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Abstract. Strontium-lead titanate semiconducting ceramics with low room temperature resistivity (orr) and vari-
able NTCR-PTCR composite effects were fabricated at different sintering conditions. Both pgry and the NTCR effect
decreased at the higher heating rate or doping excess of PbO. After the heat-treatment at 950°C, the transformations
from PTCR to NTCR-PTCR characteristics were observed in excess PbO-doped samples. According to the results,
itis assumed that the lead vacancies (Vp,) in the grain boundary layers degenerate the conductivity of strontium-lead
titanate semiconducting ceramics and the NTCR behaviors below the Curie temperature are ascribed to the electron
detrapping of acceptor defects with increasing temperature.
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1. Introduction

Barium titanate is a ferroelectric material with the
perovskite structure. In general, a small amount of
dopant, such as trivalent cations Y3+, Yb3*, La’* and
pentavalent cations Nb>*, Ta’" are used to prepare
semiconducting BaTiO3 ceramics. These semiconduct-
ing ceramics may exhibit nonlinear electrical prop-
erties, including a positive temperature coefficient of
resistance (PTCR) [1-3]. The Heywang model [4] is
widely accepted to explain the PTCR effect in BaTiO;
ceramics. The abrupt jump of resistivity above the
Curie temperature (7;) is proposed to originate from
a barrier at the grain boundary, with the height of
the barrier markedly increasing at the phase transition
from the ferroelectric tetragonal to the cubic structure.
Much research continues to be performed to improve
the PTCR effect in BaTiO; materials and to develop
electronic components based on the effect [5-7]. In
order to enlarge the applicable temperature range of
BaTiOs-based PTCR systems, (Ba, Pb)TiO3 and (Ba,
Sr)TiOj5 solid solutions have been developed [8, 9].
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Another perovskite system, (Sr, Pb)TiO; has re-
ceived much attention since the NTCR-PTCR com-
posite effect was observed in 1988 [10]. (St, Pb)TiO3
semiconducting ceramics exhibit a negative tempera-
ture coefficient of resistivity (NTCR) below 7, and the
PTCR effect above T.. Furthermore, (Sr, Pb)TiO;3 is
of interest because its sintering temperature is gener-
ally lower than that of the conventional BaTiO3z PTCR
materials [11]. (Sr, Pb)TiO3 materials, therefore, have
the potential to be utilized as components, such as
precise temperature controllers, overflow protect de-
vices etc. [12]. Wang et al. [13] first prepared (Sr,
Pb)TiO3; PTCR ceramics with a weak NTCR effect us-
ing oxalate coprecipitation synthesis and rapidly sin-
tering technology (RST). The intensity of the NTCR
effect below 7, could be changed by using different
sintering conditions and ingredients. At present, (Sr,
Pb)TiO3 ceramics with the NTCR-PTCR composite ef-
fect were generally fabricated from glass/ceramic com-
posing and the strong NTCR-PTCR composite effect
was demonstrated to originate from the electrical be-
haviors of grain boundaries [14, 15]. However glass
additions lead to high prr because the SiO, segregates
in the grain boundaries. Therefore it remains of inter-
est to decrease their prr and investigate the influence
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of the microstructure as well as defects on thermal
sensitivity.

The aim of this study is to fabricate low pgy (Srt,
Pb)TiO3 ceramics and investigate the influences of sin-
tering conditions and PbO loss on the properties of
Y-doped (Sr, Pb)TiO5 thermistors.

