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operties and energy transfer
investigations of Ba2La2.85�xTb0.15Eux(SiO4)3F
multicolor phosphor

Xiaoxue Ma,a Libing Liao, *a Qingfeng Guo,b Haikun Liu,a Tianshuai Zhoua

and Lefu Mei*a

The Ba2La2.85�xTb0.15Eux(SiO4)3F (BLSOF:0.15Tb3+, xEu3+) multicolor phosphors with apatite structure were

synthesized via the solid-state pathway. The crystal structure and luminescence properties of the

phosphors were investigated by means of scanning electron microscopy (SEM), X-ray diffraction (XRD),

Rietveld refinement, photoluminescence excitation (PLE) and photoluminescence (PL). The

luminescence performance of the phosphor was optimum when the concentration of Tb3+ was set to

be 0.15 mol and the concentration of Eu3+ was set to be 0.22 mol. Under the accurate excitation of

373 nm near ultraviolet (n-UV) light, the emitting color of the phosphors can be tuned from green to red

with increasing Eu3+/Tb3+ ratio. It was further proved that the quadrupole–quadrupole (q–q) interaction

is responsible for the energy transfer (ET) in the BLSOF:0.15Tb3+, 0.22Eu3+ phosphor. Owing to the

excellent thermal quenching luminescence property, the BLSOF:0.15Tb3+, xEu3+ phosphor can be

applied in n-UV white light emitting diodes (w-LEDs) and serve as the warm part of warm white light.
1. Introduction

Light emitting diodes (LEDs) have been used in a wide range of
elds owing to their advantages, such as low-carbon emission,
long service lifetime, high photoelectric conversion rate,
environmentally-friendly performance, and so on.1 The market
for LEDs covers a variety of applications, for example, displays,
traffic lights, decorative lighting and general lighting. In
particular, white light emitting diodes (w-LEDs) have attracted
the attention of researchers from all over the world, and have
been called the fourth generation of lighting source owing to
their outstanding merits in the general lighting eld.2–4 One
method to produce w-LEDs capable of emitting high-quality
white light is to combine tri-color phosphors with near ultra-
violet (n-UV)-InGaN chips (350–420 nm).5 In the applications of
w-LEDs, several shortcomings of phosphor converted w-LEDs
have been noted, such as low color rendering index (CRI),
high correlated color temperature (CCT), blue light hazard
induced by the former two, and different service lifetime of each
part.6,7 Long exposure to light of the blue and purple part of the
spectrum can do harm to the retina, which is known as blue
light hazard. The lack of a warm component in the light emitted
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by w-LEDs results in low CRI and high CCT. These studies
highlight the importance of exploiting new kinds of phosphor
to provide multicolor warm light in order to improve users'
visual experience.8–10

Much recent research has focused on multicolor single-
phase phosphors. Phosphors belonging to this category can
avoid the drawbacks of inconsonant decay, inconsistent service
lifetime and so on.11 Generally, there are two methods to obtain
multicolor single-phase phosphors: structure regulation, and
energy transfer from sensitizer to activator.12,13 There has been
widespread application of energy transfer from sensitizers to
activators, using an abundant range of host materials.
Numerous sensitizer / activator ion pairs have been reported,
including Eu2+ / Mn2+, Tb3+ / Eu3+, Ce3+ / Tb3+, and so
on.14–16 Eu3+ can emit red light due to its electric dipole 5D0 /
7F2 transition, making it a suitable activator of the phosphor for
w-LED requirements.17–20 Terbium is usually used with euro-
pium to produce multicolor warm light, such as in LaBWO6:-
Tb3+, Eu3+; Zn2GeO4:Tb

3+, Eu3+; Sr3GdNa(PO4)3F:Tb
3+, Eu3+;

