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ABSTRACT

Alternating current electroluminescence (ACEL) shows great potential in lighting, display and intelligent
skin. Herein, the ACEL properties of Pr3+—doped Bag.g5Cag.15Tig.90Zrg.1003 ceramic and its PDMS-based
composite have been investigated. Intense red EL emission was obtained in the ceramic sample
whereas blue EL emission of Pr>* was observed for the first time in the composite counterpart. The red
EL emission should be attributed to the impact of hot electrons driven by the large piezoelectric electric
field. Owing to the cross-relaxations through the 4f5d levels and Pr-to-metal charge transfer state, the 31’]
emissions were completely quenched, and thus leading to an enhancement in red emission. However,
external E field induced a large local piezoelectric deformation of the ceramic particles embedded in the
PDMS matrix, which in turn caused a bending of CB and then a downwards shift of the 4f5d levels from
the CB. Hence the cross-relaxations were hindered, and the blue EL emission was observed in the
composites. The results would attract attention of functional materials studies and expand our under-
standing of such facile structure and oxide EL devices to facilitate their use in integral part of flexible

device systems.

© 2020 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Alternating current electroluminescence (ACEL) in metal-ion
doped sulfide-based materials have been extensively studied for
illumination, display and intelligent skin applications [1—4]. Since
Inoguchi et al. introduced a double-insulating ZnS:Mn thin-film EL
device in 1974, various sulfide-based EL materials and devices have
been developed [5]. Different from ZnS:Mn which exhibited yellow-
orange emission, Barrow et al. have revealed strontium sulfide
doped with cerium (SrS:Ce) could emit blue-green light under
electric field [6]. After that, SrS:Ce/ZnS:Mn multilayer structure
exhibiting bright and stable white light has then been developed for
use in color EL displays by Soininen et al. [7]. Apart from these thin-
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film phosphors, composite phosphors consisting of phosphors par-
ticles embedded in a polymeric matrix have also been widely
studied for practical use. Stauffer et al. have fabricated a composite
film comprising alarge amount of BaTiO3 and ZnS:Cu EL particlesin a
matrix of PDMS, which showed a significant luminance enhance-
ment, reaching a high value of 121 cd/m? under a voltage of 250 V
and 2.2 kHz [8]. It is generally known that free electrons and holes
could been generated under a high electric field in phosphor layers
[9]. For thin-film phosphors, the electrons are accelerated by the
high electric field (usually in the order of 10® V/cm) to ballistic en-
ergies for impact-ionizing the luminescent centers and thereby
leading to photon emission. On the other hand, as the applied
electric field used for composite phosphors is generally lower (in the
order of 10* V/cm), the luminescent centers are excited via the
recombination of electron-hole pairs and then relax to emit photons.

In recent years, oxide EL materials have shown application
prospects in flat panel display technology because of their advan-
tages in chemical stability against electron bombardment. Among
the oxide materials, ATiO3:Pr (A = Ca, Sr, Ba) has attracted
considerable attention due to its application prospects in low-
voltage field emission displays. Baj.xCaxTiOs is a ferroelectric
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ceramic formed by replacing part of the Ba%* in BaTiO3 with Ca™.
Besides the typical ferroelectric and piezoelectric properties, the
ceramics also exhibit a large electrostrictive strain that is strongly
dependent on the content of Ca™. C.N. Xu and Wang et al. have
shown that, after doping with a small amount of Pr>* (0.2 mol%),
the ceramics (in the form of composite with an epoxy matrix)
became multifunctional, exhibiting strong red mechanolumines-
cent and EL emissions [10]. Among the compositions,
Bag.7Cap.3TiO3:Pr contained both ferroelectric Bag.77Cag.23TiO3:Pr
grains and dielectric Bag.1Cag.9TiO3:Pr grains, which also exhibited
optimum luminescence properties. And the grains combined
tightly together, with the latter grains sandwiched by and then
interacted with the formers in three dimensions. Under an electric
field, the ferroelectric grains provided surface charges and lattice
dislocation on the grains. Because of the strong interaction, the
luminescent centers in the dielectric grains were excited and then
relaxed to the ground state by emitting photons.

