*Manuscript

Click here to view linked References . . .
https://doi.org/10.1016/j jallcom.2017.11.355 This is the Pre-Published Version.

Low-temperature-sintered Pr-doped 0.93(BiosNags)TiO3-0.07BaTiOs
multifunctional ceramics with Li,COs sintering aid
Tat-Hang Chung and K.W. Kwok*

Department of Applied Physics

The Hong Kong Polytechnic University, Kowloon, Hong Kong, China

Keywords: Pr-doped BNTBT; sintering aid; photoluminescence; ferroelectrics;

piezoelectric properties

* Corresponding author. Tel.: +852 27665667; fax: +852 233376209.

E-mail address: apkwkwok@polyu.edu.hk (K.W. Kwok)

© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.


mailto:apkwkwok@inet.polyu.edu.hk

Abstract

Multifunctional ceramics with good dielectric, ferroelectric, piezoelectric and
photoluminescence properties have been fabricated at a low sintering temperature of
960°C. Via the addition of Li,COs, oxygen vacancies are produced in the Pr-doped
0.93(BigsNags)TiO3-0.07BaTiO3 ceramics, which can enhance the ionic lattice-
diffusion coefficient, promote the densification and thus lower the sintering
temperature effectively from 1200 to 960°C. The Li-addition also induces lattice
distortion and expansion, which strengthen the internal field among the polar nano-
regions of the ceramic. As a result, the depolarization temperature is increased and the
room-temperature piezoelectric properties are enhanced. Moreover, the structural
symmetry is reduced, and thus leading to an increase in the uneven components of the
crystal fields around Pr** and then an enhancement in photoluminescence emissions.
Together with the good dielectric properties assured by the dense structure, the

ceramics are ready for use in multifunctional optoelectronic applications.



1. Introduction

Multifunctional materials possessing two or more desirable properties have
attracted considerable attention and become the interdisciplinary field of research
[1,2]. Ferroelectric materials possesses strong piezoelectric properties have been
extensively studied for developing new multifunctional materials such as
multiferroics with strong ferroelectric and magnetic properties. Recently, there are
growing interests of developing materials possessing strong piezoelectric and
photoluminescence (PL) properties for multifunctional optoelectronic applications [3-
5]. Rare-earth ions are commonly doped in a ferroelectric host for realizing the PL
emissions. However, there are usually adverse effects on the ferroelectric and
piezoelectric properties.

Ferroelectric materials are characterized by their switchable spontaneous
polarization and their capabilities of, after orienting the spontaneous polarizations to a
direction (i.e., poling), producing electric charges in response to an external stress (i.e.,
piezoelectric effect) or dimensional deformation under an external electric field (i.e.,
converse piezoelectric effect). Because of the good piezoelectric properties, lead-
containing ferroelectric ceramics, such as lead zirconate titanate, have widely been
used in various sensor and actuator applications. With the increasing concerns over
lead-pollution, lead-free ferroelectric ceramics have recently been investigated
extensively for replacing them. (BipsNags)TiO3 (BNT) is one of the most promising
candidates that exhibits a high Curie temperature (T¢ = 320°C), a high depolarization
temperature (T4 = 180°C) and strong ferroelectricity (remanent polarization P, = 38
uC/ecm?) [6, 7]. However, it has a high conductivity and coercive field (E. = 7.3
kV/mm), which cause the poling extremely difficult and thus leads to a small

piezoelectric coefficient dszz of 85 pC/N. A number of modified systems have then



