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The development of multifunctional materials with optical and electrical properties has become a research hotspot in recent years. In
this work, multifunctional 0.935(Bi0:5Na0:5)TiO3–0.065BaTiO3 (BNT–BT)-based ferroelectric ceramics doped with small amounts
of CaMAlO4 (M ¼ Dy, Ho) were prepared, and the effect of CaMAlO4 on the electrostrain and photoluminescence properties of the
ceramics was studied. The results showed that the CaMAlO4 addition weakened the ferroelectric properties of the BNT–BT matrix,
and promoted the improvement of the electrostrain performance. For samples doped with 1.5mol% CaMAlO4, the unipolar strain
Suni reached the largest values, which were 0.33% (M ¼ Dy) and 0.38% (M ¼ Ho) under an electric field of 70 kV/cm, corre-
sponding to a large signal d �

33 (Smax=Emax) of 471 pm/V (M ¼ Dy) and 543 pm/V (M ¼ Ho), respectively. In addition, due to the
existing Dy3þ and Ho3þ luminescent ions, the modified samples exhibited excellent photoluminescence performance, which
exhibited bright yellow emission (M ¼ Dy) and green emission ðM ¼ HoÞ under the blue excitation. Due to their multifunctional
features, these materials have potential applications as “on-off” actuators, optical-electro integration and coupling devices.
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1. Introduction

Piezoelectric ceramics have been widely used in commercial
applications as sensors, actuators and transducers. The com-
mercial piezoelectric ceramics currently used in applications
are mainly lead-based ceramics represented by Pb(Zr, Ti)O3.1,2

However, the toxic lead element pollutes the environment and
harms human health. Therefore, with the requirements of
sustainable development and national policies and regula-
tions, there is a great need to develop lead-free piezoelectric
candidates.3,4

Among various kinds of lead-free piezoelectric ceramic
systems, (Bi0:5Na0:5)TiO3 (BNT) is considered a promising
piezoelectric material,4–6 which has a typical perovskite
structure (ABO3) and shows strong ferroelectricity. By add-
ing the other components [BaTiO3, (Bi0:5K0:5)TiO3, etc.] and
forming the morphotropic phase boundary (MPB) in the
new solid solution, enhanced piezoelectric and electrostrain
performance can be achieved.5 Over the last two decades,
many researchers have carried out in-depth studies on the
high electrostrain performance of BNT-based ceramics and
achieved a series of research results.7–11 Deng et al.8 reported
enhanced strain properties in La3þ-doped BNT-based cera-
mics, which achieved a high strain response of 0.40–0.42%

under 60–70 kV/cm, yielding large signal d �
33 of 600–

630 pm/V. Shi et al.9 added two MPB modifiers [Li0:06-
(K0:5Na0:5)0:94]NbO3 and (Ba0:85Ca0:15)(Ti0:9Zr0:1)O3 into
the BNT ceramic, and achieved a high strain of 0.50%
with a large signal d �

33 of 625 pm/V. Yin et al.10 reported a
high unipolar strain response (S ¼ 0:53–0.56%, d �

33 ¼ 883–
933 pm/V, at 60 kV/cm) in f[Bi0:5(Na0:82�xK0:18Lix)0:5]ð1�yÞ-
Sryg(Ti1�zTaz)O3 ceramics and studied the origin of the
giant strain. Very recently, Jia et al.11 reported a strategy
to obtain giant electrostrain by manipulating defect dipoles
in (Bi0:5Na0:5)TiO3–BaTiO3-based ceramics, and obtained a
high electrostrain of 1.68% at 85 kV/cm, corresponding to a
large signal d �

33 as high as 1965 pm/V. Studies have shown
that the electrostrain performance of BNT-based ceramics
mainly comes from the reversible phase transition of ferro-
electric phase and relaxor phase under the application of
electric field.5,7 To achieve high electrostrain performance of
BNT-based materials, the most commonly used approach is
chemical doping modification of BNT matrix near MPB.7,12

Thus, the ferroelectric long-range order of the matrix is
destroyed, resulting in the formation of a relaxor state and
achieving a reversible transition of ferroelectric-relaxor state
under the electric field. As a result, it generates the field-
induced large strain response.13

zCorresponding authors.

