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BaBiOs-doped BaTiO3 (BB-BT) ceramic, as a candidate for lead-free positive temperature coefficient of resistivity

(PTCR) materials with a higher Curie temperature, has been synthesized in air by a conventional sintering technique.

The temperature dependence of resistivity shows that the phase transition of the PTC thermistor ceramic occurs at
the Curie temperature, T, = 155 °C, which is higher than that of BaTiO3 (< 130 °C). Analysis of ac impedance data
using complex impedance spectroscopy gives the alternate current (AC) resistance of the PTCR ceramic. By additional

use of the complex electric modulus formalism to analyse the same data, the inhomogeneous nature of the ceramic may

be unveiled. The impedance spectra reveal that the grain resistance of the BB—BT sample is slightly influenced by

the increase of temperature, indicating that the increase in overall resistivity is entirely due to a grain-boundary effect.

Based on the dependence of the extent to which the peaks of the imaginary part of electric modulus and impedance are

matched on frequency, the conduction mechanism is also discussed for a BB-BT ceramic system.
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1. Introduction

BaTiOgs-based ceramic materials are widely be-
lieved to have a positive temperature coefficient of
resistivity (PTCR), and it is regarded as a ferroelec-
tric and piezoelectric material. It is well known that
insulating BaTiO3 (BT) ceramics can easily achieve
n-type semiconductivity with the addition of a small
quantity of donor dopants such as La®t, Nb>+, Ta®+,
ete.! =31 Acceptors such as Mn increase the height of
the grain boundary barrier by activating deep trap

[l Doped semiconducting BaTiOs ceramics can

states.
often show a sudden increase in resistivity above the
Curie point, T;, (i.e., PTCR phenomenon). The PTCR
characteristic is closely associated with the ferroelec-
tric Curie point, T,. Isovalent substitutions of Pb2+
(PbTiO3, T. = 490 °C) for Ba?" of BT is necessary if
the PTCR material is to have a higher Curie tempera-
ture than the 7, of BT (T, = 120 °C ~ 130 °C).1%) Cur-
rently, it is believed that no one can fabricate PTCR
materials with T, > 130 °C without the addition of
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PbTiOs.

During the last few years, increased awareness of
environmental topics has spurred considerable efforts
to reduce the quantity of hazardous substances in con-
sumer products. Despite all these efforts, so far there
has been no suitable marketized material to replace
PTCR ceramics containing toxic lead, such as the
ubiquitous (Ba, Pb)TiOj3 in temperature sensor appli-
cations. Recent research work has focused mainly on a
lead-free Big 5Nag 5TiO3-BaTiO3 (BNT-BT) system
with a perovskite-type structure.5=% To some extent,
a BNT-BT system is a promising lead-free PTCR ma-
terial with T, > 130 °C.

However, to obtain the PTCR characteristic, the
BNT-BT ceramic system needs to be sintered in the
Ny flow of a low Oy concentration.!'% In particular,
the sintering conditions, especially the concentration
of Og in the Ny flow, must be well controlled. For
large-scale industrial production, it is very difficult to
fabricate high T, lead-free PTCR materials in such
extreme preparation conditions.
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In the present study, a lead free BaBiO3-doped
BaTiO3 (BB-BT) PTCR thermistor with low resis-
tivity and T, = 155 °C is directly prepared in air.
Complex impedance spectroscopy (CIS) is a powerful
tool to analyse the dielectric and electrical characteri-
zations of thermistor ceramics,['12 and thus it is also
used to investigate the electrical properties of BB-BT
ceramic. More information about electrical proper-
ties, obtained by the CIS, is expected to explain the
PTCR phenomena comprehensively in the semicon-
ducting BB-BT ceramic system.

2. Experimental details

BaTiO3 powder was prepared in air by a conven-
tional solid state technique using appropriate stoichio-
metric mixtures of high-purity (99.99%) BaCOj3 and
TiOs powders. BaBiO3 powder was also prepared by a
similar technology. A mixture of three materials with
a molar ratio of BaTiO3:BaBiO3:SiC (the sintering
additive) of 100:0.5:0.5 was ball milled for 12 h, dried,
and uniaxially pressed into disks of 16 mm in diameter
and 1.6 mm in thickness under 200 MPa with using
polyvinyl alcohol (PVA) as a binder. After burning off
the PVA, the disks directly placed on a high-alumina
sheet were sintered in air at 1280 °C for 60 min, in
a tube furnace. The obtained samples were polished.
For the electrical and the CIS measurements, the Al
paste was pasted on both sides of the samples as the
electrodes and then heated at 600 °C for 40 min.

