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a  b  s  t  r  a  c  t

Pr3+ doped  CaBi2Ta2O9 based  bismuth  layered-structure  oxides  were  synthesized  by  a  simple  solid  state
reaction  method.  The  photoluminescence  properties  of  the  samples  were  investigated  by  excitation  and
emission  spectra.  Photoluminescence  excitation  spectra  show  that  the samples  have  broad  blue  excitation
band  located  at  430–510  nm, which  covers  the  emission  wavelength  of  commercial  blue  light-emitting
diode  (LED)  chips.  Upon  the  excitation  of  450  nm  light,  a novel  red  emission  centered  at  621  nm  of Pr doped
eywords:
erroelectric
urivillius bismuth layered-structure
hotoluminescence
ED

CaBi2Ta2O9 makes  it useful  in  the white  LEDs.  In addition,  it was  also found  that  the  photoluminescence
can  been  improved  by partial  substituting  Sr  for Ca. These  Pr3+ doped  CaBi2Ta2O9 based  ferroelectrics
could  possibly  be used  as a  multifunctional  material  for  a  wide  range  of  applications,  such  as  integrated
electro-optical  devices.

© 2011 Elsevier B.V. All rights reserved.

ultifunctional materials

. Introduction

Aurivillius bismuth layered-structure ferroelectrics (BLSFs)
re generally expressed as Bi2Am−1BmO3m+3 = (Bi2O2)2+

Am−1BmO3m+1)2−, where A is a large 12-coordinate cation and B is
 small 6-coordinate cation with a d0 electron configuration; A can
e mono-, di-, or trivalent ions or a mixture of them, B represents
etra-, penta-, or hexavalent ions, and the subscripts m and m − 1
re the numbers of oxygen octahedron and pseudo-perovskite
nits in the pseudo-perovskite layers, respectively [1].  The crystal
tructure of BLSFs consists of pseudo-perovskite layers, which
nterleave bismuth oxide (Bi2O2)2+ layers along the c-axis. Since
he 1960s, the series of bismuth layered-structure ferroelectrics
BLSFs) have been intensively studied for their potential appli-
ations in ferroelectric, dielectric, piezoelectric, pyroelectric,
lectrooptic, photocatalytic and biosensing fields [2–7]. It was
eported that their physical and chemical properties can be greatly
nhanced by doping with rare earth elements [2,7]. On the other
and, rare earths are doped in many host materials as luminous
enters to design a large number of luminescent materials [8].

In recent years, photoluminescence properties of the rare earth
oped BLSFs have attracted much attention for possible inte-
rated photoluminescent ferroelectric device applications. To date,

he photoluminescence properties of rare earth Eu, Er and Tm
oped BLSFs such as Bi4Ti3O12 (m = 3) [9–15], Bi3TiNbO9 (m = 2)
16], SrBi2Nb2O9 (m = 2) [17], SrBi2Ta2O9 (m = 2) [18], CaBi4Ti4O15

∗ Corresponding author. Tel.: +86 21 65980544; fax: +86 2165985179.
E-mail addresses: xs-wang@tongji.edu.cn (X. Wang),

engdengfeng1984@163.com (D. Peng).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.019
(m = 4) [19] and Bi2WO6 (m = 1) [20], have been investigated. As
reported, rare earth R3+ ions occupy the A site of the BLSF hosts to
substitute Bi3+, Sr2+ or Ca2+ ions, strong luminescence was obtained
due to f–f transitions of the rare earth. These rare earth doped
BLSFs show novel photoluminescent properties while retaining the
ferroelectric functions. So it has been of considerable importance
in designing materials for integrated optoelectronic applications
[9–15,18,19]. However, the photoluminescence of the rare earth
doped BLSFs is only achieved under ultraviolet or infrared light
excitation; there are few reports about the blue excited lumines-
cent properties of BLSFs. Phosphors excited by blue light have been
the current focus of the luminescent materials since the devel-
opment of blue emitting InGaN chips (450 nm)  in 1994. The blue
excited phosphors are of great significance in the fields of solid
state illuminant applications, which are higher efficiency, more
safety and environmental friendliness than traditional incandes-
cent and fluorescent lamps [8,21].  For these purposes, blue-excited
phosphor based on Pr3+-doped oxide hosts such as BaMoO4 [22],
AgLaMo2O8 [23] and SrAl2O4 [24] have been reported. But these
oxide hosts do not exhibit electrically functional properties, which
cannot meet the integrated applications, for instance, integrated
optical and electrical devices.