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0 (CC
BY) License which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

OPEN ACCESS
JOURNAL OF ADVANCED DIELECTRICS
Vol. 14, No. 3 (2024) 2440009 (8 pages)
© The Author(s)
DOI: 10.1142/S2010135X24400095

2440009-1

https://orcid.org/0000-0001-6584-2311
https://orcid.org/0000-0002-0619-1042
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://dx.doi.org/10.1142/S2010135X24400095


On the other hand, developing multifunctional character-
istics of piezoelectric materials has stimulated increased sci-
entific interest in recent years. As recognized luminescent
active ions, rare earth (RE3þ) ions have good luminous
properties due to their abundant electronic energy levels.
Therefore, through doping RE3þ into piezoelectric ceramics,
materials exhibit rich fluorescence emission, which is of great
value for the development of multifunctional piezoelectric
materials.14–23 For BNT-based materials, the doping of RE3þ

ions not only acts as luminescent-activated ions, but also
plays a “disturbing effect” on the long-range ferroelectric
ordering and optimizes the electrostrain of BNT-based cera-
mics.19–23 Kuang et al.19 used Pr3þ as the dopant ions to
active the photoluminescent properties of 0.94(Bi0:5Na0:5)-
TiO3–0.06BaTiO3 ceramics. Strong red emission and high
electrostrain of 0.58% (80 kV/cm) were simultaneously
obtained in the Pr3þ-modified sample. Yao et al.21 obtained
large strain response and excellent photoluminescence prop-
erties in Pr3þ-modified 0.93(Bi0:5Na0:5)TiO3–0.07BaTiO3

ceramics and found the photoluminescence-enhancement
effect induced by the in situ electric field. Zhao et al.22 pre-
pared the Er3þ-modified 0.93Bi0:5Na0:5TiO3–0.07BaTiO3

multifunctional ceramics with improved electric-field-
induced strain and bright green light emission properties.

In this work, CaMAlO4 (M ¼ Dy, Ho) with a K2NiF4-
type structure24 was selected as the dopant. When forming
a solid solution with BNT-based ceramics, Ca2þ and M3þ

(M ¼ Dy, Ho) will occupy the A-site of the perovskite
structure, and Al3þ will occupy the B-site of the perovskite
structure considering their ion radius, which is conducive to
enhancing relaxation of the BNT-based ceramics and im-
proving the strain response. Moreover, relying on the lumi-
nescence effect of rear earth ions (Dy3þ, Ho3þ), the modified
BNT-based ceramics are expected to exhibit luminescence
properties. Based on the above, we prepared CaMAlO4-
modified 0.935(Bi0:5Na0:5)TiO3-0.065BaTiO3 ceramics, and
systematically studied the effect of CaMAlO4 on the phase
structure, electrostrain and photoluminescence properties of
BNT-based ferroelectric ceramics.

2. Experimental

ð1� xÞ[0.935(Bi0:5Na0:5)TiO3–0.065BaTiO3]–xCaMAlO4

(abbreviated as BNT–BT–xCMA; M ¼ Dy, Ho; x ¼ 0:003–
0.018) lead-free ferroelectric ceramics were prepared by the
traditional solid-state reaction method. The raw materials
selected were BaCO3 (99%), Na2CO3 (99.8%), Bi2O3

(99.5%), TiO2 (99.5%), CaCO3 (99%), Dy2O3 (99.9%),
Ho2O3 (99.9%) and Al2O3 (99.99%). The raw materials were
weighed and then ball-milled in the planetary ball mill using
ZrO2 grinding balls and absolute ethanol as a grinding me-
dium. The raw materials after ball milling were dried in the
oven for about 4 h. The dried mixture was pressed into a disc
and calcined at 850○C for 4 h to synthesize the precursor
powder. After the powders were subjected to the ball milling

again, an appropriate amount of 10wt.% polyvinyl alcohol
(PVA) adhesive was added for granulation. The powder was
pressed into discs and then heated in the furnace to remove
the binder. Finally, samples were sintered at 1120○C for 2 h
to obtain the ceramics and the heating rate was 3○C/min. For
electrical properties’ measurements, silver paste was coated
on the surface of the ceramic and fired at 650○C to form
electrodes.