The resistivity was determined using a digital re-
sistance meter (Fluker 45) from 25 °C to 300 °C at
a heating ratio of 5 °C/min. Impedance spectroscopy
was performed using an Agilent (4294A) impedance
analyser with computer controlled automated data
collection. The measurements were carried out in a
frequency range from 5 Hz up to 1 MHz and in the
temperature range from 25 °C to 280 °C.

3. Results and discussion

The x-ray diffraction (XRD) pattern of the sin-
tered ceramic of BB-BT is shown in Fig. 1. The
phase of BT can be identified from the XRD pattern
of the sintered BT-BNT ceramic. However, the BB
phase cannot be identified due to the lack of diffrac-
tion peaks. The BB-BT ceramic at room temperature
exhibits a tetragonal structure similar to that of the
pure BT sample. The inset in Fig. 1 shows the scan-
ning electron microscopy (SEM) micrograph of the as-
sintered BB-BT. The average grain diameter is about

40 pwm, which is obviously larger that that of ordinary
BaTiOgs-based PTC ceramics. Generally, the samples
with abnormal grain growth are relatively stable to the
global reoxidation, and their grain boundary proper-
ties can be changed by the temperature-induced reox-
idation process.
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Fig. 1. The XRD pattern of the sintered ceramic of BB—
BT. The inset shows the SEM image of BB-BT ceramic.

The temperature dependence of direct current
(DC) resistivity of the BB-BT sample with 0.5 mol%
BaBiOg is plotted in Fig. 2. The electrical resistiv-
ity of BB-BT at temperatures below 140 °C behaves
like that of any semiconductor with a negative tem-
perature coefficient. A sudden increase in resistivity
starting at 155 °C and ending at 280 °C is observed.
In this region the resistivity increases exponentially
with temperature. This abrupt increase in resistivity
is attributed to the shift from tetragonal phase (fer-
roelectric) to cubic phase (paraelectric), which is evi-
dence of the PTC (positive temperature coefficient) ef-
fect. The PTC magnitude, defined as log(pmax/Pmin),
where pnax is the peak resistance and ppiy is the min-
imum measured value, normally occurring just below
Te, is about 2 in the disk that was sintered in air at
1280 °C.
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Fig. 2. Temperature dependence of resistivity for sample
BB-BT sintered at 1280 °C.
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The most widely accepted model of the PTCR
effect'3—15] is based on the existence of Schottky po-
tential barriers caused by electron acceptor states at
Later, the PTC effect has been

further explained in terms of double-Schottky-barrier

grain boundaries.

model.['6:17] The majority of charge carriers (electrons
in the case of donor-doped BaTiOg3) are trapped by
acceptor states in the grain boundary core region,
which gives rise to a negative net-charge of the grain
boundary core and adjacent space charge layers in the
grains where the majority of charge carriers are de-
pleted. At temperatures below T, the potential bar-
rier height and, consequently, the contribution of the
space charge layer to the grain boundary resistance
are expected to vanish because of the compensation
of the interfacial charges by the spontaneous ferroelec-

tric polarization. Above T, due to the disappearance
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of spontaneous polarization, the resistivity of the
PTCR material is controlled by the height of the po-
tential barrier.

To reveal the origin of the PTCR effect in the BB—
BT sample, AC complex impedance spectroscopy is
also performed for analysing the resistivity properties
of BB-BT sample in a temperature range of 25 °C—
280 °C. The impedance data [Z*(w)] are commonly
plotted in the complex plane, a plot of real compo-
nent [ReZ(w)] versus imaginary component [ImZ(w)].
Z*(w) is represented by

2" (w) = ReZ(w) +j ImZ(w)
= Zg (W) + Zg, (), (1)

where g stands for grain and gb for grain boundary.
For the PTC thermistor ceramic, typical complex

plane representations of impedance data are depicted

in Fig. 3. Below the Curie temperature, T, = 155 °C,

(b) oy
100

80 O experimental (T = 160 °C)

——fitting line (T = 160 °C) @b Qg
[ A experimental (T = 165 °C)

— fitting line (T = 165 °C)

B < experimental (T'= 170 °C)

| = fitting line (7' = 170 °C)

< experimental (T'= 175 °C)

