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ABSTRACT: In this work, an electric field-induced giant strain response and
excellent photoluminescence-enhancement effect was obtained in a rare-earth ion
modified lead-free piezoelectric system. Pr**-modified 0.93(BiNays)TiO;-
0.07BaTiO; ceramics were designed and fabricated by a conventional fabrication
process. The ferroelectric, dielectric, piezoelectric, and photoluminescence perform-
ances were systematically studied, and a schematic phase diagram was constructed. It
was found the Pr’* substitution induced a transition from ferroelectric a long-range
order structure to a relaxor pseudocubic phase with short-range coherence structure.
Around a critical composition of 0.8 mol % Pr**, a giant reversible strain of ~0.43%
with a normalized strain S ,/E,.. of up to 770 pm/V was obtained at ~5 kV/mm.
Furthermore, the in situ electric field enhanced the photoluminescence intensity by
~40% in the proposed system. These findings have great potential for actuator and

multifunctional device applications, which may also open up a range of new applications.
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1. INTRODUCTION

Recently, smart materials have stimulated great scientific and
technological interest because of their outstanding coupling
functions among the electric, magnetic, mechanical, caloric, and
optical properties. Various two-parameter coupling effects have
been observed and extensively studied in the scientific
community such as electro-mechanical,' electro—magnetic,2
electro-optical,” magneto-optical,* and electro-caloric coupling
effects.” With the development of the functional material and
device, it is desirable to develop new coupling effects with
multiple functions in single-phase materials. As previously
reported, multiple simultaneous electro-mechano-optical con-
versions were achieved in a Pr-doped system, which combined
the piezoelectric and electroluminescent effect. However, to the
best of our knowledge, multiple-function coupling in a single-
phase system was quite limited.

Because of the significant applications in sensors, actuators,
and display devices, two important smart systems, piezoelectric
and photoluminescence (PL) materials, have attracted extensive
attention during the past few decades. For the piezoelectric
material, until now, the dominant one is still the lead zirconate
titanate (PZT) ceramic because of its outstanding electro-
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mechanical properties. Nevertheless, the lead is toxic, and
developing lead-free substitutes that can compete with PZT has
received great interest recently.” Even though some lead-free
materials with both improved piezoelectric performance and
strain response were obtained, the global electrical properties of
the lead-free systems are still inferior compared to those of PZT.®
Therefore, it is quite important to further enhance the
piezoelectric response for device applications. For PL materials,
modulation and enhancement of the PL effect is now being
extensively studied, because it is important for various optical
device applications.” "> Traditional modulation was mainly
based on the chemical approach that was generally irreversible,
and the modulation was an ex situ way. It is quite necessary to
develop other in situ turning methods for PL modulation and
enhancement.’

In this work, a single-phase multifunctional system, namely Pr-
modified (BiNays)TiO;-BaTiO;, that could lead to electro-
mechano-optical conversions through a combination of the
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Figure 1. Room-temperature XRD results for the BNBT-xPr system in the ranges of (a) 20—70° and (b) 39—48°.

piezoelectric and PL effects was prepared. The coupling behavior
between the two effects was carefully studied. It was found that
both the ferroelectric and piezoelectric performances were
substantially improved and the normalized strain S, ../ E,,,.x could
reach 770 pm/V. Furthermore, an enhancement of the PL
intensity by ~40% was achieved because of the local symmetry
variation induced by the ferroelectric polarization. The
corresponding mechanisms for the giant strain response and
piezoelectric/photoluminescence coupling effects are discussed.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of Materials. During the experiment, 0.93-
(BipsNags)TiO5-0.07BaTiO; was chosen as the starting composition
because of its excellent piezoelectric and electromechanical perform-
ances.'*'* The proposed system 0.93(Big sNag ) TiO;-0.07BaTiO;-xPr
(BNBT-xPr, where x = 0, 0.001, 0.003, 0.005, 0.007, 0.008, or 0.010) was
prepared through the traditional solid state reaction method. The
starting materials Bi,O; (99.0%), BaCO; (99.0%), Na,CO; (99.8%),
TiO, (98.0%), and Pr,Oy; (99.9%) were utilized, and the details of the
fabrication of the BNBT-aPr ceramics have been described previously.'