The phase structure of ceramics was identified by an
X-ray diffractometer (XRD, D8 advance, Bruker, Germany).
The temperature dependence of dielectric properties was
measured by the temperature dielectric test system (HCT-
1821, Tongguo Technology, China). The ferroelectric and
strain properties of the samples were measured by a ferro-
electric analyzer (TF Analyzer 2000, aix-ACCT, Germany)
connected with SP-S120 laser interferometer (SIOS, SIOS
Meβtechnik GmbH, Germany). The photoluminescence (PL)
and photoluminescence excitation (PLE) spectra of the
samples were measured using fluorescence spectrometers
(FLS920, Edinburgh Instruments, UK).

3. Results and Discussion

3.1. Phase structure

Figures 1(a) and 1(b) show the XRD patterns of BNT–BT–
xCMA (M ¼ Dy, Ho) ceramics. It can be seen from the figure
that all samples form a single perovskite structure, which
indicates that CMA has formed a uniform solid solution with
the BNT–BT matrix. The right picture shows the enlarged
XRD patterns in the 2θ range of 42–50○. According to the
literature reports, BNT–BT ceramic has a coexistence struc-
ture of rhombohedral (R)–tetragonal (T) coexisting phases,
evident by the peak splitting at around 2θ � 46○ of (002)/
(200) reflections.25 With the addition of CMA, the (002)/
(200) diffraction splitting peaks gradually evolve into a single
(200) peak. When x ¼ 0:012, the (002) peak has completely
disappeared, indicating that the addition of CMA induces the
phase transition from a R–T coexisting structure to a pseudo-
cubic (Pc) phase structure.26 Improvement of the material’s
structural symmetry is helpful for the destruction of ferro-
electric long-range ordering and the improvement of elec-
trostrain in BNT-based ceramics.

3.2. Dielectric properties

Figure 2 shows the temperature dependence of the dielectric
constant ("r) of BNT–BT–xCMA ceramics recorded at
10 kHz. It can be clearly observed from the figure that the
sample has two dielectric peaks above room temperature.
According to the previous literature report, the dielectric peak
Tm at the maximum dielectric constant at high temperature
represents the transition from the tetragonal “anti-ferroelec-
tric” phase to the cubic paraelectric phase, and the relatively
weak dielectric peak Ts at low temperature represents the
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transition from the rhombohedral ferroelectric phase to
the tetragonal “anti-ferroelectric” phase of the material.27 In
recent years, it has been proposed that the dielectric peak of
Tm is a relaxor transition from the rhombohedral polar
nanoregions to the tetragonal nanoregions, while the dielectric
anomaly at Ts is caused by the thermal evolutions of the
discrete polar nanoregions.28 With the increased content of
CMA, the dielectric constant of the sample in the whole
temperature range gradually decreases. The "r–T curve be-
tween Ts and Tm becomes flattening, indicating that the di-
electric relaxor of the sample is enhanced. This can be related
to the enhanced structural symmetry of the modified samples.

3.3. Ferroelectric and electrostrain properties

Figures 3(a)–3(f) show the P–E loops and unipolar/bipolar
strain curves of BNT–BT–xCMA ceramics recorded at room
temperature and 10Hz. At low content of CMA (x ¼ 0:003),
the materials exhibit saturation hysteresis loops and “butter-
fly” shaped strain curves with obvious negative electrostrain
Sneg (Sneg � 0:15%), typical for normal ferroelectrics.29

Meanwhile, the unipolar electrostrain has a linear relationship
with the electric field, and the unipolar strain value is low
(Suni � 0:10%). With the increase of CMA content, P–E
loops become pinched and the remanent polarization Pr

decreases significantly. This indicates that the addition of
CMA destroys the ferroelectric long-range ordering of the
BNT–BT.23 The weakened ferroelectric performance induced
by the CMA doping can be linked to the increased symmetry
of crystal structure, as noted that the addition of CMA
induces the phase transition from a R–T coexisting structure
to a pseudo-cubic (Pc) phase structure. The bipolar strain
curves of the sample present a “sprout” shape and Sneg dis-
appears. The unipolar strain of the material is significantly
increased (Suni > 0:33%). At x ¼ 0:015, the unipolar strains
Suni of the sample reach the maximum value, which are
0.33% (M ¼ Dy) and 0.38% ðM ¼ HoÞ under 70 kV/cm.
The corresponding large signal piezoelectric constants d �

