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Bag(Bi,-xEUx)9B;50138 (0 < x < 1): synergetic changing of
the wavelength of Bi3* absorption and the red-to-orange
emission ratio of Eu3*

Qiaogi Li,2 Rihong Cong,*" Xianju Zhou,® Wenliang Gao,? and Tao Yang®"

Very recently, a novel barium bismuth borate BasBiyB;90.38 (BBBO) was proved to be a new analogue of
REBaByO.s (RE = rare earth), which is a big family of excellent phosphor hosts, because there are two
types of cationic positions suitable for bi- and tri-valent activators (or sensitizers), respectively. In this
study, we prepared Eu3*-to-Bi3* substituted solid solutions Bae(Bi:xEUx)9B;90138 (0 < x < 1) and performed
a systematic UV-photoluminescence investigation. As anticipated, the efficient energy transfer occurs in
the whole series of compounds, and the majority energy absorbed by Bi3* was transmitted to Eu3*, causing
an great enhancement of Eu3* emission. More interestingly, the Eu3*-to-Bi3* substitution leads to a
centrosymmetric-to-noncentrosymmetric transition of the local coordination symmetry of trivalent
cations, due to the size difference between Eu3* and Bi3*. It presents as the synergetic changing in the
wavelength of Bi3* *S,—3P. absorption (in the excitation spectra) and the red-to-orange emission ratio (in
emission spectra) when changing x. BBBO is a new polyborate host with a freshly resolved structure, the

preliminary and interesting results promote us to further develop BBBO-based phosphors.

Introduction

Borates are well known good hosts for luminescent materials
due to their high transparency, excellent chemical and thermal
stability, and high luminescence efficiency.* The major
structural characteristic is the rigid covalent boron-oxygen
network. Among them, polyborates with B/M > 3 (M = metal)
are especially attractive because the luminescent activators can
be spatially separated by large polyborate anions and thus the
concentration quenching can be postponed or even eliminated.*®
For example, the absence of concentration quenching was
reported in Eu®*- and Tb3*-doped a-GdBsO9 phosphors.5”

REMB9yO16 (RE= rare earth, M = Sr or Ba) is a series of well-
known phosphor hosts with the advantage of containing two
types of cations, RE3* and M?*.8-1° Therefore, people can obtain
highly efficient blue, green, and red phosphors by doping
different activators, such as Eu?*, Mn?* and Eu3*, Th3+10-12
Massive efforts have been devoted to investigate their
photoluminescent (PL) properties, such as REMBgO16:Th3*, Ce3*
(RE =La, Gd, and Y, M = Sr or Ba),® REBaByO1s:Eu%* (RE = La,
Gd, and Y),10111314 GdBaByO16:RE (RE = Gd, Sm, Dy, Pr,
Nd),15-18 LaBaBgO16:M (M = Bi%*, Mn?*),'2 and EuBaByO16.1%%
These materials potentially have applications in white light-
emitting diodes (WLED),? tricolour lamps,**?! plasma display
panels (PLD) under VUV excitation,'®?? and as well as laser
materials.2® However, in contrast to the extensive studies on PL
properties, the knowledge on the crystal structure of REMBgO16
was very limited.%-112324

Very recently, a novel barium bismuth borate BasBisB790138
(BBBO) was proved to be a new analogue of REMByO16.%°
Single crystal X-ray diffraction (XRD) characterizations
proposed an ordered structure model in the noncentrosymmetric
space group R3 with the parameters a = 7.841(1) A and ¢ =

This journal is © The Royal Society of Chemistry 2013

46.557(9) A.2® It possesses a layered-type structure constructed
by the alternating stacking of BOs-BiOs-BO4 and polyborate
layers. Ba®* atoms locate in the inter-layer cavities, which are
ten-coordinated. There are three and two crystallographically
independent Bi%* and Ba?*, respectively.?

Based on the outstanding PL performance of REMByO316,920
we believe the presence of Bi®* in this particular host matrix
(BBBO) could provide an additional positive factor and
interesting variety on the PL study because Bi®* is a commonly
used sensitizer.2627 In this report, the UV-excited PL properties
of Bas(Bi1-xEUx)9B790138 (BBBO:XEU3*, 0 < x < 1) were
systematically investigated. Indeed, an efficient energy transfer
from Bi®* to Eu®* was observed, leading to bright and pure-red
phosphors.