Sr2Zr(PO4)6:Tb
3+, Eu3+; KCaY(PO4)2:Tb

3+, Eu3+ and so on.21–25

An appropriate activator and appropriate matrix are neces-
sary to synthesize good phosphors. Outstanding photo-
luminescence can be achieved by doping rare earth (RE)
elements in apatite. Apatite is a common choice for the matrix
because of its good chemical stability and rich crystal eld
environment.26 The general formula of apatite compounds can
be expressed as M10(XO4)6Y2, in which M represents Ca, Sr, Ba,
La, RE and so on; X represents Si, Ge, P and so on; Y represents
F, Cl, Br, O and so on. It is widely known that there are two non-
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) XRD patterns of BLSOF:0.15Tb3+, BLSOF:0.15Eu3+ and BLSOF:0.15Tb3+, xEu3+ phosphors. The standard data for BLSOF (ICSD
No.170852) are also given as a reference. (b) The emission spectra of BLSOF:yTb3+ phosphors. (c) The concentration–intensity relationship of
BLSOF:yTb3+ phosphors.
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equivalent crystallographic sites in the apatite structure: the
nine-coordinated 4f site with C3 point symmetry and the seven-
coordinated 6h site with Cs point symmetry, both of which are
usually occupied by alkali metal, alkaline earth metal, and RE
ions. Apatite compounds have been widely investigated for
various applications, such as Ca9La(PO4)5(SiO4)F2, Sr8La2-
(PO4)6O2, Ba3LaK(PO4)3F, and so on.27–29 However, there is no
report of the Ba2La3–x–yEuxTby(SiO4)3F(BLSOF:Tb

3+, Eu3+)
phosphor with apatite structure and oxyuoride phase to the
best of our knowledge.30,31 In the crystal eld environment of
Fig. 2 Rietveld refinement XRD patterns of BLSOF at room tempera-
ture by TOPAS program. Solid red lines are calculated intensities, and
blue circles are the observed intensities. Short vertical lines show the
position of Bragg reflections of the calculated pattern. Green solid
lines below the profiles stand for the difference between the observed
and the calculated intensities.

This journal is © The Royal Society of Chemistry 2018
Ba2La3–x–yEuxTby(SiO4)3F, the La, Tb, and Eu ions should
occupy the X sites, which include both 4f and 6h sites according
to the theory mentioned above.

It is important to discover novel phosphors that can be
excited by n-UV light (350–420 nm) to satisfy the needs of the
market.32 In this paper, the energy transfer mechanism in
apatite compounds was investigated, and the performance of
the studied phosphor under high temperature was found to be
satisfactory. Under the accurate excitation of 373 nm n-UV light,
the phosphor can emit light of different wavelengths depending
on the doping ratio of Tb3+ and Eu3+. It is concluded that the
BLSOF:0.15Tb3+, xEu3+ multicolor phosphor can be applied in
n-UV w-LEDs and provide the warm part of warm light.
2. Experimental details
2.1 Synthesis

The desired phosphors Ba2La2.85�xTb0.15Eux(SiO4)3F were
prepared via the conventional solid-state method under high
Table 1 Crystallographic data for BLSOF based on Rietveld refinement

Formula Ba2La3(SiO4)3F
Space group P63/m
Symmetry Hexagonal
a/b (Å) 9.89093(21)
c (Å) 7.36654(19)
a/b 90�

g 120�

V (Å3) 624.120(32)
R-Bragg 3.42909
Rexp (%) 3.737
Rwp (%) 12.969
Rp (%) 9.280
c2 3.470

RSC Adv., 2018, 8, 27332–27341 | 27333
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Table 2 The refined atomic positions and isotropic temperature
factors for all atoms

Atoms x y z Occ Beq

La2 0.23946(23) 0.98545(25) 0.25 0.67(65) 1
Ba2 0.23946(23) 0.98545(25) 0.25 0.08(67) 1
Tb2 0.23946(23) 0.98545(25) 0.25 0.25(18) 1
La1 0.6666667 0.3333333 0.00082(56) 0.91(66) 1
Ba1 0.6666667 0.3333333 0.00082(56) 0.08(67) 1
Tb1 0.6666667 0.3333333 0.00082(56) 0.00(20) 1
Si1 0.4080(11) 0.37362(99) 0.25 1 1
O1 0.5970(24) 0.4536(22) 0.25 1 1
O2 0.3482(24) 0.5038(22) 0.25 1 1
O3 0.3557(13) 0.2672(13) 0.0697(16) 1 1
F 0 0 0.25 1 2.81
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temperature. The raw materials included BaCO3 (A.R.), La2O3

