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bstract

ead free positive temperature coefficient of resistivity (PTCR) ceramics based on BaTiO3–(Bi1/2Na1/2)TiO3 (BT–BNT) solid solution were prepared
y a conventional solid state reaction method using high purity reagents. Temperature dependence of the electrical resistivity was measured and
typical PTCR effect was confirmed in the solid solutions up to 30 mol% addition of BNT. Especially 8.8 mol% BNT added sample indicated

uperior PTCR properties by optimizing the preparation conditions. Thermal electrical properties and crystal structure were investigated in order
o elucidate the origin of the PTCR effect in this system. The DSC spectra of this system indicated the transition to cubic from tetragonal crystal
tructure and the transition temperature increased with BNT addition up to about 175 ◦C. Also the boundary layer on the grains was observed by

canning Spreading Resistance Microscope (SSRM) technique. And then the broad signal of electron emission concerning the interface states was
bserved using Isothermal Capacitance Transient Spectroscopy (ICTS) technique. In our study, it was found that the PTCR ceramics in BT–BNT
ystem has extremely similar properties to the conventional lead contained one.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

A semiconductive ceramics based on donor doped BaTiO3
ith positive temperature coefficient of resistivity (PTCR) effect

s well known. This semiconductive ceramics called PTCR
eramics was discovered in the middle of 1950s and developed
n 1960s.1–4 The significant feature of the PTCR ceramics is to
how an anomalous increase in electrical resistance above Curie
emperature (Tc) and this property is applied for several electric
evices, for example, temperature sensor, self-controlled heater
nd device for overcurrent protection. As well known, since the
c of the BaTiO3 is about 120 ◦C, the BaTiO3 PTCR ceramics

s used for the electric devices performed at temperatures less
han 120 ◦C. When the PTCR ceramics is used at a temperature
bove 120 ◦C, PbTiO3 (PT) is added to the BaTiO3, in order to
hift the Tc to a temperature above 120 ◦C.

However, recently, it has been begun to discuss many envi-

onmental problems concerning use of the injurious chemicals
iffusing in the electroceramics field.5 Lead is one of the objects
f this discussion and several products, besides solder, will be
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erfectly prohibited to use in the electric devices. As mentioned
bove, the PTCR ceramics having higher Tc than 120 ◦C contains
he PbTiO3 to shift the Tc. Therefore, it is required to develop
he lead free PTCR ceramics in order to improve such an envi-
onmental problem for the lead compound use. In 2003, we have
uccessfully developed the lead free PTCR ceramics based on
aTiO3–(Bi1/2Na1/2)TiO3 (BT–BNT) system and measured its
lectrical properties and studied microstructure structure of this
aterial.
In the present study, we would like to introduce lead free

TCR ceramics, which possesses higher Tc, from 120 to 180 ◦C,
nd show their resistivity variations with temperature. In addi-
ion using Scanning Spread Resistance Microscopy (SSRM) and
igh Resolution Transmission Electron Microscopy (HRTEM),

he high resistance regions formed around the grains and the
icrostructure of the lead free PTCR ceramics were investigated

n this paper.

. Experimental procedure
Since the lead free PTCR ceramics consisted of solid
olutions of BaTiO3 (BT) and (Bi1/2Na1/2)TiO3 (BNT), their
ompositions are abbreviated (1 − x)BT–xBNT in this paper.

mailto:takeshi_shimada@hitachi-metals.co.jp
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.171
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he (1 − x)BT–xBNT solid solutions were prepared by the con-
entional mixed-oxide technique using high purity oxides of
itanium and bismuth oxide (more than 99.9 mol%) and barium
nd sodium carbonates (dried powder has purity of 99.9 mol%).
toichiometric amounts of the oxides and carbonates were
eighed and thoroughly mixed in ethanol using a ball mill pot

or 5 h. The mixed powder was calcined for 4 h at 1000 ◦C.
fter granulation with PVA, the powder was pressed into a
oard shaped pellets at a pressure of 150 MPa and sintered in
n electric furnace with controlled oxygen concentration (less
han 10 ppm oxygen) at 1290 and 1320 ◦C. The sintered samples
ere cut to 10 mm2 in square and grinded up to 1 mm in thick-

ess. And then 10 �m thickness of the ohmic electrodes were
onstructed on the two grinded surfaces using the screen printing
ethod.