It is well known that the luminescence of Eus* is a good
medium to gain structural information about the short-range and
local coordination environment of Eu®* cations.®*' Here, it is
very interesting to observe the simultaneous evolution in the
wavelength shifting of Bi®* 1So—3P1absorption (in the excitation
spectra) and the changing of red-to-orange emission ratio (in
emission spectra) when changing x in Bas(Bi1-Eux)oB79013s. For
instance, there are three regions, x = 0.01-0.30; 0.30-0.70, and
0.70-1. Eu®*/Bi®* cations locate at a close-to-centrosymmetric
coordination environment in BBBO host in the first region; by
doping an appropriate concentration of Eu* into BBBO, the
local coordination symmetry of Eud*/Bi%* deviates from the
inversion center, which starts at about x = 0.30 and finishes at
about x = 0.70; when x > 0.70, the local coordination of Eu3*/Bi%*
is far away from centrosymmetric and almost unchanged.
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Fig. 1 X-ray diffraction patterns for BBBO:xEu3* (0 < x < 1) and Bag(Lao 3.,Bi,Euo 7)9B750135 ((0 < y < 0.3). A calculated XRD pattern from the single crystal structure of BBBO

was given for comparison.

Experimental

Synthesis

All samples in this series were synthesized by high
temperature solid state reactions. The starting materials, HsBOs3
and Bi20s3, were of analytical grade and used as obtained from
commercial sources without further purification; BaCOs, Eu203
and La20s, were of high purity and used after a pre-calcination
at 800 <€ to remove the possible absorbed water or CO2 from air.
Typically, for the synthesis of BBBO:xEu®*, stoichiometric
mixtures of BaCOs, Bi203, Eu203, and H3BOs (excess of about
10 at% to compensate for the volatilization of boron oxide at high
temperature) were ground in an agate mortar adequately and
pressed into small pellets, which were pre-heated slowly
(0.5 </min) up to 550 <T and kept for 15 hours to decompose
the carbonate and boric acid. Care was taken to avoid any partial
melting of the samples. After extensive re-grinding, the mixtures
were pressed into small pellets again and sintered at 650 <C for
15 hours. With an intermediate grinding, the mixtures were then
heated for another 15 hours at the final reaction temperatures,
which varied from 700 to 830 <C along with the increase of Eu*
content. Bas(Lao.3yBiyEuo7)9B790138 was synthesized with a
similar procedure, and the final reaction temperature was 850 <C.

Characterizations

This journal is © The Royal Society of Chemistry 2013

Powder XRD data were collected at room temperature using
a PANalytical X’pert diffractometer equipped with a PIXcel 1D
detector (Cu Ko, 40 kV and 40 mA). Le Bail refinements were
performed to obtain the cell parameters using TOPAS software
package.?® During the refinements, the first diffraction peak (at
about 5.6 °/20) was excluded because this peak usually has a
largely asymmetric shape and different with others. General
photoluminescence spectra were measured on a Hitachi F4600
fluorescence spectrometer at room temperature. The voltage of
the Xe lamp was fixed to be 700 V, and both of the input and
output slits were selected to be 1.0 nm. The emission intensities
were calculated from the integral of the corresponding peaks.
The emission spectrum at low temperature was recorded by an
Edinburgh FLS-920 spectrophotometer equipped with a 450 W
xenon lamp and a pulse xenon lamp as light sources. The powder
sample was placed in a helium gas flow cryostat for getting a low
temperature as 10 K. Quantum yields (QY) were measured with
an integrating sphere in the same instrument at room temperature.
Photographs of phosphors under a 254 nm UV lamp excitation
were taken by a digital camera.