(99.99%), SiO2 (A.R.), NH4HF2 (A.R.), Tb4O7 (99.99%) and
Eu2O3 (99.99%), which were used directly without any other
treatment. The selected starting materials were weighed
according to the calculated precursor stoichiometry and mixed
in an agate mortar. Aer thorough grinding, the stoichio-
metric mixture was transferred into an alumina crucible. The
Fig. 3 (a) SEM image of BLSOF:0.15Tb3+, 0.22Eu3+ phosphor. (b) ED
BLSOF:0.15Tb3+, 0.22Eu3+ phosphor.

27334 | RSC Adv., 2018, 8, 27332–27341
crucible was sealed into a high temperature tube furnace and
annealed at 1350 �C for 5 h. Aer that, the sample was cooled
to room temperature gradually, and ground into powder again
for the series of tests that followed.
2.2 Characterization

XRD spectra were obtained on an X-ray powder diffractometer
(XD-3, PGENERAL, China) with Cu-Ka radiation (l ¼ 0.15406
nm) operated at 40 kV and 30 mA. Powder diffraction data were
tted by the Rietveld method using the computer soware
TOPAS 3.0 package. PLE and PL spectra under room tempera-
ture were characterized on a Hitachi F-4600 uorescence spec-
trophotometer. A PL system equipped with a xenon lamp (400 V,
150 W) acted as the excitation source. The thermal quenching
luminescence properties were measured on the same spectro-
photometer, which was combined with a self-made heating
attachment and a computer-controlled electric furnace. A
400 nm cut off lter was applied in the experiment to remove
the second-order emission of source radiation. Decay curves
were monitored by an EDINBURGH FS5 Combined Fluores-
cence Lifetime & Steady State Spectrometer. Emission spectra of
BLSOF:yTb3+ were measured on the same device with a 400 nm
X spectrum of BLSOF:0.15Tb3+, 0.22Eu3+. (c) Elemental mapping of

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The energy level transitions for PLE and PL of Tb3+ and Eu3+ and
the corresponding energy level scheme of energy transfer from to
Tb3+ to Eu3+.

Fig. 4 (a) PLE spectrum (left) and PL spectrum (right) of
BLSOF:0.15Tb3+. (b) PLE spectrum (left) and PL spectrum (right) of
BLSOF:0.15Eu3+. (c) PLE spectrum (left) and PL spectrum (right) of
BLSOF:0.15Tb3+, 0.22Eu3+.
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cut off lter. Quantum yield was measured by an EDINBURGH
FLS980 Spectrometer. Morphological analysis of the
compounds was observed by SEM (JSM-6701F, Hitachi, Japan).
Before the morphology was observed, the powder was coated on
the conducting resin directly without any other measurement
and sprayed with nano-platinum on the surface.

