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1. INTRODUCTION 

Piezoelectric materials have been in commercial use for 
over 60 years as sensors, actuators and other electronic 
devices. The most used material is 

which contains a 

uw,wv~cu of PZT -based 
devices is an urgent issue that must be addressed from 
environmental and industrial of view. is 
necessary to substitute lead-free materials for PZT in 
order to protect the enviromnent and the ecosystem. 
Since Smolenskii et al. that bismuth sodium 

showed ferroelectric 
nrnnPrhP<! in 1961 [1], BNT has attracted a great deal of 

attention as a base material for a lead-free 
BNT-based ceramics have been 

ext,ensivelv irtve:>tig;ated for use in both and 

are 

because of 1) ease of 

control is necessary 
2) mechanical 

a rhombohedral 

considerable efforts have been 

of BNT 
other 

and 

many reports on the 
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flux method 

BNT -based ceramics to 
crystals have been carried 
of the of the 

emcmanrtg the fundamental as well as for 

"~''"u'"'"mr; the material for BNT -based materials. 
In this paper, we show that the flux method the 
mixed flux of and NaF is effective for 

large of and 

2. EXPERIMENTS 
BNT ceramics were 

solid-state 
99.99% were used 

raw materials. In order to compensate Na 
of 

with the stoichiometric composition. These ntvmrl<>rC 

were mixed ball milling for l h and calcined at 850°C 

for 4 h in an almina crucible. 
of BNT were grown 

that 

:flux 

of the 
and 
for 
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terrmer·atu1re to 1200°C 
to noooc at 

20°C/h and then to room temperature. For dielectric and 

fl'""'v''"''"tuv measurements, raw materials were melted 
at l300°C for 20 h with the composition and 

cooled to 1200°C at a rate of 2°C/h. The 

were am1ealed in air at 950°C for 24 h before electrical 
measurements. Some of the were further 
annealed under oxygen of 35 MPa at 
750°C for 24 h. The structure of the crushed was 

examined diffraction measurements. 
The XRD data were by the Rietveld method 
(the RIET AN2000 program[12]) on the basis of R3c 
rhombohedral symmetry. The composition of the BNT 

crystals was determined to be Bio50Nao.50 Ti03 by 
inductively coupled plasma atomic emission 
spectroscopy. 
For electrical measurements, the crystals were cut to be 

electric field along direction, and then gold 
electrodes were sputtered on the (1 OO)c faces. 
Polarization and properties were 
investigated with E I! [lOO ]c. 

3. RESULTS AND DISCUSSION 

Although several flux co!UP<lsiti:ons u'""'""'" 
attempted, BNT were not 
crystals were successfully grown using the mixed flux of 

and NaF (2 mm >< 2 mm >< 2 mm) than those using 
self flux (2 mm>< 2 mm>< 0.05 The relation 

between flux and crystal size is 
listed in Table I. In this study, the optimum composition 
(weight ratio) of starting materials was determined to be 
10 : 10 : 1 (BNT ceramics : Bh03 : NaF). Figure l 
shows the image of the BNT crystals melted at 1300°C. 
The change in dwelling temperature from 1200°C to 
1300°C enabled us to obtain a crystal. 
Figure 2 shows the XRD profile of BNT crystals. The 
Rietveld analysis indicates that the pattern observed fits 

Table I. The relation between flux ratio and size of 
BNT crystals. The weight of BNT powder was fixed at 
3 g (dwelling at 1200°C, cooling rate of20°C/h). 

Weight Size of the crystals 
:NaF) (mm>< mm x mm) 

6.5:0.2 J >< 1 X 0.5 

6.5: 0.3 2><2Xl 

6.5: 0.4 Not obtained. 

L5: 0.3 Not obtained. 

2.0: 0.3 3x3x2 

3.0: 0.3 5x3x3 

3.5:0.3 2x2x2 

5.0: 0.3 2x2x2 

1 BNT crystals melted at l300°C. 

30 40 
2B(deg, 

50 60 

Fig. 2 XRD profile of the crushed powder of BNT 
crystals. 

fairly well to the calculated one = 10.8%, S = 1.29). 
The lattice parameters were determined to be a(b) = 

0.551 610(6) nm, c = 1.35 6209(1) nm, which agree well 

with the crystals data reported by Jones et al.[l3]. 

