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Abstract

The thermal sensitivities of SrTiO3-based ferroelectric ceramics and the dielectric properties have been investigated. Strontium–lead titanate
ceramics with variable NTCR–PTCR composite effect were prepared by controlling Pb concentration of the grain boundaries. It was efficient
for lowering the room temperature resistivity (ρRT) and weakening the negative temperature coefficient of resistance (NTCR) effect of (Sr,
Pb)TiO3 ceramics by adding a small amount of excess PbO. A transformation of thermal sensitivity from the positive temperature coeffi-
cient of resistance (PTCR) to NTCR–PTCR characteristics was also observed after a heating treatment process, showing the NTCR–PTCR
composite effects of (Sr, Pb)TiO3 semiconducting ceramics were closely related to the variation of Pb concentration at the grain bound-
aries. The conduction mechanism was proposed to reasonably explain the NTCR–PTCR composite effect of (Sr, Pb)TiO3 semiconducting
ceramics. SrTiO3 ceramics capacitors were fabricated by using La2O3–CuO–PbO as dopants. It exhibited a high dielectric constant with
stable temperature characteristics. It was found that PbO addition benefited to increasing the dielectric constant and CuO addition mainly
segregated at the grain boundaries to form the isolation layers. The relationships between the microstructures and the dielectric properties of
SrTiO3–La2O3–CuO–PbO system were discussed.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Strontium titanate-based ceramics have been widely used
to fabricate some electronic components, such as grain
boundary layer capacitors (GBLC)[1], varistors[2], sensors
[3], and so on. The Curie temperature (Tc) of pure SrTiO3
is about 110 K, which can shift to the higher temperature
by Ba2+ or Pb2+ substituting for Sr2+. The composite
perovskite structure materials, such as (Sr, Ba)TiO3, (Sr,
Pb)TiO3 have been developed to fabricate some devices
[4–6].

(Sr, Pb)TiO3 ferroelectric ceramics have paid much atten-
tion since the composite thermal sensitivity was observed in
1988[7]. This kind of semiconducting materials exhibits the
negative temperature coefficient of resistance (NTCR) effect
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below the Curie temperature (Tc) and the positive tempera-
ture coefficient of resistance (PTCR) effect aboveTc [8,9].
They have the potential to be utilized as the precise tempera-
ture controllers, the self-regulating heaters and the overflow
protect devices etc.[10]. The research for improving the
thermal sensitivity and revealing the conduction mechanism
of (Sr, Pb)TiO3 ceramics is still intriguing[11,12].

With the requirement of integration and miniaturization
of instruments, it is necessary to fabricate the capacitors
with high capacitance, high reliability and small size[13].
SrTiO3 is paraelectric materials, which has potential ad-
vantage to prepare capacitors with high dielectric constant,
and stable temperature characteristics based on SrTiO3
ceramics.

As known, (Sr, Pb)TiO3 semiconducting ceramics grain
boundary layers capacitors (GBLC) with high dielectric
constants are generally sintered in a reducing atmosphere
[14,15]. But it is still difficult to obtain high dielectric
constant SrTiO3 ceramics by sintering in air. Therefore,
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it remains of interest to study the dielectric properties of
SrTiO3 materials in an oxidizing atmosphere.

In this paper, the ferroelectric (Sr,Pb)TiO3 thermistors and
paraelectric SrTiO3 dielectric ceramics were prepared. The
microstructures and electrical properties were investigated
to find out the comparability between the both SrTiO3-based
ceramics mentioned above.

