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Abstract

The thermal sensitivities of SrTizbased 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 resistivitysf) and weakening the negative temperature coefficient of resistance (NTCR) effect of (Sr,
Pb)TiO; 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)TiGsemiconducting 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 (grséthjdddducting
ceramics. SrTi@ ceramics capacitors were fabricated by using@aCuO-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
SrTiO;—La03—CuO-PbO system were discussed.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction below the Curie temperaturd@d) and the positive tempera-
ture coefficient of resistance (PTCR) effect abdyg8,9].
Strontium titanate-based ceramics have been widely usedThey have the potential to be utilized as the precise tempera-
to fabricate some electronic components, such as grainture controllers, the self-regulating heaters and the overflow
boundary layer capacitors (GBL(]], varistorg2], sensors protect devices etdl10]. The research for improving the

[3], and so on. The Curie temperatuiie)(of pure SrTiQ thermal sensitivity and revealing the conduction mechanism
is about 110K, which can shift to the higher temperature of (Sr, Pb)TiG ceramics is still intriguind11,12]

by B&t or Pt substituting for S¥t. The composite With the requirement of integration and miniaturization
perovskite structure materials, such as (Sr, Ba}Ti(3r, of instruments, it is necessary to fabricate the capacitors
Pb)TiO; have been developed to fabricate some deviceswith high capacitance, high reliability and small sid€].
[4-6]. SrTiOs is paraelectric materials, which has potential ad-

(Sr, Pb)TiQ ferroelectric ceramics have paid much atten- vantage to prepare capacitors with high dielectric constant,
tion since the composite thermal sensitivity was observed in and stable temperature characteristics based on &rTiO
1988[7]. This kind of semiconducting materials exhibits the ceramics.
negative temperature coefficient of resistance (NTCR) effect As known, (Sr, Pb)Ti@ semiconducting ceramics grain

boundary layers capacitors (GBLC) with high dielectric
mspondmg author. Tek: 86-10-6278-4575: constants are gene_rally_ gintered in a_redL_lcing _atmos_phere
fax: 186-10-6277-2849. ’ [14,15] But it is still difficult to obtain high dielectric
E-mail address: lit-dms@mail.tsinghua.edu.cn (L. Li). constant SrTi@ ceramics by sintering in air. Therefore,
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it remains of interest to study the dielectric properties of
SrTiOs materials in an oxidizing atmosphere.

In this paper, the ferroelectric (Sr,Pb) Bhermistors and
paraelectric SrTi@ dielectric ceramics were prepared. The
microstructures and electrical properties were investigated
to find out the comparability between the both Sr3-iased
ceramics mentioned above.

2. Experimental
2.1. (S, Pb)TiO3 thermistors ceramics

Analytical grade PbO, Ti@ La(NQO3)3 and high grade
SrTiOs (decomposed SrTiO@ED,)2-4H,0 at 1000C for

4 h) were used as starting materials. The weighted powders

were wet-milled in ethanol for 48h in a plastic jar. After
drying and sifting, the mixtures were calcined at 800

for 2h to prepare 0.5mol% La-doped;SgPh,TiO3 pow-
ders & = 0.5, 0.6). Furthermore, 2mol% PbO powders
were added to the §gPlysTiO3 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 1075-120CC for 1h 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 4Q0with a dc
resistance—temperature measuring system.

2.2. STiO3 dielectric ceramics

A small amount of PbO<£2 mol%) was added into high
purity SrTiOz powders, the mixtures were wet-milled in
ethanol for 48 h. After drying and sifting, the powders were
calcined at 800C for 2 h. Subsequently, 0.25 mol% 1@s
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 128@n air
for 2h 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 mete
(HP4192A). The measuring temperature range-80 to
150°C, and the frequency is at 1KHz. 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 (S, Pb)TiO3 ceramics

Fig. 1 gives the resistivity §)—temperatureT) plots of
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Fig. 1. Resistivity—temperature plots of 11UD-sintered (Sr, Pb)Ti®
ceramics with Sr/Pk= 1/1, 2/3, respectively.

fects. At T < T¢*, the ceramic resistivity dropped down
with elevating the measuring temperature, showing a neg-
ative temperature coefficient of resistance (NTCR) effect.
The values of loort/pmin) are 0.533 (Sr/Pk= 1/1) and
1.15 (Sr/Pb= 2/3), respectively. AT > T;*, 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(pmax/omin) are 5.45 (Sr/Pk= 1/1) and 4.54 (Sr/Pb
= 2/3), respectively. Wher&:* is the switch point, which
is defined as the temperature corresponding to the twice
minimum resistivity pmin) in the PTCR effect region.

