grain boundary
thickness. We can suggest, at slow cooling
rates below 70C/h, the grain boundary
thickness leads to an increase in the resis-
tivity on the ferroelectric state. It is due to
the formation of an inter granular layer of
highly increased resistivity on both ferro-
electric and paraelectric states.

V. Conclusion

The results are as follows :



1)

Sintering tempeature and cooling rate
seriously affect the electrical resistance
of PTC ceramics.

2) As a increasing Nb,Os content, increase of

3)

4)

5)

the room temperature resistance is
caused by a smaller grain size.

Grain boundary resistance increased
according to increase Nb,O; content
largely, but grain resistance was not
changed.

The higher resistivity at room tempera-
ture is attributed to the remarkable
increase in grain boundary resistance.
The optimum sintering temperature and
cooling rate were 1350C for 2 hours and
100C/h respectively.
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