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Abstract Structure and temperature dependence of elec-

trical properties of Ca(Bi,La)4Ti4O15–(Bi,La)4Ti3O12

(CBT–BIT–xLa) ceramics were studied. With La3? doping

content increasing, the samples exhibited diffused dielec-

tric constant anomalies, and the Curie temperature (Tc)

decreased. Meanwhile, the dielectric loss of CBT–BIT–

xLa was reduced. CBT–BIT–0.8La performed an improved

piezoelectric constant (d33) value of 23.4 pC/N and

remained until the temperature increased to 500 �C. In

addition, CBT–BIT–0.8La performed an enhanced qdc

value of 3.26 9 1015 X cm, at room temperature. CBT–

BIT–0.8La showed clearly higher dc resistivity (qdc) than

CBT–BIT, even with increasing the temperature to 600 �C.

1 Introduction

Piezoelectric materials desired for techniques and devices

including piezoelectric sensors should function at high

temperatures without failure. Due to their distinctive

microstructure, high fatigue resistance, large remnant

polarization (2Pr) and high Curie temperature (Tc), the

intergrowth bismuth layer-structured ferroelectrics

(BLSFs) have been given abroad attention for high

temperature applications [1–4]. In BLSFs, the high Curie

temperature is closely related to Bi3? at A-site with lone

pair of 6s2 electrons [3–5]. For high temperature vibration

sensing applications, the sensitivity of these techniques and

devices throughout the temperature ranges is significantly

influenced by the temperature dependence of electrical

properties including piezoelectric properties and resistivity

[6]. However, the temperature stability of BLSFs-based

materials is the major problem for applications in elec-

tronic devices at high temperature. The piezoelectric con-

stant values of BLSFs are usually less than 20 pC/N and

the depoling temperatures could be lower than 400 �C for

most of pure intergrowth BLSFs [3, 7, 8]. Piezoelectric

materials with high piezoelectric constant usually perform

high sensitivity [6, 9]. In addition, high temperature sta-

bility of piezoelectric properties is of great help for tech-

niques and devices to retain the same sensitivity throughout

the temperature range. However, with the increase of

temperature, the dc resistivity of BLSFs would appreciably

decrease rapidly. Since the minimum useful frequency of a

sensor is inversely proportional to the electrical resistivity,

the rapidly decreased resistivity of BLSFs restrains the

application of BLSFs in high temperature sensors [6, 10].

These drawbacks of intergrowth BLSFs will restrict their

potential applications. Lots of efforts have been paid to

improve the electric properties of intergrowth BLSFs.

A-site modification and high-valence B-site doping have

been proven to be effective approaches to improve electric

properties of intergrowth BLSFs. Wang et al. reported the

substitution of V5? for Ti4? in SrBi4Ti4O15–Bi4Ti3O12

(SBT–BIT) could increase 2Pr and d33 values to 32.5 lC/

cm2 and 18.3 pC/N [8]. Yi et al. [3] have reported La3?-

modified Bi3TiNbO9–Bi4Ti3O12 (BTN–BIT) performed an

increased piezoelectric constant (d33) value of 16.6 pC/N.
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According to the previous report, CaBi4Ti4O15–Bi4Ti3-

O12 (CBT–BIT) performed a high curie temperature (Tc)

value of 750 �C, but the dielectric loss is also very high and

piezoelectric properties are relatively low [8]. The further

information about A- or B-site modification of CBT–BIT

intergrowth ceramics is favorable for the improvement in

electric properties of CBT–BIT. Meanwhile, the tempera-

ture dependence of piezoelectric and dc resistivity prop-

erties of A- or B-site modification of CBT–BIT ceramics

has not been systematically investigated yet. In the present

study, the influences of La3? doping on the temperature

dependence of electric properties of CBT–BIT ceramics

were studied. The results also show La3? doping leads to a

remarkable increase in the piezoelectric properties and dc

resistivity properties of CBT–BIT.

2 Experimental procedures

Ca(Bi,La)4Ti4O15–(Bi,La)4Ti3O12 (CaBi8-xLaxTi7O27:

CBT–BIT–xLa, x = 0, 0.4, 0.8, 0.12) powders were pre-

pared by traditional solid-state reaction method. The stoi-

chiometric mixtures of analytical grade CaCO3, Bi2O3,

TiO2 and La2O3 were ball-milled and calcined at 850 �C in

alumina crucibles for 2 h. The resultant powders were

pressed into disks, sintered at 1150 �C for 2 h and cooled

naturally. The phase identification and the microstructure

characterization were examined on a Rigaku D/max2550 V

X-ray diffractometer (XRD) with Cu Ka radiation. Tem-

perature dependent dielectric constant (er) and tan d was

measured by an HP4284A LCR meter. Temperature

dependent dc resistivity was measured by a HP4339B high-

resistivity meter. The piezoelectric constant (d33) was

measured using a ZJ-3A quasi-static d33 meter.