Results and Discussion

Phase purity analysis

J. Mater. Chem. C, 2013, 00, 1-3 | 2
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Powder XRD patterns of BBBO:XEu®* and Bas(Lao.s-
yBiyEU0.7)9B790138 are shown in Fig. 1, where all patterns share
the same characteristic with BBBO,2® showing no impurity peak.
It is not surprise about the readily formation of these solid
solutions because of the very close cationic radii of Bi3* (1.03 A
for six-coordinated), Eud* (0.947 A) and La3" (1.032 A). As
shown in Figs. la-1c, the diffraction peaks show a slight right-
shift to higher angles with the increase of Eu3* content in
BBBO:xEu3*, which has been reported in literature,? indicating
a linear shrinkage of the unit cell volume (from 2485.6 to 2453.9
A3). As shown in Fig. 1d, the unit cell change of Bas(Laos-
yBiyEU0.7)9B790138 caused by Bi®*-to-La®* doping is not that
obvious because of the almost same cationic radii of La®" and
Bi*. Nevertheless, we could monitor the change of the cell
lattice parameters (a, ¢ and V) by Le Bail fitting on the powder

Journal of Materials Chemistry C

Bi%* ions, 1So—'P1 is allowed for AS = 0 according to the spin-
selection rule, which is usually located below 200 nm. While the
1So—3Po transition is strongly forbidden because total angular
momentum is not changed (AJ = 0). 1So—3P1 is usually forbidden
for spin-selection rule, it can be partially allowed by mixing
singlet and triplet states (AJ = 1).27:3031 Therefore, we interpret
the broad excitation band observed in Fig. 2 to be !So—3P:
absorption of Bi®**. The wide emission band at 398 nm was
attributed to 3P1—!So transition of Bi®** according to the
literature.?” Moreover, a beautiful blue emission can be observed
by naked eyes under a 254 nm UV lamp irradiation as shown in
Fig. 2.

Excitation spectra in BBBO:xEu®* (0 <x < 1)

XRD patterns (see Table S1 in the ESI). The variation of the cell (@)
volume from 2466.9 to 2463.5 A3 suggests a gentle shrinkage 300
when vy increases from 0 to 0.3 (See Fig. S1). All the above = BRBO:xEL™
observations ensure the successful cationic substitution, after 2 % =815nm
R . - = 200 - am
which a systematic study on structural-photoluminescence =
relationship of BBBO:xEu®* and Bas(Lao.3-yBiyEuo.7)sB79013s is g
. = =0.30
valid to proceed. = N 020
0.15
. 0.10
Photoluminescence of BBBO host 0.06
0.04
Bi®* is a commonly used sensitizer in PL research, and it is 0 r : - - 0.01
an activator as well.26:27.2% Therefore we need to take a look at the 250 . 35 400 450
i . K Wavelength (nm)
luminescence behavior of the host BBBO without any dopant b
before the study on the BBBO:xEu®* phosphors. Bi®* possesses (b)
6s? lone pair electrons, therefore the position of its excitation and 200
emission bands depends largely on the nature of the host lattice.?’ -
As shown in Fig. 2, there is a broad excitation band centering at B
. . . O
275 nm and a broad emission band ranging from 300 to 600 nm < 30004
with the maximum at 398 nm. @
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Fig. 2 Emission and excitation spectra of BBBO without any dopant at room
temperature (Aex = 275 NM, Aem = 398 nm, respectively). The bottom-right insert 2000 : . ‘ > 0.70
shows the digital photograph of BBBO powder under a 254 nm UV lamp irradiation. 250 300 350 400 450

Due to the relative weak intensity of these spectra comparing with other Eu3*
doped samples, the input and output slits during the PL measurements were
selected to be 2.5 nm.

Bi%* has a ground state !Sp and the corresponding excited
states are 3Po, 3P1, 3P2 and Pi1. For the electron transition of the

This journal is © The Royal Society of Chemistry 2012

Wavelength (nm)

Fig. 3 Excitation spectra of BBBO:xEu?* (0 < x < 1) samples (Aemy = 615 nm). For
better presentation and comparison, the spectra were shifted along the y-axis.