t
6
d

Fig. 1. XRD patterns of (1 − x)BT–xBNT system, B
eramic Society 27 (2007) 3877–3882

The crystalline phases of the sintered ceramics were identi-
ed by X-ray powder diffraction method (JEOL JDX8200) and

he change of phase transition temperature of each composition
as observed by Differential Scanning Calorimetry (DSC). The

hifts of the diffraction lines were observed. Resistivities of the
eramics were measured by the two probes electrodes method
nder extremely low current (DC and AC currents were under
.01 nA and 0.1 �A, respectively) between the probes using
P3458A multimeter. The samples were heated until 260 ◦C

rom room temperature by 1.5 ◦C min−1 in thermo chamber with
he temperature control unit. The samples adjusted as the Tc is
pproximately equal to 160 ◦C were prepared and sintered in

he atmosphere controlled in the oxygen concentration range of
–9 ppm at 1320 ◦C so that the resistivity at room temperature
ecreased and was than 100 �cm. Then the samples were pol-

NT additions were in 0–30 mol% (x = 0–0.3).
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shed until average roughness (Ra) was less than 1 �m in order to
bserve the Schottky barrier formed around the grain boundary
sing the Scanning Spreading Resistance Microscope (SSMR),
hich is a kind of special technique to measure the resistance
istribution applying Atomic Force Microscopy (AFM) to the
esistance measurement.6 Also the High Resolution Transmis-
ion Electron Microscopy was used for observation if the layered
hases were formed at the grain boundaries or not. In addi-
ion a part of the sample was processed to the chips having
mm in thickness, 3 mm in wide and 5 mm in height to measure

sothermal Capacitance Transient Spectroscopy (ICTS). Also
he samples, which were prepared in the composition having
c = 160, were sintered under the optimized conditions men-

ioned above and were cut to a rectangular disc (6 mm × 30 mm
nd 1 mm in thickness), and then these elements were mounted
nto PTCR heater unit and the properties as a heater, for exam-
le, surface temperature, voltage–current curves and so on, were
easured.

. Results and discussion

Fig. 1 (a) shows the XRD patterns of the (1 − x)BT–xBNT
amples with x up to 0.30. The secondary phases were not con-
rmed for each solid solution system in the XRD patterns. The
0 0 n) and (2 0 1) lines kept 2θ to constant values and only (1 0 2)
ine decrease slightly to 49.74◦ from 50.24◦. The other diffrac-
ion lines shifted to higher angles with BNT addition. As shown
n Fig. 1 (b), this variation means that the a- and c-axes of the
etragonal structure decreased and increased, respectively, with
he substitution of Bi and Na ions to A site in the BT and it
rought the volume decreasing of the unit cell in the BT–BNT.
t was considered that the shrinkage of the lattice volume was
ue to relatively small ion size 7 of Bi (0.96 A) and Na (0.97 A)

n comparison with Ba ion (1.34 A). Fig. 2 shows the variation
f DSC spectra in the temperature range of 100–200 ◦C with
NT addition. The spectra were measured with decreasing tem-
erature from 400 to 90 ◦C, therefore the all spectra showed

Fig. 2. Variation of DSC signals with increase in amount of BNT.
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ig. 3. Temperature dependence of resistivity, this measurement was carried out
or BT–BNT samples sintered at 1290 ◦C.

xothermic transition. The temperatures indicated by peaks in
he spectra are the phase transition temperature for each addi-
ion ratio of the (1 − x)BT–xBNT. As shown in Fig. 2, the phase
ransition temperature increased maximum to 175 ◦C with the
NT addition up to 20 mol%. For 30 mol% there is a deviation

rom this behavior.
Figs. 3 and 4 show the temperature dependence of the resis-

ivity of the (1 − x)BT–xBNT samples sintered at 1290 and
320 ◦C, respectively. The anomalous increase in resistivity of
T sintered at 1290 ◦C was not observed at all for the pure BT. It

s well known that oxygen treatment is necessary to give a jump
roperty for the BT. Since the sintering was carried out in low
xygen concentration in this experiment, the BT did not show
TCR effect. In Fig. 4, however, the slight PTCR effect of the
T appeared in the temperature–resistivity curve. We inferred

