Journal of Materials Science: Materials in Electronics (2018) 29:13810-13817

https://doi.org/10.1007/510854-018-9512-3

@ CrossMark

Strong red emission and enhanced electrostrain
in (Big sNag 5).935_,PrBag 065 Ti1_,9b,0; lead-free multifunctional

ceramics

Cen Liang' - Jigong Hao' - Wei Li' - Juan Du’ - Peng Fu’ - Zhijun Xu? - Ruiging Chu? - Zhicheng Guan?

Received: 19 April 2018 / Accepted: 16 June 2018 / Published online: 25 June 2018

© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Lead-free perovskite (Bij sNag 5).935_Pr,Bag g5 11;_,Sb, O3 (BNBT6.5-xPS) ceramics are prepared by ordinary sintering
technique. The compositional dependence of phase structure, electrical and photoluminescence properties of the ceramics
was systematically investigated. Results showed that all samples exhibit pure perovskite structure with dense microstruc-
tures. With the addition of PS, a strong red emission located at 610 nm and a weak red emission at 660 nm under a light
450 nm excitation was observed. The strong red emission band is ascribed to the inter-4f transition from the excited 'D, to
the ground state *H, and the weak red emission located at 660 nm is due to the *P, — °F, transition. And then the BNBT6.5—
0.004PS ceramic exhibited the strongest photoluminescence property. Besides the excellent photoluminescence properties, PS
modifications induced an enhanced filed-induced strain. At x=0.001, a large strain of 0.31% was obtained at a driving field
of 70 kV/cm. As a multifunctional material, it has potential application as a multifunctional device such as optical-electro

integration and coupling device applications.

1 Introduction

Piezoelectric ceramics are a kind of functional ceramics
with wide application. They are widely used in sensors,
brakes, converters and other equipment. Since the last half
century, lead zirconate titanate (PZT) ceramics had a great
used in application field [1]. However, the PZT is toxicity
because of its large amount of lead oxide [2]. And the high
vapor pressure is needed in preparation of PZT ceramics
[2]. Therefore, to protect the environmental, people have to
develop the lead-free ceramics, and after more than 20 years
hard work people have been made a great progress. Nowa-
days, lead-free piezoelectric ceramics are considered perfect
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substitute for materials in piezoelectric industry [3-5], so
new and lead-free piezoelectric ceramics become one of the
hot materials in some countries for the sake of environmen-
tal friendly development and sustainable development of
human society. Unfortunately, many of the lead-free piezo-
electric ceramics are not as good as lead-based ones [6]. In
order to get better properties of lead-free ceramics, people
are trying to find out new materials and methods [3].

The Bi, sNa,, sTiO5; (BNT)-based lead-free ceramics are
provided with intriguing structural and piezoelectric prop-
erties [7]. BNT is a relatively strong ferroelectric body.
At room temperature (RT), it has a considerable residual
polarization strength (P, = 38 uC/cm?) and larger coer-
civity (E, = 73 kV/cm). At present, the excellent perfor-
mance of BNT base ceramics has been widely concerned
by scholars all over the world, and it is considered that
BNT is one promising lead-free ceramics to replace lead
based piezoelectric ceramics [2]. However, the pure BNT
ceramics are unsatisfactory in the piezoelectric proper-
ties [8]. The doping of other materials in BNT is used
to enhance its piezoelectric properties. So a new BNT-
based solid solution is obtained, such as BNT-BaTiO,
(BNT-BT) binary system [8]. The morphotropic phase
boundary (MPB) mainly exists between the rhombohedral
and tetragonal perovskite phases. Ceramics samples show
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promising piezoelectric properties in MPB, and MPB is
found in the BNT-based of x =0.006-0.007 [9—12].Never-
theless, at the composition with the highest piezoelectric
properties, the minimum value for the depolarization tem-
perature T is always found. Obviously, low T values are
undesirable in fabricating high-performance BNT-based
ceramics, since temperature stability of properties is one
of the most important issues for many applications.

On the other hand, having a low T, is very important
for achieving a large electric-field strain. A giant electric-
field-induced strain appeared when the T, is decreased
to room temperature. There are two aspects to consider
if you want to get a large strain in BNT-based ceramics
[13, 14]: one is the base composition, the large polariza-
tion strain should be inherent in these components, eg in
BNT-BT-KNN system, MPB compositions of BNT-BT
[15, 16]; the other aspect is the chemical modifications,
some chemical elements may be destroy the long-range
ferroelectric order of ceramic materials and make it disor-
der, then this ferroelectric disorder become orderly again
because of electric field is applied [13, 17, 18]. BNT-BT
or BNT-BKT solid solution dope some chemical entities
such as metal dopants [17-22] or ABO5/A,B,04-type com-
pounds [13-16, 23-26], it can be observed in these mate-
rials near the MPB have good performance, therefore the
optimal strain performance of BNT-based ceramics can be
improved by chemical doping.

