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ABSTRACT

A current-voltage relation for Positive Temperature Coefficient of Resistance (PTCR) ceramic was derived and compared with
the experimental data. The new current-voltage relation was developed based on Heywangs double Schottky barrier model and a
bias distribution across the grain boundary. The voltage limitation V<4®, suggested by Heywang is no longer necessary in the
new expression for the voltage dependence of the resistance. The pulsed voltages were applied to the PTCR ceramic specimen in
order to avoid possible temperature variation during the measurement.
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1. Introduction

he Positive Temperature Coefficient of Resistance

(PTCR) effect of Barium titanate-based ceramic is
resulted from the Schottky barriers formed at the grain
boundaries.” The electrical properties of the grain bound-
aries have been investigated using C-V relations either
developed for the metal-semiconductor Schottky junctions
or modified for ceramics such as ZnO varistors.>* Recently
a new C-V relation was proposed for PTCR ceramics.>®

Although various papers were published for the electrical
properties of Barium titnate-based PTCR ceramics, a lim-
ited number of publications are available for the current-
voltage relation of this ceramic.” Considering back-to-back
double Schottky barriers at the grain boundary, the barrier
lowering by the applied bias determines the current flow
across the grain boundary. Then the correct expression for
the forward bias is critical to derive an appropriate current-
voltage relation.

In this paper the authors investigated the significance of
the potential barrier height in the pre-exponential term of
the resistance expression and compared the forward bias
proposed by Heywang and the one developed in this study.
Comparing various I-V relations with the experimental
data, the best expression describing the actual I-V relation
was suggested.
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Fig. 1. Electrical resistivity of the PTCR specimen as a func-
tion of temperature.

2. Experimental

A BaTiO,-based PTCR ceramic was prepared using con-
ventional ceramic process. Sh,0, and MnO, were added to
BaTiO, for obtaining semiconductivity and enhancing
PTCR effect, respectively. The electrical resistivity of the
specimen as a function of temperature shown in Fig. 1
assures that the specimen prepared in this study is a good
PTCR ceramic.

An equivalent circuit for PTCR ceramic can be expressed
as Fig. 2, where R_and R, are the resistances of a grain and
a grain boundary, and C, is the capacitance of a grain
boundary. When a voltage V is applied to a PTCR ceramic at
t=t,, the current flowing in the specimen changes with time
as shown in Fig. 3(b). In general the resistance of the grain
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Fig. 2. Equivalent circuit of PTCR ceramic.
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Fig. 3. Charging of PTCR ceramic after applying voltage.

boundary is much larger than that of the grain above Curie
temperature, the time constant, therefore, can be expressed
as 7=R,C,. In order to obtain a saturation current, the cur-
rent should be measured after several times of the time con-
stant (for example, 5 times of 7 gives 99.33% of the
saturation value) from the onset of the applied voltage.
However, when ‘a voltage is applied to the specimen, the
temperature of the specimen changes due to Joule heating,
results in the change of the resistance. For the correct mea-
surement of the current, the charging time of the capacitor
should be considered properly, while the temperature rise of
the specimen during measurement due to self-heating is
avoided.

The heat capacity of BaTiO,is 115~ 125 J/kmol, which is
approximately 0.123 cal/g, above 130°C. The instrument
used for measuring current-voltage relation (Keithley 237
Source/measure unit) allows maximum current of 100 mA
below 110 V. If the current of 100 mA flows in the specimen
at 100 V and the heat generated is used only for raising the
temperature of the specimen, the temperature change of the
specimen (the weight is 1.2 g) is
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where ¢t is the duration time of voltage applying, m is the
weight and C, is the heat capacity of the specimen. When
the applied voltage is maintained for 1 second, the tempera-
ture of the specimen is raised by about 16°C, which is a seri-
ous problem for correct measurement.

The PTCR ceramics prepared in this study show the
grain resistances and the grain boundary capacitances
less than 1000 Q and 200 nF, respectively, above Curie
temperature. Therefore, time constant 7, which is the
product of the grain resistance and the grain boundary
capacitance, is less than 0.2 ms. We applied a pulsed volt-
age as shown in Fig. 4. The current is measured after
2 ms of voltage applying, which is 10 times of the time
constant and long enough to charge the grain boundary
capacitor. The temperature of the specimen during the
measurement is raised by 0.033°C according to Eq. (1).
The pulse interval is chosen as 30 seconds to prevent a
possible heat accumulation by the successive measure-
ments. A current-voltage curve measured at 130°C for a
PTCR specimen is given in Fig. 5.