Owing to the multifunctionality, piezoelectric/ferroelectric ma-
terials with rare-earth doping are promising for complex system
applications in which the materials need to respond to electrical,
mechanical and optical signals simultaneously [10,11]. Zhang et al.
[12,13] have studied the EL mechanism of the Baj.xCaxTiOs3:Pr
diphase ceramics and its relationship with mechanoluminescence
based on a proposed dielectric/phosphor (ferroelectric)/dielectric
sandwich structure. When the applied electric field was higher
than the threshold electric field, electrons emitted from the in-
terfaces were suggested to be driven into the phosphor layers by
the Schottky emission and accelerated to become hot electrons for
impacting and exciting Pr>* to produce EL [12]. On the other hand,
under an electric field below the threshold, the electrons combined
with Pr3*/h* ionic complexes to form excited Pr>*, which eventu-
ally relaxed to give rise to the EL [13]. The studies have also lighted
the way to develop non-sulfide EL devices because of the dramat-
ically simplification of the device fabrication process.

Most of the studies of non-sulfide oxide EL materials or devices
focused on perovskite (Ba/Sr,Ca)TiO3 or CaTiO3 ceramics doped
with Pr’*. In general, only red EL emissions corresponding to the
1D, —3H, transition of Pr>* were observed in composite samples
comprising the ceramic powers [10,12,13] or in ceramic thin films
[14]. In terms of other rare-earth elements doped perovskite oxide
materials, green EL emission also has been studied around for years
[15,16]. Unfortunately, research on blue EL emission technology in
these systems has lagged behind. Blue EL emission is much more
difficult, and it palys an important role in the progress of full-color
inorganic electroluminescent display technology, which has been
significantly troubling the scientific community and industry for
decades [17,18]. Herein, this study is attempted to explore the
possibilities of multicolor EL emission in perovskite piezoelectric
materials. Inspired by its remarkable piezoelectric response,
Bag.g5Cag.15Tig.90Zrp.1003 is chosen as the lead-free host in this
work for providing a considerable piezoelectric potential under
electric field [19]. Here, we report for the first time the observation
of intense red EL emission in bulk Bag.g5Cag.15Tig.90Zrg.1003
piezoelectric ceramics doped by 0.2 mol% Pr’t (abbreviated as
BCTZ:Pr) and blue EL emission corresponding to the 3P;—>H,4
transition of Pr>* in the composite counterpart comprising ceramic
powers. The mechanisms have been investigated, with aim to
extend our understanding of such a facile structure and non-sulfide
EL device and thereby promoting their applications in lighting,
display and wearable integrated device systems.

2. Material and methods

The BCTZ:Pr ceramics were prepared by solid-state reaction
method. Two types of samples were prepared for EL
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characterization: ceramic disk and composite sheet. For the disk,
the ceramic was thinned down to 250 um and then coated with
silver bottom electrode and transparent ITO top electrode. For the
composite, the ceramic was first crushed and ground down to fine
particles, then sieved and mixed with PDMS in a weight ratio of 7:3
to form a thin composite sheet (a thickness of 250 um) on ITO-
coated glass by spin-coating. The PDMS was a pre-mixed thor-
oughly with a curing agent in a weight ratio of 10:1. The sheet was
then covered with another ITO-coated glass and cured at 70 °C for
2h