3. Results and discussions

Fig. 1(a) shows the typical XRD patterns of the as-prepared
samples including the BLSOF:0.15Tb3+, BLSOF:0.15Eu3+ and
BLSOF:0.15Tb3+, xEu3+ (x ¼ 0.08, 0.1, 0.18, 0.22, 0.24, 0.26)
phosphors. It is clear that the XRD peaks of the BLSOF phos-
phors can be accurately assigned to the phase of BLSOF (ICSD
no. 170852), which belongs to the apatite structure with the
hexagonal system and space group P63/m.33 Fig. 1(b) shows the
emission spectra of the BLSOF:yTb3+ phosphors and Fig. 1(c)
shows the concentration–intensity relationship of the BLSO-
F:yTb3+ phosphors. The emission intensity reaches the
maximum when the concentration of Tb3+ ions is 0.15 mol,
above which the luminescence intensity decreases resulting
from concentration quenching as widely noted in the litera-
ture.34 Terbium ions act as the sensitizer and europium ions act
as the activator in the BLSOF:Tb3+, Eu3+ phosphors. When y ¼
0.15, the phosphor presents the strongest emission intensity.
Considering this, the concentration of Tb3+ was xed to be
0.15 mol and the concentration of Eu3+ was variable in the co-
doped phosphors. In terms of their positions, the intensities
of the diffraction peaks were matched perfectly with the refer-
ence ICSD le in Fig. 1(a). According to the substitution prin-
ciple of isomorphism, Tb3+ and Eu3+ are assumed to replace
La3+ in the structure and no charge compensation or vacancies
will be formed as this is an isovalent substitution process. We
can infer that the doping of Tb3+ and Eu3+ ions did not cause
any structural change, which demonstrated that the isomorphic
replacement of La3+ with Tb3+ and Eu3+ was successful in the
present sample structure.35

Fig. 2 shows the Rietveld renement of BLSOF:0.15Tb3+ at
298 K with l ¼ 1.5406 Å by the TOPAS program. The crystal
structure of BLSOF (apatite-type structure) was taken as the
starting model for Rietveld renement and almost all peaks
were indexed with parameters close to BLSOF. Solid red lines
are the calculated intensities, and blue circles are the observed
intensities. Short vertical lines show the position of Bragg
reections of the calculated pattern. Green solid lines below the
proles stand for the difference between the observed and the
calculated intensities. Renement was stable and gave low R-
factors (Table 1, Fig. 2). All the experimental peaks were well
tted by the renement, indicating that all of those peaks are
Bragg reections from the BLSOF structure and converge to Rexp

¼ 3.737%, Rwp ¼ 12.969%, Rp ¼ 9.280% and c2 ¼ 3.470. In the
BLSOF compound, the lattice parameters are determined to be
a¼ b¼ 9.89093(21) Å, c¼ 7.36654(19) Å and V¼ 624.120(32) Å3.
The rened atomic positions and isotropic temperature factors
for all atoms are also shown in Table 2.36,37

The microstructure of BLSOF:0.15Tb3+, 0.22Eu3+ was deter-
mined and is shown in Fig. 3(a). The sample is composed of
This journal is © The Royal Society of Chemistry 2018
numerous smaller and larger blocks. The observation of Ba, La,
Si, O, F, Tb, and Eu peaks in the EDX spectrum in Fig. 3(b)
further implied the formation of the sample with the desired
composition. In addition, the elemental mapping results as
shown in Fig. 3(c) demonstrated that all the elements in the
sample were homogeneously distributed throughout each
block.38

The luminescence properties of the samples were studied in
detail in the following work. The emission and excitation spectra
of BLSOF:0.15Tb3+, BLSOF:0.15Eu3+ and BLSOF:0.15Tb3+,
0.22Eu3+ were measured. Fig. 4(a) depicts the spectra of the
BLSOF:0.15Tb3+ phosphor. As shown in Fig. 4(a), the PLE spec-
trum of BLSOF:0.15Tb3+ shows typical excitation ranging from
RSC Adv., 2018, 8, 27332–27341 | 27335
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325 to 500 nmwith a characteristic excitation peak at 373 nm (7F6
/ 5D3), indicating that the excitation wavelength of the as-grown
phosphors overlaps well with that of n-UV light LED chips. Upon
373 nm excitation, the phosphor emits sharp peaks of Tb3+

centered at 492, 545, 592 and 624 nm originating from transi-
tions of 5D4 /

7FJ (J ¼ 6, 5, 4, 3). Fig. 4(b) depicts the spectra of
the BLSOF:0.15Eu3+ phosphor. There are several peaks in these
excitation spectra, which can be ascribed to transitions from the
ground state 7F0 to the excited states 5D4 (362 nm), 5L7 (381 nm),
5L6 (394 nm), 5D3 (414 nm), and 5D2 (465 nm).39,40 Upon 394 nm
excitation, the BLSOF:0.15Eu3+ phosphor emits sharp peaks of
Eu3+ centered at 591, 616, 654 and 700 nm originating from
transitions of 5D0 /