2. Experimental

2.1. (Sr, Pb)TiO3 thermistors ceramics

Analytical grade PbO, TiO2, La(NO3)3 and high grade
SrTiO3 (decomposed SrTiO(C2O4)2·4H2O at 1000◦C for
4 h) were used as starting materials. The weighted powders
were wet-milled in ethanol for 48 h in a plastic jar. After
drying and sifting, the mixtures were calcined at 800◦C
for 2 h to prepare 0.5 mol% La-doped Sr1−xPbxTiO3 pow-
ders (x = 0.5, 0.6). Furthermore, 2 mol% PbO powders
were added to the Sr0.5Pb0.5TiO3 powders and well mix
again in order to compensate PbO loss. Above mixture
powders were pressed into disks with 10 mm diameter and
about 1 mm thickness. Then the green pellets were sin-
tered at 1075–1200◦C for 1 h and cooled at the rate of
4◦C/min. The surfaces of samples were coated with In–Ga
alloy and their resistivity-temperature characteristics were
measured from room temperature up to 400◦C with a dc
resistance–temperature measuring system.

2.2. SrTiO3 dielectric ceramics

A small amount of PbO (<2 mol%) was added into high
purity SrTiO3 powders, the mixtures were wet-milled in
ethanol for 48 h. After drying and sifting, the powders were
calcined at 800◦C for 2 h. Subsequently, 0.25 mol% La2O3
and 1.0 mol% CuO were added into the calcined powders
and well milled again. Then the drying powders were pressed
into discs with about 1 mm thickness and 10 mm in diame-
ter. Finally, the green pellets were sintered at 1280◦C in air
for 2 h and cooled down.

The sintered ceramics were coated with silver electrodes.
The dependence of dielectric properties on the temper-
ature was measured by an impedance-frequency meter
(HP4192A). The measuring temperature range is−60 to
150◦C, and the frequency is at 1 KHz. After ion-beam
thinning, the sample’s microstructure was investigated by a
transmission electron microscope (Hitachi-800) associated
with an energy dispersive analysis of X-ray (H-9100).

3. Results and discussion

3.1. Thermal sensitivity of (Sr, Pb)TiO3 ceramics

Fig. 1 gives the resistivity (ρ)–temperature (T) plots of
La-doped strontium–lead titanate semiconducting ceram-
ics sintered at 1100◦C for 1 h. It shows that the sintered
ceramics exhibit the strong NTCR–PTCR composite ef-

Fig. 1. Resistivity–temperature plots of 1100◦C-sintered (Sr, Pb)TiO3
ceramics with Sr/Pb= 1/1, 2/3, respectively.

fects. At T < Tc
∗, the ceramic resistivity dropped down

with elevating the measuring temperature, showing a neg-
ative temperature coefficient of resistance (NTCR) effect.
The values of log(ρRT/ρmin) are 0.533 (Sr/Pb= 1/1) and
1.15 (Sr/Pb= 2/3), respectively. AtT > Tc

∗, the ceramic
resistivity jumped abruptly with the phase transformation
from tetragonal to cubic, showing a typical positive tem-
perature coefficient of resistance (PTCR) effect. The values
of log(ρmax/ρmin) are 5.45 (Sr/Pb= 1/1) and 4.54 (Sr/Pb
= 2/3), respectively. WhereTc

∗ is the switch point, which
is defined as the temperature corresponding to the twice
minimum resistivity (ρmin) in the PTCR effect region.

Fig. 2 gives theρ–T plots of excess 2 mol% PbO-doped
(Sr, Pb)TiO3 ceramics sintered at 1075–1200◦C for 1 h. It
can be seen that the samples sintered below 1100◦C only
exhibit typical PTCR effect. The value of log(ρRT/ρmin) of
1100◦C-sintered sample decreased from 0.533 to 0.14 by
doping 2 mol% PbO comparing with that inFig. 1. With
increasing the sintering temperature between 1100 and
1200◦C, the samples’ρRT and NTCR (T < Tc) regularly
increase. A small amount of PbO additives lower theρRT
and weaken the NTCR effects of (Sr, Pb)TiO3 ceramics.
The ρ–T characteristics of (Sr, Pb)TiO3 ceramics can be
varied from NTCR–PTCR type to typical PTCR type by
reducing PbO loss during sintering. The detail parameter of
ρ–T characteristics are shown inTable 1, whereα+30 and
α−50 are defined as the resistivity differential variability
at the temperature ofT ∗

c + 30 andT ∗
c − 50, respectively.