The crystallite structure was examined using XRD analysis
(SmartLab, Rigaku Co., Japan). The morphology was studied using a
SEM (JSM-6335F, JEOL Ltd., Japan). The dielectric properties were
measured using an impedance analyzer (HP 4194A, Agilent Tech-
nologies Inc., Palo Alto, CA). The piezoelectric coefficient (d33) was
measured using a piezo-dsz m (ZJ-3A, China). A pre-poling pro-
cedure was taken before measuring the value of d33 and dielectric
properties. A conventional Sawyer-Tower circuit was used to
measure the polarization hysteresis (P-E) loop at 10 Hz. The pho-
toluminescence excitation (PLE) and photoluminescence (PL)
visible emission spectra were measured by a spectrophotometer
(FLSP920, Edinburgh Instruments, UK). The EL spectra for the
unpoled ceramic bulk and PDMS-based composite samples were
recorded using an Ocean Optics USB4000 CCD spectrometer. A
function generator (3390, Keithley, USA) together with a bipolar
power amplifier (BOP 1000 M, Kepco, USA) were used to apply
external voltage. A thermosluminescent meter (FJ427A1, Beijing
Nuclear Instrument Factory, China) was used to measure the ther-
moluminescence (ThL) glow curve at a heating rate of 60 °C/min.
The optical reflectance of the ceramics was measured in the range
of 200—800 nm using a UV—vis—NIR spectrophotometer (UV-2550,
Shimadzu Co., Japan) with an integrating sphere attachment (ISR-
240A).

3. Results and discussions

The XRD pattern of the BCTZ:Pr ceramic in crushed powder form
is shown in Fig. 1a. The phase parameters were determined by
Rietveld refinement using the GSAS-EXPGUI program. And the
BaTiO3 coordinates in space group R3m and P4mm were selected as
the fitting models. The full Rietveld analysis indicated the refined
pattern well matched the experimental result, and the phase vol-
ume of BCTZ:Pr ceramic included 38.57% R3m and 61.43% P4mm
with the fitting values of x2 =1.892, Rwp = 0.0519 and Rp = 0.0376.
This suggested that the ceramic contains both the rhombohedral
and tetragonal phases at room temperature and remains near the
morphotropic phase boundary (MPB) after the doping of 0.2 mol%
Pr, in consistence with the structure reported in our previous work
[20]. Fig. 1b shows a typical example of a SEM micrograph of the
cross section of the composite sample. The volume fraction of the
BCTZ:Pr ceramic particles is about 45% and the sieved particles have
a size of 20—50 um by counting and statistics in the full range of
SEM image. In agreement with the low tan d observed at 1 kHz (2%),
the ceramic particles and matrix are well connected, without
forming too many pores that can markedly deteriorate the prop-
erties, in particular electrical properties. This evidently suggests
that a high electric field can be applied to the sample and then to
the ceramic particles without causing electrical breakdown for
inducing the EL responses.

The temperature dependences of ¢ and tan d for the BCTZ:Pr
ceramic are shown in Fig. 1c. A strong dielectric peak arisen from
the ferroelectric tetragonal-paraelectric cubic phase transition is
observed at ~85 °C (T¢). As evidenced by the variation of tang, a very
weak rhombohedral-tetragonal phase transition (Tgr) is barely
observed around 30 °C. This is in agreement with the XRD results
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Fig. 1. XRD pattern and Rietveld refinement of the BCTZ:Pr ceramic(a); SEM micrograph of the cross section of the composite sample(b); temperature dependences of ¢, and tan &

for the BCTZ:Pr ceramic(c); P-E loop of ceramic (d).

that the ceramic contains both the rhombohedral and tetragonal
phases at room temperature. As shown in Fig. 1d, the ceramic ex-
hibits a typical P-E loop, revealing a large remanent polarization
(P,) of ~12 pC/cm? and a low coercive field (E¢) of ~0.21 kV/mm. The
ceramic also exhibits good piezoelectric properties, such as a high
piezoelectric charge coefficient (d33) of ~410 pC/N and a large
planar electromechanical coupling factor (k) of ~51%. It is known
that there exists a softening effect in solid solutions near the MPB
arisen from the presence of a greater number of possible sponta-
neous polarization directions, which makes domain rotation under
electric field easier, and thus leading to a larger net polarization and
then stronger piezoelectric response. The excellent piezoelectric
properties are advantageous for inducing EL responses which will
be discussed in the following section.

