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Abstract

An intense orange-reddish-emitting phosphor, Eu>* doped Ba,LiBs0,, was prepared by solid-state reactions. The excitation spectrum showed
a broad band from 250 nm to 400 nm with an intense peak at 322 nm. Under the excitation of 322 nm, the emission band showed one large broad
band peaking at about 590 nm with full width at half maximum of 128 nm, which corresponds to the 4/°5d" —4f” transition of Eu® . The critical
quenching concentration of Eu>" in Ba,LiBsO,:Eu®" phosphor was about 3 mol%. The corresponding concentration quenching mechanism
was verified to be a dipole—dipole interaction. The value of the critical transfer distance was calculated to be about 19 A. The CIE coordinate (x,
y) did not change from the value (0.54, 0.35) observed for 3 mol% of Eu?* when Eu®* concentration was changed.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

A large number of borate compounds are transparent over a
wide spectral range, beginning from ultraviolet (UV) and
extending into visible [1,2]. This is one of the reasons that
borate compounds become important optoelectronic materials.
The alkaline earth orthoborate is known as an efficient
phosphor with good stability [3—7]. Saubat first obtained a
family of rare earth magnesium borates LnMgBsO;o (Ln=La
to Er) in which the Ln’ " ions occupy oxygen edge-sharing
polyhedra forming isolated chains [8]. Since the crystal
structure of Ba,LiBs0( was first reported by Huang [9], there
are several papers studied the structure and rare earth ions
luminescence in this host [10-17]. Dirksen and Blasse
investigated the luminescence of Eu?" and Pb>" ions on
barium sites in the pentaborate Ba,LiBsO;, at low temperature
of 42K and found both ions show efficient emission with
large Stokes shift [12]. Recently, the emission of Eu®>" in
Ba,LiB5s0,( was reported by many researchers [13,14,16,18].
Su and coworkers synthesized BazLiB5010:RE3+ (RE=Dy, Tb
and Tm) using high-temperature solid-state reaction method
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and studied their thermoluminescence properties under the y-
ray irradiation [15]. In their previous work, it is found that
Ba,LiB50,q are good host for rare earth ions doped phosphor.
However, there is no systematical study of the room tempera-
ture photoluminescence properties of Eu’" in Ba,LiB50,
including the emission and excitation spectra, the decay time
of the emission, concentration quenching and CIE chromaticity
coordinates. This is the motivation of our current study of the
fluorescence properties of Eu®" ions in this pentaborates.
The structure of Ba,LliBs0;q contains a one-dimensional
polyborate anion built from BO; and BO, groups. The Li™
ions are in tetrahedral coordination, the Ba’*t ions in an
irregular eight coordination. The average Ba>™—0?~ distance
is relatively long, 2.84 A vs the expected 2.80 A. The
individual distances range from 2.64 to 3.02 A, the shorter
distances being on one side of the Ba?* ion [10]. Since borates
are suitable host lattices for luminescent materials, and with
particular interest of the peculiar Ba>* coordination and some
peculiar characteristics of Eu’" emission in Ba,LiBsO;, in
this paper, we synthesized BazLiBSOIO:EuZJr phosphors and
systematically investigated the room temperature photolumi-
nescence properties of Eu’* in Ba,LiBsO,,. Some differences
are observed in the Eu®’" emission compared to those
previously reported by Dirksen and Blasse [12]. Furthermore,
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in order to further study the interaction between the host
lattice and the luminescent properties of the phosphors at room
temperature, the relationship of Eu’* luminescence, the Eu’t
critical concentration and the mechanism of energy transfer in
Ba,LiB50,o:Eu” " phosphor is determined in this paper.

2. Experimental

The Ba,_,LiBsO;o:xEu®>" (0.001 <x<0.10) phosphors
were synthesized by high temperature solid-state reaction
method. BaCO5; (99.9%), Li,CO3 (99.9%), H3BO5; (99.9%)
and Eu,03 (99.99%) were used as starting materials. The raw
materials with stoichiometrical ratio were weighed and suffi-
ciently mixed in mortar. Excess of H;BOj3 (about 3 mol%) was
added to compensate the evaporation loss at high temperature
[19,20]. The impurity phase will appear when less H;BO3; was
added. On the contrary, more H3;BO; will lead to the glass
state and low luminescent intensity. In order to obtain the
target compound with pure phase, two firing steps were
necessary. The mixture was firstly heated at 400 °C for 2 h
in a covered alumina crucible, then reground thoroughly after
being cooled down to the room temperature. In order to make
more Eu’t deoxygenized to Eu’", the second firing was
conducted at 800 °C for 8 h in strong reducing atmosphere
(25% H,/75% N). (The very small amount of Eu®" will not
affect the emission of Eu”>T). The obtained powders were
BazLiB5010:Eu2+ phosphors.