2. Experimental

Analytical grade PbO, TiO,, Y(NOs3)3 and high purity
SrTiO3 (decomposed SrTiO(C,04),-4H,0 at 1000°C
for 4 h) were well mixed in stoichiometric ratios and
then calcined at 800°C for 2 h to prepare 0.5 mol%
Y-doped (Sr, Pb)TiO3; powders. Then 0 mol%, 2 mol%,
4 mol%PbO were respectively added into the powders
and mixed again. The powders were pressed into 10 mm
diameter disks with about 1 mm thickness. The green
pellets were stacked on an Al,O3 plane without pack-
ing powders and covered with a tightly fitted crucible.
These disks were sintered at 1100°C for 0.5-1 h in air
with a heating rate of 200—400°C/h and a cooling rate of
300°C/h to obtain Pb, Sr;_, TiO3 semiconducting ce-
ramics (x =0.5, 0.6), which were denoted as SPT50
and SPT60 ceramics, respectively.

The surfaces of the sintered ceramics were coated
with In-Ga alloy and the resistivity-temperature char-
acteristics were measured from room temperature up
to 400°C with a DC resistivity-temperature measur-
ing system. Subsequently, the In-Ga electrodes of
4 mol%PbO-doped samples were removed, the ce-
ramics were heating-treated at 950°C for 4 h with
a heating and cooling rate of 200°C/h, and their
resistivity-temperature characteristics were measured
again. Then, the above process was repeated again to
obtain a further understanding of the influence of the
heat-treatment on the thermal sensitivity. Simultane-
ously, Pb volatilization during the heat-treatment was
evaluated by measuring the weight loss of 4 mol%PbO-
doped SPT50 ceramics.

3. Results and Discussion

The resistivity-temperature curves of ceramics sintered
at different heating rates are shown in Fig. 1. The semi-
conducting (St, Pb)TiO; ceramics exhibit strong PTCR
effectsat T > T and variable NTCR effects at T < T;*.
T is defined as the temperature corresponding to the
twice minimum resistivity (omin) in the PTCR effect
region. It can be seen that the resistivities jumped by
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Fig. 1. Resistivity-temperature plots of Y-doped (Sr, Pb)TiO3
ceramics.

4.7-5.7 orders of magnitudes in the PTCR effect region.
The maximum resistivity (omax) and positive tempera-
ture coefficients (ay39) decrease at the higher heating
rate, where o3 is defined as the resistivity differen-
tial variability at 7" + 30°C. Below T, the resistivi-
ties drop with increasing temperature. prr, the negative
temperature coefficients («_sp) and the resistivity ratio
(log LR ) decrease at higher heating rate, where a_s,
is deﬁned as the resistivity differential variability at
T} —50°C.

It is well known that Pb volatilization during prepa-
ration of lead-based ceramics is generally inevitable.
According to the above results, the electrical proper-
ties appear to be related to the variation of Pb concen-
tration in the (Sr, Pb)TiO; materials because of PbO
loss at the different heating rates. In order to investi-
gate the influence of Pb loss on the properties of (Sr,
Pb)TiO3 semiconducting ceramics, excess PbO was
added into the (St, Pb)TiO3 powders to compensate for
PbO loss during sintering. Figure 1 shows that the prr
of SPT50+ 2 mol%PbO reduces to 7.1 x 10'Q-cm
and its NTCR effect below T is relatively weak.
The resistivity-temperature parameters corresponding
to the samples in Fig. 1 are shown in Table 1.
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Table 1. Resistivity-temperature parameters of Y-doped (Sr, Pb)TiO3 ceramics at different heating rate.

a-50 o430
Samples Heating rate PRT (£2-cm) Pmin (2 - cm) Tc* °0) (% - ccil) (% - OC?I) log(orRT/ Pmin) 1og(Pmax/ Pmin)
SPT50 200°C/h 1.4.x 10* 3.5.x 10° 140 —2.11 9.9 0.60 4.99
SPT60 200°C/h 8.6. x 10° 4.2. % 102 195 —1.69 13.1 131 5.20
SPT50 400°C/h 8.2. x 102 6.5. x 10% 124 —0.15 6.1 0.10 471
SPT60 400°C/h 5.0. x 102 7.4.x 10! 200 —0.85 12.0 0.83 5.15
SPT50 + 400°C/h 9.2. x 10! 6.6. x 10! 120 —0.27 4.0 0.14 5.68
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Fig. 2. Resistivity-temperature plots of (A) SPT50 44 mol%PbO and (B) SPT60 4 4 mol%PbO ceramics after the heat-treatment at 950°C for

different time.