Fig. 2 gives thep—T plots of excess 2mol% PbO-doped
(Sr, Pb)TiQy ceramics sintered at 1075-120D for 1 h. It
can be seen that the samples sintered below 1C0énly
exhibit typical PTCR effect. The value of 16akT/ omin) Of
1100°C-sintered sample decreased from 0.533 to 0.14 by
doping 2mol% PbO comparing with that Fig. 1 With

Ijncreasing the sintering temperature between 1100 and

1200°C, the samplesprt and NTCR ([ < Tg) regularly
increase. A small amount of PbO additives lower the
and weaken the NTCR effects of (Sr, Pb)3i©Geramics.
The p—T characteristics of (Sr, Pb)T#gceramics can be
varied from NTCR-PTCR type to typical PTCR type by
reducing PbO loss during sintering. The detail parameter of
o—T characteristics are shown iable 1 wherea 39 and
a_so are defined as the resistivity differential variability
at the temperature dff + 30 and7} — 50, respectively.
Meanwhile, theort of 1075°C-sintered sample is slightly
higher than that of 1100C-sintered sample iRig. 2 It can

La-doped strontium-lead titanate semiconducting ceram-be explained that the residual PbO segregated on the grain
ics sintered at 1100C for 1 h. It shows that the sintered boundaries to form an isolation layer, which increased the
ceramics exhibit the strong NTCR—-PTCR composite ef- resistivity of (Sr, Pb)TiQ semiconducting ceramics.



L. Li et al./Ceramics International 30 (2004) 1073-1078 1075

[ } important for preparing lowgt (Sr, Pb)TiQ ceramics by
10°F 7 1%2; controlling Pb concentration at the grain boundaries suit-
E O— *\
: 1125°G ably, and the NTCR effectl{< T¢*) is related to the PbO
10 L —— 1150°C loss.
E —0—1175°C
| ——1200°C 3.2. Conduction mechanism of (S, Pb)TiO3 thermistors
10" | . . .
'é" b According to above results, the electrical conduction of
o La-doped (Sr, Pb)Ti@ ceramics is closely related to the
g 10°f variation of Pb content in the materials. Pb volatilization is
= beneficial to the substitution of Pb positions by L&" ions,
i~ which can be described as following:
S 10°k
n
E Sr_Pb,TiO3 + yLaO3/2 — (Sl'lfobx,yLay)
B el X (Ti1— 1,303 4 yPbO+ 1y0, 1 (1)
Eq. (1) showed that the substitution of b positions by
10° L La®*+ ions produces the redundant charges in SPb, TiO3
i lattices. The non-equivalent charges can be compensated by
1 a way of forming T#* ions, which will increase the charge
10° (‘) : 5'0 : 1(')0 : 1;0 : 2(')0 : 2;0 : 3(‘)0 : 3;0 : 4(‘)0 carrier density and improve the electrical conduction of (Sr,
Pb)TiOs; ceramics. Meanwhile, overmuch PbO loss also re-
Temperature (°C) sulted in the formation of P& vacancies ¥p,), which can

also compensate the redundant charges produced by donor
defects (Lap*). The later compensation can be approxi-
mately described as following:

Fig. 2. Resistivity—temperature plots of 2 mol% PbO-dopegBly 5TiO3
ceramics sintered at 10751200 for 1h.