Fig. 3 shows the excitation spectra of BBBO:XEu3* by
monitoring the Eu®* emission at 615 nm. The excitation spectra

J. Mater. Chem. C, 2012, 00, 1-3 | 3
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consist of the intense broad bands in the shorter wavelength
region, and some sharp peaks in the longer wavelength region
when x > 0.04. It is clear that these sharp peaks in the region from
290 to 420 nm are due to the 4f%—4f® transitions of Eu3* ions,
whose positions are almost unchanged along with the increasing
x due to their inert nature to the host lattice.®1! However, the
position of the broad band shows a difference, especially for that
of the sample with x = 1 (hamed as BEBO) as shown in Fig. 3c.
Obviously, the broad band centering at 252 nm in the excitation
spectrum of BEBO is the typical absorption of O>—Eu3*charge
transfer (CT),%!! and the wide bands for other samples can be
readily contributed to the 1So—?3P1 transition of Bi®* by referring
to the excitation spectrum of BBBO host (see Fig. 2). The O*
—Eu® CT transition is not observed when x = 0.01-0.90 due to
the relative weak intensity and possible overlapping with the
absorption of Bi®*. The main point is that the presence of the
strong Bi®* absorption in the excitation spectra by monitoring
Eu®* emission indicates an energy transfer from Bi%* to Eu®*.
Moreover, the presence of such an efficient energy transfer
proves that the doping ion of Eu®* occupies the position of Bi3*
rather than Ba?* in BBBO, because the distances of the positions
of Bi®* and Ba?* are too long for energy transfer.?5
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Fig. 4 The excitation wavelength of Bi3* 1S,->3P; absorption band in BBBO:xEu3* (O
< x < 1) as a function of Eu3* content (x).

As shown in Fig. 3, the intensity of the f-f absorption of Eu3*
increases gradually along with x. While the intensity of the
absorption band of Bi®* increases until x = 0.70, and decreases
slightly in the higher Eu®* concentrations. Moreover, on contrast
to the inert nature of 4f%—4f® transition, an obvious shift of
wavelength was observed for the So—3P1 absorption of Bi%*
along with x as shown in Fig. 3. It becomes quite interesting
when plotting such a variation as a function of x (see Fig. 4),
which can be divided into three regions. For example, the
excitation of Bi%* shifts towards a shorter wavelength by
increasing the Eu®* content when x < 0.30; it reaches a minimum
at x = 0.30, and a red-shifting occurs until x = 0.70; when x >
0.70, there was a blue-shifting once again. Such a variation on
the position for Bi®* absorption, i.e. two turning points along with
the increase of x, suggests a complicated evolution of the local
coordination environment of Bi3*/Eu®*, which is indeed
interesting and will be discussed in later sections.

4 | J. Mater. Chem. C, 2012, 00, 1-3

Emission spectra of BBBO:XEu®** (0 <x<1)

The compositional dependence of emission spectra under the
excitation of 1So—3P1 absorption band of Bi*were given in Fig.
5, except that the excitation for BEBO is the O>*—Eu®" CT
transition. The emission spectra of above compounds are all
typical for Eu®*, but show different characteristics. Looking at
the region with the wavelength from 560 to 720 nm, four groups
of emission peaks at about 585-600, 600-630, 650-665, and 690-
710 nm are predominant, which are readily attributed to the
typical °Do—"F; (J = 1-4) transitions of Eu®* ion, respectively.!!
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Fig. 5 Emission spectra of BBBO:xEu3* (0 < x < 1) excited by Bi3* 1S,—>3P; absorption.
The only exception is that t the excitation for BEBO is the O>->Eu3* CT transition.
The insert presents the emission spectra measured in the region of 350-500 nm.

The non-degenerate 5Do—"Fo emission lines are particularly

important for revealing the numbers of crystallographically
nonequivalent sites in a given host matrix. However, the

This journal is © The Royal Society of Chemistry 2012
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5Do—"Fo transitions in BBBO:xEu3®* at 575-581 nm are very
weak at room temperature and are only detectable when x> 0.60.
Hence, we measured the emission spectrum at 10 K for
BBBO:0.20Eu®* (under 269 nm excitation), where two sharp
peaks were observed at 576.2 and 578.1 nm respectively (see Fig.
6), indicating that the doped Eu3* cations went into at least two
different Bi3* sites in BBBO host when x = 0.20. In literature,
three "Fo—5Do excitation peaks were observed for BaEuBgO16 in
a site-selective laser excitation spectrum, which means there are
three different crystallographic sites for Eu®*.!® By closely
looking at the Bi-O octahedra in BBBO (see Fig. S2 in ESI),%®
Bil and Bi2 have very similar coordination, which is slightly
different with that of Bi3. Accordingly, we could speculate that
the two-peak characteristic for BBBO:0.20Eu?* could be due to
the energy overlapping of 5Do—"Fo transitions.

