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Ba0.77Ca0.23TiO3 (BCT) single crystal has been widely studied as a promising lead-free ferroelectric material. In this work, 
high-quality BCT crystal was successfully grown by the Czochralski (CZ) method. The as-grown crystal is crack-free and shows 
black coloration. It possesses a high dielectric stability over a wide temperature range, while the dielectric loss is rather small 
below 90°C. Furthermore, it possesses excellent ferroelectric properties with residual polarization strength (Pr) and coercive field 
(Ec) of 17.93 μC/cm2 and 8.47 kV/cm, respectively. Besides, BCT crystal shows large electromechanical coupling factors, with 
kt, k31, k33 and k15 of 0.535, 0.254, 0.714 and 0.721, respectively. The piezoelectric coefficients d31, d33 and d15 are measured to be 
−36.5, 130 and 246 pC/N, respectively.
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1.  Introduction

Nowadays, piezoelectric materials play an irreplaceable role 
in the modern information society and are widely used in var-
ious fields such as ultrasound, underwater sound, electron-
ics, automatic control and machinery.1–5 It is well known that 
lead-containing piezoelectric materials have been dominat-
ing the market due to their excellent piezoelectric properties 
and temperature stability.6–8 However, considering the harm 
of lead element to the human body and environment, it is 
essential to investigate lead-free piezoelectric materials with 
superior performance.9–12

BaTiO3 (BT) is a well-known material in numerous lead-
free systems. BT-based ceramics have been widely studied 
due to their high dielectric constant, large electromechani-
cal coupling coefficient, excellent mechanical quality fac-
tor and good chemical stability.13 In addition, compared to 
ceramic materials, single crystal materials generally offer 
significant improvements in material properties. However, 
the phase transition of BT crystal at room temperature leads 
to a reduction of the temperature stability and operating tem-
perature region.14,15 Numerous methods have been proposed 
to mitigate the effects of the phase transitions on the crystal 

properties,15–17 where the most effective solution is by doping 
the element Ca.18 This approach makes BT crystal become 
a stable tetragonal phase19 and enhances the ferroelectric 
and piezoelectric properties.20 Furthermore, the addition of  
calcium has a positive effect on the crystal growth. In the 
Ba1−xCaxTiO3 system, the component x = 0.23 exhibits con-
gruent melting behavior and can be grown by the Czochralski 
(CZ) method.21

So far, Ba0.77Ca0.23TiO3 (BCT) crystals were grown by 
several methods including the CZ method, the laser-heated 
pedestal growth method, the flux method and the floating 
zone method.20–24 The phase structures and transition tem-
peratures of BCT crystal have been widely investigated, and 
its stable tetragonal phase structure over a wide temperature 
range makes it a promising candidate for lead-free ferro-
electrics.25 However, as reported, it is difficult to grow high- 
quality BCT crystal.26 The growth of high-quality single crys-
tal is necessary in order to study its ferroelectric properties, 
piezoelectric properties and applications. In this work, large-
size and high-quality BCT single crystal has been grown 
successfully by the CZ method. In addition, piezoelectric, 
ferroelectric and dielectric properties have been systemati-
cally investigated.
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2.  Experimental Method

The BCT polycrystalline materials were synthesized by solid- 
state reaction. The reaction equation is as follows:

 

0 77 0 233 3 2

0 77 0 23 3 2

. .

.. .

BaCO CaCO TiO

Ba Ca TiO CO

+ +
= +  (1)

The raw material powders BaCO3 (Aladdin 99.99%), CaCO3 
(Aladdin 99.99%) and TiO2 (Macklin 99.99%) were weighed 
in the stoichiometric ratio and thoroughly mixed. The pow-
ders were compacted with a cold isostatic press at a force of 
2500 kg-force/cm2. Then, calcination and solid-state reaction 
of raw materials were carried out in the air atmosphere at 
1350°C for 48 h.

The BCT single crystals were grown by the CZ method. 
The sintered ceramics were loaded into an Iridium (Ir) cru-
cible and melted by induction under 99%Ar+1%O2 atmo-
sphere. After holding for about 1 h, the single crystal was 
pulled using a [100]C-oriented BCT seed under the fixed pull-
ing speed and rotation rate of 0.8 mm/h and 12 rpm, respec-
tively. The crystals are slowly removed from the melt after 
passing through the seed, shoulder, cylinder and tail stages.