The powder sample was characterized by XRD in a Bruker
AXS D8 advanced automatic diffractometer (Bruker Co.,
German) with Cu K,; radiation (1=1.5406 A, 40kV,
40 mA). Photoluminescence excitation and emissions spectra
were measured by using Hitachi F-4600 spectrofluorometer
equipped with a 150 W Xenon lamp as an excitation source.
This spectrofluorometer was well intensity-calibrated for the
excitation and emission spectra. The Commission Internatio-
nale de I’Eclairage (CIE) chromaticity coordinates were
measured by PMS-80 Plus-UV-Vis-near-IR spectrophoto col-
orimeter. All of the measurements were conducted at room
temperature.

3. Results and discussion
3.1. Crystal structure

Fig. 1 shows the representative XRD patterns of Ba,L
iB50;:Eu®" sample containing 3 mol% of Eu”>". For com-
parison, reference data from Huang et al. is reproduced in
Fig. 1 (JCPDS data) [9]. All of the observed diffraction peaks
of the Ba,LiBsO;o:Eu’" sample that was synthesized herein
can be basically indexed following the reported data of pure
Ba,LiBs0;¢9 (JCPDS No. 37-0753), with a small shift of
diffraction profile toward higher two-theta direction which
may be associated with the smaller Eu>" substitutes for larger
Ba’" to form the compound. Therefore, our sample shows the
same crystal structure as reported in the literature. Huang et al.
first synthesized Ba,LiBs0( and studied its crystal structure
[9,11]. Smith and Keszler gave the details of the same structure
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Fig. 1. XRD pattern of typical sample Ba,LiBsO;, doped with 3 mol% of
Eu’* annealed at 800 °C and the standard data JCPDS card No. 37-0753 of
Ba,LiB50,q as reference.

[10]. Ba,LiB50,( has a monoclinic unit cell with space group
Pmma (51) and lattice parameters a=4.413 A, b=14.585 A,
¢=6.700 A, and V,;=417.9 A°.

Fig. 2 shows the sketch of the Ba,LiBsO crystal structure.
The structure is composed of Li and Ba cations and [BsO o]’ ~
anions. [BsO;o]°~ is a moiety composed of three triangular
BOj3 units and two tetrahedral BO,4 units [10,11]. From the
crystal structure, there is only one type of Ba sites, which has
distinct effect on the optical properties of Eu’T-doped
Ba,LiBs0O;. This will be discussed subsequently in connec-
tion with the luminescence properties of Ba,LiBsO,o:Eu®". It
is known that the ionic radii (r) of Ba®>* (CN=8) and Li™
(CN=4) are 1.42 A and 0.59 A, respectively. The ionic radius
of B*" is 0.01 A when CN=3 and 0.11 A when CN=4 [21].
As a result of the ionic radii of doping Eu?" (CN=S8,
r=1.25 A), it is difficult for Eu®>" to substitute Li* or B**
in the Ba,LiBs0,(. Hence, in this study, based on the structure
analysis above, it is believed that the Ba® " sites are replaced
by Eu’" in the lattice because they have the same valence
state and very similar ionic radii.

3.2. Photoluminescence of Ba,LiBsO 0B’

The energetic position of the Eu?" emission is highly
sensitive to the crystal field environments. The 41554 — 4" (%S,
,) transition of Eu?" occurs from the lowest levels of 4/°5d
excited electronic state. The emission and excitation spectra of
the sample Ba,LiBsO;o:Eu”" doped with 3 mol% of Eu®™"
phosphors are presented in Fig. 3. Excited by the excitation
wavelength of 322 nm, the phosphor exhibits an orange
reddish emission and shows one large broad band peaking at
about 590 nm with full width at half maximum of about
128 nm. This corresponds to the f—d transition of Eu®". There
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Fig. 2. The sketch of the Ba,LiB5O;( crystal structure.
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Fig. 3. The emission and excitation spectra of typical sample phosphors
Ba,LiBs0O;y doped with 3 mol% of Eu®™.

is an overlap of the 5d energy level of Eu*" and the lower
level of 4f state, so the electrons of the 4f state can be excited
to the 5d state. The broad luminescence of Eu®" is due to the
4/°5d" — 4f transition, which is an allowed electrostatic dipole
transition. However, the 5d state is easily affected by the
crystal field; therefore, different crystal fields can split the 5d
state in different ways [22]. In Ba,LiBsOq crystal structure,
the Ba atom occupies an eight-coordinate site with Ba-O
distances ranging from 2.64 to 3.02 A. The codopant Eu®™"
ions are substituted for the Ba>" sites and are exposed to a
strong crystal field, the excitation band of Eu*" shows broad
band from 250 nm to 400 nm with one intense peak located at
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Fig. 4. The decay time of 590 nm emission for the typical sample phosphors
Ba,LiBs0,o:Eu>" doped with 3 mol% of Eu>*.