7FJ (J ¼ 1, 2, 3, 4). Comparing Fig. 4(a) and
(b), there is an overlap of the excitation spectrum of Eu3+ and
emission spectrum of Tb3+ highlighted in yellow (about 445–485
nm), which means that energy transfer from Tb3+ to Eu3+ is
possible in theory. Fig. 4(c) depicts the spectra of the
BLSOF:0.15Tb3+, 0.22Eu3+ phosphor. Using the same test
Fig. 6 (a) The PL spectra of BLSOF:0.15Tb3+, xEu3+ phosphors (x¼ 0, 0.08
at 545 nm and 616 nm with various concentrations of europium.

27336 | RSC Adv., 2018, 8, 27332–27341
parameters and coordinate range (in vertical and horizontal
directions), PLE peaks at 373 nm, 394 nm and PL peaks at
545 nm, 616 nm were obtained and the relative intensity of the
Tb3+ and Eu3+ peaks can be estimated from the spectra.
Considering the excitation curves, the sample could be moni-
tored by 616 nm and 545 nm, and excitation curve monitored by
616 nm is higher than the one monitored by 545 nm. Upon
excitation, the sample shows emission from Eu3+ at an emission
wavelength of 616 nm and from Tb3+ at an emission wavelength
of 545 nm, and the former is more intense. The phosphor emits
sharp peaks of Tb3+ and Eu3+ upon 373 nm excitation, which
indicates that Tb3+, Eu3+ co-doped BLSOFs can be used as green
and red double-color emitting phosphors under n-UV excitation.
Monitored at 394 nm, only red emission of Eu3+ could be
observed, similar to the characteristic prole of the Eu3+ singly
doped BLSOF sample. When the phosphor is excited by 373 nm,
the peak of green curve at 616 nm is not as intense as the red
curve (which was excited by 394 nm) in Fig. 4(c), indicating
, 0.1, 0.18, 0.22, 0.24 and 0.26) excited at 373 nm. (b) Emission intensity

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (a) The luminescence decay curves of 545 nm emission in BLSOF:0.15Tb3+, xEu3+ under the excitation of 373 nm. (b) The energy transfer
efficiency of the phosphor under different concentrations of Eu3+. (c) Dependence of Is0/Is of Tb

3+ on C6/3, C8/3 and C10/3.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/2
2/

20
26

 1
:4

4:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a decrease in emission of Eu3+ at this excitation wavelength. The
emission spectrum monitored at 373 nm includes not only the
characteristic emission derived from Eu3+ (5D0 /

7F2 at 616 nm),
but also the Tb3+ characteristic emission prole (5D4 / 7F6,5),
similar to the Tb3+ singly doped sample. In this case, we focused
on the emission spectra monitored at 373 nm to characterize the
energy transfer properties from Tb3+ to Eu3+. The results showed
that the relative intensities of green and red emissions can be
varied andmulticolor emission may be achieved by adjusting the
concentrations of Tb3+ and Eu3+ through energy transfer.41

An energy level diagram with all the relevant transitions is
shown in Fig. 5 to visually illustrate the mechanism of lumines-
cence and energy transfer. When the BLSOF:Tb3+, Eu3+ phosphor
is exposed to UV light, Tb3+ ions in the phosphor are excited from
the ground state 7F6 to the excited state 5D3 and emit green light
when they leap back from 5D4 to 7FJ (J ¼ 6, 5, 4, 3) aer non-
radiative processes from 5D3 to

5D4. Energy transfer from the 5D4

energy level of Tb3+ to the 5D0 energy level of Eu
3+ can also occur

through a nonradiative process because the former is higher in
energy. Furthermore, the Tb3+ emission curve, which is attrib-
uted to the transitions 5D4 /