3. Results and Discussion

The electrical resistance at the grain boundary of PTCR
ceramic is generally expressed as:”
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Fig. 4. Voltage pulse waveform for I-V test.
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Fig. 5. I-V curve for a PTCR specimen measured at 130°C.
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Fig. 6. Potential barrier at the grain boudary of a PTCR
ceramic with external voltage.
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when @, approaches zero, the term ®;? becomes signifi-
cant. Expressing the resistance as a function of potential
barrier height:
%,
R,=B®,%"",

where B = —“%’—;g—
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The potential barrier at the grain boundary is modified by
an applied voltage V as shown in Fig. 6. Since the resistance
is controlled by the potential barrier in the forward direc-
tion, @,—V,, two different expressions for the resistance at
the grain boundary are obtained as follows using Eqgs. (2)

and (3):

3)
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where R, is the resistance at V=0. According to Hey-
wang," the forward bias V. is
v v
2 169,

The authors>® suggested a bias distribution at the grain
boundary of PTCR ceramic as follows:

v,_V,

u)f wr‘

(7

where w, and w, represent the depletion widths at for-
ward and reverse bias, respectively.

Using Eq. (7) and Heywang model, the forward bias pro-
posed in this study is

V+2P,— AP +V?

Combining Eqgs. (4), (5), (6), and (8), there can be four dif-
ferent expressions for the resistance at the grain boundary,
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when a bias V is applied. We denoted R,, for the resistance
obtained using Eq. (4) and (6), and R, for those determined
using Eq. (4) and (8). Similarly, R, is the resistance deter-
mined using Eq. (5) and (6), and R,, is that acquired using
Eq. (5) and (8).

The theoretical values of currents, I,,, I,,, I,,, and I,,, can
be obtained by inserting R, measured at V=0, into Egs. (4)
and (5), and using Eqs. (6) and (8). When a bias V'is applied,
the current I, for example, is obtained as follows:

v av;
Iy =Rl22 =§0®;V2(@b—vf)me”

The R,, measured for the specimen at V=0 and 130°C as

shown in Fig. 5, is 23.3 kOhm, and the @,, determined using
C-V characteristics, is 0.44 V, then using Egs. (8) and (9),
we can obtain I,

The theoretical values and the measured value for a
PTCR ceramic at 130°C are given in Fig. 7. All the theoreti-
cal values are close to the measured one at low applied volt-
age (approximately below 30 V), but significant deviation
from the measured value is observed for I,, and I, at high
voltage. The currents I,, and I, are calculated using Hey-
wangs voltage distribution, Eq. (6). The current I,, starts to
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Fig. 7.1V curves of theoretical and measured values.
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Fig. 9. [-V curves of theoretical and measured values at high

voltage.

deviate from the measured value near 80 V, while the cur-
rent I, fits well with the measured one up to 100 V. This
result proves that the voltage distribution proposed by the
authors, Eq. (7), is correct. The current-voltage curves
expressed using linear scale given in Fig. 8 show the devia-
tion of the theoretical values from the measured one clearly.

It is also observed that the difference in the expression of
the resistance does not affect much for the current-voltage
curve. There is, however, some effect of @;"” in the pre-
exponential term on the resistance expression, which is
obvious from the result that I, fits better than I ,,.

According to the Eq. (6), V, increases with V up to V=4®,
and decreases as V increases further, which can’t happen in
real situation. Heywang, therefore, set a limitation of
V<4q, for this equation.” On the other hand, the Eq. (8)
suggested in this study only allows the increase of V. with
applied voltage V and V, does not exceed @,, which qualita-
tively represent the real situation.

The current-voltage curves for the theoretical calculations
in the voltage range higher than 4@, are shown in Fig. 9.1,
and [,, increase gradually with voltage, while I,, and I,
show unacceptable behavior such as rapid increase of the
current with applied voltage and the decrease of the current
in a part of the voltage range.
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4, Conclusions

Various current-voltage relations applicable to the PTCR
ceramics were investigated. When a bias is applied to the
PTCR ceramic, the potential barriers at the grain-bound-
aries are lowered by the amount of forward bias. The cur-
rent-voltage curve obtained using the forward bias derived
on the base of a bias distribution across the grain boundary
fits very well with the experimental data. Furthermore the
voltage limitation V<4®, suggested by Heywang is no
longer necessary in the new expression for the voltage
dependence of the resistance. Although there are some
effect of @, Y2 in the pre-exponential term on the resistance
expression, the difference is not significant. The application
of the pulsed voltage seemed to be appropriate for the PTCR
ceramics in order to avoid possible temperature variation
during the measurement.
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