The chemical compositions were determined by an X-ray 
fluorescence (XRF) analysis (Rigaku, ZSX primus II). The 
sample from the bottom part of as-grown crystal was pre-
pared for measurement. Powder X-ray diffraction (XRD) 
measurements were carried out using a BrukerAXS D8 
ADVANCE X-ray diffractometer equipped with Cu Kα radi-
ation. Based on the XRD test results, the crystal structure was 
refined by the software Fullprof. Laue back-reflection mea-
surements were carried out using a real-time back-reflection 
Laue camera system (Multiwire MWL 120 with Northstar 
software) to quickly evaluate the crystal quality. The energy 
dispersive spectrometer (EDS) mappings were achieved by 
a field-emission scanning electron microscope (HITACHI 
S-4800). The ferroelectric properties were measured by a 

ferroelectric analyzer (PK CPE1801). A [100]C-oriented 
sample with an area of 8.4 mm2 and a thickness of 1 mm was 
used for measurements. The ferroelectric test was performed 
under a maximum electric field of 21 kV/cm at 1 Hz using an 
amplified bipolar waveform in air atmosphere. To measure 
the piezoelectric properties, different piezoelectric resonators 
were treated, as shown in Fig. 1, and polarized according to 
the polarization conditions, as shown in Table 1. Impedance 
analyzer (Aglient E4990A) and quasi-static d33 measuring 
instrument (YE2730A) were used to measure the dielectric 
and piezoelectric properties.

3.  Results and Discussion

3.1.  Crystal growth

High-quality BCT single crystal was successfully grown by 
the CZ method, as shown in Fig. 2. It can be seen that the 
as-grown crystal shows black coloration. Figure 3(a) shows 
the powder XRD patterns of BCT single crystal as well as 
BT for comparison. The obtained XRD pattern of BCT is 
essentially the same as that for the BT, but the peak positions 
are slightly shifted to the right, indicating that Ca ions with 
smaller radii replace Ba ions in the lattice. In addition, the 
Fullprof software was used to fit the XRD results of BCT 
single crystal.  The calculated BCT crystal cell parameters are 
compared with the actual BT crystal parameters in Table 2, it 
was found that the c/a value of BCT is larger than that of BT, 
which confirmed that the Ca doping enhances the tetragonal 
nature of the BCT crystal. In order to further verify the suc-
cessful doping of Ca2+, the XRF test was carried out on the 

Fig. 1. Schematic diagram of standard cuts of different piezoelec-
tric resonators (The blue area shows the gold electrode area).

Table 1. Polarization conditions for different piezoelectric 
resonators.

Sample k33 k31 k15 kt

Size (mm) 1 × 1 × 5 5 × 1.5 × 0.5 1 × 5 × 5 2.5 × 2.5 × 0.5

Intensity (kV/mm) 1.5 2 1.5 2.5

Temperature (°C) Room temperature

Time (min) 15

Additional condition Silicone oil

Fig. 2. Photograph of as-grown BCT single crystal.
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BCT plate, as shown in Table 2. The crystal composition can 
be calculated as Ba0.77Ca0.23TiO3, which is consistent with the 
composition of polycrystalline materials.

The structural quality of the BCT crystal was character-
ized by a Laue back-reflection measurement. It is obviously 

seen from Fig. 3(b) that the Laue diffraction pattern is sym-
metric and clear, which shows high crystalline quality.

The single crystal XRD pattern of [100]C-oriented 
plate was tested as shown in Fig. 4(a). The measured dif-
fraction peaks are consistent with the standard (100)C 
ones. Additionally, the crystal uniformity was analyzed by 
field-emission scanning electron microscopy on (100)C crys-
tal sample. Figure 4(b) illustrates the corresponding EDS 
mappings. It can be seen that the as-grown crystals exhibit 
excellent homogeneity.

3.2.  Dielectric and ferroelectric properties

Figure 5(a) shows the variation of the dielectric constant and 
dielectric loss as a function of temperature under different 
frequencies (1 kHz, 10 kHz, 100 kHz and 1 MHz). As can be 
seen, there is a strong dielectric peak centered at 106°C for all 
frequencies, which is corresponding to the tetragonal-cubic 

(a) (b)

Fig. 3. (a) Powder XRD patterns of BCT single crystal as well as BT for comparison and (b) Laue back-reflection of (100)C plane.

Table 2. Cell parameters and composition of BCT single crystal.

Cell parameters

Crystal a = b c c/a α β γ= =
BT27 3.9998 4.018 1.0046 90°

BCT 3.9695±0.002 4.0068±0.002 1.0094 90°

Composition

Element Ca Ba Ti

Mass fraction (%) 5.5807 65.1302 29.2891

Mole ratios (%) 0.2270 0.7730 1

Fig. 4. (a) XRD patterns of (100)C plate and (b) Corresponding EDS mappings.
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phase transition (at Tc). Therefore, the Curie temperature of 
BCT is slightly lower than that of BT (120°C). On the other 
hand, the orthorhombic-tetragonal transition at around −15°C 
becomes negligible, indicating excellent dielectric stability 
for BCT crystal in the temperature range of −50–60°C. In 
addition, the dielectric constant gradually decreases with 
increasing test frequency, which on behalf of the different 
polarization mechanisms was stimulated at different frequen-
cies. Meanwhile, there is no significant Tc peak broadening, 
and the Curie points are consistent at all frequencies, indicat-
ing that the BCT crystal is not a typical relaxor ferroelectric. 
In order to figure out its ferroelectric nature, the fit analysis 
was performed using the modified Curie–Weiss law28:

