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Abstract Lead-free luminescent multifunctional
(Bag 99Cayg o)1 _xBu,(Tij 9gZr 02)O05 (x=0, 0.002, 0.004 and
0.006) (BCEZT-x) ceramics were successfully synthesized
using solid state reaction method. The effects of Eu addi-
tion on the phase structure and electrical properties of the
BCEZT-x ceramics were systematically studied. Results
show that orthorhombic—tetragonal (O-T) phase transitions
temperature decreases with increasing Eu content, and
coexistence of the O and T phases is observed near room
temperature (RT) in the composition range of 0.002-0.004.
All the BCEZT-x ceramics exhibit high Curie tempera-
ture (7 > 115 °C), especially T- ~#120 °C for the com-
position of x=0.002. The BCEZT-x ceramics at x=0.002
exhibit excellent piezoelectric properties (d;; =400 pC/N
and kp = 52%), due to the coexistence of the O and T
phase at RT. Meanwhile, a large strain S,,,, of ~0.22% is
obtained at x=0.004 for the BCEZT-x ceramics. Moreover,
studies on photoluminescence properties of the ceramics
shows that luminescence properties are strongly depend-
ent on the doping concentration for the BCEZT-x ceram-
ics. The strongest photoluminescence occurs at x=0.004
of the BCEZT-x ceramics. Upon the excitation of 465 nm
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light, all the BCEZT-x ceramics have two intense emission
peaks around 593 nm and 616 nm. According to the CIE
chromaticity diagram, the ceramics possess a bright yellow
light (x=0.483, y=0.4991). These results indicate that the
BCEZT-x ceramics have significant technological potential
as multifunctional devices due to their excellent electric
and luminescence properties.

1 Introduction

Nowadays, lead-based perovskite piezoceramics have been
widely used as universal actuators, sensors and transducers
in the electromechanical fields, due to their superior piezo-
electric properties near the morphotropic phase boundary
(MPB) between rhombohedral and tetragonal phases [1,
2]. In spite of their outstanding properties, the impact of
Pb element containing in ceramics on the environment has
caused extensive concern of researchers. With the improve-
ment of environmental awareness, some new groups of
lead-free piezoelectric ceramics have been researched as
alternative of commercial Pb-contained materials mostly.
These groups include (K, sNajs)NbO; (KNN-based),
(BijsNa, 5)TiO; (BNT-based) and BaTiO; (BT-based)
piezoceramics [3—8]. Among them, the BT-based ceram-
ics are considered as one of the most promising candidates
for replacing lead-based piezoelectric ceramics because
of the excellent electrical properties (d;3>300 pC/N). In
recent years, the researches of BT-based (Ba, Ca)(Ti, Zr)
O; systems and (Ba, Ca)(Ti, Sn)O; systems have drawn
many researchers’ attentions [9, 10], due to their improved
piezoelectric properties near polymorphic phase transitions
(PPT) between the tetragonal and orthorhombic (T-O)
phases or the coexistence of rhombohedral and orthorhom-
bic phases [11] at RT, because the phase coexistence at
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PPT can cause an easy polarization rotation of the dipole
by an electric field or external stress [12—-14].

With the intensive development of micro electro
mechanical systems (MEMS), integration and digitization,
multifunctional materials possessing two or more desir-
able properties in a single entity have attracted numerous
interest in recent years, owing to their excellent coupling
of piezoelectric, magnetic, dielectric, semiconducting and
luminescence properties. Various two-parameter coupling
effects, such as magneto-optical coupling [15], ferroelec-
tric-elastic coupling [16], have been considerably observed
and extensively studied by the scientific community. It is
well known that rare earth elements are often used to obtain
excellent photoluminescence (PL) materials as activator
ions, by doping in piezoelectric perovskite ceramics. Zhang
et al. [17] have fabricated Er3+—doped BaTiO; ceramics and
investigated the temperature dependence of PL spectra.
Jia et al. [18] and Hao et al. [19] have reported that the PL
performance of the rare earth elements doped piezoelectric
materials can be enhanced by the piezoelectric polariza-
tion. Zhang et al. [20] have prepared the Eu**-doped KNN
materials and researched the relation between emission
intensity and KNN, EuNbO, phases. Peng et al. [21] have
investigated the excitation and emission spectra of Pr’*
doped CaBi,Ta,0, based bismuth layered-structure oxides.
It is reasonable that doping rare earth elements provides an
effective way to obtain high-performance multifunctional
piezoelectric materials in practical application.