In this paper, CaBi2Ta2O9 based bismuth layered-structure fer-
roelectrics (m = 2) being chosen as host materials, a series of
different concentrations of Pr doped CaBi2Ta2O9 ceramic powders
were synthesized by a simple solid state reaction method. Their
photoluminescence properties were investigated. The strongest

excitation band of the samples is located at blue regions. Upon
the excitation of 450 nm blue light, the sample exhibits a strong
emission peak centered at 621 nm.  It was also found that the pho-
toluminescence can be improved by partial substituting Sr for Ca.

dx.doi.org/10.1016/j.jallcom.2011.09.019
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xs-wang@tongji.edu.cn
mailto:pengdengfeng1984@163.com
dx.doi.org/10.1016/j.jallcom.2011.09.019
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red emission located at ∼598 nm is due to the 1D2 → 3H4 transition
[24,30]. From the PL emission spectra, it can be seen that the
emission intensity with Pr concentration reaches its maximum at
Fig. 1. XRD patterns of Ca1−xPrxBi2Ta2O9 (x = 0, 0.0025, 0.005, 0.01, 0.02 and 0.04).

o the best of our knowledge, this is the first report on a lumines-
ence study of Pr activator in CaBi2Ta2O9. Moreover, it is noted that
aBi2Ta2O9 is an inherent ferroelectric [25], piezoelectric [26] and
hotocatalytic material [5],  so CaBi2Ta2O9:Pr could be used as a
ultifunctional material for a wide range of potential applications,

uch as LED and integrated electro-optical devices.

. Experimental

Powder samples with a composition of Ca1−x PrxBi2Ta2O9 (where x = 0, 0.0025,
.005, 0.01, 0.02 and 0.04) were prepared by the conventional solid-state reac-
ion method. Raw materials of CaCO3 (≥99.99%), Pr6O11 (≥99.99%), Bi2O3 (≥99%)
nd Ta2O5 (≥99.99%) were mixed thoroughly in the presence of ethanol. After
rying, the mixture was  prefired at 850 ◦C for 2 h in air, then crushed, and
intered at 1180 ◦C for 4 h in air. The crystal structure was identified by an X-
ay diffractometer (XRD; D8 Advance, Bruker AXS GmbH) with Cu K� radiation
�  = 0.154056 nm), tube voltage 40 mV,  tube current 40 mA.  The XRD profiles of
a1−xPrxBi2Ta2O9 samples were collected in the range 20◦ < 2� < 60◦ . A step size of
.02◦ (2�) was  used with scanning speed of 6◦/min, the scanned refinement XRD pat-
erns of (Ca1−xSrx)0.98Pr0.02Bi2Ta2O9 samples were recorded with scanning speed of
.2◦/min. The excitation and emission spectra of the phosphors were recorded on a
erkinElmer LS-55 luminescence spectrometer (PerkinElmer Co. Ltd., USA) equipped
ith a xenon lamp. The luminescent properties of all the phosphors were studied

t  room temperature.

. Results and discussion

Fig. 1 shows XRD patterns of Ca1−xPrxBi2Ta2O9 varying with Pr
oncentrations. XRD patterns of all samples match well with the
tandard diffraction pattern data of CaBi2Ta2O9 and were indexed
ased on an orthorhombic lattice with the A21am space group by
sing the JCPDS PDF database (PDF#49-0608). These XRD patterns
ere also found to be consistent with that reported in Refs. [5,26],

ndicating that those compounds consist of a pure phase of bis-
uth layered structure with m = 2, and Pr was successfully doped

nto the CaBi2Ta2O9 host to form solid solutions. In ABi2(Nb,Ta)2O9
LSF compounds, it was confirmed that the (Bi2O2)2+ layers were
ard to substitute, while the A sites of pseudo-perovskite layers
ere able to accommodate a large variety of cations [27–29].  Pre-

ious study showed that for a large amount of Pr ions up to x = 0.15
dded in Sr1−xPrxBi2Ta2O9 solid solution, the sample can keep pure
LSF crystal structure without second phase [27]. The crystal struc-
ure of CaBi2Ta2O9 is similar to SrBi2Ta2O9, so it is not strange
or Ca1−xPrxBi2Ta2O9 with lower Pr contents (50.04) show single
hase.