 1 1

ε ε

γ

( )

( )
,

T

T T

C
− =

−

max

max  (2)

where ε(T) is the dielectric constant at temperature T, εmax 
is the maximum value of dielectric constant as a function of 
temperature, C is the Curie–Weiss coefficient, Tm is the tem-
perature corresponding to the maximum dielectric constant 
and γ is coefficient of dispersion. The extreme values γ = 1 
and γ = 2 correspond to the Curie–Weiss law (valid in the 
normal ferroelectric) and the quadratic law (valid in the ideal 
relaxation ferroelectric case), respectively.29 The fitting dia-
gram of the BCT single crystal is shown in Fig. 5(b). The 
value of γ = 1.31 was between 1 and 2, which proved that 
BCT is a conventional ferroelectric without obvious relax-
ation. Figure 5(a) also shows that the dielectric loss is less 
than 2.5% as the temperature rises from room temperature to 
90°C, but increases rapidly near the Tc. The hysteresis loop 
of the BCT single crystal is shown in Fig. 6. The maximum 
polarization strength (Pmax) is 21.62 μC/cm2, the residual 
polarization strength (Pr) is 17.93 μC/cm2 and the coercive 
field (Ec) is 8.47 kV/cm. Its properties are similar to that of 
BT single crystal.30

3.3.  Piezoelectric properties

The electrical and elastic parameters are critical for piezo-
electric materials. In order to study these parameters, four 
different piezoelectric resonators as described in the exper-
iment section were prepared and polarized along [001]C. 
After polarized, the tetragonal BCT crystal is in the 1T sin-
gle domain state. Based on the matrix of symmetry, it can 
be seen that there are 11 independent dielectric, piezoelectric 
and elastic coefficients, including two independent dielectric 
coefficients, three independent piezoelectric coefficients and 
six independent elastic coefficients. In order to fully charac-
terize the above parameters, the resonant and anti-resonant 
frequencies of the four polarized piezoelectric resonators 
were measured and calculated according to the following 
equations:

 ε ε33 11
T TCt

lw

Ct

lw
= =, ,  (3)

(a) (b)

Fig. 5. (a) The variation of dielectric constant and dielectric loss of BCT crystal with temperature and (b) Fitting diagram of the Curie–
Weiss’ law of BCT crystal.

Fig. 6. Hysteresis loop of BCT sample in [100]C direction.
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where C is the capacitance at 1 kHz at room temperature, l, w 
and t correspond to the length and width of the piezoelectric 
resonator, respectively, fr and fa are the resonant and anti-res-
onant frequencies, respectively, and ρ is crystal density (The 
density of 5.547 g/cm3 was measured by drainage method at 
26°C). The detailed test results are shown in Table 3.

The piezoelectric coefficient d33 of BCT crystal measured 
by resonance method is 130 pC/N, almost the same as that 
value (123 pC/N) measured by the quasi-static d33 measuring 
instrument. The dielectric constant ε11

T  is 1234, about four 
times that of ε 33

T . The measured d15 value is about 246 pC/N, 
significantly higher than that of d31 and d33. The BCT crys-
tal possesses high electromechanical coupling coefficients, 
namely k33 = 0.714 and k15 = 0.721. In addition, the piezo-
electric constant polarized along the [011]C direction was 

also measured by the quasi-static d33 measuring instrument. 
It was found that the value along the [011]C direction is 150 
pC/N, higher than the [001]C one.

4.  Conclusion

In this work, high-quality and large-size BCT single crys-
tal was successfully grown by the CZ method. The crystal 
is of good quality, free of macroscopic defects and cracking. 
XRD and XRF were used to analyze the structure and com-
position, which verified that Ca2+ successfully replaced Ba2+. 
Furthermore, the dielectric and piezoelectric properties were 
investigated. BCT is a conventional ferroelectric without 
obvious relaxation. It possesses high dielectric stability over 
a wide temperature range of −50–60°C. The dielectric loss is 
less than 2.5% from room temperature to 90°C. The maxi-
mum polarization strength, residual polarization strength and 
coercive field are 21.62 μC/cm2, 17.93 μC/cm2 and 8.47 kV/
cm, respectively. The piezoelectric coefficients d33 and d15 are 
measured to be 130 and 246 pC/N, respectively, while the 
corresponding electromechanical coupling coefficients k33 
and k15 are 0.714 and 0.721, respectively.
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