In this work, a new lead-free photoluminescence
and piezoelectric material with the piezoelectric-pho-
toluminescence coupling effect was fabricated by dop-
ing Eu element as the activator into (Ba, Ca)(Ti, Zr)
O; (BCZT)ceramics. The PPT of BCZT were designed
near the RT, owing to high its’ piezoelectric response at
RT. The (BaygoCag )i Eu,(TiogZry )05 (BCEZT-x,
x=0-0.006) ceramics were expected to exhibit both good
piezoelectric properties and photoluminescence properties.
The phase transitional behavior, photoluminescence, and
electrical properties of BCEZT were systematically stud-
ied. Results show that Eu doped BCZT ceramics exhibit
a strong 616 nm emission under the 465 nm light excita-
tion while maintaining good piezoelectric properties. The
results are expected to provide a guideline for searching
the new multifunctional lead-free materials in practical
application.

2 Materials and methods
The (Bay 99Cay o1);_xEu,(Tig 95Zry 02)O5 (x=0, 0.002, 0.004
and 0.006) lead-free ceramics, were synthesized by con-

ventional solid state reaction method, using reagent-grade
metal oxides or carbonate powders of CaCO; (Alfa Aesar,
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99%), BaCO; (Alfa Aesar, 99%), TiO, (Alfa Aesar, 99.5%),
Zr0O, (Alfa Aesar, 99%) and Eu,0; (Alfa Aesar, 99.99%)
as starting materials. The raw materials were weighed at
stoichiometric proportion and then mixed homogeneously
by planetary ball milling in a polyethylene with stabilized
zirconia balls for 12 h, using anhydrous ethanol as liquid
medium. After drying, the mixed powders were calcined at
1250 °C for 4 h in air. After calcination, the mixture was
milled again for 12 h. The powders were mixed with an
appropriate amount of Polyvinyl Alcohol (PVA), and then
pressed into pallets with a diameter of 12 mm and thick-
ness of 1.0 mm under the pressure of 200 MPa. The pal-
lets mixed with PVA were burning off the binder at 750 °C
for 6 h for evaporating all the binder. After burning off the
binder, the ceramics were sintered in an alumina crucible at
1450 °C for 4 h in air.

The ceramic crystallization behavior was examined with
an X-ray diffraction (XRD) meter with a Cu Ko radiation
(A=1.54178 A) (D8 Advance, Bruker Inc., Karlsruhe, Ger-
many). For the electrical properties, silver electrodes were
coated on the top and bottom surfaces of the ceramics for
the subsequent electrical measurements. Impedances spec-
troscopy of the samples was performed using a Broadband
dielectric spectrometer (Novocontrol Germany) in the
0.01-20 MHz frequency range at various temperatures. The
piezoelectric constant d,; was measured by a tester quasi-
static ds; meter (YE2730 SINOCERA, Yangzhou, China).
The electric field-induced polarization (P-E) and strain
(S-E) were measured at RT at 10 Hz by using an aix-ACCT
TF2000FE-HV ferroelectric test unit (aix ACCT Systems
GmbH, Aachen, Germany). The temperature dependence
of dielectric properties were measured by a capacitance
meter (Agilent 4294 A, Agilent Inc., American) at temper-
atures ranging from 20 °C to 180 °C with a heating rate
of 3 °C/min. Luminescence properties was measured by a
465 nm laser using a spectrophotofluorometer (FLS920,
Edinburgh, UK).

3 Results and discussion

Figure 1a shows the XRD patterns of the BCEZT-x ceram-
ics at the 20 range of 20°-70°. A pure perovskite struc-
ture is obtained with no secondary or impure phases being
detected, indicating that Eu** ions have diffused into BCZT
lattices to form a homogeneous solid solution BCEZT-
x within the studied doping level. Close inspection of the
XRD patterns at the 20 range of 43.5°—46.5° and 65°-67°
are shown in Fig. 1b and c, respectively. The orthorhom-
bic symmetry of the BCEZT-x ceramics at RT is charac-
terized by an obvious peak of (200) at around 20 of 45.5°
for the composition x<0.002. With increasing Eu con-
tent, the BCEZT-x ceramics (0.002<x<0.004) begin to
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Fig.1 The XRD patterns of
the BCEZT-x ceramics at the (a)
260 range: (a) 20°-70°, (b)

43.5°-46.5° and (c) 65°-67°
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exhibit tetragonal symmetry, which is featured with split-
ting of (200)/(002) peaks at around 20 of 45° and (220)/
(202) peaks at 20 of 65.5° [22, 23]. The obvious splitting of
the (200)/(002) peaks at around 260 of 45° indicates that the
BCEZT-x ceramics possess pure tetragonal symmetry at

I
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x>0.006 [24]. Therefore, it can be suggested that the phase
transition from orthorhombic phase to tetragonal phase
shifts with increasing Eu content and the BCEZT-x ceram-
ics at the compositions of 0.002—0.004 exhibit the coexist-
ence of tetragonal and orthorhombic phases at RT.