been developed for improving the piezoelectric properties, such as BNT-NaNbOs [8],
Bi,Oz-doped BNT [9], Bios(NayxyKxLiy)osTiO3 [10] and (1-x)BNT-xBaTiOz (BNT-
BT) [6,11]. Among them, BNT-BT exhibits the highest value of ds3 (155 pC/N) near
the morphotropic phase boundary, i.e., 6 - 7 molar % of BT. Although the T4 of the
ceramic decreases to ~100°C following the tradeoff relationship between ds3 and Ty
normally existed in various BNT-based ceramics [12], it is still high enough for the
ceramic to be used in various practical applications. Similar to other ferroelectric
ceramics, the sintering temperature of BNT-BT is high (typically above 1200°C),
which will induce volatilization losses of Bi and Na and thus degradation of
piezoelectric properties [13,14]. It is then of great interest to lower the sintering
temperature not only for eliminating the volatilization losses and improving the
piezoelectric properties but also for reducing the production cost as well as protecting
the environments. A number of liquid-phase sintering aids, such as V,0s [15],
Li,COs3-Bi,03-CdCO3 [16], LiBiO, [17] and Li,CO3; [18,19] have been shown
effective in lowering the sintering temperature of various piezoelectric ceramics to
below 1000°C. Such a low sintering temperature also allows the ceramics to be co-
sintered with Ag/Pd 30/70 instead of platinum inner electrodes in fabricating multi-
layered structures that have been widely used for various actuator and transformer
applications. In general, the liquid formed in the early stage of sintering can wet the
sold grains, increase the mass transport rate and then promote the grain coarsening
and densification of the ceramics [20]. However, the liquid will form a secondary
phase and generally degrade the electrical properties of the ceramics [21].
Praseodymium (Pr) is a rare earth element typically used as activators for
providing strong red emissions under an excitation of ultraviolet light. Moreover,

because of the close energy separation between the Sy level and the lowest edge of



the 4f5d configuration, its emission is strongly dependent on the position of the 4f5d
configuration, which is extremely influenced by the characteristics of the host [22,23].
Accordingly, the emissions of Pr** have been widely used as a structural transition
probe for investigating phase transition of ferroelectric hosts that induces crystal-
symmetry changes [24]. On the other hand, small amounts of rare earth ions have
been shown to be beneficial to the good electrical properties of BNT-based
ferroelectric ceramics [25,26]. In this work, we thus fabricate 0.93(BipsNags)TiOs-
0.07BaTiO3 ceramics doped with 0.25 mol% Pr (abbreviated as Pr-BNTBT) with the
aims of not only engendering strong PL emissions but also retaining the good
piezoelectric properties. To reduce the volatilization losses of Bi and Na for
improving the piezoelectric properties, Li,CO3; is used as a sintering aid for

fabricating the ceramics at low sintering temperatures.

2. Experimental

0.93(Big.sNags) TiO3-0.07BaTiO; ceramics doped with 0.25 mol% Pr®* and x
mol% Li,COj3 (abbreviated as Pr-BNTBT-Li-x, x = 0, 0.5, 1 and 2) were prepared by
a conventional ceramic fabrication technique using analytical-grade carbonate or
metal oxide powders: Na,COj3 (99.5%), Bi,O3 (99.9%), TiO, (99.9%), BaC03(99.5%),
PreO11 (99.9%) and Li,CO3 (99%). The powders in the stoichiometric ratio of Pr-
BNTBT were mixed thoroughly in ethanol using zirconia balls for 8 h, and then dried
and calcined at 850°C for 2 h. After the calcination, Li,CO3; powders were added. The
mixture was then ball-milled again for 8 h, mixed thoroughly with a polyvinyl alcohol
binder solution and then uniaxially pressed into disk samples with a diameter of 12
mm. The disk samples were finally sintered at 960-1200°C for 8 h in air. Silver

electrodes were fired on the top and bottom surfaces of the sintered samples. The



samples were poled under a dc field of 5 kV/mm at 60°C in a silicone oil bath for 30
min.