2.2. Characterization. The phase structures were characterized
using XRD (D8 Focus, Bruker AXS, Karlsruhe, Germany). The
microstructure and element mapping were measured by a field emission
scanning electron microscope (FESEM, S-4800, Hitachi, Tokyo, Japan).
The ferroelectric domain structure was measured by piezoresponse
force microscopy (PFM, MFP-3D, Asylum Research). The temperature
and frequency dependence of the dielectric constant and loss were
recorded using an Agilent (Santa Clara, CA) HP4294A analyzer. The
ferroelectric properties and strain performance were acquired using a
TF2000 analyzer (Aixacct, Aachen, Germany). The composition- and
field-dependent PL and PL excitation spectra were recorded using a
fluorescence spectrophotometer (Cary Eclipse, Agilent) at room
temperature. The Raman data were recorded using the SuperLabRam
11 Raman system (Dilor, France). The quasi-static piezoelectric constant
dy; of the ceramics was measured by a Berlincourt d;; meter. The
electromechanical coupling coefficients (k) were calculated from the
following formula based on the IEEE standards'®

ﬂ—fr tan[iﬂ(fa _ fr )]
2, %, (2)

where f, and f, represent resonance and antiresonance frequencies,
respectively.

k=

3. RESULTS AND DISCUSSION

3.1. Phase Structure and Electric Field-Induced Giant
Strain Response. Figure 1a illustrates the XRD results for the
sintered BNBT-xPr ceramics. All the ceramics possessed pure
single-phase perovskite structure. To clarify the phase structure,
XRD with a 26 in the range of 39—48° was conducted at a slow
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scanning rate, and the results are shown in Figure 1b. From
Figure 1b, the diffraction peaks shifted slightly to the left after the
introduction of Pr’*. It is known that the ionic radius of Pr’*
(1.18 A) is close to those of Bi** (1.17 A) and Na* (1.39 A)."”
The XRD results indicate that the Pr’* mainly entered the A-site
and replaced the Bi*", resulting in the slight expansion of the
lattice. It could be observed that all the composition exhibited
pseudocubic or cubic phase characterized by the single (111) and
(200) peaks. However, slight rhombohedral or tetragonal
distortion could not be excluded. Note that weak piezoelectric
constant dy; could still be detected for BNBT-xPr with & up to
0.01. Similar pseudocubic structure has been observed in
previous lead-free solid solutions."®~>°

To reveal the structure of the samples, Raman spectroscopy
and PFM were employed here. Figure 2 shows the Raman
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Figure 2. Raman data for BNBT-xPr ceramics at room temperature.

spectroscopy for the BNBT-xPr ceramics. Three main regions
can be observed: (a) the 260 cm™' mode (related to Ti—O
vibrations), (b) the 450—700 cm™" host modes (related to the
TiOg4 octahedral vibrations), and (c) the region above 700 cm™
modes [related to A; (longitudinal optical) and E (longitudinal
optical) overlapping bands].*! From Figure 2, two distinct
splitting bands near 260 cm™' could be observed for all the
compositions, indicating their rhombohedral and tetragonal
coexistence.”> With the concentration x increasing, little
variation in the Raman data was observed, which may be
ascribed to the low concentration of the modifiers.”'

Figure 3 shows three representative piezoresponse amplitude
and phase images for BNBT, BNBT-0.008Pr, and BNBT-0.01Pr.
In the piezoresponse phase images, the polarization directions of
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Figure 3. (a, ¢, and e) Piezoresponse amplitude images and (b, d, and f) piezoresponse phase images for BNBT-xPr with x values of 0, 0.008, and 0.10 in

aSpum XS pm area.

the areas with dark contrast are the opposite of those with bright
contrast.”> For BNBT with a low Pr concentration, clear contrast
could be observed, indicating a multidomain state (the data for
BNBT are shown in panels a and b of Figure 3). With the
concentration x increasing, the contrast of the piezoresponse
phase image became blurred (as shown in Figure 3d for BNBT-
0.008Pr) and finally disappeared (panels e and f of Figure 3 for
BNBT-0.01Pr). On the basis of the description given above, the
increase in the Pr concentration was found to induce a
transformation of the material from typical ferroelectric structure
to “non-ferroelectric” state.

Figure 4 shows the morphology and elemental distribution of
the BNBT-0.005Pr ceramic. Well-sintered, homogeneous, and
dense microstructure with a grain size of ~1—3 um can be
observed and all the elements distributed homogeneously in the
system according to the energy disperse spectrum (EDS) results.