In recent years, multifunctional materials have led to
extensive scientific research, such materials often have two
or more properties. For example, in ferroelectric materi-
als introduced with trivalent REs elements [27], a new
multifunctional luminescence property was found because
rare elements are thought to be the luminescent centers of
luminescent materials [28, 29]. Furthermore, the electri-
cal properties can be improve in piezoelectric materials
by using rare earth (RE) elements to break ferroelectric
order [30]. For the BNT-based materials with high-strain,
RE has a strong disruption action on the long-range fer-
roelectric order of BNT-based materials, so it has been
proved to be a good modifier to enhance the strain perfor-
mance of BNT-based ceramics. Then, due to its lumines-
cent characteristic, multifunctional BNT-based materials
with excellent luminescence and high-strain properties are
easily fabricated.

Recently, our research groups have reported electric
field-induced giant strain response and excellent photolu-
minescence-enhancement effect in RE**-modified BNT-
based ceramics [24, 31, 32], confirming the role of the
RE**. Following our previous work, in the present work,
lead-free perovskite (Bij sNag 5)g.935_,PrBag gesT1;_,Sb,05
(BNBT6.5-xPS) ceramics are fabricated and the phase
structure, electrical and photoluminescence properties of the
ceramics was studied on the basis of different composition.

2 Experimental

(Big sNag 5)0.935-Pr,Bag g65Ti;_,Sb, 03 (BNBT6.5—xPS)
lead-free ceramic was prepared by conventional ceramic
fabrication technique: solid-state reaction technique. The
BaCO; (99%), Na,CO; (99.8%), TiO, (99.5%), Bi,04
(99.9%), PrsO; (99.9%) and Sb,05 (99%) form Sinopharm
Chemical Reagent were as starting materials. The first step
of the experiment was to dry the raw materials and weigh
them. Then ball-milled for 12 h, and when the ball-milled,
it was important to add some alcohol to the ball pots. The
ball ground powders were dried and mixed powers were
put into a calcined of alumina crucible at 850 °C for 4 h.
After the calcinations, starting second ball-milled for
12 h. Polyvinyl alcohol (PVA) was added to the powers
for granulation and the powers were pressed into pieces
using a certain mould. After burning off the PVA at 550 °C
for 5 h, the dish samples were sintered at 1120 °C for 2 h.

The ceramic-related Phase structure were identified by
X-ray diffraction (XRD, Bruker D8 Advance, Germany)
with Cu Ka radiation. A field-emission scanning electron
microscope (FE-SEM, Carl Zeiss, merlin compact) was
used to identify the surface morphology of ceramic. In
the experiment, we tend to be on both sides of the ceramic
coated with sliver paste, respectively, the formation of the
electrode was the ceramic chip calcined under 850 °C for
10 min. A broad frequency dielectric spectrometer (Con-
cept 80, Novocontrol Inc, Germany) research the tempera-
ture dependences of the ceramic dielectric properties. To
test the depolarization temperature (7), firstly the ceramic
was polarized by applying a high voltage, then ceramic in
use of aix-ACCT TF2000FE-HV ferroelectric unit (aix-
ACCT Inc, Germany) to determine the 7, by measuring the
thermally stimulated depolarization currents (TSDC). The
electric-field-induced polarization (P-E) and strain (S—E)
measurements were disclosed by an aix-ACCTTF2000FE-
HV ferroelectric test unit (aix-ACCT Inc, Germany) con-
nected with an accessory laser interferometer vibrometer
(SP-S120/500; SIOS Mebtechnik GmbH, Germany). The
spectrofluorometer (FLS920, Edinburgh Instruments, UK)
was primarily used to test photoluminescence excitation
(PLE) and photoluminescence (PL) spectra.

3 Result and discussion

Figure 1 shows XRD patterns of BNBT6.5-xPS
(x=0~0.004) ceramics sintered at 1120 °C. From the
patterns, there was no impurity peaks appear and a sin-
gle perovskite-type solid solution structure in all sam-
ples, indicating that the rare earth element Pr and element
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Sb have been fully incorporated into the matrix to form
homogeneous blends. This can be further confirmed by
the shift of characteristic diffraction peaks as shown in the
Fig. 1b. In the present work, smaller Pr** (1.126 10\) would
enter A site of the BNBT6.5, replacing Na*t (1.39 A) and
Bi** (1.30 ;A) the location of the site. Simultaneously, in
BNBT-xPS ceramics the larger Sb** (0.76 A) replaced the
smaller Ti** (0.605 A). According to the relevant report
BNT ceramics at room temperature was oblique square
hexahedral phase with single (200) diffraction peak near
46.5° [2]. In the studied BNBT6.5-xPS system, peak of
(200) was not split, suggesting the BNBT6.5—xPS ceram-
ics had a similar phase structure to that of pure BNT with-
out regard to PS concentration.