3 Results and discussion

Figure 1 shows the XRD patterns of CBT–BIT–xLa

ceramics, which represents the enlarged view of the (118)

and (201) peaks. The shift in the positions of (118) and (201)

peaks for CBT–BIT–xLa is attributed to the addition of La3?

in the A sites, and suggests the increase of lattice parameters,

which we had discussed in detail elsewhere [11]. Meanwhile,

with increasing La3? doping content, the split between the

(201) and (021) peaks get weaker and finally disappears

when x = 1.2, indicating a structural symmetry transition

from orthorhombic to pseudotetragonal.

The variation of dielectric constant (er) of CBT–BIT–

xLa ceramics as a function of temperature at 100 kHz is

shown in Fig. 2. It can be seen that there are two dielectric

peaks at two different temperatures in CBT–BIT–xLa (the

lower temperature as Tm1, the higher one as Tm2 or Tc of

Fig. 1 XRD patterns of CBT–BIT–xLa ceramics (x = 0, 0.4, 0.8,

1.2)

Fig. 2 Temperature dependence of dielectric constant and dielectric

loss of CBT–BIT–xLa ceramics at 100 kHz (x = 0, 0.4, 0.8, 1.2)
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CBT–BIT) which are related to the phase transition caused

by BIT blocks and the phase transition from ferroelectric to

paraelectric [8]. The dielectric peaks of CBT–BIT–xLa

samples are gradually broadened, and Tm1 and Tm2

decrease. Since La3?, Bi3? and Ca2? are randomly dis-

tributed on A-site in the structure of CBT–BIT–xLa, the

redistribution of A-site cations and the increase of lattice

parameters caused by La3? doping may enhance the posi-

tional disorder of cations. The cationic disordering could

induce random fields, impede the development of long

range polar ordering and lead to competition as well as

coexistence between long-range and short-range polar

order, resulting in the formation of PNRs which have dif-

ferent transition temperatures [4, 12–15], and the broad-

ening of dielectric peaks.

Figure 3 shows the difference between the two dielectric

peak temperatures (DT: Tm1 - Tm2), and the insert shows

the variation of Tm1 and Tm2 of CBT–BIT–xLa. The Tm1

and Tm2 of CBT–BIT are 675 and 750 �C, respectively.

With increasing the La3? content, both Tm1 and Tm2

decrease, the difference between the two dielectric peak

temperatures of CBT–BIT–xLa is increased from 75 �C
(x = 0) to 106 �C (x = 1.2). When x = 1.2,

Tm1 = 466 �C and Tm2 = 571 �C. It is evident that Bi3?

with 6s2 lone pair electrons has great influence on the

dielectric peak temperature [4]. The substitution of La3?

for Bi3? could decrease Tc significantly. However, the

dielectric peak around Tm2 becomes much lower than that

around Tm1, and the temperature difference between the

two peaks in CBT–BIT–xLa becomes bigger with

increasing La3? content, which is different from that in

BNT–BIT–xLa reported by Yi et al. [16]. That could be

caused by the variation of the structure symmetry of CBT–

BIT–xLa. With increasing La3? content, CBT–BIT–0.8La

and CBT–BIT–1.2La perform a pseudotetragonal–tetrago-

nal phase transition at Tm2 while CBT–BIT and CBT–BIT–

0.4La perform an orthorhombic–tetragonal phase

transition.

The dielectric loss of CBT–BIT–xLa decreases with

increasing La3? content. The thermal motion of oxygen

vacancies caused by the volatilization of Bi2O3 can be the

predominant reason for the increase of dielectric loss at the

temperature range from 100 to 400 �C. And the rapid

increase of dielectric loss at higher temperature range can

be caused by the movement of ferroelectric domain walls.

The substitution of Bi3? by La3? can decrease concentra-

tions of oxygen vacancies and electrons caused by the

Bi2O3 volatilization, and reduce the dielectric loss caused

by the motion of these free charge carriers. The domain

wall pinning caused by oxygen vacancies is also reduced.

The dielectric relaxor behavior is further characterized

by the modified Curie–Weiss law [17]: ln(1/er - 1/

em) = c ln(T - Tm) ? C where em is the value of the

dielectric constant at Tm2(CBT–BIT) and c (1 B c B 2) is

defined as the degree of diffuseness in ferroelectric–para-

electric transition. For normal ferroelectrics, c = 1, while

for an ideal relaxor, c = 2.