The crystallite structures of the samples were examined using X-ray
diffraction (XRD) analysis with CuK, radiation (SmartLab; Rigaku, Tokyo, Japan).
The microstructures were observed using a field emission scanning electron
microscope (FESEM) (JSM-6490; JEOL, Tokyo, Japan). The dielectric constants &
and dielectric loss tan & were measured using an impedance analyzer (HP 4194A,
Agilent Technologies Inc., Palo Alto, CA). A conventional Sawyer-Tower circuit was
used to measure the polarization hysteresis (P-E) loop at 10 Hz. The piezoelectric
coefficient d33 was measured using a piezo-ds; meter (ZJ-3A, Institute of Acoustics,
Chinese Academy of Sciences, Beijing, China). The PL excitation and emission
spectra were measured using a spectrophotometer (FLSP920, Edinburgh Instruments,
UK), using a 450-W Xenon lamp as the excitation source. All the spectroscopic
measurements were conducted at room temperature, and all the ceramic specimens

were of the same thickness.

3. Results and discussions

The optimum sintering temperature for each Pr-BNTBT-Li-x ceramic has first
been determined based on the observed dielectric and piezoelectric properties, giving
the results summarized in Table 1. As compared to the Pr-BNTBT-Li-0 ceramic, the
sintering temperature for the ceramics with x > 0 is lower and the range is narrower
[27]. For each ceramic, if the sintering temperature is below its optimum value, it is
not well densified and thus cannot be poled because of the high dielectric loss
(typically > 10%). On the other hand, substantial degradation in dielectric and

piezoelectric properties are resulted when the sintering temperature is higher than the



optimum value. As shown in Table 1, the (optimum) sintering temperature is lowered
considerably from 1200°C to 960°C by the addition of 1 mol% Li,CO3 while only a
slight decrease (~8%) in ds3 is induced. Because of the slower mass transportation
resulted from the low sintering temperature, a longer sintering (4 h) is required to
complete the densification; otherwise, a porous structure and then a high tand will be
obtained. The retained high ds3 value is partly attributed to the reduced volatilization
losses of Bi and Na resulted from the low sintering temperature, and partly attributed
to the dense structure as exemplified by the SEM micrographs shown in Fig. 1. The
observed densities for all the ceramics are high (5.78 - 5.82 g/cm®), reaching about
96% of the theoretical densities [28]. The ceramics also possess high &, (~1600) and
low tan & (6%), both substantiating the dense structure obtained from the low
temperature sintering. Apparently, the tan 6 of a partially densified ceramic will
increase significantly while its ¢ will decrease because of the high content of pores
(i.e., air). As shown in Fig. 1, the grains of the low temperature-sintered ceramics
become slightly smaller, which is partly attributed to the slow mass transportation
resulted from the low sintering temperature.

The XRD patterns of the Pr-BNTBT-Li-x ceramics sintered at their optimum
sintering temperatures are shown in Fig. 2, in which the XRD pattern of a BNTBT
ceramic is also shown for comparison. All the ceramics possess a perovskite structure
[6,11] and no impurity phases are observed within our detection limit, suggesting that
both Li* and Pr** have diffused into the lattices. A splitting of the (202)/(200)
diffraction peaks is observed for all the ceramics, confirming the co-existence of the
rhombohedral and tetragonal phases. Because of the similar ionic radii of Pr** (1.34 A,
CN = 12) and the A-site ions (1.39 A, average), no significant shift of the peaks is

observed between the BNTBT and Pr-BNTBT-Li-0 ceramics. The ionic radii of Bi*",



Na* and Ba?* for CN = 12 are 1.36 A, 1.39 A and 1.6 A, respectively [29]. On the
other hand, the (202)/(200) diffraction peaks shift slightly to lower angles for the Pr-
BNTBT-Li-x ceramics with x > 0. Because of the similar ionic radii, Li* (1.41 A, CN
= 12) should enter the A-sites of the ceramics. However, it has been shown that Li*
will enter the B-sites of BNT-based ceramics in spite of the larger ionic difference
(0.76 A vs 0.61 A, CN = 6) if its concentration is higher than 0.75 mol% [30].
Accordingly, it is suggested that Li* has entered the A-site of the ceramics with x <
0.5 and entered the B-site of the ceramics with x > 0.5. In both cases, the substitution
(with larger ions) will lead to an expansion in lattices and then a shift of the
diffraction peaks towards lower angles as shown in Figure 2. Oxygen vacancies will
be formed because of the different valence states for maintaining the charge neutrality,
which on the other hand will induce shrinkage of the lattices [30]. However, as
illustrated by the observed shifting, it should be completely compensated. Oxygen
vacancies can also increase the ionic lattice-diffusion coefficient and promote
densification [20,31], and thus realizing the well sintering at low temperatures.

