Dielectric properties of lead-free ceramics with perovskite structure

J. Kulawik, D. Szwagierczak, S. Nowak

Institute of Electron Technology, Cracow Division, 30-701 Krakow, Zablocie 39, Poland

Abstract

The aim of the work was searching for new lead-free high permittivity materials of perovskite
structure. Four compounds with compositions analogous to relaxor ferroelectrics -
BiixCuyp(FersWi3)0;5 (BCFW), BiipCuipa(FernTan)Os (BCFT), BiinCuipn(ZnisNbas)Os
(BCZN), and Bi;,Cu;»n(Mg;sNby3)O; (BCMN), in which lead was substituted by bismuth
and copper, were synthesized. Phase composition of the synthesized powders was detected by
X-ray diffraction analysis. The ceramic pellets were sintered at temperatures 870 - 1050°C.
Capacitance and dissipation factor of the specimens were measured in the temperature range
from —55 to 400°C at frequencies 10 Hz — 1 MHz. Resistivity of the ceramics was
investigated as a function of temperature in the range 20 - 500°C. Microstructure and
chemical composition of the samples were studied using scanning electron microscopy and X-
ray microanalysis. As a result of the sintering of all synthesized materials dense ceramics
were obtained. BCFW, BCFT and BCZN specimens showed a broad maximum in dielectric
permittivity versus temperature plots and a distinct dependence of dielectric properties on
frequency. The maximum relative permittivity of these materials was very high (30000 -
40000 at 1 kHz). Maxwell-Wagner polarization is supposed to be responsible for these values.
The dielectric permittivity for BCMN ceramics was found to be much lower (1000 at 1 kHz).
Some maxima in dissipation factor versus temperature plots were also observed, shifting
towards higher temperatures with increasing frequency. Relaxation times corresponding to the

peak frequencies obeyed well Arrhenius law.
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1. Introduction

There is a raising tendency to search for new materials which could become less
hazardous for environment alternatives to lead based relaxor ferroelectric compounds, widely
used at present in piezoelectric, pyroelectric and capacitor applications. Recently, there can be
noticed growing interest in the lead-free piezoelectric and capacitor materials, such as:
Bi;nNa;»TiOs [1, 2], BigTi3012, StBisTi4O;5 [3, 4] KNbO; [5], NaNbO; [6] CaCusTi4O12 [7,
8], BaFe;2Nb;,05 [9].

The subject of this work were compounds of perovskite structure and the compositions
similar to those of relaxor ferroelectrics, in which lead has been replaced by bismuth and
copper - Bi;xCuyn(FeysWi3)0s (BCFW), Bi;»Cuypn(FenTayn)0s (BCFT),
Bi;xCui2(Zn;3Nby3)O3 (BCZN) and Bij»Cuin(MgisNby3)O3 (BCMN). Bismuth is a good
substitute for lead and its insoluble compounds are generally considered to be of low toxicity.
The study of the phase composition and microstructure of the developed ceramics as well as
determination of their dielectric properties as a function of temperature and frequency seems

to be essential for the evaluation of the potential applications of these materials.

2. Experimental procedure

The two step “columbite” and “wolframite” methods developed by Swartz and Shrout
[10] were utilized for the synthesis of the compounds with compositions:
Bi2Cuin(FeasWi3)0s (BCEW), BijpCuipn(Fei2Tai2)0s (BCFT), BijnCuipn(Zni3Nbys)Os
(BCZN), and Bi;»Cu;n(MgsNby3)O; (BCMN). The oxides of B-site cations (Fe,O; and
WOs;, MgO and Nb,Os, ZnO and Nb,Os, Fe,Os; and Ta,0Os) were prereacted prior to the
reaction with A-site cations (Bi;O3 and Cu,0). Addition of 0.5 - 1% of MnO, was used in
order to enhance resistivity of the materials. In the case of the BCZN synthesis 10 mol % of