Photoluminescence excitation spectra (PLES) of
a1−xPrxBi2Ta2O9 with x = 0.0025, 0.005, 0.01, 0.02 and 0.04

re shown in Fig. 2. The excitation spectra of Ca1−xPrxBi2Ta2O9
onitored at �em = 621 nm,  show sharp lines around 430–510 nm

egions, corresponding to the f–f transitions from the 3H4 ground
tate to the 3PJ (J = 0, 1, 2) excited states of Pr3+. The intense sharp
Fig. 2. Excitation spectra of Ca1−xPrxBi2Ta2O9 (x = 0, 0.0025, 0.005, 0.01, 0.02 and
0.04) monitored at 621 nm.

peaks around 450, 474 and 492 nm are due to the 3H4 → 3P2,
3H4 → 3P1 and 3H4 → 3P0 transitions, respectively [22–24].  It
can be seen from the excitation spectra that a band located at
250–340 nm is relatively low, which is not related to any of the
transition in the energy levels of Pr3+ ions; rather it can only be
associated with the electronic transition within the host solid. The
band gap (Eg) of CaBi2Ta2O9 host is about 3.67 eV at room temper-
ature [5],  corresponding to the absorption edge at approximately
340 nm.  The relative excitation intensity of the f–f transitions
is higher than that of the band to band excitation of the host,
indicating that the transitions in the Pr3+ energy levels are more
dominant than the band to band excitation. This novel blue excited
luminescent Ca1−xPrxBi2Ta2O9 may  be useful in solid state lighting
which is based on the combination of blue LEDs and blue exciting
phosphors.

Fig. 3 is photoluminescence emission spectra of
Ca1−xPrxBi2Ta2O9 with x = 0.0025, 0.005, 0.01, 0.02 and 0.04.
By 450 nm excitation, the Ca1−xPrxBi2Ta2O9 exhibit five emission
peaks located at 535 nm,  548 nm,  598 nm,  620 nm and 658 nm,
respectively. The energy level scheme is shown in the inset of
Fig. 4. When electrons are excited to 3P2 levels with 450 nm
excitation, they relax nonradiatively to 3P 1, 3P0 and 1D2 states
and recombined to lower levels of 3H4, 3H5, 3H6 and 3F2, the red
emission band centered at 621 nm and 658 nm are attributed to
the 3P0 → 3H6 and 3P0 → 3F2 transitions, respectively [22–24].  The
green emission located at 535 and 548 nm are attributed to the
3P1 → 3H5 and 3P0 → 3H5 transitions, respectively [30]. The weak
Fig. 3. Emission spectra of Ca1−xPrxBi2Ta2O9 (x = 0, 0.0025, 0.005, 0.01, 0.02 and
0.04) excited at 450 nm and the inset is its energy level scheme.
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ig. 4. Emission spectra of Ca0.98Pr0.02Bi2Ta2O9 sintered at different temperatures.

 = 0.02, and decreases contrarily with Pr increasing, owing to the
oncentration-quenching effect. It is known that when the doping
oncentration reaches a certain degree, the distance between
r3+ ions became small and a fraction of energy migrated to the
uenchers [22].

The effect of sintering temperature on the emission of
a0.98Pr0.02Bi2Ta2O9 was investigated. Fig. 4 shows the emission
pectra of the samples prepared at different temperatures excited
y 450 nm.  It can be seen that the relative emission intensity of
he sample is strongly affected by the sintering temperature. It is
bserved that with the increase of the sintering temperature, the
ntensity of the emission is enhanced significantly and reaches a

aximum for a sample sintered at the temperature of 1180 ◦C and
hen decrease when increasing sintering temperature. It is believed
hat pure phase cannot be formed at the temperature lower than
180 ◦C, however if the temperature is higher than 1180 ◦C the
rystal structure is slightly destroyed due to the vaporizing of Bi3+

ons.
Several experiments were also carried out to investigate

he influence of the substitution by Sr for Ca on the lumi-
escent intensities of the products. In our experiments, keep
ther factors constantly; the samples with Ca ions partially
ubstituting by Sr were prepared. The XRD patterns of the
Ca1−xSrx)0.98Pr0.02Bi2Ta2O9 with x = 0.1, 0.2, 0.3, 0.4 and 0.5
evealed that the structures of (Ca1−xSrx)0.98Pr0.02Bi2Ta2O9 are
ure BLSF (m = 2) phase, suggesting that Sr2+ have incorporated into
he Ca0.98Pr0.02Bi2Ta2O9 lattice. Fig. 5 shows the scanned refine-

ent XRD patterns near the strongest peak of (1 1 5). The (1 1 5)

eak shifts to the lower-angle side with increasing Sr content. It is
ttributed to the lattice expansion because of the larger size of Sr2+