Fig. 2 The FE-SEM images of the BCEZT-x ceramics at a x=0, b x=0.002, ¢ x=0.004 and d x=0.006
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Fig.3 The temperature dependence of dielectric constant &, of
the BCEZT-x ceramics (x=0 0.002, 0.004 and 0.006) measured at
100 kHz (the inset is the dielectric constant ¢, of BCEZT-x ceramics
between 20 to 60 °C)

Figure 2 shows the SEM images of the BCEZT-x ceram-
ics observed on the surface of the compositions at (a) x=0,
(b) x=0.002 (c) x=0.004 and (d) x=0.006. The surface
microstructure of the BCEZT-x ceramics appears homoge-
neous and few pores exist in the grain boundary. The rela-
tive density of BCEZT-x ceramics sintered at 1450 °C reach
up to highest value of 96%, indicating that all the BCEZT-x
ceramics are well sintered. As shown in Fig. 2a—d, addition
of Eu causes a significant change in grain size. The grain
size decreases gradually with increasing Eu content. It is
suggested that addition of rare earth ions in BCZT ceramics
can inhibit the grain growth because of their relatively low
diffusivity [25]. This result is similar to that observed in
other lead-free piezoceramics like Eu-doped KNN ceram-
ics [26] and Eu-doped BFO-BT ceramics [27].

Figure 3 illustrates temperature dependence of the rela-
tive permittivity constant (g,) of the BCEZT-x ceramics
at x=0, 0.002, 0.004 and 0.006 measured at frequency of
100 kHz between 20 and 180 °C. The two pronounced &,
peaks at the compositions of x=0-0. 004 are corresponded
to the two phase transitions: O-T phase transition at the
temperature (7 1) ~#20-35 °C and tetragonal—cubic (T-C)
phase transition at the temperature (7-) ~115-120 °C [9].
For the composition of x=0.006, the T, ; disappears in
this figure, indicating that the T, 1 of the BCEZT-x ceram-
ics at x=0.006 is lower than RT. The O-T phase transitions
show a significant change with the compositions. As shown
in the inset of the Fig. 3, the O-T phase transitions of the
BCEZT-x ceramics gradually shifts toward lower tempera-
ture with increasing Eu’* content. The decrease of Ty 1 and
broad region of O-T phase transition maybe due to the unit
cell shrinkage effect with the substitutions of smaller Eu>*
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Fig. 4 Plot of In (1/e, — 1/e,) as a function of In (T — T,,) for the
BCEZT-x (x=0, 0.002, 0.004 and 0.006) ceramics at 10 kHz

(1.23 A) [28] for Ba®* (1.35 A) in this work [29]. The T
for each ceramic is above 115 °C, especially T ~120 °C
for the composition of x=0.002. These results indicate
that the usage temperature range of the BCEZT-x ceram-
ics could be essentially broadened, which is important in
exploiting the piezoceramics from the application point of
view [15].

To illuminate the matter of the phase transition, the
degree of diffusion (y) was calculated by a modified empir-
ical expression [30] of Curie—Weiss law to describe the
phase transition character of the BCEZT-x ceramics:

1 1 1
--—==(T-1,) (1)

e ¢, C
where ¢ is the dielectric constant, €, is the dielectric con-
stant maximum, T is the temperature (>1), T,, is the tem-
perature at the dielectric peak, y is the relaxation strength
and C is the Curie constant [31]. The value of y is between
1 and 2, giving the information on the phase transition dif-
fuseness degree of ferroelectrics: y=1 for normal ferro-
electric related to a sharp phase transition, y=2 for ideal
relaxor ferroelectric and 1<y<?2 denote a diffuse phase
transition [29]. Figure 4 shows the logarithmic plot of this
empirical expression. The slopes of the logarithmic plot
are the values of y for the BCEZT-x ceramics. The y value
increases gradually from 1.20 to 1.25 with increasing Eu
content, illustrating that the relaxor ferroelectric increases
in the BCEZT-x ceramics. In other words, increasing Eu
substitution promotes the phase transition more diffuse in
the BCEZT-x ceramics.