At the same sintering conditions (heating rate is
400°C/h), (Sr, Pb)TiO3 semiconducting ceramics were
also prepared by adding 4 mol%PbO and the sin-
tered ceramics were heat-treated at 950°C. Figure 2

gives the corresponding p — 7T characteristics: (A)
SPT50 + 4 mol%PbO; (B) SPT60 + 4 mol%PbO. The
corresponding resistivity-temperature parameters of
the heat-treated samples are shown in Table 2. It can

Table 2. Resistivity-temperature parameters of 4 mol%PbO-doped (Sr, Pb)TiO3 semiconducting ceramics after the heat-treatment at 950°C for

different time.

50 o430

Samples Heat-treatment  pRrr (2-€m)  Ppin (€2 - cm) TC* O (%- ocil) (% - Gcil) log(orT/Pmin)  102(Pmax/ Pmin)
SPT50 + 0h 5.0 x 10* 2.9 x 10* 139 —0.69 8.30 0.23 4.50
4 mol%PbO  4h 1.6 x 10° 1.2 x 103 123 —0.05 8.00 0.11 448
2x4h 7.0 x 10* 1.1 x 104 139 —2.81 7.76 0.80 3.90
SPT60 + Oh 5.0 x 10° 49 % 10° 202 —0.98 12.98 1.01 3.30
4 mol%PbO 4h 8.4 x 103 14 %103 202 —0.66 12.22 0.77 3.91
2x4h 7.4 % 10° 1.0 x 10* 212 —2.98 10.00 1.86 3.23
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be seen that pgrr (without heat-treatment) is high and
the resistivity ratios (log 2%=) below T, are small. After
the first heat-treatment at 950°C for 4 h, a weight loss
of about 1.2 wt% was found in SPT50 + 4 mol%PbO
ceramics. The p — T characteristics in Fig. 2 show
that prr decreases and the NTCR effects below T re-
main weak. However, after the second heat-treatment
at 950°C for 4 h, the weight loss of sample was only
0.1 wt% and the obvious changes in thermal sensitivity
were observed. pgrr increased and the NTCR effects
became stronger, especially the p — T characteristics
of SPT50+ 4 mol%PbO ceramics changed from the
PTCR to the NTCR-PTCR type. According to the re-
sults, it confirms that the NTCR effect of strontium-
lead titanate semiconducting ceramics is closely
related to the variation of Pb concentration in the
materials.

Chang et al. [16] proposed that annealed St 4Pby ¢
TiO3; materials contain homogeneous grains and Pb-
deficient grain boundary layers, but there are no ad-
equate evidences to support their opinion. In this pa-
per, the heating rate and excess PbO significantly affect
the room temperature resistivity and thermal sensitivity
of Y-doped (Sr, Pb)TiO3 ceramics. It can be assumed
that PbO loss results in the formation of lead vacan-
cies (Vp,) during sintering in air because the oxygen
atoms will revert to the (St, Pb)TiOj5 lattices during the
cooling stage. Therefore, a small amount of PbO can
compensate the PbO loss during the sintering, which is
beneficial in stabilizing Pb/Ti ratio in the sintered sam-
ples. Certainly, the residual PbO segregated at the grain
boundaries also increased their resistivities, so the de-
crease of prr was observed after the first heat-treatment
at 950°C for 4 h in this work.