BaTiO; was introduced to increase stability of the perovskite structure. The oxides were



weighted in stoichiometric proportions, ball-milled in alcohol, dried and pelletized. The first
reaction step was carried out at 950 - 1000°C for 4 h, the second one at 800 - 850°C for 4 h.
For example, the course of the synthesis for BCW was the following:

step | Fe, O3 + WO3 — Fea WOg

step 11 4 Fe;WOg + 3Bi1,03 + 3Cuy0 — 12 BijpCuypn(FeysWis)0s

The products obtained as a result of the syntheses were milled, mixed with 3% water
solution of polyvinyl alcohol, granulated, pressed into discs and sintered for 1 - 2 h in closed
crucibles. The sintering temperatures were: 870°C, 1050°C, 940°C and 1000°C for BCFW,
BCFT, 0.9BCZN-0.1BT and BCMN, respectively. Phase composition of the sintered samples
was detected by a Philips X Pert X-ray diffractometer.

The values of dielectric permittivity and dissipation factor were determined in the
temperature range from -55 to 400°C at frequencies 10 Hz — 1 MHz by the aid of a 7600 LCR
QuadTech meter. Dc resistivity of the samples was measured in the temperature range 20 -
500°C using a 6517A Keithley electrometer and a Philips resistance meter.

Microstructure and chemical composition of the sintered samples were studied by means

of a Joel scanning electron microscope and a Link Isis X-ray microprobe.

3. Results and discussion

The X-ray diffraction analysis has shown that as a result of the syntheses described above
new crystalline products were formed. The obtained patterns did not correspond to any
powder diffraction files available in ICDD database.

In the case of all the synthesized materials the sintering process led to the formation of
dense samples with a small porosity. Figs. 1 and 2 illustrate the microstructure of BCFT and

BCFW ceramics. The size of the grains was not uniform, changing from 1 to 7 um for BCFW



specimens. Microprobe analysis has also revealed some inhomogeneity in chemical
composition.

For the investigated ceramics in the examined temperature range some broad maxima of
electrical permittivity (g,) were observed related to the relaxation process. These peaks shift
towards higher temperatures with increasing frequency. The values of & maximum decrease
as frequency is raised. Flattening of the €(T) relationship occurs both for the low temperature
and the high frequency regions. At higher temperatures a subsequent monotonous increase of
the dielectric permittivity takes place due to electrical conduction. This behaviour is
illustrated in Figs. 3 and 4 for BCFT and BCFW ceramics. BCFW, BCFT and 0.9BCZN-
0.1PT specimens show a very high maximum dielectric permittivity — about 30000 — 40000 at
1 kHz. The €, maxima are located in the temperature range 70 — 360°C, depending strongly on
frequency. The rapid drop in permittivity values begin in the temperature range from —50 to
20°C. The permittivity values for BCMN ceramic at 1 kHz are at the level of 1000, much
lower than those for three other materials under investigation.

In the case of dissipation factor versus temperature plots the peaks are observed in a
lower temperature range as compared with the € maxima. In Fig. 5 the temperature
dependence of dissipation factor for a BCFT sample is presented. Dissipation factor maxima
increase and are shifted towards higher temperatures with increasing frequency.

For Debye-type monodispersive dielectric relaxation a maximum of tgd occurs when the
condition mt=1 is fulfilled, where ® is angular frequency (®w=2nf) and 7 - the relaxation time.
In Fig. 6 the logarithm of relaxation time is plotted as a function of 1000/T for BCFW, BCFT
and 0.9BCZN-0.1BT ceramics. The linear nature of these plots indicate that the relaxation

time T follows the Arrhenius law:

T

T=7,exp
B



where E; is the activation energy of dielectric relaxation, kg — Boltzmann constant, T -
temperature.

It was found that the activation energies of dielectric relaxation did not differ
significantly for these three materials, ranging from 0.31 to 0.42 eV.

In Fig. 7 the temperature dependencies of conductivity are presented for all the examined
materials. The temperature dependence of electrical conductivity ¢ for the examined samples

obeys well the Arrhenius relationship:

o

0 =0, exp

B
where E; is the activation energy of electrical conduction, kg — Boltzmann constant, T -
temperature.