Fig.2 SEM images of
BNBT6.5-xPS ceramics with
x=0.001, 0.002, 0.003, 0.004

@ Springer

Figure 2 gives the micrographs of BNBT6.5—xPS
(x=0.001~0.004) ceramics observed on the surface of the
composition, it can be seen from the picture that the crystal
cells were developed and had dense microstructure. When
the content of PS was different, the microstructure had no
significant change in the picture, so the the microstructure
of the ceramics was hardly affected by PS content.

The hysteresis loops measured at 10 Hz and RT are shown
in Fig. 3a. In this picture, we can see that pure BNBT6.5
ceramics had typical ferroelectric behavior and shown
good saturation hysteresis loop. As can be seen from the
picture, as the PS content increases, the shape of the hyster-
esis loops begin to shrink. Thus it can be explained that the
long-term ferroelectric sequence was modified by PS. With
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Fig.3 a P-E hysteresis loops, b bipolar strain curves, ¢ unipolar strain curves and d the large signal d}, of BNBT6.5-xPS measured at RT and

10 Hz

the interference of ferroelectric order, the P—E loops with
“pinched” appeared at x=0.001, it indicated that there was
ergodic relaxation under zero electric-field [33]. Figure 3b
shows bipolar strain curves of BNBT6.5—xPS ceramics
recorded at 10 Hz and RT. The butterfly strain hysteresis
loop and the visible negative strain S, of pure BNBT6.5
were typical ferroelectric behaviors, both of which related
to the bipolar cycles, the reason was that the domain back
was switched during the cycle [34]. With the addition of PS,
when the doping amount was 0.001, the butterfly like loop
changed and became the shape of the sprout, meanwhile,
Sheg gradually increased until it disappeared to zero, and
when S, begin disappeared, there would be an increase
of positive strain S, and in Fig. 3¢ a significant increase
of unipolar strain. This confirmed the appearances of the
ergodic relaxor phase. At x=0.001, the value of unipolar
strain S,,; measured up a maximum is 0.31%, 442.93 pm/V
was corresponding large signal d3; (Syax/Emax)-

The dielectric constant (¢,) and dielectric loss (tand) ver-
sus the temperature of the BNBT6.5-xPS (x=0.000~0.004)
piezoelectric ceramics at 1 MHz are shown in Fig. 4a. From
Fig. 4a, there were two dielectric anomalies in two-phase
transitions in pure BNBT6.5 samples and it was to made
known in the temperature properties of the dependent loss

tangent. The dielectric anomaly at high temperature, denoted
by the temperature of maximum ¢,, was consider to be con-
tact with a slack of tetragonal polar nano-regions(PNRs)
emerged from rhombohedral PNRs [35]. At lower tempera-
ture, the dielectric anomaly was now believed to be aroused
through thermal evolutions of discrete PNRs [35]. While
it was previously we thought it was due to the transforma-
tion of “anti-ferroelectric” state, achieved the depolarization
temperature 7. Recently, T, was measured by testing polar-
ized sampled, using the thermally stimulated depolarization
currents (TSDC) [36]. Regarding polarized BNBT6.5-xPS
samples, Fig. 4b shows the jrspc dependence of tempera-
ture. It wasobserved that the 7, moved to RT as PS content
increases, proving the ferroelectric relaxation phase change
was caused by the change of components [37].

The impedance spectra of the BNBT6.5—xPS ceram-
ics with x=0.001, 0.002, 0.003, 0.004 in the frequency
limit from 0.01 Hz to 20 MHz over 500-700 °C are shown
in Fig. 5a—d. There was one Debye-like semicircle in
BNBT6.5-xPS ceramics, which indicated that in the meas-
ured temperature range for all samples the impedance was
controlled by a single localized relaxation mechanism [25].
Furthermore, the total conductivities of the ceramics were
obtained by analyzing complex impedance data, Fig. Se
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ceramics at | MHz. b The thermoelectric current of ceramics change with temperature