Figure Sa—c illustrates the temperature dependence of the
dielectric constant (e53/¢&,) and loss (tan &) for poled BNBT-
xPr with three representative compositions x of 0, 0.003, and
0.008 under 100 to 10 kHz. All the curves exhibited a broad
dielectric constant peak, demonstrating an obvious diffused
phase transition process, which was related to the A-site multiple
complexes of ions (such as Bi**, Na'*, Ba**, etc.) of perovskite
compounds.”* The permittivity-maximum temperature T, and
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ferroelectric-to-relaxor transition temperature Tp_p>> (deter-
mined from the loss peak) are indicated by the arrows in Figure
Sa—c. Apart from T, and Tg_g, another characteristic temper-
ature, Tpy,"® was also manifested. From Figure Sa—c, frequency
dispersion weakened obviously at room temperature in polarized
BNBT-xPr ceramics with a low Pr** concentration, because of
the formation of the macrodomain structure. With x increasing,
Tgr was shifted to a value below room temperature and the
electric field could not establish long-range order, and thus,
frequency dispersion could still be observed at room temper-
ature. Furthermore, it should be noticed that after the BNBT-xPr
ceramics were poled, obvious relaxor characteristics could still be
observed between Ty and Tpy, indicating a different nature of
the structure. Both Ty and Tr_y decreased with x increasing,
and the corresponding relaxor region also shifted in a lower-
temperature direction. On the basis of the observation of the
double hysteresis loop, some investigations proposed that the
antiferroelectric phase was the dominant one for the relaxor
region."® Actually, the BNT-based system has a quite
complicated composition- and temperature-induced phase
transition process, and the intrinsic nature of this relaxor region
is still controversial.*® To analyze the degree of relaxation, the
following formula was used

In(1/e — 1/e,) + InC=y In(T - T,) (1)
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Figure 4. Morphology and elemental distribution of the BNBT-0.005Pr ceramic.
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Figure 5. (a—c) Temperature-dependent dielectric constant £3;”/¢, and loss tan § of the poled BNBT-xPr with x values of 0, 0.003, 0.008. (d) Relations

between In(1/e — 1/¢,,) and In(T — T,,) for BNBT-xPr ceramics.

where C is a material-dependent constant, £ and &, correspond
to &337/€y and the maximal e3;"/g, respectively, and y is the
degree of diffuseness.”” On the basis of the formula given above,
the y could be determined and located between 1.79 and 1.98 as
shown in Figure 5d, exhibiting relaxor characteristics.

Figure 6 shows three typical ferroelectric loops (P—E),
polarization current curves (I-E), and strain curves (S—E) of
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BNBT-xPr with x values of 0, 0.003, and 0.008. From Figure 6, it
could be found that with an increase in concentration x, the P—E
loop developed from a typical rectangular shape to pinched loops
at room temperature and the S—E curves varied from typical
butterfly-shaped curves to deformed ones. Similar behavior has
been observed and discussed in our previous work."> Here the
composition dependence of the ferroelectric and strain perform-
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Figure 6. Ferroelectric loops (P—E) and polarization current curves (I-E) (a, d, and g), electric field-induced bipolar strain curves (S—E) (b, e, and h),
and unipolar strain curves (S—E) (c, f, and i) of BNBT-xPr with x values of 0, 0.003, and 0.008.
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Figure 7. Composition-dependent (a) ferroelectric properties [maximal polarization (P,,), remnant polarization (P,), and coercive field (E.)] and (b)
piezoelectric response [poling strain (SPDI), remnant strain (S,.,,), and normalized strain (S,,,,/En.)] at room temperature.

ance was summarized in Figure 7. With the composition x
increasing from 0 to 0.01, the maximal polarization P, almost
remained constant while the remnant polarization P, displayed a
sharp decrease at an x of 0.008, indicating a disruption of the
ferroelectric long-range order structure. The corresponding
poling strain S, (the difference value between the maximal
unipolar strain and the strain under zero electric field) and
remnant strain S, (the strain value when the electric field
returned to zero) both first increased to a maximum and then
decreased. At an x of 0.008, a giant normalized strain S,,/E, ., of
up to 724 pm/V was obtained.

Furthermore, the strain responses under different electric
fields and frequencies were also studied here. The corresponding
results for BNBT-0.008Pr are shown in Figure 8a—d. From
panels a and b of Figure 8, with the field E increasing, the
normalized S,,,./E,, first increased and then followed a slight
decrease. A maximal S, /E, ... value of 750 pm/V could be
achieved at ~4.6 kV/mm and 0.5 Hz. With the frequency
increasing, S.../E .., decreased from 770 to 484 pm/V. As far as
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we know, the S .,/E..., value close to 800 pm/V is the highest
one reported at present for lead-free ceramics.”®