We examined the EL responses of the ceramic disk samples
firstly. Under an ac electric (E) field of 10 kV/cm and 4 kHz, strong
red light-emission is readily observed by naked eye from the
BCTZ:Pr ceramic sample (schematic structure similar to our work
[21]). A typical photograph of the light-emission is shown in Fig. 2a,
while the EL spectra under E field of different amplitudes and fre-
quencies are shown in Fig. 2b and c, respectively. In general, a broad
emission band peaked at 613 nm is observed for the ceramic
sample under various ac E fields. As illustrated in the insets, the
peak EL intensity increases with increasing both the amplitude and
frequency of the ac E field. A relatively low threshold E field (~4 kV/
cm) is observed for the ceramic, above which the increase in the EL
intensity becomes faster (Fig. 2b). Compared to other oxide EL
ceramic, e.g., Ba;_xCaxTiO3:Pr ceramic, previous works reported the
threshold E field even over 12 kV/cm [10,12]. The main reason for
the threshold field distinction in different piezoelectric host should
be related to the piezoelectric property, i.e., d33 value, and the low
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threshold field is an advantage of the ceramic in reducing energy
consumption and assuring operational safety. Together with the
simple device structure as compared to the conventional ones
(having buffer and insulating layers), the BCTZ:Pr ceramic should
become a promising material for EL applications. And it’s expected
that a large d33 value in piezoelectric materials may contribute to a
decrease in threshold E field for the EL performance.

However, unlike the ceramic sample, the composite sample
(comprising the BCTZ:Pr ceramic particles dispersed in a PDMS
matrix) emits relatively weak blue light under an ac E field of 10 kV/
cm and 2 kHz as illustrated in Fig. 3a. The emission bands at various
acE fields are broad, ranging from 400 nm to 600 nm (Fig. 3b and c).
As shown in the inset of Fig. 3b, the peak EL intensity (at 473 nm)
increases linearly with the amplitude of the E field, without showing
any threshold in the same range of E field applied to the composite
sample. This should be probably due to the effectively reduced
pinning effect of ferroelectric domain walls since the ceramic par-
ticles were fine and sieved in the PDMS-based soft composites.
Moreover, the emission band changes in shape as the E field fre-
quency increases from 0.1 kHz to 4 kHz, showing a shift of the peak
intensity to shorter wavelengths (from 544 nm to 473 nm). In the
inset of Fig. 3¢, the peak EL intensity reaches a maximum at 2 kHz.
Similar results have been reported for EL ZnS:Cu phosphors by
Ibanez et al. [22], in which the lifetime of the emitted photons is
found to be proportional to their wavelength. As the frequency of
applied E field increases, the predominance of photons with shorter
wavelengths become higher, and thus yielding a shift of the EL in-
tensity peak to shorter wavelengths. The effect is obviously more
considerable for blue emission compared to red emission.

The PLE and PL spectra of the ceramic are shown in Fig. 4a for
confirming the possible 4f4f and 4f5d transitions dof Pr>* and the
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Fig. 2. EL responses of the ceramic disk sample: A typical photograph of the light-
emission(a); EL spectra under E field of different amplitudes and frequencies (b) and
(c), respectively.

relationship between the energy levels of Pr>+ and BCTZ. The broad
PLE band in the range of 280—400 nm is resulted from the 4f to 4f5d
transition of Pr>*, valence-to-conduction band transition of the host,
as well as the Pr-to-metal charge transfer state (CTS), as reported in
the previous works [23—25]. As demonstrated by the spectra, elec-
trons of Pr3* can be excited to the 4f5d levels under UV irradiation,
and then relax nonradiatively to the 3PJ and 'D, levels for producing
the greenish-blue (°P; — 3Hy4) and red ('D, — 3Hi) emissions,
respectively. However, the 3PJ emissions have been reported absent
in certain PL materials, e.g., C—Y,03:Pr>* [26], and the overlap be-
tween the 4f5d levels of Pr>*+ and the conduction band (CB) of the
host has been suggested one of the causes for it. Owing to the
overlap, the electron excited to the 4f5d levels will transfer to the CB
and form a bound exciton state, [Pr** + ecg], which will then relax
nonradiatively via transferring its energy to excite electrons to the
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Fig. 3. EL responses of the composite sample: A typical photograph of the light-
emission(a); EL spectra under E field of different amplitudes and frequencies (b) and
(c), respectively.