7F6,5,4,3, is greatly overlapped with
the PLE curve of Eu3+, which originates from the 7F0 / 5D2,3
This journal is © The Royal Society of Chemistry 2018
transition in Fig. 4. Red light is produced when Eu3+ ions return
to the ground states 7F1,2,3,4 through radiative transition.42–44

A series of PLE spectra of BLSOF:0.15Tb3+, xEu3+ (x¼ 0, 0.08,
0.1, 0.18, 0.22, 0.24 and 0.26) under the excitation of 373 nm n-
UV light are demonstrated in Fig. 6(a). The emission intensities
at 545 and 616 nm with various concentrations of europium(x)
are shown in Fig. 6(b). The emission intensity of Tb3+ (545 nm)
continually decreases with increasing x and the emission
intensity of Eu3+ (616 nm) ions rst increases and then reaches
the maximum when x¼ 0.22, aer which the emission intensity
decreases. Concentration quenching is the likely reason for the
decrease in emission intensity above x ¼ 0.22.45 Thus, energy
transfer occurs from Tb3+ to Eu3+ in BLSOF.46

To investigate the energy transfer mechanism, the decay
curves of Tb3+ emission for Ba2La2.85�x(SiO4)3F:0.15Tb

3+, xEu3+

excited at 373 nm were characterized and are depicted in
Fig. 7(a). The decay curves were tted perfectly based on the
following single exponential decay equation:47

I(t) ¼ I0 + A exp(�t/s) (1)

where I and I0 are the luminescence intensity at time t and 0, A is
constant, t is the time, and s is the decay time for the
RSC Adv., 2018, 8, 27332–27341 | 27337
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Fig. 8 The CIE value of BLSOF:0.15Tb3+, xEu3+ under the excitation of

Table 3 CIE value of BLSOF:0.15Tb, xEu3+ (x ¼ 0, 0.08, 0.1, 0.18, 0.22,
0.24, 0.26), BLSOF:0.15Eu3+ samples

Number Formula CIE value

1 Ba2La2.85(SiO4)3F:0.15Tb
3+ (0.2908, 0.5282)

2 Ba2La2.77(SiO4)3F:0.15Tb
3+, 0.08Eu3+ (0.4083, 0.4652)

3 Ba2La2.75(SiO4)3F:0.15Tb
3+, 0.10Eu3+ (0.4397, 0.4445)

4 Ba2La2.67(SiO4)3F:0.15Tb
3+, 0.18Eu3+ (0.5160, 0.4027)

5 Ba2La2.63(SiO4)3F:0.15Tb
3+, 0.22Eu3+ (0.5413, 0.3872)

6 Ba2La2.61(SiO4)3F:0.15Tb
3+, 0.24Eu3+ (0.5454, 0.3802)

7 Ba2La2.59(SiO4)3F:0.15Tb
3+, 0.26Eu3+ (0.5534, 0.3745)

8 Ba2La2.85(SiO4)3F:0.15Eu
3+ (0.6125, 0.3314)
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component. The decay curves of BLSOF:0.15Tb3+, xEu3+

compounds monitored at 545 nm with 373 nm excitation are
shown in Fig. 7(a). The lifetime of Tb3+ decreased gradually with
the increasing concentration of Eu3+, further conrming the
existence of energy transfer from Tb3+ to Eu3+ in BLSOF. The
energy transfer efficiency from Tb3+ to Eu3+ can be calculated
based on the following expression:48

h ¼ 1 � (ss/ss0) (2)

where ss0 and ss are the corresponding lifetimes of donor Tb3+

in the absence and presence of the acceptor Eu3+. As shown in
Fig. 7(b), the h value is estimated to be 36.26%, 56.78%, 65.93%,
71.43%, 75.09% and 79.85% when the concentration of Eu3+ is
0.08, 0.10, 0.18, 0.22, 0.24 and 0.26 mol. Clearly, the energy
transfer efficiency increases as the concentration of Eu3+

increases. Furthermore, the internal quantum yield for Tb3+

and Eu3+ is measured to be 24.04%, 53.52%, 66.89%, 53.11%,
and 31.78%when the concentration of Eu3+ is 0, 0.08, 0.10, 0.18,
and 0.22 mol.

