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Simultaneously tuning the emission color and
improving thermal stability via energy transfer in
apatite-type phosphors

Dan Wu, ab Wenge Xiao,ab Liangliang Zhang,*a Xia Zhang,a Zhendong Hao,a

Guo-Hui Pan,a Yongshi Luoa and Jiahua Zhang*a

Developing phosphors with high quantum efficiency and superior thermal stability is still a challenge for

phosphor-converted white light-emitting diodes (w-LEDs). Energy transfer between ions is usually utilized

to tune the emission wavelength. In this study, we demonstrate that in addition to the tunable emission

color, an improved thermal stability can be achieved by energy transfer from Ce3+ to Tb3+ in Ce3+ and

Tb3+ codoped Ba2Y3(SiO4)3F (BYSF:Ce3+,Tb3+) phosphors without quantum efficiency loss, which is

ascribed to the combined effect of fast energy transfer within the nearest Ce3+–Tb3+ pairs via electric

dipole–quadrupole interactions, and the following energy diffusion among the Tb3+ ions. An efficient

energy transfer from Ce3+ to Tb3+ results in the novel green phosphor BYSF:2%Ce3+,40%Tb3+ with an

internal quantum efficiency of as high as 83.12%. In addition, a w-LED lamp was fabricated to explore its

possible application in w-LEDs based on near UV LEDs. Our results indicate that fast energy transfer to

Tb3+ may provide an alternative way of improving the thermal stability of phosphors.

1. Introduction

To address the challenges of energy conservation and environmental
protection issues, white light-emitting diodes (w-LEDs), possessing
the advantages of long lifetimes, high brightness, robustness,
and environmental friendliness, are undergoing rapid develop-
ment and have been considered as the next-generation of light-
ing technology.1–3 At present, the most common way to generate
white light is combining a blue InGaN LED chip with the well-
known yellow phosphor Y3Al5O12:Ce3+ (YAG:Ce3+). However, the
application of w-LEDs faces the problem of lacking a sufficient
cyan or red component in emission, thus requiring additional
phosphors.4–6 An alternative way of solving this problem is the
fabrication of w-LEDs by using near ultraviolet (n-UV) LED chips
(350–420 nm) and tricolor (red, green, and blue) phosphors,
which is expected to generate white light with a high color
rendering index (CRI) and a low correlated color temperature
(CCT).6–8 Undoubtedly, the luminescence properties of tricolor
phosphors determine the eventual performance of w-LEDs, and
hence it is of great significance to find new phosphors with high

quantum efficiencies (QEs) and good thermal stability that can
be excited by n-UV LEDs.

Rare earth (RE) Ce3+ is a commonly used efficient active ion
in phosphors for w-LEDs due to the parity-allowed 4f–5d
transition. The emission color of the Ce3+ 5d–4f transition
varies from ultraviolet to blue and even to red according to
the local environment since the 5d orbital strongly interacts
with its surroundings.9–11 However, the broad emission band
originating from 5d–4f transition of singly activated phosphors
still cannot cover the whole visible spectral range to generate
ideal white light. Additionally, though many Ce3+ activated
phosphors have high QEs, they cannot yet be applied for
w-LEDs because their emission is shorter than 440 nm, which
is negligible for white light and even harmful to human
eyes.9,12 Hence, it is important to tune the emission, by
enriching the cyan or red component or fully converting those
short wavelengths (o440 nm) to longer ones in emission. This
can be realized by two common strategies, one is formation of
solid solution phosphors by cation or anion substitution;11,13,14

the other is codoping another activator that emits longer
wavelength light such as RE ions Eu2+, Pr3+ and Tb3+ and
transition metal ions Mn2+ and Cr3+, thereby regulating the
emission color of the phosphors by an energy transfer
process.15,16 The latter has been intensively studied, such as
in Ce3+/Mn2+,17,18 Ce3+/Pr3+,19,20 Ce3+/Eu2+ 21,22 and Ce3+/Cr3+,23