60

ImZ/Q

(d)

g
4000 | E

O experimental (T = 220 °C)
—— fitting line (T = 220 °C)
A experimental (T =240°C) 0 5
3000 fe— fitting line (T = 240 °C)
Q  experimental (T = 260 °C)
o fitting line (T = 260 °C)
& experimental (T = 280 °C)
— fitting line (T = 280 °C

2000

°C
10 15 20 25 30
ReZ /Q

ImZ/Q

1000

0
0 1000 2000 3000 4000
ReZ /2

Fig. 3. Comparisons between the measured impedance spectroscopic results with the fitting results for the BB-BT
ceramic at (a) T = 25 °C-155 °C, (b) T = 160 °C-175 °C, (¢) T' = 180 °C-200 °C, and (d) T = 220 °C-280 °C.
Inset in Fig. 3(a) shows the equivalent circuit model at T' = 25 °C-155 °C; inset of Fig. 3(b) exhibits the equivalent
circuit model at T' > 160 °C; insets in Figs. 3(c) and 3(d) display the magnified impedance spectra in a high

frequency region.

048701-3



Chin. Phys. B Vol. 20, No. 4 (2011) 048701

the impedance spectra are characterized by one de-
pressed and asymmetric distorted semicircle with a
nonzero high frequency intercept at the real axis
(Fig. 3(a)).
pressed semicircle is observed (Figs. 3(b)-3(c)).

At temperatures above T, only one de-
The
behaviour of the electrical response obeys the Cole—
Cole’s formalism.['® The depression of the semicircles
is considered further as evidence of a polarization phe-
nomenon with a distribution of relaxation times. The
insets in Figs. 3(c) and 3(d) show the high frequency
intercept in the magnified impedance complex plane
plot. The contribution positioned at low frequencies,
corresponds to the grain boundary response. In the
higher-frequency range, the contribution corresponds
to a specific property of the grain. In a high- or mid-
frequency range, the contribution corresponds to re-
sistive grain shell in outer grain region.[') In Fig. 3(a),
the shape of diagram indicates that the electrical re-
sponse is composed of at least two semicircles cor-
responding to grain boundary and grain shell, both
contributions exhibiting an overlapping and decentral-
For Figs. 3(b)-3(d), the symmetric
depressed semicircle is attributed to the contribution

ization degree.

of grain boundary. At the same time, it is observed
from Fig. 3(a) to Fig. 3(d) that there is a nonzero
high frequency intercept at the real axis. The inter-
cept is correlated to the grain contribution.® Thus, in
Fig. 3(a), the electric properties of BB-BT sample can
be represented by three parallel RC-equivalent circuits
in series and the electrical responses of Figs. 3(b)—
3(d) by two parallel RC-equivalent circuits in series.
Hence, below T¢ (Fig. 3(a)), the electrical response of
the PTC ceramic is mainly composed of three compo-
nents of grain boundary (Rgp), grain (R,) and grain
shell (Rs). Above T. (Figs. 3(b)—(d)), the scenario can
be that the contributions of electrical response are at-
tributed mainly to the grain boundary (Rgp) and the
grain (Rg).

It is well known that each parallel RC element
like grain boundary gives rise to a semicircle in the
complex plane plots of impedance (ReZ(w) versus
ImZ(w)), and the electrical modulus (ReM (w) ver-
sus ImM (w)).
by the following equation:

The electric modulus can be derived

M*(w) =j wCpz*(w) = ReM (w) + j ImM (w), (2)

where (Y is the vacuum capacitance of the cell.
Spectroscopic plots of ImZ(w) and ImM (w) ver-
sus log f give a Debye peak for each RC element in the

ImZ(w) and the ImM (w) spectra which are described
by

(3)

Z() = B | s

1+ (wRC)?

and

TmM(w) = %0 L ﬁfgcv} ’

(4)
where w = 27 f is the angular frequency (f is the ap-
plied frequency in hertz) and eq is the permittivity of
free space, 8.854 x 10~ F/cm.

