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Abstract

The PTCR effect was investigated in the ferro-
electric BaNb,Og phase doped with TiO,. Composite
ceramics formed after sintering in a reducing atmo-
sphere and subsequent reoxidation show the PTCR
effect at around 70 and 300°C, respectively. Both
PTCR anomalies are associated with the formation
of high resistivity grain boundaries after controlled
oxidation of reduced constituent phases. © 1999
Elsevier Science Limited. All rights reserved
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1 Introduction

Semiconducting BaTiO3 ceramics are used as posi-
tive temperature coeflicient resistors (PTCR). The
anomaly in resistivity in donor doped BaTiO; can
be well described by the model developed by Hey-
wang' and Jonker.? Heywang assumed the forma-
tion of a two-dimensional layer of surface acceptor
states at the grain boundaries. Acceptor states at
the grain boundaries trap conduction electrons
near the interface, creating a negatively charged
grain boundary with a positively charged space
charge region adjacent to the boundaries. On the
basis of this model, Heywang found that the resis-
tivity obeys the relation p=apyexp (e®/kT),
where & is the height of the potential barrier and «
is a geometrical factor. To explain the low resistiv-
ity below Curie temperature (7¢) Jonker applied a
model based upon the ferroelectric behaviour of
tetragonal BaTiO5. Below T BaTiOs is tetragonal
with its polarisation along the tetragonal axis,
which means that a net polarisation component
perpendicular to the grain boundary causes positive
and/or negative charging of the grain boundaries,
and in the first case this annihilates the potential
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barrier. This makes the resistivity of this phase low
below Tc.

Thus, Tc of such ceramics is crucial for the
PTCR effect whose origin can be described by the
Heywang-Jonker model. Thus, in order to increase
the temperature of the PTCR effect of a ceramic its
Tc must be increased. One can do this by modify-
ing Tc of the solid solution (Ba,Pb)TiO;, or by
using a ferroelectric phase with a higher 7¢. Pre-
vious investigators studied the PTCR effect in
many other ferroelectric materials, such as for
example KNbOj;, KBiTi,O4, PbFeNbOg and
others.?#

The purpose of our work was to study some
compositions within the BaO-Nb,Os—TiO, sys-
tem,>® which is a promising material for preparing
high Tc-PTCR ceramics.

2 Experimental

The compound BaNb,Og was prepared by calci-
nation of an equimolar mixture of BaCO; and
Nb,Os5 at 1100°C in air. Additions of 0-25, 0-5,
0-75, 1, 1-25, 1-5, 1.75 and 2wt% TiO, were
admixed to milled BaNb,Og¢ and homogenised in a
planetary ball mill. From the dried powders sam-
ples of equal dimensions were pressed and sintered:

e at 1300°C for 2h in air or
e at 1400°C for 2h in pure hydrogen

Subsequent heating in pure hydrogen for 1h at
1100 and/or 1200°C reduced the samples sintered in
air. Reduced samples were reoxidized by heating in
air at 500°C for 10 min at a heating rate of 3°Cmin~!,
which represents one cycle of reoxidation.

The dependence of electrical resistance and capa-
citance on temperature was measured in a pro-
grammable muffle oven during heating (heating rate
3°Cmin"). Electrical resistances were measured in
the range from room temperature to 500°C using a
Hewlett Packard HP-3457A multimeter (max.
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measured resistance 3x10° Q). Some measurements
were performed from lower temperature by cooling
the oven with liquid nitrogen. For capacitance
measurements an HP-4192A impedance analyser
was used at a measuring frequency of 1 MHz in the
temperature range from room temperature to
around 400°C. Rubbing In—Ga alloy on planar
surfaces provided electrodes on the samples. The
electrical frequency characteristics of the samples
were measured at room temperature by the HP-
4192A in the frequency range from 5Hz to
13 MHz. Complex impedance spectra were fitted
by the NLLS-fit program. Using an equivalent cir-
cuit model consisting of two parallel R-CPE ele-
ments (where CPE represents the constant phase
element), the best fit was achieved.

Samples were polished and chemically etched.
The microstructure was observed by a JEOL JSM
5800 scanning electron microscope and the grains
were analysed by the energy dispersive X-ray
analysis (EDX).

3 Results and Discussion

Figure 1 shows the room temperature resistance of
samples with various compositions based on the
TiO, doped BaNb,O¢ ceramic after reduction at
different atmospheric conditions. It can be seen
that the resistance of the reduced ceramics decrea-
ses remarkably with the increase in temperature
and/or using pure hydrogen. Samples sintered in
hydrogen show the highest conductivity. The

10"

air/H,-1100°C

air/H,-1200°C

|
0.0 0.5 1.0 1.5 2.0
wt.% TiO,

Fig. 1. Room temperature resistance of reduced two-phase

ceramics composed of the constituent phases BaNb;.¢60s.5

and Ba;_,Ti,Nb,Og. , against the amount of TiO,; reduced at
(a) 1100°C, (b) 1200°C and (c) treated in pure hydrogen.

resistance of samples in general decreases with the
amount of TiO, present.