Figure 5a—d shows complex impedance spectra of the
BCEZT-x ceramics from 0.01 Hz to 20 MHz and from
300 to 425 °C. Two semicircles can be observed clearly,
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Fig. 5 The impedance spectra of the BCEZT-x a x=0, b x=0.002, ¢ x=0.004 and d x=0.006 ceramics in the frequency range of 0.01 Hz to
20 MHz between 300 and 425 °C and e Arrhenius plots of ¢ dc conductivity of the BCEZT-x ceramics

attributing to the grain and grain-boundary conductivities,  at lower frequency range correspond to the behavior of
respectively [4]. The small semicircles at high frequency  ceramic grain boundary [32]. With increasing the heat-
reflect the properties of grain, while the large semicircles  ing temperature, the semicircles gradually contract, which
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Fig. 6 The impedance spectra of the BCEZT-x ceramics (x=0,
0.002, 0.004 and 0.006) at 325 °C; the inset shows an equivalent cir-
cuit for the BCEZT-x ceramics

results in the increase of conductivity (o) [33]. In addition,
the relation between activation energy (E,) and ¢ can be
denoted by the Arrhenius law:

o = oq exp(—E,/kT) 2)
where 6 is a constant, k is the Boltzmann constant and T is
the absolute temperature. The logarithms of conductivity ¢
vs. reciprocal temperature 1000/T of the BCEZT-x ceram-
ics are shown in Fig. 5e. The best least-squares fitting of
Eq. (2) are marked by the solid lines. The corresponding
activation energies E, of BCEZT-x ceramics are calculated
to be 0.68, 0.90, 0.95, and 0.65 eV, respectively. It has been
reported that the value of E, for A- and B-site cations in
ABOj; perovskite materials were 4 and 12 eV, respectively
[34]. For oxygen vacancies, it varies from 0.5 to 2 eV
approximately, depending on their concentration [35].
Therefore, it is reasonable to suggest that oxygen vacan-
cies dominate the conductivity of the BCEZT-x ceramics in
the temperature range of 300—425 °C [36]. Figure 6 shows
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Fig. 7 a The P-E hysteresis loops, b bipolar field-induced strain curves, ¢ unipolar field-induced strain curves and d remnant polarization (P,)
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) as functions of x of the BCEZT-x ceramics measured at RT and a frequency of 10 Hz
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Fig. 8 Piezoelectric coefficient (d3;) and planar mode electrome-
chanical coupling coefficient (k) of the BCEZT-x ceramics measured
at RT

complex impedance spectra of the BCEZT-x ceramics
with different Eu®* elements. With increasing of Eu** ele-
ments, the resistivity firstly increases and then decreases.
The equivalent circuit for the BCEZT-x ceramics is shown
in the inset of Fig. 6, first semicircle in impedance spec-
tra can be represented by parallel combination of resist-
ance (R,) and capacitance €y of grains whereas second
semicircle is the combination of R, and Cg, of grains. For
all ceramics, the values of Ry, are considerably larger than
R,, indicating the better insulating performance of the grain
boundaries [37].

The ferroelectric hysteresis (P—E) loops, bipolar field-
induced strain (S—FE) curves, unipolar field-induced strain
curves and remnant polarization (P,) and Strain (S,,,)
as functions of x of the BCEZT-x ceramics are shown in
Fig. 7, respectively. All of the measurements were carried
out at RT and 10 Hz. It is clear that all the BCEZT-x ceram-
ics exhibit a typical P-E loop with relatively large rem-
nant polarization (P,) and low coercive field (E,) (<5 kV/
cm). With increasing Eu content, the value of P, increases
significantly with x until it reaches the highest value of
13.7 pCl/em? at x=0.004, before decreasing to 7.3 pC/
cm? at x=0.006. The largest values of P, are obtained at
the compositions of x=0.002-0.004 with the coexistence
of O-T polymorphic phase transition, owing to the facili-
tated polarization switching to the orthorhombic sponta-
neous polarization directions or tetragonal polarization
directions during the poling treatment [38, 39]. As shown
in Fig. 7b, all the ceramics exhibit an analogous butterfly-
shaped curve. The enhancement effect in the strain prop-
erties is more obvious, and a large strain about 0.21% of
the BCEZT-x ceramics is obtained at x=0.004. Figure 7c
shows the unipolar S—E curves of the BCEZT-x ceramics.
The change of unipolar S—E curves with x is similar to that

of P-E loops and S-E curves. The P, and S,,,, as func-
tions of x of the BCEZT-x ceramics are shown in Fig. 7d,
respectively.