322 nm. A rough estimate of the Stokes shift can be calculated
from the excitation band (322 nm) and the corresponding
emission band (590 nm). In this way, the Stokes shift of
Ba,LiBsO;o:Eu” " is estimated to be approximately 268 nm
according to the luminescence spectra in Fig. 3, and the
calculated Stokes shift is similar to that observed by Dirksen
and Blasse for Ba,LiBsO,o:Eu®" [12].

Fig. 4 shows fluorescence decay curves of 590 nm emissions
for Ba,LiB5O;o:Eu® ™ doped with 3 mol% of Eu®". It is well-
known that the decay behavior can be represented as

1=Igexp (~1/7) (1)

where [ and [, are the luminescence intensities at time ¢ and 0,
respectively, and 7 is the luminescence lifetime. The lifetimes
of the Eu?* emissions in BazLiB_sol():Euz+ were calculated
to be about 0.95 ps for the 590 nm emissions by using
this equation. The result is in agreement with the report of
Poort [23].

3.3. Critical transfer distance (R.) in BazLiB5010:EuZ+
phosphor

To study the concentration quenching process of Eu” " ions
in BazLiBSOm:EuzJr phosphors, the excitation and emission
spectra of phosphors with different Eu” " content (0.1 mol%,
1 mol%, 3 mol%, 5 mol%, 7 mol% and 10 mol%) excited by
322 nm are investigated. There is no obvious change in the
positions of excitation and emission bands for all the samples
as shown in Fig. 5. It can be seen that as Eu®> " concentration
increases, the emission intensity increases and reaches the
maximum at 3 mol%. Concentration quenching occurs, when
the Eu® " concentration is more than 3 mol%.

While considering the mechanism of energy transfer in
oxide phosphors, Blasse pointed out that if the activator is
introduced solely on Z ion sits, x.. is the critical concentration,
N is the number of Z ions in the unit cell and V is the volume
of the unit cell, then there is on the average of one activator ion
per V/x.N. The critical transfer distance (R,) is approximately
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Fig. 5. The Eu’" emission intensities at 590 nm as a function of Eu®"
concentration.

equal to twice the radius of a sphere with the volume [24]

3y 113
drx.N }

R.~2 [ 2

By taking the appropriate values of V, N and x.. (417.9 A®, 4,
0.03, respectively), the critical transfer distance of Eu’? in
Ba,LiB50,o:Eu® " phosphor is found to be 18.8 A. According
to Dexter's theory on non-radiative energy transfer, the critical
transfer of Eu”’" can also be calculated from the spectral
experimental data. The value of the critical transfer distance
(R.) can be found from [25]

5 4.8 x 10710p
R

RC=0.63 x 1 S.0. 3)

where P is the oscillator strength of the absorption transition of
the Eu?™ ion, E the energy of maximum spectral overlap, and
S.0. the spectral overlap integral. For P a value of 10~ for the
broad 4f —4°5d" absorption band is taken [24]. E and S.O.,
which are derived from the spectral experimental data, are
2.8eV and 0.1 eV~ ' According to these data, a value of
R.=19.1 A is obtained. Thus, the R, value based on the
calculated crystal structure data is in good agreement with that
of the experimental spectral data.

3.4. Mechanism of energy transfer in Ba,LiBsO o:Eu’*
phosphor

Non-radiative energy transfer from a Eu®" ion to another
Eu’" ion may occur by exchange interaction, radiation
reabsorption or multiple—multiple interaction, Eu®" is an
isolated emission center in Ba,LiBsO;o:Eu’™" phosphors. The
4f' - 4f°5d" transition of Eu®T is allowed while exchange
interaction is responsible for the energy for forbidden transi-
tions and typical critical distances are then about 5 A [25]. This
indicates that the mechanism of exchange interaction does
not play a significant role in energy transfer between Eu®™
jons in Ba,LiBsO;o:Eu’" phosphor. The mechanism of
radiation reabsorption becomes important when there is broad
overlap of the fluorescent spectra of the sensitizer and activator

which is not the case by examining the emission and excitation
spectra of Ba,LiBsO;o:Eu”*" phosphor. According to Dexter's
theory, the energy transfer mechanism of Eu®" emission in
BazLiBSOm:EuH phosphor is attributed to the electric multi-
ple—multiple interaction [25].