since multi-emission peaks or even white light can be achieved
in a single host crystal.
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On the other hand, thermal stability is a key parameter for
phosphors.24–26 Since the transitions of f–d (Ce3+ or Eu2+) and
d–d (Mn2+ and Cr3+) are sensitive to the crystal environment,
the thermal stability of their emissions strongly depends on the
structural and optical properties of the host crystals, most of
which show limited thermal stability. As for Pr3+ and Eu3+, the
overall QE will be largely lowered when they are used as acceptors
because the related 4f levels of Pr3+ suffer strong multi-phonon
relaxation and there exists metal–metal charge transfer quenching
between Eu3+ and Ce3+.19,20,27,28 Another important RE ion, Tb3+,
is well known for its intense green emission even in metal–organic
compounds whose cutoff phonon energy is relatively large.29,30 Its
predominant emission peak is around 545 nm originating from
the 5D4 - 7F5 transition. However, the excitation band due to
4f8–4f75d1 parity-allowed transitions is located in the deep UV
region (o300 nm), which is beyond the emission of the available
n-UV LED chips. Sensitizer like Ce3+ is needed to obtain efficient
green phosphors for w-LEDs based on n-UV LEDs. As we know,
Tb3+ has a unique and attractive energy level structure whereby
the 5D4 level is about 15 000 cm�1 away from its next lowest level,
rendering the multi-phonon relaxation negligible.31,32 Hence, the
emission of the 5D4 level usually has high QE and superior
thermal stability. Besides, the 5D4 level undergoes slow concen-
tration quenching permitting a high doping level, which is
beneficial to enhance the energy transfer efficiency from the
sensitizer to Tb3+. Recently, codoping with Tb3+ has been used
to tune the emission color of Ce3+ (or Eu2+) activated phosphors,
such as CaScAlSiO6:Ce3+,Tb3+,18 CeF3:Tb3+/LaF3,33 NaBaScSi2O7:
Ce3+,Tb3+,34 and Sr3CaBa(PO4)3Cl:Eu2+,Tb3+,35 where the emission
color can be largely tuned from violet/blue to green as the content
of Tb3+ is increased. In our previous work, we have demonstrated
that if the energy transfer rate from Ce3+ to Tb3+ is large enough to
compete with the thermal quenching rate of its 5d emission,
the excitation energy of the Ce3+ 5d level will be captured by the
thermally stable Tb3+ 5D4 level before thermal quenching
happens, thereby improving the overall thermal stability.36

Considering the above characteristics, codoping Tb3+ is expected
to be utilized to tune the emission color and improve the
thermal stability simultaneously.

Ce3+ doped apatite oxyfluoride Ba2Y3(SiO4)3F (BYSF:Ce3+)
was reported to be a bluish violet phosphor that peaks at
425 nm with very high QE, but has poor thermal stability, thus
it is useless for applications.37 Herein, we introduced Tb3+ into
BYSF:Ce3+ and thus obtained a highly efficient green phosphor
with improved thermal stability as well as without a reduction
in QE. The efficient energy transfer from Ce3+ to Tb3+, the
improved thermal stability as well as the potential application
for w-LEDs were investigated in detail.

2. Experimental
2.1. Sample preparation

The powder samples were synthesized by the high-temperature
solid-state reaction with the raw materials of high-purity,
BaCO3, BaF2, Y2O3, SiO2, CeO2, and Tb4O7. They were weighed

stoichiometrically according to the composition of BYSF:
2%Ce3+,x%Tb3+. After thorough mixing in an agate mortar, the
resulting mixtures were pre-heated at 900 1C for 2 h, and then
heated at 1300 1C for 6 h under a 5% H2/95% N2 reducing
atmosphere. Finally, the samples were cooled to room temperature
in the furnace and ground again for the following characterization.