60000 =
BBBO:0.20Eu o
% =269 nm Sy
ex T
50000 T2 10K o
o 1 Scan slit : 0.8 nm i
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Fig. 6 Low temperature emission spectrum for BBBO:0.20Eu3* excited by 269 nm.
The insert shows the 5Dy—>7F, transitions, which are assigned at 576.2 and 578.1
nm, respectively.

In fact, the emission spectra of BBBO:xEu®* were also
investigated from 350 nm to 500 nm in order to further confirm
the efficiency of energy transfer. The intensities in this region of
350-500 nm are very weak as shown in the insert in Fig. 5b. The
aboard band can be readily assigned to the 3P1—!So transition of
Bi%*, which decreases rapidly when x increases. The very small
residual emission of Bi®* in BBBO:xEu3* samples points out the
majority of the absorbed energy of Bi3* transfers to Eu®*.

As shown in Fig. 5, ®Do—7F1 transitions present as the
strongest peaks when x < 0.5, while the strongest peaks turn to
be 5Do—"F2 emissions when x > 0.50. It is known that the electric
dipole-dipole transition (°Do—7F2) of Eu®* is a symmetry-
sensitive transition, which appears dominantly only when the
position of Eud* deviates from the inversion center; while the
magnetic dipole transition (°Do—"F1) is not that affected by the
surrounding environment of Eu3*.}! Therefore, the different
emission characteristics of BBBO:xEu®* as shown in Fig. 5
implies the local structure around Eu®* changes along with the
increase of x.

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 (a) Dependence of the emission intensities of BBBO:xEu3* (0 < x < 1) excited
by Bi3* 1S,—>3P; absorption; (b) R/O values against the doping concentration x. The
insert shows the digital photographs of BBBO:xEu3* powder under a 254 nm UV
lamp excitation.

In particular, the calculated emission intensities of 5Do—"F1,
5Do—7F2 and the total emission intensity were all presented in
Fig. 7a along with Eu®* content (x). The intensity of °Do—7"F2
transitions first increases slowly when x < 0.30. It increases
sharply when 0.30 < x < 0.70, and then decreases slightly at
higher Eu®* concentrations. On the other hand, the intensity of
5Do—7F: transition increases gradually as x increase from 0.01
to 0.10, and keeps almost unchanged in the range of 0.10 < x <
0.40; after that, it decreases slightly. It is well known that the
intensity ratio of R/O = I(®*Do—"F2)/1(°Do—"F1) is recognized as
a probe of the site symmetry for Eu®*. Generally, a lower
symmetry of the crystal field around Eu®* leads to a larger R/O.
Fig. 7b gives the variation of the calculated R/O values along
with x, which can be divided into three regions, x = 0.01-0.30;
0.30-0.70, and 0.70-1. Keep in mind that it is consistent with the
three-region-characteristics of the Bi%* absorption bands
changing along with x.

In the first region, the values of R/O are lower than 0.24. The
small values indicate the surrounding environment of Eu®* in
BBBO is likely centrosymmetric. This result agrees with the
reported crystal structure of BBBO, in which the Bi®* ions are all
coordinated by six oxygen atoms in regular octahedra, thus the
ligand field around Bi®* are close to centrosymmetric (see Fig.
S2 in ESI).?% In the second region with 0.30 < x < 0.70, a further
substitution of Eu3* results in a rapid increase of R/O from 0.24

J. Mater. Chem. C, 2012, 00, 1-3 | 5
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to 3.71, indicating the symmetry of the surrounding environment
of Eu® changes from close-to-centrosymmetric to
noncentrosymmetric gradually. And then, the change becomes
minor in the third region. According to the above observations,
we can conclude that (i) the Bi®* ions are located at a
centrosymmetric coordination environment in BBBO host; (ii)
by doping an appropriate concentration of Eu®* ion in BBBO, the
symmetry of the local coordination of Eu®* deviates from the
inversion center, which starts at about x = 0.30 and finishes at
about x = 0.70; (iii) when x > 0.70, the local coordination of Eu3*
is far away from centrosymmetric and almost unchanged.