The frequency and magnitudes of ImZ(w) and
ImM (w) at the Debye peak maxima for each RC ele-

ment are given as

Wmax = 27Tfmax = 1/R07 (5)
ImZa.x = R/2, (6)

and
ImMpax = £0/2C. (7)

Hence, the magnitudes of R and C' for each elec-
trical component can be determined from the inter-
cepts in the complex plane plots or estimated from
either ImZ(w) or ImM (w), using Egs. (5)—(7). More-
over, taking into account the depressed semicircles in
Figs. 3(a)-3(d), the ideal character of the electrical
components is represented by the () parameter instead
of ideal capacitance (C'). In this way, ) represents a
nonideal capacitance that is, in physics, determined
by parameters Y, and exponent n with n < 1. The C'
is derived from the following equation:

O = R[(lfn)/n]yo(l/")y (8)

Yy tends to C, when the exponent n tends to a value
of 1. The departure from ideal character exhibited by
parameter @ is due exclusively to the distribution of
relaxation times, which leads to the decentralization
phenomenon of the semicircle. According to the above
analyses of electrical response and nonideal character,
corresponding equivalent circuits obtained above T¢
and below T, are shown in the insets of Figs. 3(a) and
3(b) respectively. The empirical circuits shown in the
inset of Figs. 3(a) and (b) are used for the evaluation
of all impedance spectra by complex nonlinear least
squares fitting method. The fitting curves are also
shown in Fig. 3 from 25 °C to 280 °C. The points on
the impedance diagrams are the experimental data,
while the solid line represents the theoretical fitting.
The experimental data are in good agreement with the
fitting curves.
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Figure 4 shows the temperature dependences of
the resistance values of Ry (by curve) and the R, and
Ry, (by the inset table). It can be seen that the varia-
tion of resistance of the BB-BT sample is determined
mainly by that of the resistance from the grain bound-
ary component. The grain resistance (see the inset
table in Fig. 4) remains almost constant throughout
the whole temperature range. Below T, the magni-
tude of grain shell resistance is almost equal to that of
grain resistance. Above T, the contribution of grain
shell resistance disappears due to the lower value of
resistance. However, a rapid rise starting from 7. and
the PTCR effect are observed in Ry, of the BB-BT
sample, which shows that the transition temperature
of grain boundary resistance keeps the same pace as
that of ceramic resistance. It is concluded that only
the grain boundary can contribute to the PTCR effect
of the BB-BT ceramic. Based on the forgoing analy-
sis, it can be speculated that the abrupt of the grain
boundary resistance can originate from the reoxida-
tion of grain boundary.
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Fig. 4. Grain boundary resistance (Rgp) as a function

of temperature. The inset table shows the magnitudes

of grain resistance and grain shell resistance at different
temperatures.

Figures 5(a) and 5(b) show imaginary parts
ImZ(w) and ImM (w) of the electric modulus each as
a function of logarithmic frequency for BB-BT sam-
ple at several temperatures, respectively. Only a part
of the curves of ImZ(w) and ImM (w) are obtained
due to the uncovered high frequencies at 25 °C. In
the temperature range 150 °C < T <165 °C, a single,
almost Debye-like peak is observed in each ImZ(w)
spectrum. However, in the same temperature range,
the peak of ImM (w) curve is still not observed. Above

T = 165 °C, the peak of ImM (w) curve occurs in
each ImZ(w) spectrum, and their peak frequencies,
ie. fup and fzp, are in complete discordance with
each other. The presence of an appreciable mis-
match between ImM (w) and ImZ(w) peaks for the
whole temperature range is important evidence of lo-
calized conduction.2%:21] The overlapping of peaks of
ImM (w) and ImZ(w) curves is key evidence of delo-
calized conduction.?”) From Figs. 5(a) and 5(b) it can
be seen that with temperature increasing, the peaks
of ImM (w) and ImZ(w) curves tend to overlap, indi-
cating the conduction process from short-range con-
ductivity to probable long-range conductivity. Be-
low T = 195 °C, an obvious asymmetric character of
peak of each ImZ(w) curve at frequencies above max-
imum frequency (fmax) is observed, which suggests
the contribution of the lattice defect or structural as-
pects to the conduction relaxation.[??l With tempera-
ture increasing, the asymmetric phenomenon is grad-
ually weakened. Above T' = 195 °C, the peak of each
ImZ(w) curve at frequencies above fiax tends to be of
excellent symmetry with temperature rising. Hence,
these mean that the contribution of the lattice de-
fect or structural aspects to the conduction relaxation
reduces with temperature increasing, and almost dis-
appears after the measured temperature T' = 195 °C.

Although the peak values mismatch with each
other between fz, and furp in Fig. 5, both the fz,
and fprp occur at low frequencies (< 10° Hz), indicat-
ing the two peaks result from the same R element.
Because of the maximal value of ImZ(w) curve and its
location at the lower frequency, it is reasonable to at-
tribute this RQ element to the component of the grain
boundary. For the reason why the grain positioned in
the higher frequency range shows no peaks of ImM (w)
and ImZ(w), the peaks of InM (w) and ImZ(w) asso-
ciated with grains are considered to be outside the
measured frequency range (> 107 Hz). Furthermore,
it is well known that the ImM (w) curve tends to zero
at low frequencies, suggesting that the electrode po-
larization phenomenon is negligible or absent.