2.2. Characterization

The crystal structure of the samples was identified by X-ray
diffraction (XRD) (Bruker D8 Focus diffractometer, in the 2y
range from 201 to 701 with Cu Ka radiation (l = 1.54056 Å)
operating at 40 kV and 30 mA). Structural refinement was
carried out by the Rietveld method using the FullProf program.
Room temperature photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were measured using a HITACHI F-7000
spectrometer. Fluorescence microscope PL images (BX53M
Instruments; OLYMPUS, Japan) of the powder particles were
recorded in dark-field mode upon excitation using a 350 nm UV
lamp. The internal quantum efficiencies (QEs) were also measured
by an Edinburgh Instruments FLS-920 spectrometer equipped with
an Edinburgh Instruments integrating sphere (Edinburgh Instru-
ments, U.K.). The internal QE values were calculated using the
quantum yield measurement software. The internal QE defined as
the ratio of the number of photons emitted (Iem) to the number of
photons absorbed (Iabs) is expressed as

IQE ¼
Iem

Iabs
¼

Ð
LsÐ

ER �
Ð
Es

(1)

where LS is the emission spectrum of the sample, and ES and ER are
the spectra of excitation light with and without the sample in the
integrating sphere.

The fluorescence decays of Ce3+ were measured using an
FLS920 fluorimeter (Edinburgh Instruments, Livingston, UK)
with a hydrogen flash lamp (nF900; Edinburgh Instruments).
The temperature-dependent PL spectra were also recorded on
an F-7000 spectrometer with an external heater. A process
controller (OMEGA CN76000) equipped with a thermocouple
was used to measure temperature and control the heating rate.

A white LED was fabricated by combining a UV-LED chip
(365 nm) with a commercial blue phosphor BAM:Eu2+, the
as-synthesized BYSF:2%Ce3+,40%Tb3+ and a commercial red
phosphor (Ca,Sr)AlSiN3:Eu2+. The optical properties of the
fabricated w-LEDs were measured using an integrated sphere
spectroradiometer system (LHS-1000, Everfine Co., Hangzhou,
China). The LED was operated at a bias current of 20 mA and a
voltage of 3.4 V. All the measurements were conducted at room
temperature unless mentioned otherwise.

3. Results and discussion
3.1. Structural properties

The representative XRD patterns of the as-synthesized samples
BYSF:2%Ce3+, BYSF:2%Ce3+,20%Tb3+ and BYSF:2%Ce3+,40%Tb3+

are shown in Fig. 1a, and the calculated XRD pattern of BYSF from
the Rietveld structural refinement (see below) is also shown for
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comparison. The XRD patterns of the Tb3+ and/or Ce3+ doped
samples match well with that of BYSF and no impurity phase is
detected, indicating the formation of single-phase solid solutions.
In addition, with the increase of Tb3+ concentration, the diffraction
peaks gradually shift to a low diffraction degree, which is expected
since the substitution of larger Ce3+ (r = 1.20 Å when CN = 9; r =
1.07 Å when CN = 7) and Tb3+ (r = 1.10 Å when CN = 9; r = 0.98 Å
when CN = 7) for smaller Y3+ (r = 1.08 Å when CN = 9; r = 0.96 Å when
CN = 7) leads to lattice expansion.38 In order to further investigate
the structure of the as-synthesized samples, Rietveld structural
refinements for the compositions of BYSF:1%Ce3+,x%Tb3+ (x = 0,
66.6, and 99) were performed by using the previously reported
crystallographic data of Ba4La6(SiO4)6F2 as a starting model.39 The
observed, calculated and the different patterns of the XRD refine-
ment of BYSF:1%Ce3+ are shown in Fig. 1b. The crystallographic
data and refinement parameters of BYSF:1%Ce3+,x%Tb3+ (x = 0,
66.6, and 99) are listed in Table 1. All the final weighted R factors
(Rwp) are acceptable, thus confirming the phase purity of these
samples. As illustrated in Fig. 1c, the obtained BYSF crystallizes in
the hexagonal space group P63/m according to the refinement results
and there are two cation sites to occupy for Ba2+ and Y3+. One is the
4f site (C3 symmetry) coordinated with nine oxygen atoms and the
other is the 6h site (Cs symmetry) coordinated with six O atoms and
one F atom. It has been argued that Ba2+ only occupies the 4f site
since it has very large ionic radii, while the smaller Y3+ occupies the
6h site. However, it should be noted that for those relatively large
rare earth ions like Ce3+ as well as La3+, they also have the possibility

to occupy the 4f site. Therefore, when Ce3+ is introduced into the
BYSF crystal, two emission centres will be formed, which has been
confirmed by Yu et al. from their different excitation spectra and
luminescence decay curves.37