A typical microstructure of the samples sintered
in hydrogen is shown in Fig. 2. The samples show
a 2-phase microstructure, which consists of light
grey grains (phase 1) and white elongated grains
(phase II). Microanalysis using EDXS shows that
the reduced phase 1 has the composition
Ba;_,Ti.Nb,Og, , where x = 0-12 and that phase
II has the composition BaNDby.¢605.5.

Semiconducting samples were reoxidised in order
to form a depletion layer. The experimental work
showed that the limiting temperature which indu-
ces the zone oxidation, i.e. total oxidation of the
samples, is around 500°C in air. So the temperature
interval up to 500°C was found to be useful for
engineering the grain boundary properties. After
every cycle of reoxidation below 500°C semi-
conducting samples were characterised by measur-
ing their room temperature resistance and R = f(7)
characteristics. Figure 3 shows the room tempera-
ture resistance of samples reoxidised by various
numbers of cycles. It can be seen that the addition
of TiO, stabilises the composite samples against
the influence of reoxidation. Samples with the
highest amount of TiO, were found to be more
resistant to reoxidation. Since the addition of TiO,
induces the formation of phase I, one is justified in
supposing that this phase is more resistant to reox-
idation. A higher amount of TiO, and/or the for-
mation of the large-grained phase I hinders the
increase of resistance during controlled reoxidation.

The reoxidized samples were characterised by
measuring their complex impedance spectra, in
order to obtain some information regarding the
status of the grain boundaries. In Fig. 4 some
typical complex impedance spectra are shown for
samples reoxidised in air. The semicircles repre-
senting the complex impedance spectra were found

Fig. 2. Microstructure of samples with 2wt% TiO, additions,
sintered in hydrogen at 1400°C; round light grey grains phase
1, white elongated grains phase II.
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to be depressed. By applying the NLLS-fitting
curve program it was observed that they consisted
of two depressed semicircles, in accordance with
the existence of two different phases in the compo-
site and two types of grain boundaries, which
represented the fit best to the complex impedance
spectra. The grain boundary resistance increased
with the number of reoxidation cycles, but the
grain resistance was fairly constant. From the
impedance analysis it can be concluded that high
resistivity grain boundaries were formed after con-
trolled reoxidation in these composite ceramics.
Figure 5(a) shows the temperature dependence of
electrical resistance of samples sintered in air,
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Fig. 3. Room temperature resistance of samples reoxidized

below 500°C in air versus the number of reoxidation cycles
and the amount of TiO,.
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Fig. 4. Complex impedance spectra of samples doped with
0-75wt% TiO,, sintered in air at 1300°C, reduced at 1200°C
and treated for various numbers of reoxidation cycles (n).

reduced in hydrogen and then reoxidised. The
composite shows a remarkable PTCR effect at
around 70°C. After further heating an NTCR
dependence of the composite can be noted. At
around 300°C a second PTCR anomaly can be iden-
tified [Fig. 5(b)], which is accompanied by a max-
imum in the dielectric permittivity &/e2s.c = f(T) at
the same temperature.

The composite ceramic is composed of two con-
stituent phases, which are the reduced form of
BaNb,Og and/or BaTiNb,Og, and exhibit two
PTCR anomalies at 70 and 300°C, respectively. We
believe that the first anomaly could be ascribed to
BaNb;.660s., since this phase in its oxidised form
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Fig. 5. (a) Temperature dependence of electrical resistance of

reoxidised samples doped with various amounts of TiO; in the

temperature range from —10 to 100°C. (b) Temperature

dependence of electrical resistance of reoxidised samples

doped with various amounts of TiO,, from 100 to 500°C. In

addition, the temperature dependence of &/e,5-c is shown in
the temperature range up to about 380°C.
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BaNb,Og exhibits a value of T at 75°C.> On the
other hand, the second PTCR effect can be ascri-
bed to the phase I being in its reduced semi-
conducting form Ba;_,Ti,Nb,O¢.,.. However,
after controlled reoxidation and the formation of
the depletion layer, this phase also exhibits a
PTCR anomaly. Since the PTCR anomaly in the
composite studied is associated with the formation
of a depletion layer and accompanied by a max-
imum in dielectric permittivity, we believe that the
anomaly in the electrical resistivity can be inter-
preted by the Heywang—Jonker model. However,
the origin and the type of surface acceptor states
on the highly reduced and reoxidised grain bound-
aries are not well understood and will be the sub-
ject of further investigations.

4 Conclusions

e The reduction of BaNb,Og doped with TiO,
leads to a low resistive composite ceramic
where the conductive network consists of
two constituent phases BaNbj.40s, and
Bal_XTibe206+x (X = 012)

e Global oxidation of the samples occurs above
500°C in air. Below 500°C the reoxidation of
the grain boundaries can be controlled.

e The concentration of TiO, has a noticeable
influence on the phase composition and elec-
trical properties of the composite ceramics.

e The peak of dielectric constant at 300°C
coincides with the PTCR effect, indicating
that the Heywang—Jonker model can explain
the anomaly in electrical resistance.
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