33

(d �
33 ¼ Smax=Emax) are 471 pm/V ðM ¼ DyÞ and 543 pm/V

ðM ¼ HoÞ, respectively, as shown in Figs. 3(g) and 3(h).
Figures 4(a)–4(f) show the P–E loops and unipolar/bipolar

strain curves of BNT–BT–xCMA (M ¼ Ho, x ¼ 0:003,

(a) (b)

Fig. 1. XRD patterns of BNT–BT–xCMA ceramics: (a) M ¼ Dy, (b) M ¼ Ho.

(a) (b)

Fig. 2. Temperature dependence of the dielectric constant of BNT–BT–xCMA ceramics recorded at 10 kHz: (a) M ¼ Dy, (b) M ¼ Ho.
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0.015) ceramics measured at different temperatures at 10Hz.
For the x ¼ 0:003 sample, the P–E loops gradually change
from a rectangle shape to a pinched shape with the increase
of temperature, and the remanent polarization Pr decreases
significantly. At the same time, the bipolar S–E curves
gradually change from “butterfly” shape to “sprout” shape,
and Sneg gradually disappears. These changes indicate that
this composition undergoes a phase transition from a ferro-
electric state to a relaxor state as temperature increases,23

which significantly improves the strain response. As shown
in Fig. 4(g), when the temperature is 100○C, the Suni of the
sample reaches the maximum value of 0.35% (70 kV/cm),
corresponding to the d �

33 of 500 pm/V. For the x ¼ 0:015
sample, it shows a weak polar state at initial temperature.
When the electric field is applied, the weak polar state re-
versibly transforms to the ferroelectric state, yielding a large
strain value of 0.35%. With the increase in temperature, the
shapes of P–E loops and unipolar/bipolar strain curves do not
change significantly. The Suni shows a slight increase with the
temperature and reaches the maximum value of 0.38%
(70 kV/cm) at 35○C, corresponding to the d �

33 of 543 pm/V.
After that, the Suni decreases gradually with temperature. In
the temperature range of 20–100○C, the changing rate of
strain value is relatively small, and its decline degree is only
about 23%, suggesting relatively good temperature stability.

3.4. Photoluminescence properties

In this study, the CMA addition not only improves the elec-
trostrain properties of BNT–BT ceramics, but also renders the
materials to exhibit strong photoluminescence properties due

to the presence of rare earth luminescent ions in the CMA
composition. Figure 5(a) shows the PLE and PL spectra of
BNT–BT–xCMA (M ¼ Dy, x ¼ 0:003) ceramics. The PLE
spectrum shows four excitation peaks in the range of 300–
500 nm, which locate at the wavelengths of 390, 429, 453 and
474 nm, corresponding to the energy level transitions from
the ground state 6H15=2 to the excited states 4K17=2,

4G11=2,
4I15=2 and 4F9=2, respectively.

30–32 Under the excitation of
blue light at 453 nm wavelength, the sample produce three
emission peaks in the range of 480–700 nm, which locate at
the wavelengths of 482, 576 and 665 nm, respectively. These
emission peaks correspond to the weak blue-light emission
of 4F9=2 ! 6H15=2, strong yellow light emission of 4F9=2 !
6H13=2 and weak red-light emission of 4F9=2 ! 6H11=2, re-
spectively.31 This result corresponds to the CIE chromaticity
coordinate position (x ¼ 0:3871, y ¼ 0:4915), which is the
yellow region, as shown in Fig. 5(c). Figure 5(b) shows the
PL spectra of BNT–BT–xCMA (M ¼ Dy) ceramics. With
the increase of CMA (M ¼ Dy) doping content, the content
of luminescence centers Dy3þ gradually increases. Accord-
ingly, it promotes the increase of PL intensity, which reaches
the maximum value at x ¼ 0:012. When x > 0:012, the
PL intensity gradually decreases due to the concentration-
quenching effect.32