From the characterizations and analysis presented above, a
schematic phase diagram was constructed for the polarized
BNBT-xPr as shown in Figure 9. The increase in the composition
induced evolution of the structure from ferroelectric long-range
order to relaxor (ergodic) pseudocubic, and a critical
composition at an x of 0.008 was determined. In addition, the
temperature dependence of the ferroelectric P—E and bipolar
and unipolar strain S—E curves was also investigated in detail to
provide an insight into the temperature-dependent behavior.
The results are shown in Figures S1—S3 of the Supporting
Information. It was found that in addition to the composition
modification effect, the increase in temperature could also
disrupt the ferroelectric long-range order above the Ty g,
accompanied by a large strain response. This was also similar to
the composition-dependent behavior, which was observed and
discussed in our previous works.*>*

3.2. Composition-Dependent PL Properties. Figure 10
illustrates the PL excitation and emission spectra of the
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Figure 9. Schematic phase diagram for the BNBT-xPr system.

unpolarized BNBT-xPr with x values of 0.001, 0.003, 0.005,
0.007, and 0.008. The characteristic peaks exhibited no obvious
shifting for any of the samples. From the excitation spectra of
BNBT-xPr ceramics monitored at a A, of 612 nm as shown in

Figure 10a, three strong excitation peaks between 440 and 500
nm could be observed. The broad excitation band between 350
and 425 nm was ascribed to the Pr**(4f) — Ti*"(3d) charge
transition and the absorption of Bi** ions.**™>* The excitation
peaks between 440 and 500 nm originated from the 4f—4f
transition from the *H, ground state to the *P; (J = 0, 1, or 2)
excited state of Pr** ions. Specifically, the intensity peaks at 452,
478, and 494 nm corresponded to the H, — °P,,°H, — P}, and
H, — 3P, transitions, respectively.”> Figure 10b illustrates the
PL emission of BNBT-xPr ceramics with excitation at 450 nm.
All the ceramics exhibited two apparent emission bands at 612
and 645 nm. These corresponded to the 'D, — *H, and °P, —
3F, transitions, respectively.34

A summary of the concentration-dependent emission intensity
is shown in Figure 10c. It can be found with an increasing Pr**
concentration, the intensity increased gradually and then reached
a maximum at an x of 0.005. The further increase in the Pr’*
concentration led to a decrease in the PL density, which was
related to the concentration quenching effect.*>*® An in situ
strong red emission could be seen in the BNBT-0.005Pr sample
(shown in the inset of Figure 10b).
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Figure 10. Composition-dependent (a) PL excitation and (b) emission spectra of the unpolarized BNBT-xPr with x values of 0.001, 0.003, 0.00S, 0.007,
and 0.008 and (c) a summary of the concentration-dependent emission intensity.
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and BNBT-0.01Pr, respectively, under different in situ poling fields. (d) Composition and field dependence of the PL enhancement ratio [ (I — I)/I,].

3.3. Strong Electric Field-Enhanced PL Effect and
Ferroelectric/Photoluminescence Coupling Behavior. It
is well-known that enhancement of the PL is an important issue
for widespread applications. How to realize the effective turning
to enhance the PL intensity output has attracted a great deal of
attention. Until now, modification of the PL intensity was
generally realized by a chemical method as shown in the
preceding section. This method is, however, generally irrever-
sible, and the process is ex situ. Here, we propose an alternative
way to realize the PL enhancement, and the PL intensity could be
controlled through the ferroelectric polarization that had been
reported in the ferroelectric thin film.” The field dependence of
the PL intensity was systematically investigated, and a schematic
illustration of the experimental setup is shown in Figure 11. An in
situ poling field was applied to the sample during each PL test. It
was noted that the sample was first coated with the electrode
before the measurement, and transparent Al-doped ZnO (AZO)
and Ag were chosen as the top and bottom electrode,
respectively. The AZO transparent conductive electrode was
deposited by a pulsed laser deposition method with a KrF
excimer laser (wavelength of 248 nm) at 250 °C under an oxygen
pressure of 0.1 Pa. Figure 11 shows the in situ electric field
dependence of the PL intensity for BNBT-xPr with x values of
0.003, 0.005, and 0.01 with excitation at 450 nm. As the poling
field increased from 0 to 4 kV/mm, the PL intensity of BNBT-
0.003Pr and BNBT-0.005Pr first increased to a maximum and
then became saturated. A maximal PL enhancement of up to 40%
was achieved in the BNBT-0.003Pr ceramic at 4 kV/mm. In
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comparison, the field-induced PL enhancement of BNBT-0.01Pr
was relatively weak (~7%). The relationships among the
composition, piezoelectric constant, and PL enhancement ratio
[(Ig — I,)/I,] are summarized in Figure 12.
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Figure 12. Composition-dependent dy; and the PL enhancement ratio
[(Ig — Iy)/I,] at 4 kV/mm.