3.2. Photoluminescence properties

As shown in Fig. 2a, the PLE spectrum monitored at 425 nm of
Ce3+ singly doped BYSF exhibits a broad band ranging from 250
to 400 nm with two distinct excitation band peaks at 295 and
355 nm, which are assigned to the 4f–5d transitions of Ce3+.
Such a broad excitation band should arise from the super-
imposition of at least four subbands due to the existence of two
kinds of Ce3+, and its longer wavelength side matches well with

Fig. 1 (a) XRD patterns of BYSF:2%Ce3+, BYSF:2%Ce3+,20%Tb3+ and BYSF:2%Ce3+,40%Tb3+; (b) Rietveld refinements of XRD data for BYSF:1%Ce3+;
(c) the crystal structure of BYSF; (d) the coordination environment of the 4f site and the 6h site.

Table 1 Rietveld refinement, crystallographic and structural parameters
of the representative samples BYSF:1%Ce3+,x%Tb3+ (x = 0, 66.6, and 99)

Compound x = 0 x = 66.6 x = 99

Space group P63/m P63/m P63/m
a = b (Å)
c (Å)

9.7408(7)
7.0298(7)

9.7504(3)
7.0597(6)

9.7565(0)
7.0786(0)

a = b (deg)
g (deg)

90
120

90
120

90
120

V (Å3) 577.662 581.258 583.534
Z 2 2 2
Rp (%) 8.62 11.2 12.7
Rwp (%) 9.00 9.72 10.5
Rexp (%) 3.44 4.53 5.34
w2 6.83 4.6 3.86
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the emission of an n-UV LED chip. Under 355 nm excitation,
the Ce3+ doped BYSF shows intense blue emission with an
asymmetric emission band peak at 425 nm, resulting from the
transitions of Ce3+ from the lowest 5d level to the doublet
ground levels (2F5/2 and 2F7/2) of the 4f configurations. One may
notice that most of the emission of Ce3+ doped BYSF is shorter
than 450 nm in wavelength, which is unfavorable for its
application in w-LEDs as a blue phosphor. As for Tb3+ singly
doped BYSF (Fig. 2(b)), upon UV light (252 nm) excitation, its PL
spectrum shows a series of strong emission lines at 490, 543,
585, and 624 nm originating from the 5D4 - 7FJ ( J = 6, 5, 4,
and 3) characteristic transitions of Tb3+. The PLE spectrum of
the green emission at 543 nm (5D4 -

7F5) contains not only the
typical strong excitation band in the range of 200–300 nm that
is attributed to the first spin-allowed 4f–5d transitions of Tb3+,
but also some weak excitation lines in the range of 350–380 nm
and at 484 nm due to the 4f–4f forbidden transition lines
(350–400 nm) of Tb3+. Apparently, Tb3+ singly doped BYSF
cannot be effectively excited by the n-UV light and thus is
useless for w-LEDs. However, the obvious overlap between the
emission band of Ce3+ and the 4f–4f excitation lines of Tb3+

around 484 nm indicates the possibility of energy transfer from
Ce3+ to Tb3+, leading to large color tunability from bluish violet
to yellowish green in Ce3+ and Tb3+ codoped BYSF. It can be
seen from Fig. 2(c) that the PLE spectrum for monitoring the
Tb3+ emission at 543 nm shows the remarkable 5d bands of
Ce3+ in the range of 300–400 nm, which is similar to that of Ce3+

emission at 425 nm. Moreover, under 355 nm excitation, the PL
spectrum contains not only the emission band of Ce3+ but also
the emission lines dominated by the green emission at 543 nm
of Tb3+. These two features illustrate the occurrence of energy
transfer from Ce3+ to Tb3+ in the Ce3+ and Tb3+ codoped BYSF.
Therefore, codoping Ce3+ as a sensitizer for the Tb3+ activated
phosphor is an effective way to enhance the absorptivity of
excitation light in the n-UV region, thereby achieving an
efficient green phosphor for w-LEDs based on the n-UV LED.