hat the difference between Figs. 3 and 4 came from the slight
ifference of sintering atmosphere. This means that the condi-
ion in sintering system is important for the preparation of PTCR
eramics based on BT, and this atmosphere dependence of the
TCR effect is a big difference from BT–BNT system.8 The tem-
erature coefficient of the resistivity (α) above the Curie point of
T–BNT systems indicated the abruptly anomalous resistivity

ncreasing. The order of the anomalous resistivity changes were
ecreased with increase in BNT additions. The tendency that the
c is saturated at more than 30 mol% BNT addition is in agree-
ent with the results of the DSC measurements. As shown in

igs. 3 and 4, the Tc was hardly changing by the sintering tem-
erature, but the scattering of the resistivity at room temperature
nd the resistivity jump property was slightly decreased in the
amples sintered at 1320 ◦C. It was considered that this change
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ig. 4. Temperature dependence of resistivity, BT–BNT samples sintered at
320 ◦C and the sample was prepared at atmosphere controlled in the range of
–9 ppm of oxygen concentration.
as due to imperfection of the solid solution in the BT–BNT
ystem. And the resistivity variation of the sample with opti-
ized sintering conditions is also shown in Fig. 4, this sample

ontained 8.8 mol% BNT in BT. The jump property was higher

o
t
b
i

ig. 5. SSRM images of grain boundary for 0.912BT–0.088BNT sample sintered at 1
special technology developed as an application of AFM surface measurement.
eramic Society 27 (2007) 3877–3882

ompared with other samples and it was evaluated that the α was
bout 21.4% K−1.

Fig. 5(a and b) shows the AFM images and the distribution
f the resistance in the sample sintered under the optimum con-
itions, respectively. From Fig. 5(a), it can be seen that the
canned surface was approximately flat over the observation
egion. Therefore, the variation of the resistivity in Fig. 5(b)
as not caused by roughness of the observed surface. Obvi-
usly the region at which the resistance was higher than the
enter of the grains was formed along with the grain boundary.
his means that the PTCR effect in the BT–BNT systems proba-
ly takes place according to the same mechanism as the BT and
ead containing BT or other semiconducting materials. In addi-
ion, especially, the triple points around the grains had higher
esistance compared with the grain boundaries. It is well known
hat these high resistivity regions around the grain boundaries
ormed the electron state at the interface of the multi grains.9

hese grain boundaries are known as double Schottky barrier
hich is unique for the semiconductive ceramics. Fig. 6 shows
RTEM image and electron diffraction near the grain boundary
f the sample sintered at 1320 ◦C. It was reported that the inter-
ace layers were formed between grains in BT or BT–PT solid
olution PTCR ceramics.10 In the BT–BNT system, however,
here are no layers as shown in Fig. 6. Also the electron diffrac-
ion shows tetragonal crystal structure for this solid solution,
his means that the special component structure like a layered
oundary does not make the Schottky barrier between the grains.
amely, also in the BT–BNT system, the electron trap formed

nly from the boundary junction contributes to form the Schot-
ky barrier. The electron states at the boundary can be measured
y variation of the capacitance of the grain boundary as a typ-
cal method like the ICTS or deep level transient spectroscopy

320 ◦C under optimized condition (a) AFM image (b) SSRM image, SSRM is
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Fig. 8. Applied voltage dependence of surface temperature and current in lead
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ig. 6. HRTEM image and electron diffraction near the grain boundary for
.912BT–0.088BNT sample sintered at 1320 ◦C.

DLTS). Fig. 7 shows the ICTS signal at 380 K for the BT–BNT
ample sintered at 1320 ◦C. The pulse intensity of electric volt-
ge was 5 V for the sample. As shown in the spectrum, the signals
re complicated, especially for the fast response. In the mea-
urement of the semiconductive ceramics, generally, the simple
ignals as obtained in single crystal are hardly observed,11 but
he temperature dependence of the signals permits to identify
he interface states of the electron. Only the slowest signal in
ig. 7 indicated typical temperature dependence, which means

hat the peak response time shifts to the high value with increas-
ng temperature, and it can be also confirmed that this signal was
n extremely broad one.