Figure 5(d) shows the PLE and PL spectra of BNT–BT–
xCMA (M ¼ Ho, x ¼ 0:003) ceramics. The PLE spectrum
has four excitation peaks in the range of 300–500 nm, which
locate at the wavelengths of 419, 454, 469 and 486 nm,
corresponding to the energy level transitions from the ground
state 5I8 to the excited states 5G5,

5G6,
5K8 þ 5F2 and 5F3,

respectively.33–35 Under the excitation of blue light at 454 nm

(a) (c) (e) (g)

(b) (d) (f) (h)

Fig. 3. (a), (b) P–E hysteresis loops and (c)–(f) bipolar/unipolar strain curves of BNT–BT–xCMA (M ¼ Dy, Ho) ceramics measured at 10Hz.
(g), (h) Compositional dependence of unipolar strain (Suni), negative strain (Sneg) and normalized strain d �

33 values for BNT–BT–xCMA
(M ¼ Dy, Ho) ceramics.
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Fig. 4. Temperature-dependent (a), (b) P–E hysteresis loops and (c)–(f) bipolar/unipolar strain curves for BNT–BT–xCMA (M ¼ Ho,
x ¼ 0:003, 0.015) ceramics at 10Hz. (g) Variations of Suni values with temperature, for BNT–BT–xCMA (M ¼ Ho, x ¼ 0:003, 0.015)
ceramics.

(a) (b) (c)

Fig. 5. PLE, PL spectra and the calculated CIE chromaticity coordinates of the samples based on the emission spectra for BNT–BT–xCMA
(x ¼ 0:003) ceramics: (a)–(c) M ¼ Dy, (d)–(f) M ¼ Ho.
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wavelength, the sample produces three emission peaks in the
range of 500–800 nm, locating at 549, 654 and 756 nm
wavelengths and corresponding to the strong green emission
of 5S2 ! 5I8, the weak red emission of 5F5 ! 5I8 and
5I4 ! 5I8, respectively.

33 This result corresponds to the CIE
chromaticity coordinate position (x ¼ 0:2966, y ¼ 0:6939),
which is the green region, as shown in Fig. 5(f). Figure 5(e)
shows the PL spectra of BNT–BT–xCMA (M ¼ Ho) cera-
mics. With the increase of xCMA (M ¼ Ho) doping amount,
the PL intensity increases and reaches the maximum value at
x ¼ 0:009. When x > 0:009, the emission peak intensity also
shows a decreasing trend due to the concentration-quenching
effect.35

Figures 6(a) and 6(b) show the variations of PL spectra
with temperature of BNT–BT–xCMA (M ¼ Dy, Ho, x ¼
0:009) ceramics. At low temperatures, the PL spectra peak
is stronger. With the increase in temperature, the nonradiative
transition probability of the electron in the active ion
increases, which causes the temperature-quenching effect.36

Therefore, the relative intensity of spectral peaks greatly
reduces. Compared with the two compositions, we found
that the doped sample with CMA (M ¼ Ho) has better

high-temperature luminescence performance. When the
temperature rises above 400○C, the temperature quenching
effect starts to become apparent.

4. Conclusions

BNT–BT–xCMA multifunctional ceramics with large elec-
trostrain and strong photoluminescence properties were pre-
pared. By introducing the CaMAlO4 (M ¼ Dy, Ho) into
BNT–BT, the ferroelectric long-range order of the ceramics
was disrupted, yielding enhanced relaxor behavior and the
improvement of the electrostrain performance. When x ¼
0:015, the unipolar strains Suni of the samples reached 0.33%
(M ¼ Dy) and 0.38% (M ¼ Ho) under 70 kV/cm, corre-
sponding to the large signal d �

33 of 471 pm/V (M ¼ Dy) and
543 pm/V (M ¼ Ho), respectively. In addition, due to the
addition of rare earth ions in the CMA, the materials had
excellent photoluminescence properties. Under blue excita-
tion, there were significant yellow emission (M ¼ Dy) and
green emission ðM ¼ Ho). The materials have application
potential in the fields of optical-electro integration and cou-
pling devices.

(a) (b)

Fig. 6. PL spectra recorded at different temperatures for BNT–BT–xCMA (x ¼ 0:009) ceramics: (a) M ¼ Dy, (b) M ¼ Ho.

(d) (e) (f)

Fig. 5. (Continued )
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