When the electric multipolar interaction is involved in the
energy transfer, there are several types of interactions [such as
dipole—dipole (d—d), dipole—quadrupole (d—q), quadrupole—
quadrupole (q—q) interactions, and so on]. It is necessary to
elucidate which type of interaction is involved in the energy
transfer. According to Vanuitert's study that if the energy
transfer occurs among the same sorts of activators, the strength
of the multipolar interaction can be determined from the
change of the emission intensity level which has the multipolar
interaction. The emission intensity (/) per activator ion follows
the equation [26]:

I/x = k[1+ B! (4)

where x is the activator concentration, I/x is the emission
intensity (/) per activator (x). K and f are constants for a given
host under the same excitation condition. According to Eq. (4),
6=3 for the energy transfer among the nearest-neighbor ions
(exchange interaction), while §=6, 8, and 10 for d—d, d—q, and
g—q interactions, respectively[26]. Assuming that ﬁ(x)e/ 31,
Eq. (4) can be simplified as follow [27]:

log I/x=K'—6/3log x (K'= log K-log f) )

From the slope of Eq. (5), the electric multipolar character
(0) can be obtained by the slope (—6/3) of the plot logl/x vs
logx. The critical concentration of Eu?" has been determined
to be 3 mol%. The dependence of the emission intensity of
Ba,LiBsO,:xEu’ " phosphor excited at 322 nm as a function
of the corresponding concentration of Eu>" for concentration
greater than the critical concentration (x > 0.03) is determined.
The plot of lgl/x as a function of lgx in Ba,LiBsO;¢:Eu®™"
phosphors are shown in Fig. 6. It can be seen that the
dependence of 1gl/x on lgx of Eu?" is linear and its slope is
about — 1.96. The value of @ can be calculated as 5.88, which
are approximately 6. This indicates that the d—d interaction is

3.0

28 |

26|

24

4

22k slope = -1.96

log (IIXEu?*)

2.0 |

1.8
1 s 1 s 1 s 1 s 1 s 1

-1.6 -1.5 -1.4 -1.3 -1.2 -1.1 -1.0
log (XEu?*)

Fig. 6. Log plot for the emission intensity at 608 nm per activator ions (Eu>)

as a function of the activator concentration.
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Fig. 7. The CIE chromaticity coordinates for of typical sample Ba,LiBsO;q:
Eu®" doped with 3 mol% of Eu>" under the excitation of 322 nm.

2+

the main concentration quenching mechanism of Eu™" emis-

sion in the BazLiBSOl():Eu2Jr phosphor.

3.5. CIE chromaticity coordinates analysis

Color coordinates are one of the important factors for
evaluating phosphors’ performance. It is a well known fact
that the color coordinates are same if the spectra profiles are
identical. In such case, the CIE chromaticity coordinates for
Ba,LiBsO;o:Eu”" with varying Eu”" concentrations under
the excitation of 322 nm are investigated. The chromaticity
data were taken based on the intensity-calibrated emission
spectra data by using the PMS-80 spectra analysis system. The
CIE coordinates of all the samples are x=0.54, y=0.35, and
they are not change with the increasing of Eu?™ concentration.
Fig. 7 shows the CIE chromaticity coordinate for the typical
as-prepared samples Ba,LiBs0;0:0.03Eu”" with the dot sym-
bols (Aex =322 nm).

4. Conclusions

In summary, orange reddish emitting phosphors powders
BazLiBsom:Eu2+ have been synthesized by solid-state reac-
tions. Eu”> " occupied Ba® " sites and form one emission center
at about 590 nm. With an increase in the Eu?" concentration,
quenching of the excitation energy occurs. The critical
quenching concentration of Eu”>" in Ba,LiBsO;¢:Eu*" phos-
phor is determined as 3 mol%. The critical transfer distance is
calculated as about 19 A, and it is confirmed by Dexter's
theory on energy transfer. The mechanism of concentration
quenching of Eu?" in Ba,LiBsO;o:Eu®" phosphor is deter-
mined to be d—d interaction. The spectra and chromaticity data

indicate that this orange reddish emitting phosphor might be
useful for the development of solid state light.
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