Above results show that the thermal sensitivity of (Sr, gy, Pk, TiOs + yLaOz/2 — S Pb_(3/2),01-(3/2)y
Pb)TiOs ceramics is obviously affected by the variation . 3 1w 3
of PbO concentration at different sintering conditions. xLapy” + 5yPbO+ 5yVpy + 5500 (2)
PbQ additives forms a conceljtra}tion.gradier_lt betyveen the Vi + 2Lape < (Vi 2Laps®) 3)
grain boundary and the grain interior during sintering,
which decreases the transfer of%Pbions and prevents It can be seen that Pb volatilization plays a key role for
the formation of the Pb-deficient grain boundary layers. prepare strontium-lead titanate semiconducting ceram-
Certainly, the residual PbO at the grain boundaries alsoics. Small amount of PbO loss from lattices benefits to
increase the ceramic resistivity because formed the iso-lowering the room temperature resistivity because the
lation layers. In our previous study, a heat-treatment at P+ vacancies will be easily occupied by rare-earth ions,
950°C was employed to wipe out the residual PbO, so such as ¥+, La®*, and so on. However, overmuch $b
a transformation from PTCR to NTCR-PTCR character- vacancies also degenerate the electrical conduction of
istics was observed in 4mol% PbO-doped (Sr, Pb}TiO strontium—lead titanate ceramics by forming defect compo-
ceramicg[16]. In addition, overmuch Pb volatilization also ~ sition (V5, 2Lapp"). Therefore, controlling Pb volatilization
results in the formation of cationic vacancies, sample ex- or supplying suitable PbO are key processes for prepar-
hibits the highprt and strong NTCR effectT{ < 7¢¥) ing low resistivity (Sr, Pb)Ti@ ceramics. In addition, the
with increasing the sintering temperature. Therefore, it is NTCR effect of (Sr, Pb)Ti@ ceramics became strong at

Table 1
Resistivity—temperature parameters of 2 mol% PbO-dopedR®p5TiO3 ceramics sintered at 1075-1200 for 1 h

Samples

1 2 3 4 5 6
Sintering temperature’C) 1075 1100 1125 1150 1175 1200
prT (S2cm) 1.22x 10 553 x 107 2.39 x 10* 2.06 x 10° 6.33 x 10° 1.19 x 108
pmin (S2cm) 1.04x 10° 4.02 x 1% 7.83x 10° 2.85x 10* 511 x 10 6.94 x 10*
log(omax/ omin) 5.53 5.11 4.74 4.50 4.10 3.66
0430/1072 (°C 1) 6.83 7.15 7.42 8.30 8.55 9.83
log(prT/ Pmin) 0.07 0.14 0.48 0.86 1.09 1.23

a_50/10°2(°C1) —0.16 —0.55 —-1.79 —2.40 —2.87 —2.93
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a higher sintering temperature or after a heat-treatment atthe ceramic resistivity. According to above discussion, it is
950°C. The thermal sensitivity of strontium—lead titanate suggested that partial Sr positions in strontium titanate
ceramics can change between typical PTCR effect andcould be replaced by Bb ions, it would be helpful to the
NTCR-PTCR effect characteristics by controlling PbO substitution of PB" positions by rare-earth ions because
loss suitably. Therefore, it is estimated that the NTCR ef- Pk’ ions are easy to leave the lattice during the sintering,
fect of (Sr, Pb)TiQ ceramics would not only depend on the process can be describedeass. (6) and (7)mentioned
the thermal activation with elevating the measuring tem- below:
perature. The formation of Bb vacancies at the grain ) )
boundary layer is the main cause of NTCR effeft € SITiOs + xPbO— St TiOs + xS10 ©)
T.*). It is assumed that Ph vacancies in defect com-
plexes ¥p,2Lapy*)* may release their trapped electrons Sr_Ph.TiO3 + yLaOs/» — Sri,Ph,La,
to gradually form S|r_lgly |0n|z_ed lead \_/acanud#,lo anq % (Til,y4+ Tiy3+)03 + yPbO+ ‘_1102 4 )
neutral lead vacancied/f,) with elevating the measuring
temperature, which is a fundamental cause of the strong The investigations of microstructure and electrical prop-
NTCR effects of (Sr, Pb)Ti@ semiconducting ceramics at erties confirmed that SrT{GBLCs are comprised of the
T < T.*. The conduction mechanism can be described asconducting grains and the isolated grain boundaries. There-
following: fore, it is important for fabricating SrTigbased capacitors

" o x , o x . to lower the resistivity of the grains and realize the isola-
(Vep2Lapp”) ™ <> (VppLaps™)™ + Lapy” + € () tion of grain boundaries. In our experiments, SrIiEw-
ders doped with a small amount of PbO were calcined at
800°C in order to replace partial Sr positions of strontium

Egs. (2)—(5)show that PB" vacancies in (Sr, Pb)Tipce-  titanate by PB™ ion. Subsequently, the doped Yfaions

ramics have the converse effect on |Owermr and en- substituted the Pb pOSitionS again during Sintering. ThUS,

hancing NTCR effect. the donor defects L@a* will increase the grains’ conductiv-
ity of SrTiOs-based ceramics, which benefits to increase the
ceramic dielectric constant. Meanwhile, CuO was added to