Meanwhile, theρRT of 1075◦C-sintered sample is slightly
higher than that of 1100◦C-sintered sample inFig. 2. It can
be explained that the residual PbO segregated on the grain
boundaries to form an isolation layer, which increased the
resistivity of (Sr, Pb)TiO3 semiconducting ceramics.
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Fig. 2. Resistivity–temperature plots of 2 mol% PbO-doped Sr0.5Pb0.5TiO3

ceramics sintered at 1075–1200◦C for 1 h.

Above results show that the thermal sensitivity of (Sr,
Pb)TiO3 ceramics is obviously affected by the variation
of PbO concentration at different sintering conditions.
PbO additives forms a concentration gradient between the
grain boundary and the grain interior during sintering,
which decreases the transfer of Pb2+ ions and prevents
the formation of the Pb-deficient grain boundary layers.
Certainly, the residual PbO at the grain boundaries also
increase the ceramic resistivity because formed the iso-
lation layers. In our previous study, a heat-treatment at
950◦C was employed to wipe out the residual PbO, so
a transformation from PTCR to NTCR–PTCR character-
istics was observed in 4 mol% PbO-doped (Sr, Pb)TiO3
ceramics[16]. In addition, overmuch Pb volatilization also
results in the formation of cationic vacancies, sample ex-
hibits the highρRT and strong NTCR effect (T < Tc

∗)
with increasing the sintering temperature. Therefore, it is

Table 1
Resistivity–temperature parameters of 2 mol% PbO-doped Sr0.5Pb0.5TiO3 ceramics sintered at 1075–1200◦C for 1 h

Samples

1 2 3 4 5 6

Sintering temperature (◦C) 1075 1100 1125 1150 1175 1200
ρRT (� cm) 1.22× 103 5.53 × 102 2.39 × 104 2.06 × 105 6.33 × 105 1.19 × 106

ρmin (� cm) 1.04× 103 4.02 × 102 7.83 × 103 2.85 × 104 5.11 × 104 6.94 × 104

log(ρmax/ρmin) 5.53 5.11 4.74 4.50 4.10 3.66
α+30/10−2 (◦C−1) 6.83 7.15 7.42 8.30 8.55 9.83
log(ρRT/ρmin) 0.07 0.14 0.48 0.86 1.09 1.23
α−50/10−2 (◦C−1) −0.16 −0.55 −1.79 −2.40 −2.87 −2.93

important for preparing lowρRT (Sr, Pb)TiO3 ceramics by
controlling Pb concentration at the grain boundaries suit-
ably, and the NTCR effect (T < Tc

∗) is related to the PbO
loss.

3.2. Conduction mechanism of (Sr, Pb)TiO3 thermistors

According to above results, the electrical conduction of
La-doped (Sr, Pb)TiO3 ceramics is closely related to the
variation of Pb content in the materials. Pb volatilization is
beneficial to the substitution of Pb2+ positions by La3+ ions,
which can be described as following:

Sr1−xPbxTiO3 + yLaO3/2 → (Sr1−xPbx−yLay)

×(Ti1−x
4+Tix

3+)O3 + yPbO+ 1
4yO2 ↑ (1)

Eq. (1) showed that the substitution of Pb2+ positions by
La3+ ions produces the redundant charges in Sr1−xPbxTiO3
lattices. The non-equivalent charges can be compensated by
a way of forming Ti3+ ions, which will increase the charge
carrier density and improve the electrical conduction of (Sr,
Pb)TiO3 ceramics. Meanwhile, overmuch PbO loss also re-
sulted in the formation of Pb2+ vacancies (V ′′

Pb), which can
also compensate the redundant charges produced by donor
defects (LaPb

•). The later compensation can be approxi-
mately described as following:

Sr1−xPbxTiO3 + yLaO3/2 → Sr1−xPbx−(3/2)yO1−(3/2)y

×LaPb
• + 3

2yPbO+ 1
2yV′′

Pb + 3
2yOO (2)