In order to further study the energy transfer process from
Ce3+ to Tb3+, the emission intensities of Ce3+ and Tb3+ as a

function of Tb3+ concentration were measured. Fig. 3(a) shows
the PL spectra of the sample series BYSF:2%Ce3+,x%Tb3+ with a
fixed Ce3+ concentration at 2 mol% and various Tb3+ concen-
trations (x = 0–98) under 355 nm excitation. Upon the introduc-
tion of Tb3+ ions, the emission lines dominated by 543 nm of
Tb3+ appear accompanied by a decline of the blue emission
band of Ce3+. As x increases from x = 0 to x = 98, the green
emission line at 543 nm due to the 5D4 -

7F5 transition of Tb3+

dominates the PL spectrum gradually (see Fig. 3(a)), resulting
from the enhanced energy transfer from Ce3+ to Tb3+. Accordingly,
the emission color is tuned from blue to cyan and finally to
green, which can be clearly seen from fluorescence microscopy
PL images recorded under 350 nm excitation in Fig. 3(c)–(e). As
shown in Fig. 3(b), the PL intensity of Tb3+ reaches a maximum
value at x = 40, beyond which it starts to decrease due to
concentration quenching among Tb3+ ions. Importantly, as one
of the key parameters for practical application in white LEDs, the
internal QE of Ce3+ and Tb3+ codoped BYSF shows no decrease
compared to that of Ce3+ singly doped BYSF with increasing Tb3+

content before concentration quenching occurs (see Table 2),
indicating there is no QE loss during the energy transfer process
from Ce3+ to Tb3+. It is noteworthy, however, that in other codoped
systems like Ce3+–Eu2+, Ce3+ (Eu2+)–Mn2+ and Ce3+ (Eu2+)–Pr3+, the
QE loss is inevitable since those acceptors usually have low QE
values.40 Additionally, the internal QE of BYSF:2%Ce3+,40%Tb3+

was determined to be as high as 83.12% under 355 nm excitation,
which is higher than that of the reported Ce3+ and Tb3+ codoped
phosphors, as listed in Table 2, implying its potential application in
white LEDs as a green phosphor.

Based on the Tb3+ concentration dependence of the PL
intensity of Ce3+ shown in Fig. 3, the energy transfer efficiency
from Ce3+ to Tb3+, ZET, can be calculated by:

ZET ¼ 1� I

I0
(2)

where I0 and I are the PL intensities of Ce3+ in the absence and
presence of Tb3+, respectively. As listed in Table 3, the calcu-
lated energy transfer efficiency becomes larger with increasing
Tb3+ concentration and reaches 91% at x = 40 where the Tb3+

emission is the highest. Considering that there is no QE loss at
this point, these results demonstrate that the energy transfer
from Ce3+ to Tb3+ in BYSF is very efficient.

Nonradiative energy transfer from one center to another
usually occurs via (a) electric multipole–multipole interactions
or (b) exchange interactions.43,44 As the Ce3+ emission corre-
sponds to the allowed electric dipole 5d–4f transition, only the
electric dipole–multipole should be considered in the energy
transfer from Ce3+ to Tb3+, excluding the quadrupole–multipole
interaction or a higher-order one. The probability of energy
transfer from a sensitizer to an activator via the electric dipole–
dipole interaction is proportional to the oscillator strength of
the dipole transition in the activator.45 The oscillator strength
of the dipole transition from 7F6 to 5D4 in the Tb3+ ion is very
low (typically 10�8),46 even lower than those transitions of Eu3+,
Sm3+ and Dy3+ where, experimentally, energy transfer from Ce3+

to these ions was hardly observed. Consequently, the electric

Fig. 2 The PLE and PL spectra of BYSF:2%Ce3+ (a), BYSF:20%Tb3+ (b) and
BYSF:2%Ce3+,20%Tb3+ (c).
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dipole–dipole interaction can be ruled out as the dominant
transfer mechanism. A critical distance, Rc, i.e., the distance at
which the probability of energy transfer is equal to that of the
radiative transition of the sensitizer, is a classical approach for
assigning the main transfer mechanism; for an exchange
interaction, Rc is restricted to about 4 Å; however, for a multi-
polar interaction, this distance can be larger than 10 Å. As

proposed by Blasse, Rc can be estimated geometrically by the
following equation:47