The dependences of piezoelectric constant (ds3)
and planar mode electromechanical coupling coeffi-
cient (k,) with x for the BCEZT-x ceramics are shown in
Fig. 8. The observed ds; and k, values increase signifi-
cantly with increasing x until they reach the highest value
of d33=400 pC/N and k,=52% at x=0.002, and then
decreases gradually with further increase of Eu content.
The significant enhancement in piezoelectric properties of
the BCEZT-x ceramics at 0.002-0.004 should be attrib-
uted to the high P, low E_, and multiphase coexistence at
RT, as shown in P-FE loops and &~T curves. Better piezo-
electric properties obtained by a large remnant polariza-
tion and the poling process of the ceramics facilitated by
a low coercive field [40]. Meanwhile, near the PPT region,
the number of the possible spontaneous polarization direc-
tion of the ceramics increases and thus the ceramics can be
poled easily. The compositions of x<0.002 and x>0.004
are at orthorhombic phase and tetragonal phase, respec-
tively. Therefore, the piezoelectric properties of these
compositions are inferior to that of the compositions of
x=0.002-0.004.

Figure 9a illustrates the PL and PL emission (PLE) spec-
tra of the BCEZT-x ceramics. The PL spectra of the ceram-
ics were measured by monitoring the emission at 614 nm,
exhibiting an intense and sharp absorption peak centered
at 465 nm. The peak is ascribed to the 4f-5d ("F,-°D,)
electronic transitions [41]. The PLE spectra of the ceram-
ics upon excitation at 465 nm are also provided. Excited at
465 nm, a strong yellow emission occurs in a single phase
of the BCEZT-x ceramics. Figure 9b shows the energy level
diagram of Eu’" ions, which clearly illustrates the photolu-
minescence process. According to the energy level diagram
of Eu* and selection rules, when electrons are excited to
3D, levels, the °D, levels radiationlessly relax to the D,
and 5D1 states, and subsequently recombine to 7FJ J=14)
levels. The emission peaks of Eu**centered at 550, 593,
616, 653 and 699 nm correspond to °D,-'F,, 5D0—7F1’ Dy
'F,, °Dy-'F; and °D,-'F, transitions. Figure 9c illustrates
the dependence of the Eu content on the emission inten-
sity of the *Dy-'F, transitions centered at 616 nm of the
BCEZT-x ceramics. The emission intensity of the Dy-'F,
transitions increases gradually with x until it reaches the
highest value at x=0.004. Beyond the critical concentra-
tion of x=0.004, a decrease in the emission intensity is
clearly observed, illustrating that energy migration occurs
between Eu** ions in BCZT lattice, then resulting in con-
centration quenching. This is in accordance with the report
by Zhang et al. [42]. The calculated CIE chromaticity
diagram of BCEZT-0.004 ceramics excited by 465 nm is
shown in Fig. 9d. It is believed that the BCEZT-x ceramics
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Fig. 9 a The PL and PLE spectra of the BCEZT-x (x=0 0.002, 0.004
and 0.006) ceramics (A,,=614 nm, 1,=465 nm) at RT, b energy
level diagram of the Eu’* ions, ¢ the emission intensity of the °D,-

exhibit yellow-emitting properties according to the point
(x=0.483, y=0.4991) in the figure.

4 Conclusions

The BCEZT-x (x=0, 0.002, 0.004 and 0.006) ceram-
ics were successfully synthesized by solid state reaction
method. The phase structure and electrical properties of
the BCEZT-x ceramics were systematically investigated.
The PPT from orthorhombic phase to tetragonal phase is
observed at RT in the composition range of 0.002-0.004.
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'F, transitions centered at 616 nm and d CIE chromaticity diagram
excited by 465 nm

All the BCEZT-x ceramics exhibit high Curie temperature
of (T¢ > 115 °C). The BCEZT-x ceramics exhibit good
piezoelectric properties (d;3=400 pC/N and k, = 52%)
at x=0.002 and large strain S, of ~0.22% at x=0.004,
due to the coexistence of tetragonal phase and orthorhom-
bic phase at RT. Moreover, excellent luminescence prop-
erties are obtained under the excitation of 465 nm at RT
for BCZT-x ceramics, particularly at x=0.004. All the
BCEZT-x ceramics have two intense emission peaks
around 593 and 616 nm, respectively. According to the CIE
chromaticity diagram, the ceramics possess a bright yellow
light (x=0.483, y=0.4991). These results suggest that the
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BCEZT-x ceramics with high piezoelectric properties and
strong luminescence properties have potential applicability
as multifunctional materials.
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