V ′′
Pb + 2LaPb

• ↔ (V ′′
Pb2LaPb

•) (3)

It can be seen that Pb volatilization plays a key role for
prepare strontium–lead titanate semiconducting ceram-
ics. Small amount of PbO loss from lattices benefits to
lowering the room temperature resistivity because the
Pb2+ vacancies will be easily occupied by rare-earth ions,
such as Y3+, La3+, and so on. However, overmuch Pb2+
vacancies also degenerate the electrical conduction of
strontium–lead titanate ceramics by forming defect compo-
sition (V ′′

Pb2LaPb
•). Therefore, controlling Pb volatilization

or supplying suitable PbO are key processes for prepar-
ing low resistivity (Sr, Pb)TiO3 ceramics. In addition, the
NTCR effect of (Sr, Pb)TiO3 ceramics became strong at



1076 L. Li et al. / Ceramics International 30 (2004) 1073–1078

a higher sintering temperature or after a heat-treatment at
950◦C. The thermal sensitivity of strontium–lead titanate
ceramics can change between typical PTCR effect and
NTCR–PTCR effect characteristics by controlling PbO
loss suitably. Therefore, it is estimated that the NTCR ef-
fect of (Sr, Pb)TiO3 ceramics would not only depend on
the thermal activation with elevating the measuring tem-
perature. The formation of Pb2+ vacancies at the grain
boundary layer is the main cause of NTCR effect (T <

Tc
∗). It is assumed that Pb2+ vacancies in defect com-

plexes (V ′′
Pb2LaPb

•)× may release their trapped electrons
to gradually form singly ionized lead vacancies (V ′

Pb) and
neutral lead vacancies (V×

Pb) with elevating the measuring
temperature, which is a fundamental cause of the strong
NTCR effects of (Sr, Pb)TiO3 semiconducting ceramics at
T < Tc

∗. The conduction mechanism can be described as
following:

(V ′′
Pb2LaPb

•)× ↔ (V ′
PbLaPb

•)× + LaPb
• + e′ (4)

(V ′
PbLaPb

•)× ↔ V×
Pb + LaPb

• + e′ (5)

Eqs. (2)–(5)show that Pb2+ vacancies in (Sr, Pb)TiO3 ce-
ramics have the converse effect on loweringρRT and en-
hancing NTCR effect.

4. Dielectric properties of SrTiO3 ceramics

The investigation of (Sr, Pb)TiO3 semiconducting ceram-
ics showed that Pb volatilization benefit to the substitution
Pb2+ positions by La3+ ions, and the compensation to the
redundant charges by changing valence of Ti4+ will lower

Fig. 3. Dielectric constant–temperature characteristics of 1280◦C–2 h sintered SrTiO3 ceramcis doping with La2O3–CuO–PbO.

the ceramic resistivity. According to above discussion, it is
suggested that partial Sr2+ positions in strontium titanate
could be replaced by Pb2+ ions, it would be helpful to the
substitution of Pb2+ positions by rare-earth ions because
Pb2+ ions are easy to leave the lattice during the sintering,
the process can be described asEqs. (6) and (7)mentioned
below:

SrTiO3 + xPbO→ Sr1−xPbxTiO3 + xSrO (6)

Sr1−xPbxTiO3 + yLaO3/2 → Sr1−xPbx−yLay

× (Ti1−y
4+ Tiy

3+)O3 + yPbO+ 1
4O2 ↑ (7)

The investigations of microstructure and electrical prop-
erties confirmed that SrTiO3 GBLCs are comprised of the
conducting grains and the isolated grain boundaries. There-
fore, it is important for fabricating SrTiO3-based capacitors
to lower the resistivity of the grains and realize the isola-
tion of grain boundaries. In our experiments, SrTiO3 pow-
ders doped with a small amount of PbO were calcined at
800◦C in order to replace partial Sr positions of strontium
titanate by Pb2+ ion. Subsequently, the doped La3+ ions
substituted the Pb positions again during sintering. Thus,
the donor defects LaPb

• will increase the grains’ conductiv-
ity of SrTiO3-based ceramics, which benefits to increase the
ceramic dielectric constant. Meanwhile, CuO was added to
form the isolated grain boundaries and to lower the sintering
temperature.