Fig. 3 shows the temperature-dependent ¢, and tan & for the poled Pr-BNTBT-
Li-O and Pr-BNTBT-Li-1 ceramic. Similar to other BNT-based ceramics, the Pr-
BNTBT-Li-0 ceramic exhibits two distinctive anomalies in the &(T) curve, i.e., a
frequency-dispersive shoulder at ~150°C and a broad maximum peak at 270°C, both
demonstrating the relaxor characteristics of the ceramic (Fig. 3a) [32,33]. On the other
hand, a very weak peak corresponding to the transition between non-ergodic and
ergodic relaxor state is barely observed at ~40°C (Tq, depolarization temperature) in
the tan &(T) curve, which agrees with similar works reported elsewhere [34]. This
then indicates that, as also substantiated by the high ds3 (165 pC/N), the ceramic is in

the non-ergodic state at room temperature [32,33]. Unlike typical ferroelectric



materials, ferroelectric relaxors contain polar nano-regions (PNRs) that can similarly
be aligned under a sufficient high electric field. Upon the removal of the electric field,
the aligned PNRs of the non-ergodic relaxors are retained and thus exhibiting
piezoelectric effect. On the other hand, the aligned PNRs of the ergodic relaxors will
relax back to the randomly oriented state. In other words, ergodic relaxors cannot be
effectively poled to engender piezoelectric properties. As indicated by the low T4 and
weakness of the peak (Fig. 3a), the degree of ergodicity of the Pr-BNTBT-LIi-0
ceramic is not very low, i.e., it still contains a small portion of ergodic relaxor. This
consequently gives rise to a slightly constricted P-E loop as shown in Fig. 4. As the
composition ratio of the rhombohedral and tetragonal phases is decreased by the Li-
substitution [35], the Pr-BNTBT-Li-1 ceramic exhibits a single dielectric anomaly
(Fig. 3b). Moreover, the tan 5-peak at Ty becomes stronger and shifted to a higher
temperature (~70°C), suggesting that the degree of ergodicitiy is reduced.
Accordingly, the constriction of the P-E loop diminishes (Fig. 4) and a larger
remanent polarization is obtained (22.1 vs 12.6 uC/cm?), which in turn contributes to
the high ds3 value of the ceramic (Table 1). The decrease in ergodicity is attributed to
the lattice expansion and distortion induced by the Li-substitution, which strengthen
the internal field among the polar nano-regions of the relaxor ceramics.

The photoluminescence excitation spectrum (PLE) of the Pr-BNTBT-Li-1
ceramic has first been measured, as an example, for determining the optimum
wavelength of the excitation source. As illustrated in Fig. 5a, via monitoring the
typical emission (610 nm) of Pr¥*, three groups of excitation peaks attributed to the
inter-4f transitions from the *H, ground level to the *P,, °P; and 3Py levels are
observed at 448, 468 and 480 nm, respectively (Fig. 6). Based on the results that the

highest PLE intensity observed at 468 nm, an excitation source with the same



wavelength has been used for measuring the PL spectra. As shown in Fig. 5b, all the
ceramics exhibit a strong wide emission band in the range of 590 to 540 nm and a
weak emission peak at ~655 nm, which are attributed to the 4f-4f transitions D, -
3H, and *Py — °F,, respectively. As x increases, the PL intensity increases and reaches
a maximum at x = 1. This is attributed to the reduction in structural symmetry arisen
from the lattice expansion and distortion induced by the Li-substitution. It has been
shown that the crystal field of a host with lower symmetry contains normally more
uneven components around the dopant ions, which can enhance the electronic
coupling between 4f energy levels and higher 4f5d configuration and thus increase the
f-f transition probabilities of the ions [22,23]. On the other hand, the decrease in PL
intensity for the ceramic with x > 1 should be attributed to its larger amount of oxygen
vacancies, which has been shown to be effective in quenching visible luminesces via
acting as electron traps [36].