Site symmetry evolution of Bi**/Eu®* in BBBO:XEuU®* (0 <x<1)

Similar speculations on symmetry evolution of the Eu3*
coordination have been performed by Lin et. al. during the
luminescence study of LnBaBsO1s:Eu®* (Ln = La, Gd, Y and Lu),
which revealed that the local symmetry of the rare earth ions is
centrosymmetric if Ln =Y or Lu and noncentrosymmetric when
Ln = La or Gd.*' Moreover, similar centrosymmetric-to-
noncentrosymmetric change on site symmetry was observed in
Y1xGdxBaB9O1s:EU®*, which occurs in the region with 0.10 < x
< 0.60.1! It is clear that the local structure around rare-earth ions
in this series of phosphors changes gradually according to the
ionic radii of the rare-earth cations, and the critical cationic size
is roughly in-between Y3+ and Gd3*.11

Here, the PL study indicates that the introduction of Eu®* into
BBBO host lattice unambiguously induces a significant change
of the local symmetry around Eu®*/Bi®*. However, it is almost
impossible to monitor the Bi/Eu-O bond-distance changing by
powder X-ray diffraction technique because of the very complex
structure and the thus the large number of the variables of
structural parameters. It might work by employing single crystal
XRD, while the single crystal growth of the whole series of
compounds is not in the scope of current work. It is believed that
the PL spectra of Eu3" are highly sensitive to the local
coordination and thus the best medium to gain more local
structural information of rare earth cations when doping Eus*
into BBBO.

As discussed above, the intensity variations as shown in Fig.
7a are complicated, which are mainly due to the symmetry
change along with x. For example, when x < 0.30, the
coordination of Eu®* keeps as close-to-centrosymmetric, so
5Do—7F1 is the major emission, whose intensity increases along
with x, and reaches a maximum at x = 0.10. In the meantime, the
emission of ®Do—7F2 transition is enhanced slowly originated
from the increase concentration of the activator centers (Eus*).
When x > 0.30, the growing of the intensity of SDo—"F2 becomes
very fast, while a slight decline was found for SDo—7F1
emissions. Such a change is correlated with the symmetry change
from centrosymmetric to noncentrosymmetric of the local
structure of Eu®* in the region of 0.30 < x < 0.70. With further
increasing x > 0.70, a slight emission quenching was observed.

It should be noted that no concentration quenching was
observed for LnBaBgO1s (Ln = La, Gd, Y, Lu) in literature,*
because the well separation of the activators. Therefore we
speculate the slight intensity decrease in BBBO:xEu®* from x =

6 | J. Mater. Chem. C, 2012, 00, 1-3

0.70to 0.99 is due to the concentration decrease of sensitizer Bi*.
Moreover, the last sudden drop of the emissions from
BBBO:0.99Eu’* to BEBO is due to the absent of the energy
transfer effect from Bi®* to Eu®*. In other words, both symmetry
changing and energy transfer dominate the PL performance of
BBBO:xEuU3*.

Highly efficient colour-tunable red-emitting phosphors can
be obtained, as shown in the insert in Fig. 7b. BBBO:xEu®*
samples show tunable luminescence from orange to pure red, and
the brightness and colour purity of BBBO:0.70Eu®* are
comparable with the commercial red phosphor Y203:Eu®*. QY is
an important parameter for phosphors. Table 1 summarizes the
quantum yields of some selected phosphors. High QY values for
BBBO:xEu3* were observed under 269 nm excitation, which
show a maximum of 86% when x = 0.70. As a comparison, the
QY of commercial Y203:Eu3* was also measured under a 254 nm
excitation, which is close to 100%.