With La3? doping content increasing, the samples

exhibit diffused dielectric constant anomalies around Tm2.

The linear fitting and the value of c is shown in Fig. 4. It

can be seen that the c value increases when x B 0.8, gets a

maximum value of 1.81 when x = 0.8, and then decreases

to 1.62. The change of the diffuseness exponent c sym-

bolizes the variations on the dielectric relaxor behavior of

CBT–BIT–xLa and the diffuse phase transition in the

structure. In general, the relaxor behavior is closely related

to the cationic disordering caused by the different kinds of

cations on the same crystallographic site [14, 17–20]. With

the content of La3? increasing to 0.8, the cationic disor-

dering may be enhanced, resulting in the increase of dif-

fusion degree of phase transition. However, as we

mentioned above, the structure symmetry of CBT–BIT–

xLa is also improved. CBT–BIT–1.2La performs a pseu-

dotetragonal–tetragonal phase transition at Tm2. The vari-

ation of symmetry probably causes a slight suppression of

dielectric relaxor behavior and decreased diffuseness

exponent.

Temperature dependence of piezoelectric properties of

CBT–BIT–xLa ceramics is shown in Fig. 5. With

increasing temperature, the CBT–BIT ceramics show

excellent resistance to the thermal induced depolarization.

The d33 value of CBT–BIT ceramics remains 13 pC/N until

670 �C, decreased slightly around 675 �C (Tm1 of CBT–

BIT), and stands great until 720 �C (Tm2 of CBT–BIT).

With the La3? content increasing, the samples show

enhanced piezoelectric constants but decreased

Fig. 3 The difference between the two dielectric peak temperatures

(DT: Tm1 - Tm2), and the inset: the variation of Tm1 and Tm2 of

CBT–BIT–xLa
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depolarization temperatures. The optimal properties are

obtained at the composition with x = 0.8, which exhibits

piezoelectric constant d33 value of 23.4 pC/N and remains

23.4 pC/N until the temperature rises to 500 �C. Compared

with the pure CBT–BIT, CBT–BIT–xLa may produce

more complicated PNRs with different transition temper-

atures, because of the heterogeneous distribution of La3? in

BIT–xLa part and CBT–xLa part. Therefore, the substitu-

tion of La3? for Bi3? could cause the piezoelectric prop-

erties of CBT–BIT–xLa thermally unstable well below the

Curie point. It could result in significantly decreased phase

transition temperatures and the rapid thermal degradation

of piezoelectric properties.

Figure 6 shows the temperature dependence of dc

resistivity (qdc) of CBT–BIT–xLa (x = 0 and 0.8) ceram-

ics. At room temperature, CBT–BIT shows a high qdc value

of 8.79 9 1013 X cm, while CBT–BIT–0.8La performs an

Fig. 4 Plot of ln(1/e - 1/em) versus ln(T - Tm) for CBT–BIT–xLa ceramics (x = 0, 0.4, 0.8, 1.2)

Fig. 5 Temperature dependence of piezoelectric constant of CBT–

BIT–xLa (x = 0, 0.4, 0.8, 1.2)
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enhanced qdc value of 3.26 9 1015 X cm. The qdc of CBT–

BIT–0.8La ceramics has been raised remarkably compared

to CBT–BIT ceramics, even when the temperature rises to

600 �C. This is probably attributed to decreased concen-

trations of free charge carriers. The motion of oxygen

vacancies and free electrons plays an important role in the

variation of qdc of intergrowth BLSFs in the temperature

range from 75 to 600 �C [21, 22]. As reported before, the

bond strength of La–O is stronger than that of Bi–O [23,

24]. La3? doping can decrease the concentration of oxygen

vacancies and electrons which is likely to be caused by the

volatilization of Bi2O3. The high resistivity is beneficial to

piezoelectric applications of intergrowth BLSFs at high

temperature.

4 Conclusions

Structure and temperature stability of electric properties of

CBT–BIT–xLa ceramics were studied. A phase transition

from orthorhombic to pseudotetragonal was observed by

XRD analysis when x C 0.8. With increasing x, the sam-

ples exhibited diffused dielectric constant anomalies.

Meanwhile, due to La3? doping, the dielectric loss of

CBT–BIT–xLa was reduced. CBT–BIT–xLa performed an

enhanced d33 value of 23.4 pC/N when x = 0.8 and

remained until the temperature increased to 500 �C. At

room temperature, CBT–BIT shows a high qdc value of

8.79 9 1013 X cm, while CBT–BIT–0.8La performs an

enhanced qdc value of 3.26 9 1015 X cm. Moreover,

CBT–BIT–0.8La also performed clearly (about ten times)

higher qdc than CBT–BIT, even at high temperature.
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