shows the logarithms of conductivity () versus mutual tem-
perature 1000/T of the BNBT6.5—xPS ceramics. The activa-
tion energy (E,) was calculated according to the Arrhenius
relationship: p=p -exp(E,/kgT), where kj is Boltzmann con-
stant, p, is the pre-exponential factor, E, is activation energy
and T is absolute temperature [38, 39]. The corresponding
activation energies E, for BNBT6.5—xPS, was 1.05, 1.06,
0.82 and 1.21 eV, for x=0.001, 0.002, 0.003, and 0.004,
respectively. This result indicated that the movement of oxy-
gen vacancies was responsible for DC conduction process
[40]. As reported that, in ABO; perovskite materials, the E,
value of A-site cation was 4, and 12 eV was the E, value of
B-site cation [41]. In terms of oxygen vacancy, the E, value
was uncertain, but it also varied from 0.5 to 2 eV, the E,
value changed with the concentration of different oxygen
vacancy [42]. Therefore, it can draw a conclusion that in
500 to 700 °C temperature range oxygen vacancies domi-
nate. Additionally, the improvement of E, by Pr** and Sb**
ions modification can be resulted in the oxygen vacancies
decreasing.

Figure 6a shows the photoluminescence excitation (PLE)
(Aeyy =610 nm) and photoluminescence (PL) (A, =450 nm)
spectra of BNBT6.5—-xPS at RT. Both the excitation and
emission peaks did not change for all the BNBT6.5—-xPS
ceramics. When the emission wavelength of 610 nm was
fixed, the excitation spectrum was observed, there was a
excitation peak near 440 nm, as well as a excitation peak
located 475 nm and a excitation peak near 490 nm. There
was also a wide excitation band between 350 and 450 nm,
which may be due to the charged transformation from Pr**
(4f) — Ti (3d) and the absorption of Bi** ions [43, 44].
Meanwhile, the peak near 450 nm corresponded to the
H, — °P, transition, the peak at 475 nm was *H, — °P,
transition, and the *H, — P, transition corresponded to the
peak near 490 nm. The *P; J =0, 1, 2) transition from *H,

@ Springer

was a typical 4f-4f transition, which was the reason for this
result [29, 45]. The PL spectrum shown two red emission
bands under the 450 nm excitation: the peak near 610 nm
was a strong red emission peak and the peak near 660 nm
was a weak red emission. The inter-4f transition from 'D, to
3H4 was the cause of the strong red emission band [46, 47].
The transition from 3P0 to °F, was thought to be responsi-
ble for weak red emission at 660 nm [48, 49]. As show in
Fig. 6b of the energy level diagram for Pr**, the red line was
the transformation from 'D, to *H, and the orange line was
about the transition of *Py — °F,.

Figure 7a shows the strength of red emission near 610 nm
of BNBT6.5-xPS ceramics under a light 450 nm excita-
tion. The results shown that the emission peak intensity
tend to reduce when x from 0.001 to 0.002. And then, as
the content of PS increased, BNBT6.5—xPS ceramics also
shown stronger and stronger emission intensity, reaching
the maximum when x=0.004, it was suggest that the lumi-
nescent intensity increases with the number of the lumines-
cent centers. Furthermore, the emission spectrum of the
BNBT6.5-0.004PS ceramic was used to determine the CIE
chromaticity coordinates. As shown in Fig. 7b, x=0.6651,
y=0.3346 were positioned as CIE chromaticity coordinates,
from which the red color is produced when Pr** doped into
BNBT6.5—xPS ceramics.

4 Conclusion

In this work, BNBT6.5-xPS ceramics were prepared
by solid-phase sintering, so that the ceramics had field-
induced large strain and shown bright red emission. They
were a king of multifunctional ferroelectric ceramics.
The results showed that the ceramics of pure BNBT6.5
doped PS induced the phase change, which was the
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Fig.5 The impedance spectra of the BNBT6.5—-xPS ceramics, a x=0.001; b x=0.002; ¢ x=0.003 and d x=0.004 ceramics in the frequency
range of 0.01 Hz to 20 MHz over 500-700 °C and e Arrhenius plots of cdc conductivity of the BNBT6.5—xPS ceramics

transformation from ferroelectric phase to ergodic relaxor
phase. At x=0.001, the value of unipolar strain S
reached a maximum value of 0.31% and received a large
signal d3; (S,,,x/Epax) of 407 pm/V. Upon 450 nm excita-
tion, two distinct emission bands were observed: a strong
red light emission is found at 610 nm and a weak red emis-
sion at 660 nm. Strong emission bands corresponded to

the transition from 'D, to *H, and weak emission bands
was °P, — °F, transition. The samples with x =0.004
shown the optimal photoluminescence. The samples from
this experiment can be used as multifunctional materi-
als because of their excellent properties and the hope of
expanding application through luminescent and piezoelec-
tric properties.
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