There occur two linear segments of the plots. The steeper slopes, corresponding to
activation energies 0.4 - 0.64 eV, are observed at temperatures above 120 - 150°C. The lower
and almost the same for all the investigated compositions Es values of 0.35 — 0.39 eV were
calculated for the temperature range 20 —120°C.

In Fig. 8 the Arrhenius plots for the relaxation time and the dc electrical conductivity
determined in the similar temperature range are compared for a 0.9BCZN-0.1BT sample. It
can be stated that the slopes of both plots and consequently the relevant activation energies
are quite similar (0.41 eV and 0.42 eV). This suggests the contribution of the mobile charge
carriers to the dielectric relaxation process.

It seems that the dielectric characteristics observed for Bij,Cujn(FeysWi3)05 (BCFW),
Bi;2Cuypn(Fe2Ta2)O3 (BCFT) and Bi;»Cuyn(ZngsNbys)O; are close to those reported for
some nonferroelectric materials with perovskite structure, such as CaCusTi4O1; [7, 8] and
AFe(5Bos0s3 (A = Ba, Sr, Ca; B =Nb, Ta, Sb) [9]. These compounds exhibit low permittivity

at temperatures below the step and a very high and almost independent of temperature



permittivity above this step. Such behaviour has been attributed to the formation of internal
barrier capacitor [7] or Maxwell-Wagner polarization arising from electrical inhomogeneity
[9]. Similarly, in this work for BCFW, BCFT and BCZN ceramics small values of €, (40 -
200) were found at lower temperatures and a rapid increase in dielectric constant occurs at
higher temperatures. The observed extremely high values of permittivity at low frequencies
(10 and 100 Hz) and inhomogeneous microstructure indicate that Maxwell-Wagner
polarization may be responsible for the dielectric behaviour of BCFW, BCFT and BCZN

ceramics.

Conclusions

Four compounds with compositions Bi,2Cujn(FeysWi3)03 (BCFW),
Bi,Cuyp(Fei2Ta )03 (BCFT), Bi12Cuy2(Zn;3Nby3)03 (BCZN), and
Bi;,Cu;2(Mg;3Nby3)O3 (BCMN) with perovskite structure were synthesized and sintered.
BCFW, BCFT and BCZN ceramics showed a very high dielectric constant, a broad maximum
in electrical permittivity versus temperature plots and a strong dependence of dielectric
properties on frequency. The extremely high values of €, at low frequencies are supposed to be

attributed to Maxwell-Wagner polarization.
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Figure legends

Fig. 1. SEM micrograph of fracture of a Bi;,Cu,»(Fe2Ta; )05 sample

Fig. 2. SEM micrograph of fracture of a Bi;,Cu;2(FeasWi3)O03 sample

Fig. 3. Temperature dependence of dielectric permittivity for Bi;»Cu,n(FenTa )O3 ceramic
Fig. 4. Temperature dependence of dielectric permittivity for Bi;»Cu;,(Fey s Wi3)O3 ceramic
Fig. 5. Dissipation factor as a function of temperature for Bi;,Cu;»(Fe;,Ta )O3 ceramic
Fig.6. Arrhenius plots of relaxation time for Bij,Cujn(FeysWi3)0s, BijpCuyn(FernTagn)0s
and 0.9Bi;,Cu;/2(Zn;3Nb,/3)03—0.1 BaTiOs ceramics

Fig. 7. Temperature dependence of dc conductivity for BijnCujpn(FeysWis3)03
Bii2Cuipn(Fe12Tai2)0s, 0.9Bi12Cui2(Zn3Nby3)03-0.1 BaTiO; and BiiaCui2(Mgi3Nbo3)Os
ceramics

Fig. 8. Temperature dependencies of resistivity and relaxation time compared for

0.9Bi1/2C111/2(Zl’11/3Nb2/3)03—0.1 BaTiO3 ceramic
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