(a)

~4000{ BBBO:AEU" —
300 4 : 5, 3P I ,n/j
+
BBBO.EU™ | g#0|-o—'D,—F 7
e —o—"D—"F o~
2504 5 =394nm || a0 L
ex =
< 5
3 A o 1000 e
o 200 2 PO
s E 7o
> 0] oo
=
@ 150 4
| =y
o]
2L
€ 100
50
0 -
T T T T T T T
560 580 600 620 640 660 680 700 720
Wavelength (nm)
1600 -|
51200
o
A0
>
s
2 00
5]
T
=
400
0

560 Séﬂ GEI)O 52‘0 Bfliﬂ GEISO Séﬂ 71‘30 720
Wavelength (nm)

Fig. 8 Emission spectra of BBBO:xEu3* (0 < x < 1) under 394 nm excitation. The
inserts show the respective intensities of >Dy—>7F; and 5Dy—=>7F, emissions, and the
R/0O values against the dopant concentration.

Moreover, as shown in Fig. 3, the intensities of the f-f
excitation peaks of Eu®* also increase along with x, which
proposes that Eu®*-doped BBBO can also be efficiently excited
by UV-LED chips. Fig. 8 gives the emission spectra of
BBBO:xEu®* samples under the excitation of 394 nm. The
variations of the emission intensities and the R/O values with
Eus* concentration are also given in the inserts. Both of the
intensities of ®*Do—’F1 and *Do—"F> transitions increase with x,
and no quenching or saturation effect was observed. The
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variation tendency of R/O is similar with that excited by Bi®*
absorption, which increases with the Eu®* concentration first, and
saturated when x> 0.60. The R/O values are generally larger than
those excited by Bi®* absorption especially for those low Eus*
content samples. The bright emission under 394 nm excitation
and large R/O values (~4.5 when x > 0.70) imply this series of
samples may also be good candidates for red-emitting UV-LED
phosphors.

Table 1 Quantum yields (QYs) of BBBO:xEu*, Bag(Lao 2Bio1EU07)sB790138
under 269 nm excitation, and commercial Y;Os:Eu®* under 254 nm
excitation, respectively.

x in BBBO:xEu® Quantum yields (%)
0.10 33
0.20 33
0.50 62
0.70 86
0.80 72
Bas(Lao 2Bio1EUo.7)oB79013s 98
Commercial Y,03:Eu®* ~100

Comparing to the inert nature of Eus* f-f absorptions, the
position of the 1So—3P1 transition of Bi®* is sensitive to the
surrounding environment. The coexistence of Bi®*-to-Eu®*
energy transfer and the symmetry change of local coordination
complicate the changing tendency of the Bi3* absorption, both in
intensity and position (see Figs. 3 and 4). For instance, as shown
in Fig. 4, the shifting of the peak wavelength of Bi®* absorption
along with x can be divided into three region, x = 0.01-0.30, 0.30-
0.70, and 0.70-0.99. Indeed, the local symmetry of Eus*
maintains as centrosymmetric and noncentrosymmetric in the
region of x =0.01-0.30 and 0.70-0.99, respectively; in the middle
region of x = 0.30-0.70, a gradual symmetry change occurs.
Therefore, the two blue shifting of the excitation wavelength of
Bi%* with x in the regions of x = 0.01-0.30 and 0.70-0.99 are
perhaps due to the replacement of Bi®* by Eu®* with smaller ionic
radii. Similar phenomenon has been found in Bi®* and Tb3* co-
doped GdAIOgz, in which the excitation wavelength of Bi®*
showed a linear shifting when Gd3* ions were replaced by Bi%*
with larger ionic radii.?” While, the red shifting in the middle
region of x = 0.30-0.70 originates from the local symmetry
change from centrosymmetric to noncentrosymmetric.