emitting 'D;, level only. The quenching of the 3PJ emissions can also
be induced by the Pr-to-metal CTS, e.g., Pr>*/Ti** 2 Pr**/Ti>* in our
system. Such a CTS forms a radiationless relaxation pathway for the
excited electrons in the 3PJ levels to the emitting 1D, level, and thus
inducing partial or total quenching of the 3PJ emissions. Based on
these results, it can infer that the EL emission bands observed at
~613 nm for the ceramic sample (Fig. 2) and at ~473 nm for the
composite sample (Fig. 3) are mainly attributed to the 'D, — Hsand
3P; — 3H, transitions of Pr>™, respectively [23,27]. The quenching of
the 3PJ emissions is quite complete in the ceramic sample, which
should be induced by the cross-relaxation through the 4f5d levels
and CTS. It is known that a variety of defects will be formed during
the high-temperature sintering in air atmosphere, which include
Pr** and Ti** resulting from.

The oxidation of Pr’* and reduction of Ti%**, respectively.
Together with the impurities in the raw materials, the CTS is
reasonably expected to exist in the ceramic and composite samples.
There also exist positively charged defects such as [Prga/ca]® and
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[Prpajca]® arisen from the substitution of Pr>* and Pr** in the A-
site, respectively.

To further investigate the electron transitions, UV—visible
spectroscopy using powder diffuse reflection method, band gap
analysis and thermoluminescence (ThL) measurements were car-
ried out for positioning the energy levels of Pr>* and defects with
respect to the valence and conduction band of host. As shown in
Fig. 4b, in particular the inset showing the enlarged reflectance
spectrum, typical absorptions arisen from the 'D, — 3Hy and Pj—
3H, transitions of Pr>* are observed in the BCTZ:Pr sample, but not
in the BCTZ sample. Using the Kubelka-Munk function [28,29], the
corresponding Tauc plots were calculated and the energy of the
valence-to-conduction band transition of the host (from 0%~ 2p
levels to Ti/Zr 3d levels) is determined to be ~3.3 eV (375 nm),
almost the same for both the BCTZ and BCTZ:Pr samples (Fig. 4c). As
discussed, positively charged defects [Prgajca]® and [Prgajca]®® will
be formed during the synthesis process, and which can serve as
electron traps and then luminescent centers in luminescence pro-
cesses. Obviously the trapped electrons will be released under
thermal excitation [24,30,31]. The required energy or trap depth E¢
can then be determined from the peak in a ThL glow curve, i.e. [32],

2
E;=2.52 (’i’)") — 2kTnm

where Ty, is the temperature at which the ThL intensity reaches a
maximum,  is the full width at half maximum of the ThL glow
peak, and k is the Boltzmann constant. As shown in Fig. 4d, only the
BCTZ:Pr sample exhibits two ThL glow peaks at 57 °C (330 K) and
340 °C (613 K), labelled as a and b, attributing to a shallow and deep
electron trap, respectively. The corresponding trap depths are
estimated to be 0.45 eV and 1.53 eV (below the CB). The former

value (i.e., for the shallow trap) is similar to the value reported for
Pr defects observed in Pr-doped CaTiOs-based ceramics [30,31].