It is well-known that the mechanism of nonradiative energy
transfer among the dopants can be either exchange interaction
or electric multipolar interaction. Which of these applies in
a particular case can be conrmed by analyzing the critical
distance. Based on Blasse's theory, the critical distance Rc can
be estimated by using the following equation:49–53

Rc z 2(3V/4pxcN)1/3 (3)

where V stands for the volume of the unit cell, xc is the total
concentration of sensitizer Tb3+ and activator Eu3+, and N
represents the number of host cations in one unit cell. For the
Ba2La3(SiO4)3F host, the analytical and experimental values
were N ¼ 10, V ¼ 608.77 Å3, and the critical value of xc is about
0.246, i.e. the total concentration of Tb3+ and Eu3+ at which the
ET efficiency is 0.5. Therefore, the Rc of BLSOF:0.15Tb

3+, xEu3+

was determined to 7.789 Å. In general, when the critical
distance is no larger than 5 Å, the exchange interaction
contributes to the concentration quenching mechanism.
Otherwise, the electric multipolar interaction prevails. Thus,
the electric multipolar interaction is the mechanism of the
nonradiative energy transfer from Tb3+ to Eu3+ in BLSOF.

Additionally, Fig. 7(c) shows the dependence of Is0/Is of Tb
3+

on C6/3, C8/3 and C10/3 (C is the total concentration of Tb3+ and
Eu3+). On the basis of Dexter's energy transfer formula of multi-
polar interactions, the following relationship can be given:54,55

(h0/hs) f Cn/3 (4)

where h0/hs is the ratio of the quantum efficiencies of Tb3+ in the
absence and presence of Eu3+, C is the total concentration of
Tb3+ and Eu3+, and n is a constant which indicates the inter-
action between Tb3+ and Eu3+ (n ¼ 6, dipole–dipole interaction;
n ¼ 8, dipole–quadrupole interaction; and n ¼ 10, quadrupole–
quadrupole interaction). The value of h0/hs can be approxi-
mately calculated by the ratio of the two related luminescence
intensities (Is0/Is) according to the formula (1):56
27338 | RSC Adv., 2018, 8, 27332–27341
(Is0/Is) f Cn/3 (5)

where Is0 and Is are the intrinsic luminescence intensities of
Tb3+ in the absence and presence of Eu3+. Plots of the value of
Is0/Is and Cn/3 (n ¼ 6, 8, or 10) are depicted in Fig. 7(c). It can be
easily observed that a highly linear relationship between Is0/Is
and Cn/3 occurs when n ¼ 10, implying that the energy transfer
from Tb3+ to Eu3+ occurs via a quadrupole–quadrupole
mechanism.57

The color coordinates of the BLSOF:0.15Tb3+, xEu3+ phosphors
under the excitation of 373 nm were calculated and are presented
in Table 3 and Fig. 8. The chromaticity coordinates (x, y) of
BLSOF:0.15Tb3+, xEu3+ were calculated based on the correspond-
ing emission spectra. In order to be more intuitive, digital photo-
graphs of BLSOF:0.15Tb3+, BLSOF:0.15Tb3+, 0.08Eu3+,
BLSOF:0.15Tb3+, 0.22Eu3+ and BLSOF:0.15Eu3+ upon 365 nm UV-
lamp excitation are given in the insets of Fig. 8. The series of
phosphors were able to be tuned from green (0.29, 0.53), through
373 nm.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Configurational coordinate diagram showing the thermal
quenching process for Tb3+ ions.