The dielectric constant-temperature characteristics of
1280◦C-sintered SrTiO3 ceramics doped La2O3–CuO–PbO
is shown inFig. 3. The dielectric constant at room tem-
perature (ε25) is about 7702 and the minimum dielectric
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Fig. 4. TEM micrograph of SrTiO3 ceramic doped with La2O3–CuO–PbO and EDS spectrum of the grain junctions.

constant is about 6843 at 75◦C. In the temperature range
of −40 to 145◦C, the change of the ceramic dielectric con-
stant is within±15% comparing with the value at 25◦C.
Through the modification of impurity, it is possible to
prepare high dielectric constant SrTiO3 ceramics, whose
dielectric constant-temperature characteristic could meet
the EIA X7R specification.

TEM micrography of 1280◦C–2 h sintered SrTiO3 ce-
ramics are shown inFig. 4. There is no electrical domain
can be observed in the grains and some impurities segregate
on the grain junctions. The analysis of EDS confirms that
the impurity inFig. 4 is mainly comprised of CuO, show-
ing CuO additives segregated on the grain boundaries to
form isolation layers. This microstructure is similar to that
of traditional SrTiO3-based GBLCs sintered in a reducing
atmosphere[17]. As to (Sr, Pb)TiO3 thermistors (Sr/Pb<
1/1), they are ferroelectric materials with tetragonal struc-
ture at room temperature, so an obvious electrical domain
with 90 and 180◦ distribution were observed in our previous
study.

The conventional SrTiO3 GBLCs were fabricated in a re-
ducing atmosphere. The study of defect chemistry showed
that the formation of oxygen vacancies is the main cause
to obtain n-type SrTiO3 semiconducting ceramics sintered
in a low oxygen pressure. However, it is difficult to ob-
tain the high dielectric constant SrTiO3 ceramics sintered
in air because the oxygen atoms will fill into the an-
ionic vacancies. Therefore, the substitution of Sr positions
by donors is a significant approach to produce electron
compensation in an oxidizing atmosphere. Above results
shows that PbO additives played a key role to prepare
high dielectric constant SrTiO3 ceramics in our experi-
ments. The volatilizable Pb positions in SrTiO3 materials
can be substituted by rare-earth ions to form donor defect,
which is helpful to obtain high dielectric constant SrTiO3
ceramics.

5. Conclusions

Ferroelectric (Sr, Pb)TiO3 semiconducting ceramics with
variable NTCR–PTCR effect were fabricated. It was found
that theρRT and the NTCR effect (T < Tc) are related to
variation of Pb2+ concentration at the grain boundaries. The
ρ–T characteristics of (Sr, Pb)TiO3 ceramics can be varied
from typical PTCR effect to NTCR–PTCR composite effect
by controlling PbO loss during sintering. Pb volatilization
produces more Pb2+ vacancies, which will increase the re-
sistivity and enhance the NTCR effect. It is estimated that
the defect complexes (V ′′

Pb2YPb
•)× would decrease the con-

duction of strontium–lead titanate semiconducting ceramics,
and the electron-detrapping of lead vacancies with the ele-
vating temperature results in the strong NTCR effect below
the Curie temperature.

Paraelectric SrTiO3 ceramics were fabricated by doping
La2O3–CuO–PbO system. The sample exhibit a high dielec-
tric constant (ε25 = 7702) with stable temperature character-
istics (�C/C(−40 to 145◦C) < ±15%). It was found that
CuO addition mainly segregated on the grain boundaries to
form the isolation layers. According to defect chemistry, it is
estimated that the volatilizable Pb positions in SrTiO3 could
be substituted by rare-earth ions in an oxidizing atmosphere,
which obviously increased the ceramic dielectric constant.
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