Based on the results, a schematic energy level diagram was
established (Fig. 5) for elucidating the possible mechanisms of the
observed EL emissions (Figs. 2 and 3). Although further X-ray
photoelectron spectroscopy experiments are needed for the
confirmation [30,33], the top of the valence band (VB) of the host is
set as zero in Fig. 5 and the 3H4 ground state of Pt is located
approximately at the top of the VB for illustration purposes. Ac-
cording to the energy level structure of Pr3*, its 3Py state is located
2.6 eV above the >H4 ground state[12,26,30,34]. As evidenced by the
broad PLE band in the range of 280—400 nm (Fig. 4a), the 4f5d levels
are located within the CB of the host (before subject to an electric
field). The shallow and deep electron traps are located based on the
calculated trap depths E; [32]. Clearly, the trapped electrons in
shallow traps can easily be released under an external E field. For the
ceramic sample (Fig. 5b), a large piezoelectric field is also induced by
the external field across the sample because of the excellent piezo-
electric properties (d33 = 410 pC/N). Then the released electrons are
accelerated to become hot electrons for impacting and exciting Pr3".
Because of the inevitable CTS discussed above and the overlap of the
4f5d levels with the CB, cross-relaxations occur and the excited
electrons of Pr>* are de-excited non-radiatively to the D, state to
produce the red emissions (Fig. 2).

Unlike the ceramic sample, the BCTZ:Pr ceramic powders
embedded in the soft PDMS matrix can easily be deformed by the
(converse) piezoelectric effect, causing a bending of the CB [35].
That is, the converse piezoelectric strain effectively brings an elastic
deformation in soft composite state, which induces piezo-charges
as well as lattice dislocations at the grain interfaces, and then the
internal electric fields make the local band structure (valence band
and conduction band) bend slightly. Furthermore, there is a lot of
papers reporting that the polarization charges/accumulated
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charges can bend the CB at the interfaces [36,37], which in turn
induces a great change of the local crystal field around of Pr3*
[20,33,38]. Owing to the high sensitivity to the local crystal field,
the 4f5d levels are considerably shifted below the CB (Fig. 5¢). The
electron traps are also shifted towards the CB, and the shallow ones
may even fall within the CB. As a result, the charge carries in the
deep traps can be released under the external E field and recombine
subsequently with the Pr’*/ht jonic complexes to form excited
Pr+. Owing to the larger amount of released energy, the electrons
are excited to the 4f5d levels, which then relax nonradiatively to
the 3PJ levels for producing the blue emission (Fig. 3). As there is no
overlap of the 4f5d levels and CB, the cross-relaxation through the
Pr-to-metal CTS is hindered due to the lack of exciton states
[Pr**—+ecg], which also facilitates the blue emission. Similar results
have been reported for Pr-doped Y,03 ceramic in which blue
emissions are induced by an external high pressure via shifting the
4f5d levels below CB band [31,39]. Probably because of the few
trapped charges, the observed blue emissions are weak. Never-
theless, the blue EL is obtained for the first time and it shows a great
potential and value in further exploring inorganic blue color
emitting and flexible ACEL devices.

4. Conclusions

In this paper, the EL responses of BCTZ:Pr (Pr>*-doped
Bag.g5Cag.15Tig.90Zrp.1003) lead-free ferroelectric ceramic and its
PDMS-based composite have been investigated. The BCTZ:Pr
ceramic emits a typical red emission (at 613 nm) under an AC E
field, whereas a blue emission (at 473 nm) is observed in the
composite sample. With reference to the PLE and PL spectra, the red
and blue EL emissions are attributed to the 'D, — >H, and 3PJ —
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3H, transitions of Pr3*, respectively. The electrons trapped in the
shallow traps of the ceramic sample are released under an AC E
field. In addition to the induced piezoelectric field, the de-trapped
electrons are accelerated to become hot electrons for impacting and
exciting Pr3*. Owing to the cross-relaxations through the 4f5d
levels and Pr-to-metal CTS, the 3PJ emissions are completely
quenched and thus only red emissions are observed. However, the
external E field induces a large local piezoelectric deformation of
the ceramic particles embedded in the PDMS matrix, which in turn
causes a bending of the CB and then a downwards shift of the 4f5d
levels from the CB. As a result, the cross-relaxations are hindered,
and thus the blue EL emission is observed in the composite sample
for further exploring inorganic full color ACEL devices.
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