3.4. Discussion. In this work, both the electric field-induced
giant room-temperature strain response and enhanced PL were
achieved in one solid solution, which provides a routine of
terroelectric control of the PL intensity and meanwhile opens up
new piezoelectric and optical applications.

With regard to the structural reasons for the large strain
response in BNT-based solid solutions, several mechanisms have
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Figure 13. Piezoresponse phase image (S ym X S ym) for BNBT, BNBT-0.008Pr, and BNBT-0.01Pr before (a, c, and e) and after poling (b, d, and f)

under ¥5 Vin 3 ym X 3 ym and 1 ym X 1 ym areas.

19,23,37—41 . . .
been proposed,'****”~*! and previous discussions could also be

found in our previous works.”**' In fact, the BNT-based system
has quite complicated structures. Several phase diagrams have
been proposed for binary BiysNagTiO;-BaTiO; until now, and
some issues are still unclear.'>***** Recently, a monoclinic
structure was even proposed in pure BNT.”

To clarify the field-induced phase transformation process, here
the local poling experiments were further conducted by PEM,
and the results are shown in Figure 13. For BNBT, from the out-
of-plane piezoresponse image (poled under 5 Vin 3 ym X 3 ym
and 1 ym X 1 um areas), clear contrast could be observed
between the interior and the external square. This indicated the
electric field-induced polarization rotation at microscale. A
similar response was also observed for BNBT-0.003Pr. With the
Pr concentration increasing to 0.008, only part of the domain
could be observed at 5 V. This may be due to the domain
relaxation and polarization switching after the field removal. With
the concentration x further increasing to 0.10, little domain
patterns could be observed. This should be ascribed to the weak
terroelectric polarization of BNBT-0.01Pr.

Using TEM,* X-ray neutron diffraction,*® Raman,** and our
XRD, Raman, PFM data, and electrical properties, we consider
that the present BNBT-xPr with a large strain level (such as
BNBT-0.008Pr) should be regarded as a relaxor ferroelectric
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state (macroscopically cubic while noncubic at nanoscale, which
was verified by our PFM results) at ambient temperature. Even
though some domain areas could be observed in the PFM image
(Figure 3c,d), the dominant phase was a relaxor ferroelectric
state. The reversible large strain response in BNBT-0.008Pr was
caused by field-induced phase transformation from the ergodic
relaxor pseudocubic state to the ferroelectric phase. After the
field had been removed, the ergodic relaxor can bring it to the
original status, and thus, a large reversible strain value could be
obtained.

It is well-known that the 4f—4f electric dipole transition and
PL intensity strongly depend on the internal crystal field and the
host’s symmetry.” Here to reveal the intrinsic mechanism for the
field-induced enhancement in the PL property of BNBT-xPr,
XRD patterns of both unpoled and poled samples were recorded
(shown in Figure S4 of the Supporting Information). From the
XRD patterns, the unpoled ceramics exhibited quite weak peak
splitting. After they were poled at 4 kV/mm, the (111) and (200)
peaks exhibited obvious peak splitting in BNBT-0.003Pr. This
indicated that the external field could induce a phase trans-
formation from the original pseudocubic phase to the
coexistence of the rhombohedral and tetragonal phase. The
corresponding ds; and k, values of the poled BNBT-0.003Pr
ceramic were 194 pC/N and 0.52, respectively. These results
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indicate that polarization rotation and lattice distortion will be
induced under an external field, leading to a lower crystal
symmetry around the Pr** site. In principle, the lower symmetry
can increase the electric dipole transition probabilities of the Pr**
ions, which gives rise to the enhancement of PL emission. On the
other hand, the ferroelectric polarization saturated gradually and
the field amplitude of 4 kV/mm was enough to complete the
phase transition for BNBT-0.003Pr and BNBT-0.005Pr. In
comparison, a weak PL-enhancement effect (~7%) was observed
in the BNBT-0.01Pr ceramic because of the near nonferroelectric
state, which was characterized by the small P, of 7 4C/cm? and a
ds; of ~8 pC/N.

4. CONCLUSION

BNBT-xPr lead-free piezoelectric ceramics were fabricated
through a traditional solid reaction method. The electrical and
PL performances were systematically studied, and a schematic
phase diagram was constructed. A giant strain with an S_,./E .,
of up to 770 pm/V and an excellent PL-enhancement effect were
achieved in this solid solution. We suggest that the giant strain
response was attributed to the electric field-induced reversible
phase transformation, while a PL enhancement of up to 40% was
ascribed to the field-induced lattice distortion, together with the
lower symmetry and different crystal fields. This multifunctional
solid solution exhibited great potential in environmentally
friendly “on—off” actuator and electric field-controlled PL
devices.
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