Many electrical and crystal data obtained from the above
entioned investigations indicated the typical PTCR effect of

he BT–BNT system. We wanted to demonstrate the perfor-
ance of this material as a PTCR heating element. The PTCR

lements were manufactured in pre-mass production scale. Fig. 8
hows the electrical and thermal properties of the BT–BNT sam-
les compared with data of the existing lead containing PTCR
lement. It was confirmed that the lead free PTCR ceramics

howed the comparable properties with the lead containing one,
herefore it should be possible to replace the PTCR ceramics
o the new lead free PTCR ceramics. These results mentioned

ig. 7. ICTS of BT–BNT ceramics measured at 380 K for 0.912BT–0.088BNT
ample sintered at 1320 ◦C.
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R

ree PTCR thermistors prepared by pre-mass production, these samples con-
ained 8.8 mol% BNT and had resistance of 3 � at 25 ◦C and α more than
0% K−1.

bove suggest the possibility for the environmental friendly use
f the new lead free PTCR ceramics, however further investi-
ations concerning the quality and reliability of the lead free
TCR ceramics are required for the industrial utilization in near
uture.

. Conclusions

Production of the lead contained materials is linked to the
rave social problem brought by the waste of heavy element.
herefore, it is expected to develop the lead free materials
nd electric devices. In the present study, the variation of the
lectrical properties and the crystallographic investigations of
T–BNT system were carried out in order to confirm the possi-
ility for its industrial utilization as a lead free PTCR element.
hen we obtained the following results for the lead free PTCR
eramics in the BT–BNT system. (a) The electrical properties
f the PTCR ceramics in BT–BNT system are similar to that of
he existing lead contained PTCR ceramics. (b) The formation
f Schottky barrier at the grain boundary was confirmed by the
bservation of the SSRM image of the grains. (c) No secondary
ayer giving an influence to PTCR effect was observed. (d)
he interface electron states were confirmed using ICTS tech-
ique and the electrons in their states emission were extremely
low.

eferences

1. Saburi, O., Properties of semiconductive barium titanates. J. Phys. Soc. Jpn.,
1959, 14, 1159–1174.

2. Harman, G. G., Electrical properties of BaTiO3 containing samarium. Phys.
Rev., 1957, 106, 1159–1358.

3. Saburi, O. and Wakino, K., Processing techniques and applications of posi-
tive temperature coefficient thermistors. IEEE Tran. Comp. Parts, 1963, 10,
53–67.

4. Nakahara, M. and Murakami, T., Electronic states of Mn ions in
Ba0.97Sr0. 03TiO3 single crystals. J. Appl. Phys., 1974, 45, 3795–3800.
5. Lohse J, Sander K, Wirts M. Report of “Heavy Metals in Vehi-
cles II”, Directorate General Environment, Nuclear Safety and Civil
Protection of the Commission of the European Communities; 2001.
http://ec.europa.eu/environment/waste/elv index.htm.

http://ec.europa.eu/environment/waste/elv_index.htm


3 ean C

1

882 T. Shimada et al. / Journal of the Europ

6. Wolf, P. De, Vandervolst, W., Smith, H. and Khalil, N., Comparison of
two-dimentional carrier profiles in metal-oxide-semiconductor field-effect
transistor structures obtained with scanning spreading resistance microscopy

and inverse modeling. J. Vac. Sci. Technol., 2000, B18, 540.

7. Ahrens, L. H., Geochim. et Cosmodim. Acta, 1952, 2, 155.
8. Shimada, T., Touji, K., Katsuyama, Y., Takeda, H. and Shiosaki, T., Sintering

time dependence on PTC properties in BaTiO3–(Bi1/2Na1/2)TiO3 system.
In Proceedings of Annual Meeting of The Ceram. Soc. Jpn., 2006, p. 12.

1

eramic Society 27 (2007) 3877–3882

9. Heywang, W., Resistivity anomaly in doped barium titanate. J. Am. Ceram.
Soc., 1964, 47, 484–490.

0. Stenton, N. and Harmer, M. P., Electron microscopy studies of a stron-

tium titanate based boundary-layer material. Additives and Interfaces in
Electronic Ceramics. Advanced in Ceramics, vol. 7., 1983, pp. 156–
165.

1. Okushi, H. and Tokumaru, Y., Isothermal capacitance transient spec-
troscopy. Jpn. J. Appl. Phys., 1981, 20–21, 261–264.


	Lead free PTCR ceramics and its electrical properties
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	References