(VppLapp®)* < V3, + Lapp” + € (5)

4. Di€lectric properties of SrTiO3 ceramics form the isolated grain boundaries and to lower the sintering
temperature.
The investigation of (Sr, Pb)Ti&semiconducting ceram- The dielectric constant-temperature characteristics of

ics showed that Pb volatilization benefit to the substitution 1280°C-sintered SrTi@ ceramics doped L#®3—CuO-PbO
Pt?t positions by L&t ions, and the compensation to the is shown inFig. 3. The dielectric constant at room tem-

redundant charges by changing valence 4 Tivill lower perature €2s5) is about 7702 and the minimum dielectric
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Fig. 3. Dielectric constant—temperature characteristics of 128@ h sintered SrTi@ceramcis doping with LgO3—CuO-PbO.
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Fig. 4. TEM micrograph of SrTi@ ceramic doped with LgD3—CuO-PbO and EDS spectrum of the grain junctions.

constant is about 6843 at 76. In the temperature range 5. Conclusions

of —40 to 145°C, the change of the ceramic dielectric con-

stant is within+15% comparing with the value at 26. Ferroelectric (Sr, Pb)Ti@semiconducting ceramics with
Through the modification of impurity, it is possible to Vvariable NTCR-PTCR effect were fabricated. It was found
prepare high dielectric constant Srgi@eramics, whose  that theprr and the NTCR effect® < T¢) are related to

dielectric constant-temperature characteristic could meetvariation of PB™ concentration at the grain boundaries. The
the EIA X7R specification. o—T characteristics of (Sr, Pb)T#gJceramics can be varied

TEM micrography of 1280C-2h sintered SrTi@ ce- from typlC&' PTCR effectto NTCR-PTCR Composite effect
ramics are shown ifFig. 4 There is no electrical domain by controlling PbO loss during sintering. Pb volatilization
can be observed in the grains and some impurities segregat@roduces more Pt vacancies, which will increase the re-
on the grain junctions. The analysis of EDS confirms that sistivity and enhance the NTCR effect. It is estimated that
the impurity inFig. 4 is mainly comprised of CuO, show- the defect complexed/f, 2Ypy*)* would decrease the con-
ing CuO additives segregated on the grain boundaries toduction of strontium—lead titanate semiconducting ceramics,
form isolation layers. This microstructure is similar to that and the electron-detrapping of lead vacancies with the ele-
of traditional SrTiQ-based GBLCs sintered in a reducing Vvating temperature results in the strong NTCR effect below
atmospherd17]. As to (Sr, Pb)TiQ@ thermistors (Sr/Pb< the Curie temperature.

1/1), they are ferroelectric materials with tetragonal struc-  Paraelectric SrTi@ ceramics were fabricated by doping
ture at room temperature, so an obvious electrical domain La203—CuO-PbO system. The sample exhibit a high dielec-
with 90 and 180 distribution were observed in our previous tric constant{zs = 7702) with stable temperature character-
study. istics (AC/C(—40t0145°C) < +15%). It was found that

The conventional SrTiI@GBLCs were fabricated in are-  CuO addition mainly segregated on the grain boundaries to
ducing atmosphere. The study of defect chemistry showedform the isolation layers. According to defect chemistry, it is
that the formation of oxygen vacancies is the main cause estimated that the volatilizable Pb positions in Srfould
to obtain n-type SrTi@ semiconducting ceramics sintered be substituted by rare-earth ions in an oxidizing atmosphere,
in a low oxygen pressure. However, it is difficult to ob- Which obviously increased the ceramic dielectric constant.
tain the high dielectric constant SrTi@eramics 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  Authors are grateful to Xiaohui Wang, Xian Li and Ren-

compensation in an oxidizing atmosphere. Above results zheng Chen for their help and valuable discussion.
shows that PbO additives played a key role to prepare

high dielectric constant SrT#)ceramics in our experi-
ments. The volatilizable Pb positions in Srgi@naterials
can be substituted by rare-earth ions to form donor defect, [1] PE.C. Franken, MPA. Viegers, AP. Gehring, Microstructure of

which _is helpful to obtain high dielectric constant SrgiO SrTiOs boundary-layer capacitor material, J. Am. Ceram. Soc. 64 (12)
ceramics. (1981) 687-690.
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