Sensitization effect of Bi®* to Eu®* in Bas(Lao.3-yBiyEUo.7)sB790138
(0<y<03)

Here, the direct energy transfer from Bi%* to Eu3* was
observed in BBBO:xEu3* system. In order to confirm the energy
transfer mode and investigate the sensitization effect of Bi3* to
Eus*, we fixed the concentration of Eus* at 0.7 and replaced Bi®*
by La3%* in the solid solutions Bas(Lao.3-yBiyEuo.7)9B790138 (0 <y
< 0.3). A relatively high doping level of Eu®* is benefit for
obtaining bright red emission and the local structure is sustained
in this region according to the above analysis. Fig. 9a shows the
excitation spectra of Bas(Lao.3-yBiyEuo.7)9B790138 by monitoring

This journal is © The Royal Society of Chemistry 2012
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the Eu®* emission wavelength of 615 nm. The broad band
centering at 246 nm in the excitation spectrum of
Bas(Lao.3EU0.7)9B790138 is the typical O>—Eu®" CT transition,
and the broad bands with the maximum at 267 nm in other three
spectra are the 1So—S3P1 transition of Bi%*. The presence of
intense Bi®* absorption indicates there is a strong energy transfer
from Bi®* to Eu®*. The emission spectra of these samples (see Fig.
9b) do not contain any emission form Bi®*, further consolidating
the effective energy transfer.

The insert in Fig. 9b gives the calculated emission intensities
of Bas(Lao.3yBiyEuo.7)9B79013s (0 <y < 0.3) samples and digital
photographs under a 254 nm UV lamp excitation. Comparing to
the Bi®*-free sample, it is quite interesting that the intensity of
Eu®* emission was almost doubled by introduce of only 10 atom%
Bi%*. Apparently, Bas(Lao.2Bio.1Euo.7)9B790138 show a higher PL
intensity than two end members, Bas(Lao.3sEuo.7)9B790138 and
Bas(Bio.3Eu0.7)9B790138. The QY of Bas(Lao.2Bio.1EU0.7)eB790138
under 269 nm excitation is 98%, as shown in Table 1, which is
very close to the commercial Y203:Eu®* red phosphor under 254
nm excitation.
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Fig. 9 (a) Excitation and (b) emission spectra of the Bag(Lao 3.,Bi,Euo.7)sB790133 (0 <
y<0.3, Aem = 615 nmM, Aex = 267 nm). The insert gives the variation of the calculated
emission intensities along with Bi3* concentration (y) and the digital photographs
under a 254 nm UV lamp excitation.

Conclusions

Solid solutions of Bas(Bii1xEux)sB790138 (0 < x < 1) and
Bas(Lao.3-yBiyEU0.7)sB790138 (0 < y < 0.3) were synthesized by
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high temperature solid-state reaction, whose photoluminescence
properties were systematically studied. Our anticipation of the
highly efficient Bi®*-to-Eu3* energy transfer was confirmed,
which indeed led to bright and pure-red phosphors by suitable
Eus*-doping into BBBO. In fact, the Eu3*-doping introduced a
site-symmetry evolution from centrosymmetric in low-level
substitutions (x < 0.3) to noncentrosymmetric when x > 0.7.
When x is between 0.3 and 0.7, a continuous changing occurs
which caused a red-shifting of the wavelength of Bi®* absorption
accompanied by a sharp increase of R/O ratios of Eu®* emission.
Such a three-region-characteristic was attributed to the site
symmetry changing of the Bi3*/Eu®* coordination, leading to a
synergetic effect on the evolution of Bi®* 1So—3P; absorption and
R/O ratios. Moreover, we found that slight reducing the Bi®*
concentration by La®*-substitution could further enhance the
emission intensity and Qy, for example,
Bas(Lao.2Bio.1Eu0.7)9B790138 shows a higher PL intensity and QY
value (98%) than Bas(Bio.3EUo.7)9B790135 (86%). BBBO is a hew
polyborate host with a freshly resolved and complex structure,
the current preliminary and interesting results promote us to
further develop BBBO-based phosphors.
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Wavelength of Bi*" absorption (nm)

Bas(Bi1-xEux)sB790138:XEu* shows a simultaneous changing in the wavelength shifting

Journal of Materials Chemistry C

Graphic Abstract

276

272+

268

264

79013}5

Ba,(Bi, Fu),B

050

=Y 050

:-:-ntro\v mmetr

R/O ratio

of Bi®* absorption and the red-to-orange emission ratio by varying x.