The decay curves of emission at 610 nm for the Pr-BNTBT-Li-x ceramics

under the excitation of 468 nm are shown in Figure 7. Good agreement are generally
obtained in fitting the data to a single exponential function I = l,exp(-t/t), where t is

the emission lifetime and I, is the initial emission intensity. As also shown in Figure 7,
the calculated 7 increases with increasing x and then decreases after reaching a
maximum at x = 1. The prolonged lifetime should largely be attributed to the decrease
in non-radiative transition induced by the lattice distortion [37]. On the other hand,
the adverse effect of oxygen vacancies for shortening the lifetime via non-radiative

energy transfer becomes dominated for the ceramic with x > 1 [38].

4. Conclusions



Low-temperature sintering of Pr-doped BNTBT multifunctional ceramics has been
realized using Li,CO3 as a sintering aid. The ceramics possess good dielectric,
ferroelectric, piezoelectric and PL properties as well as a dense structure. Arisen from
the substitution of Li*, oxygen vacancies as well as lattice expansion and distortion
are produced. The low-temperature sintering is realized owing to the oxygen
vacancies that increase the lattice-diffusion coefficient and then promote densification.
On the other hand, the lattice expansion and distortion break the ergodicity via
strengthening the internal field among the nano-polar regions of the relaxor ceramics.
A large remanent polarization is thus produced and the good piezoelectric properties
of the low-temperature-sintered ceramics are retained. The lattice expansion and
distortion also reduce the structural symmetry and then increase the uneven
components of the crystal fields around Pr¥*. As a result, the PL emissions of the
ceramics are enhanced. Based on the good properties, the ceramics are expected to
become promising materials for use various optoelectronic applications, with the

additional advantages of energy saving and environmental protection.
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Table 1 Sintering conditions and physical properties for the Pr-BNTBT-Li-x
ceramics. The experimental error for the physical properties is +5%.

Sintering Sintering tan & ds3 Grain size
Temperature (°C)  Time (h) er (%) (pCIN) (nm)
0 1200 2 1490 5.2 180 450
0.5 1060 4 1540 4.8 170 300
1 960 4 1650 5.6 170 430

2 960 4 1560 5.1 110 410




Figure Captions

Fig. 1 SEM micrographs of the Pr-BNTBT-Li-x ceramics sintered at their optimum
sintering conditions.

Fig. 2 XRD patterns of the Pr-BNTBT-Li-x ceramics.

Fig. 3 Temperature-dependent ¢, and tan & for the poled Pr-BNTBT-Li-x ceramics.

Fig. 4 P-E hysteresis loops of the Pr-BNTBT-Li-x ceramics with x =0 and 1.

Fig. 5 (a) Photoluminescence excitation spectrum of the Pr-BNTBT-Li-1 ceramic.
(b) Photoluminescence spectra of the Pr-BNTBT-Li-x ceramics.

Fig. 6 Energy level diagram of Pr** ion.

Fig. 7 Decay curves of emission at 610 nm for the Pr-BNTBT-Li-x ceramics.
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Fig.1 SEM micrographs of the Pr-BNTBT-Li-x ceramics sintered at their optimum

sintering conditions.
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Fig. 2 XRD patterns of the Pr-BNTBT-Li-x ceramics.
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Fig. 3 Temperature-dependent er and tan 5 for the poled Pr-BNTBT-Li-x ceramics.
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Fig. 4 P-E hysteresis loops of the Pr-BNTBT-Li-x ceramics with x =0 and 1.
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Fig. 5 (a) Photoluminescence excitation spectrum of the Pr-BNTBT-Li-1 ceramic.

(b) Photoluminescence spectra of the Pr-BNTBT-Li-x ceramics.
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Fig. 6 Energy level diagram of Pr** ion.
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