The frequency region below firp, determines the
range in which charge carriers are mobile over long
distances. In the frequency range above fysp, the car-
riers are confined in potential well, being movable over
a short distance. The peak of ImM curve in relation
to the ImZ(w) peak shifts toward lower frequencies
over a temperature range of 25 °C-260 °C but then
slightly shifts back to higher frequency with temper-
ature increasing up to 280 °C. The shift of peak fre-
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quency plays an important role in the magnitudes of  spectively). According to Eq. (5), the decrease of fz,
the relaxation time of grain boundary resistance and  and fs, values denotes the increase of 7741, and Tazgp

grain boundary capacitance (i.e., Tzgb and Tasgh, re—‘ with temperature rising.
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Fig. 5. Impedance ImZ and modulus ImM spectroscopic plots at different temperatures for BB-BT ceramic.
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According to the character of Fig. 5, below 280 °C,
the two peaks that describe the same relaxation pro-
cess (grain boundary relaxation behaviour) completely
disaccord with the following order proposed elsewhere:
TZgb > TMgb-

For the thermistor ceramic based on BaTiOg, the
BaBiO3 dopant is a key impact factor for the semicon-
duction and the phase temperature with T, = 155 °C.
It is reported that, the crystal structure of BaBiOg
is a distorted perovskite with two kinds of Bi sites,
namely “Bi*t” and “Bi®*”.[?3] For achieving the semi-
conducted BaTiOs, a small number of Bi3* ions will
substitute for Ba?T in the lattices and Ti** ions will
partly be replaced by Bi®* after the BaBiO3 has been

added.?4] The reaction occurs as shown below:[2°]

zBayBi*TBi®T O + 2BaTiOs
= (Bai™,Bi;")[Tii ¥, (Ti'" - ¢),]03
+ Ba?T[Ti{t,, Bi T (Ti*" - ¢),]03
+ zBaTiO3 + 22BaO + z/20,. (9)

According to Eq. (9), we speculate that the
Bi** ions enter into the A site of BaTiOs; and
the Bi®t cations are incorporated into the B site,
the segregated Ti*t ions in the two formulas
(Bait Bi21)[Ti{T,(Ti*" - ¢),]O3 and Ba*'[Tift,,
BiT(Ti*" - e),]O3 can play a key part in the forma-
tion of the bismuth layer-structured Biy TizO12 (BTO)
with higher phase temperature (T, = 675 °C. Hence,
the BiyTiz0;2/BaTiO3 (BTO-BT) composite mate-
rial similar to BNT-BT ceramic will achieve higher
phase transition temperature than the common semi-
conducted BaTiO3 with T, = 120 °C-130 °C. Of
course, for a more reasonable understanding further

investigation is needed.

4. Conclusions

In the present work, high T, lead-free BB-BT ce-
ramic is fabricated with a PTCR effect above 155 °C,
using a conventional sintering technique in air atmo-
For the first time a high T lead-free PTC

ceramic with T, = 155 °C can be directly sintered

sphere.

in air, which is obviously different from the BNT-
BT system. The BB-BT ceramic exhibits a PTCR
jump of approximately two orders of magnitude start-
ing at 155 °C. The impedance analyses indicate that
below T, the electrical response of the PTC ceramic
is composed mainly of the three parallel R() compo-
nents in series (i.e. grain boundary, grain and grain
shell); above T, the electrical response contributions
are attributed mainly to the grain boundary and the
grain. The fitting results by a complex nonlinear least
squares fitting method are in good agreement with the
experimental data. The grain boundary properties ex-
hibit a positive temperature coefficient thermistor be-
haviour with T, = 155 °C, which is the same as that of
the bulk. With the increase of measured temperature,
the extent to which the peaks of ImM (w) and ImZ (w)
curves in Fig. 4 are matched indicates the occurrence
from the localized to probable delocalized conduction
mechanism.

In conclusion, the PTCR characteristics com-
pared with those of the existing lead-contained PTCR
ceramic and BNT-BT thermistor, indicate that the
BB-BT system may be a promising lead-free mate-
rial for implementable industrial utilization as a PTC
thermistor with T, > 130 °C.
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