Fig. 9 (a) Temperature-dependent luminescence of BLSOF:0.15Tb3+,
0.22Eu3+. (b) Temperature–intensity dependence of BLSOF:0.15Tb3+,
0.22Eu3+ and the inset shows ln(I0/I � 1) versus 1/kT for the
BLSOF:0.15Tb3+, 0.22Eu3+ sample.
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yellow/orange-red to red (0.61, 0.33) by adjusting the proportion of
Tb3+ and Eu3+ concentrations. The results indicate that the
prepared phosphors show themerit of multicolor emissions in the
visible region when excited by a single wavelength of light, which
means that tunable luminescence can be realized in the novel
BLSOF:0.15Tb3+, xEu3+ phosphors based on energy transfer.58–60

As is well known, the thermal stability of coated phosphors
has a critical inuence on the performance of LEDs. Fig. 9(a)
shows the temperature-dependent emission spectra for the
BLSOF:0.15Tb3+, 0.22Eu3+ phosphor and Fig. 9(b) shows the
intensity–concentration relationship of Tb3+ (5D4 / 7F5) at
545 nm. It can be seen that the luminescence intensity at 150 �C
remains 85.34% of that at room temperature, 25 �C. To
understand the temperature-dependent thermal quenching
behavior, the activation energy was calculated, as shown in the
inset of Fig. 9(b), by means of the following formula:

ln(I0/I � 1) ¼ ln A � DE/kT (6)

where I0 stands for initial emission intensity, I corresponds to
the emission intensity at different temperatures, A is the
This journal is © The Royal Society of Chemistry 2018
coefficient, DE means the activation energy, k is the Boltzmann
coefficient with a xed value of 8.629 � 10�5 eV K�1 and T is the
temperature. The inset of Fig. 9(b) shows the plot of ln(I0/I � 1)
vs. 1/kT for the BLSOF:0.15Tb3+, 0.22Eu3+ sample. As demon-
strated, the experimental data were linearly tted with a slope of
approximately �0.1648, suggesting that the activation energy
for thermal quenching of the Tb3+ ions in the BLSOF:0.15Tb3+,
0.22Eu3+ sample is 0.1648 eV.61

The conguration coordinate diagram for the 7F5/
5D4 (545

nm) transition of Tb3+ is shown in Fig. 10 to make the thermal
quenching process clearer. When the phosphor was exposed to
373 nm light, the electrons of Tb3+ could be pumped from point
A in the 7F5 level to point B in the 5D4 level as process I, and then
non-radiatively relax to point C, and leap back to point E in the
7F5 level and give out light as process II. The 7F5 and

5D4 states
overlapped at point D, and DE is the energy difference between
D and C. For this phosphor, the energy difference was calculated
to be 0.1648 eV as above. At high temperature, the centers will
be thermally activated from point B to the junction of point D,
corresponding to process III, and then non-radiatively relax to
point A as process IV. The higher the temperature, the more
electrons can overcome the activation energy. As a result,
thermal quenching phenomena occur and the emission inten-
sity of Tb3+ decreases with increasing temperature.62,63
4. Conclusions

In summary, a multicolor warm phosphor, BLSOF:0.15Tb3+,
xEu3+, was synthesized by the traditional high-temperature
solid-state method. The results reveal that the color of the
BLSOF:0.15Tb3+, xEu3+ phosphors can be modulated from
RSC Adv., 2018, 8, 27332–27341 | 27339
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green, through yellow/red-orange to red with different Tb3+/Eu3+

ratios. The chromaticity coordinates of the BLSOF:0.15Tb3+,
xEu3+ phosphors gradually shi from green (0.29, 0.53) through
yellow/red-orange and eventually to red (0.61, 0.33) with
increasing Eu3+ concentration. Based on Dexter's energy trans-
fer equation, the quadrupole–quadrupole interaction (q–q) is
responsible for the energy transfer from Tb3+ to Eu3+ in BLSOF.
The energy level diagram with all the relevant transitions and
the conguration coordinate diagram have also been discussed
to make the luminescence and thermal quenching process
easier to understand. The properties of this phosphor are also
stable under high temperature and the applicability of this
phosphor is greatly enhanced, suggesting its promising poten-
tial. All the observed features indicate that the multicolor
phosphor might be a good candidate as a single-phase warm
emitter for warm w-LEDs.
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