Y-doped (Sr, Pb)TiO5 ceramics are n-type semicon-
ductors. PbO loss is beneficial for the substitution of
the Pb?* positions by Y** ions in (Sr, Pb)TiO3, which
form donor defects Yp,. The non-equilibrium charges
can be compensated by the valence change of the octa-
hedral Ti** ions. One can visualize electrical conduc-
tion originating from the hopping of electrons between
Ti sites in (Sr, Pb)TiO3. The process can be described
as following:

Ti*t + ¢ < Ti*t (1)

As acceptor states, lead vacancies (V},) cause elec-
tron trapping in the grain boundary layers, which can
be carried out through the defect complex with Y;,b as

following:
Vi +2Yp, < (Vi - 2Yp) ()

The above defect complexes (Viﬁb-ZY;b)X com-
pensate the residual charges of the defect Yp,, which
decreases the carrier charge density by restraining
neighboring Ti** ions from changing their valences.
Therefore, (Sr, Pb)TiOs ceramics prepared at lower
heating rate or heat-treated at 950°C for a long time
exhibited the higher room temperature resistivity in our
experiments.

According to the results of EPR for BaTiO3, Hari
et al. [6] proposed that the neutral barium vacan-
cies (V,) present in the tetragonal and orthorhombic
phases change into singly ionized barium vacancies
(Vg,) and the PTCR effect is related to charge trap-
ping at the acceptor states having higher concentra-
tion in the region of the grain boundary layer. Below
the Curie temperature, (Sr, Pb)TiO; ceramics, at low
heating rate, exhibit strong NTCR behaviors. A small
amount of PbO addition decreases pgry and the neg-
ative temperature coefficient. It can be estimated that
lead vacancies are significant contributors to the NTCR
effects. Furthermore, the NTCR characteristic should
be originated from the increase of carrier charges,
which would not only depend on the thermal activa-
tion with the increasing temperature. Therefore, we
suppose that Vp, in defect complexes (Vp, -2Yp,)*
may release their trapped electrons to form singly ion-
ized lead vacancies (Vp,) and neutral lead vacancies
(Vp,) with increasing temperature, which is a fun-
damental cause of the strong NTCR effects of (Sr,
Pb)TiO; semiconducting ceramics below the Curie
temperature:

(Vo - 2Yp)* < (Vpy - Ypo) + Ypp ¢’ (3)
(Voo Ypp)* <> Vi + Y+’ S

These reversible processes provide more electrons
to participate in conduction below T, so the resis-
tivity of (Sr, Pb)TiO3; ceramics drops with increasing
temperature. From the above points of view, lead va-
cancies in (Sr, Pb)TiO3 ceramics exhibit the reverse
effect by decreasing prt and enhancing the NTCR ef-
fect. High performance (Sr, Pb)TiO5 ceramics with low
room temperature resistivity and strong NTCR-PTCR



composite effect can be prepared by suitably control-
ling the formation of lead vacancies.

On the other hand, the phase transformation of
(Sr, Pb)TiO3 ceramics also results in the variation
of trapping of the electrons at the acceptor states,
e.g. Vpp, Vp,, in the grain boundary layer regions,
which will affect the PTCR effect above the Curie
temperature.

4. Conclusions

Strontium-lead titanate semiconducting ceramics were
fabricated at different heating rates. The sintered ce-
ramics exhibit low room temperature resistivity and
weak NTCR behaviors at higher heating rate or by
doping with 2 mol%PbO. Meanwhile, the transforma-
tion from PTCR to NTCR-PTCR characteristics was
observed in 4 mol%PbO-doped samples after heat-
treatment at 950°C. It shows that the PbO loss is im-
portant in affecting the electrical conduction of (Sr,
Pb)TiO3 ceramics. High performance (Sr, Pb)TiO3
ceramics with low room temperature resistivity and
strong NTCR-PTCR composite effect can be prepared
by suitably controlling the PbO concentration on the
grain boundaries.

According to the results, it is estimated that the
defect complexes (Vi -2Yp,)* would decrease the
conduction of strontium-lead titanate semiconducting
ceramics and the electron detrapping of lead vacancies
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with increasing temperature result in the strong NTCR
effect below the Curie temperature.
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