1.44 Å, 12 CN) ion substitution for Ca2+ (1.34 Å, 12 CN). Meanwhile,

ig. 5. XRD patterns near the strongest peak (1 1 5) of Ca1−xSrxPr0.02Bi2Ta2O9 (x = 0.1,
.2,  0.3, 0.4 and 0.5).
Fig. 6. Excitation and emission spectra of Ca1−xSrxPr0.02Bi2Ta2O9 (x = 0.1, 0.2, 0.3,
0.4, 0.5 and 0.6).

it is observed that the increase in concentration of Sr improves the
crystallinity to some extent.

The photoluminescence properties influenced by Sr substitu-
tion are also investigated. Fig. 6 shows the excitation and emission
spectra of the samples. It was  found that the peak positions of
the excitation and emission spectra of (Ca1−xSrx)0.98Pr0.02Bi2Ta2O9
(x = 0.1, 0.2, 0.3, 0.4 and 0.5) are not changed compared to
that of the Ca0.98Pr0.02Bi2Ta2O9 sample, while the increase in
the emission intensity was observed with increasing of Sr, the
maximum emission intensity located at 621 nm was  achieved
in (Ca1−xSrx)0.98Pr0.02Bi2Ta2O9 sample, higher by 174% than
Ca0.98Pr0.02Bi2Ta2O9. The reasons for the enhancement of the PL
intensity can be ascribe to the change of the lattice symmetry. The
change of the lattice symmetry will give rise to a remarkable effect
on the properties of Pr3+ and further influence the luminescence
properties [31–34],  when Ca2+ (1.34 Å, 12 CN) ions are replaced by
bigger radius Sr2+ ions (1.44 Å, 12 CN), the symmetry of the pseudo-
perovskite units was  changed [33]. As previously discussed Pr3+

ions dispersed in the pseudo-perovskite units of samples’ crystal
structure. The local environments of Pr3+ become more asymmet-
ric. This change of lattice symmetry allows stronger 4f–4f emission
to occur [33,34].  There are still other reasons which might influ-
ence the emission properties, such as crystallinity, particle size,
defects. Among them, crystallinity might be an important factor.
It is observed from the XRD patterns that the partial substitution Sr
for Ca increases the crystalline of the sample to some extent. Previ-
ous reports confirmed that the luminescent intensity was improved
by increasing the crystallinity in phosphors [35].

It has been noted that CaBi2Ta2O9 BLSF (m = 2) are also the
important ferroelectric and piezoelectric materials widely used for
high-temperature sensors, thin-film memory devices, and lead-
free piezoelectric resonators [25,26].  It was found that the electrical
properties of some ABi2(Nb,Ta)2O9 BLSF (m = 2) could be modi-
fied by properly doping Pr3+ ions [29–31].  So, the ferroelectric,
dielectric and piezoelectric properties of Pr doped CaBi2Ta2O9 or
Ca1−xSrxBi2Ta2O9 compound will also need further study.

4. Conclusion

Pr3+ doped CaBi2Ta2O9 based bismuth layered-structure fer-
roelectrics were synthesized by the simple solid state reaction
method and their photoluminescence properties were investi-
gated. The strongest excitation band of the samples is located at
blue regions due to the f–f transitions from the 3H4 ground state

to the 3PJ (J = 0, 1, 2) excited states of Pr3+. The samples show novel
emissions excited by blue lights, upon the excitation of 450 nm
light, the phosphor exhibits a strong emission peak centered at
621 nm,  corresponding to the f–f transition of Pr3+. It was found
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hat the photoluminescence can be improved by partial substi-
uting Sr for Ca. Meanwhile, CaBi2Ta2O9 based compounds are
nherent ferroelectric, piezoelectric and photocatalytic materials,
o Pr3+ doped CaBi2Ta2O9 based BLSFs may  be used as optical- and
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