Rc � 2
3V

4pXcN

� �1=3
(3)

where V is the volume of the unit cell, Xc the critical concentration of
doped ions, and N the number of total sites to be occupied by the
doped ions in the unit cell. In our case, V = 577.66 Å3, N = 6, and Xc is
the total concentration of the Ce3+ and Tb3+ ions, i.e., approximately

Fig. 3 (a) The PL spectra of the sample series BYSF:2%Ce3+,x%Tb3+ (x = 0–98) under 355 nm excitation; (b) the emission intensities of Ce3+ and Tb3+,
and the energy transfer efficiency ZET as a function of Tb3+ concentration under 355 nm excitation; (c–e) the fluorescence microscopy PL images of
BYSF:2%Ce3+,x%Tb3+ (x = 0, 10, and 40) under 350 nm excitation.

Table 2 The internal QE of BYSF:2%Ce3+,x%Tb3+ (x = 0, 10, 20, and 40)
and selected results from the reported references

Samples QE (%) Note

BYSF:2%Ce3+ 84.05 This work
BYSF:2%Ce3+,10%Tb3+

BYSF:2%Ce3+,20%Tb3+
83.64
83.27

This work
This work

BYSF:2%Ce3+,40%Tb3+

CaScAlSiO6:0.02Ce3+,0.12Tb3+

NaBaScSi2O7:0.04Ce3+,0.04Tb3+

Sr3CaBa(PO4)3Cl:0.05Eu2+,0.3Tb3+

Ba2Y5B5O17:1%Ce3+,20%Tb3+

MgY4Si3O13:0.2Ce3+,0.4Tb3+

83.12
79.5
36
72.7
76
49

This work
Ref. 18
Ref. 34
Ref. 35
Ref. 36
Ref. 41

BaY1.10Si3O10:0.05Ce3+,0.85Tb3+

(Ce0.67Tb0.33)MgAl11O19

81.6
75.3

Ref. 42
Ref. 42

Table 3 The calculated energy transfer efficiencies of BYSF:2%Ce3+,x%Tb3+

(x = 0–50)

x ZET = 1 � I/I0 (%) ZET
0 = 1 � t/t0 (%)

0 0 0
1
5

0.08
0.35

0.04
0.12

10
20
30

0.47
0.67
0.85

0.16
0.38
0.50

40 0.90 0.69
50 0.93 0.74

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 3
1 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 C
ha

ng
ch

un
 I

ns
tit

ut
e 

of
 O

pt
ic

s,
 F

in
e 

M
ec

ha
ni

cs
 a

nd
 P

hy
si

cs
, C

A
S 

on
 0

1/
06

/2
01

8 
08

:1
7:

09
. 

View Article Online

http://dx.doi.org/10.1039/c7tc03941g


This journal is©The Royal Society of Chemistry 2017 J. Mater. Chem. C, 2017, 5, 11910--11919 | 11915

0.36. Rc was therefore calculated to be 7.99 Å, indicating that an
exchange interaction may play a negligible role in this situation.
Moreover, the admixture of the 4f orbitals of Tb3+ and the 2p orbitals
of O2� is expected to be small, since the energy necessary for the
transfer of one electron from O2� to Tb3+ is estimated to be
about 64 000 cm�1, which is much higher than that of Eu3+

(36 000 cm�1).45 Thus, the exchange interaction is very limited.
As Verstegen et al. argued, the energy transfer from Ce3+ to