Figure 3( a) and 3(b) show dielectric properties of BNT 
crystals am1ealed in air and in high pressure 0 2 at a 
frequency of 1 MHz on cooling (E 11 [IOO]c), 
respectively. The temperature of the permittivity peak, 
T m' of the BNT crystals annealed in air was 31 0°C. This 
Tm value is consistent with the previous report of BNT 
crystals[lO]. The dielectric permittivity at room 
temperature was 710, which is comparable to that of 
BNT crystals[lO] and ceramics[14]. Jones et al.[l3] 

have reported a detailed structural phase transition in 
low~temperature R3c rhombohedral, intennediate 

P4bm tetragonal and high-temperature P-3m cubic. 
These phase transitions gradually take place through the 
coexisting temperature region. Around 310°C, R3c 
rhombohedral and P4bm tetragonal coexist and their 
volume fraction is almost the same at 31 0°C. It is 
suggested that the dielectric permittivity peak at Tm is 
the result from the gradual rhombohedral/tetragonal 
transition. Jones et al.[l3] have also shown that the 
tetragonal/cubic coexistence region lies from 500°C to 
540°C, and the phase above 540 oc is cubic. A dielectric 
anomaly was not observed around 540 oc in this study. 
The ofthe BNT crystals annealed in high pressure 0 2 

was 330°C, which is almost the same as that of BNT 
annealed in air. The high-pressure oxygen annealing led 
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Fig. 3 Dielectric properties of crystals 
(a) annealed in air 
(b) annealed in high pressure 0 2• 

0.07 

0.06 

0.05 

0.04 ...... 
0.03 § 
0.02 Ql) 

0.01 

0.00 

0.07 

0.06 

0.05 

0.04 ...... 
0.03 § 
0.02 Ql) 

0.01 

0.00 

to a decrease in dielectric permittivity from 710 to 620. 
Figure 4 shows the polarization hysteresis loop of the 
crystals annealed in air and in high pressure 0 2 along the 
[lOO]c. Although the electric field is much higher than 
the Ec value reported for BNT ceramics [1 ], a saturated 
polarization hysteresis was not obtained, probably due to 
the pinning of domain walls by defects. After annealing 
in high pressure 0 2, the hysteresis became less saturated, 
probably due to the higher leakage current. Figure 5 
shows the leakage current density of crystals along the 
[lOO]c. The annealing in high pressure 0 2 yielded a 
higher leakage current density by one order of 
magnitude. This result is direct evidence that the carriers 
of the BNT crystals are electron holes. It is well known 
that bismuth evaporates easily from crystal lattice during 
heating. The following Bi vaporization is considered to 
occur during crystal growth. 

Bi 20 3 =2Bi(gas)+I02 +2VJ3i +3Vo (1) 
2 

Here VJ3i and Vo are bismuth vacancies with three 
negative effective charges and oxygen vacancies with 
two positive effective charges, respectively. Equation (1) 
indicates that the generation of Bi vacancies is 
accompanied by Vo for maintaining charge neutrality. 
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Fig. 4 P-E hyseresis loops of crystals. 
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Fig. 5 Leakage current density of crystals. 

The resultant Vo causes the oxide-ion conduction in 
BNT at high temperatures. The electron holes, which is 
the origin of leakage current for BNT crystals, is 
induced by incorporation of oxygen in the gas phase into 
the lattice as expressed by 

.!..o2 + vo = oo * + 2h. , (2) 
2 

where Oo • is lattice oxygen. The results shown in 
Figure 5 indicate that the reaction for generating electron 
holes is dominant for the BNT crystals. 

Figure 6 shows the electric-field-induced strain ofBNT 
crystals annealed in air (E 11 [100]c) at a frequency of 1 
Hz. The effective piezoelectric strain constant (d33 *) was 
estimated to be 130 pm/V from the slope. Even though 
this crystal was not in a fully poled state, the relatively 
high d33 * was obtained, suggesting that an improvement 
of the quality of the BNT crystals leads to a significant 
enhancement ofthe piezoelectric properties. 

4. CONCLUSIONS 
Large BNT single crystals were obtained by a flux 
method using the mixed flux composed of Biz03 and 
NaF. The Rietveld analysis showed that the crystals 
have the rhombohedral R3c structure. Dielectric 
measurements showed that the T m of the BNT crystals 
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Fig. 6 Strain vs. electric field for BNT crystals. 

was 310°C, which was assigned to the gradual phase 
transition from rhombohedral (R3c) to tetragonal (P4bm) 

phase. The oxygen annealing experiments revealed that 
the carrier of leakage current is electron hole generated 
by the incorporation of oxygen at oxygen vacancies. 
BNT crystals did not show a saturated polarization 
hysteresis, while the d33 * value of the crystals was 
estimated to be 130 prnN. 
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