Tb3+ occurs mainly by the electric dipole–quadrupole inter-
action.45,47 According to Dexter’s expression and Reisfeld’s
approximation,43,48 the dependence of the PL intensity of a
sensitizer on the activator concentration can be used to identify
the transfer mechanism, and the energy transfer from Ce3+ to
Tb3+ was determined to be the electric dipole–quadrupole
interaction in most of the previous work. However, some of them
concluded that the electric dipole–dipole interaction or others were
the dominant one.49–51 This discrepancy should be ascribed to the
fact that the concentration dependence of the PL intensity is a
rather insensitive test of mechanism because the ratio of the PL
intensities is just approximately equal to that of the luminescence
quantum efficiencies;52 therefore, Inokuti and Hirayama stated
that it is useless to discuss the mechanism of energy transfer only
from the slope of concentration dependence,44,53 and Birgeneau
has also questioned its practicability in identifying the transfer
mechanism in ruby.54 Besides, as the concentration of Ce3+

investigated was fixed at 1 mol% or even higher and the electric
dipole–dipole interaction between Ce3+ ions is therefore dominant,
the excitation energy diffusion among the Ce3+ ions followed by the
Ce3+ - Tb3+ energy transfer plays an important role in the energy
transfer process.55,56 Such a diffusion allows the excitation energy
to reach farther Tb3+ ions, thereby leading to the falsely identified
electric dipole–dipole interaction that occurs at a relatively large
distance. Although the shortest Tb3+–Tb3+ distance in BYSF is only
3.55 Å, a large amount of Tb3+ (440 mol%) is needed to completely
quench the Ce3+ emission. Consequently, we believe that the
energy transfer from Ce3+ to Tb3+ mainly takes place by the
electric dipole–quadrupole interaction. Accordingly, the probability
of energy transfer from Ce3+ to Tb3+ is proportional to R�8, where R
is the distance from Ce3+ to Tb3+.47 As a result, the Ce3+ - Tb3+

transfer probability for the next-nearest neighbor Tb3+ of Ce3+

(6.56 Å) is expected to be about two orders of magnitude smaller
than that for the nearest neighbor Tb3+ of Ce3+ (3.55 Å) given that
both the Ce3+ and Tb3+ ions are randomly distributed, which
indicates that energy transfer from Ce3+ to Tb3+ mainly occurs in
the nearest Ce3+–Tb3+ pairs requiring a high concentration of Tb3+.

To confirm the energy transfer from Ce3+ to Tb3+, the decay
curves of the Ce3+ 5d–4f emission (425 nm) in BYSF:2%Ce3+,x%Tb3+

(x = 0–50) under 355 nm excitation were measured. It can be seen
from Fig. 4 that the decay curve of Ce3+ deviates from the single
exponential profile with the introduction of Tb3+, and becomes
steeper and steeper with increasing concentration, indicating the
occurrence of nonradiative energy transfer from Ce3+ to Tb3+. The
effective lifetime of Ce3+ is defined as:

t ¼
Ð1
0 tIðtÞdtÐ1
0 IðtÞdt

(4)

where I(t) is the intensity at time t. As shown in Fig. 4, one can find
that the effective lifetime decreases monotonically with Tb3+ concen-
tration, which strongly demonstrates the energy transfer from Ce3+

to Tb3+. The energy transfer efficiency, ZET
0, from Ce3+ to Tb3+ can be

calculated by the following equation:

ZET
0 ¼ 1� t

t0
(5)

where t and t0 are the lifetimes of Ce3+ in the presence and absence
of Tb3+, respectively. The calculated energy transfer efficiencies from
Ce3+ to Tb3+ using eqn (5) are given in Table 3, from which one can
find that the transfer efficiency ZET

0 becomes larger with increasing x
and reaches 74% at x = 50, indicating an enhanced energy transfer
with increasing Tb3+ concentration. However, one may notice that
the values calculated by eqn (5) are apparently smaller than those
calculated by eqn (2). This phenomenon explains that those Ce3+

having nearest neighbor Tb3+ will decay extremely fast due to the
very large energy transfer rate to Tb3+, so that their emission is
quenched without luminescence being detected, leading to the
absence of the fast decay part in the decay curve of Ce3+ and thus
smaller reduction of the calculated effective lifetime of Ce3+ in Ce3+

and Tb3+ codoped BYSF.36,57 Actually, since the electric dipole–
quadrupole interaction is strongly dependent on the interionic
distance and the corresponding energy transfer mainly occurs in
the nearest ion–ion pairs, the initial part of the decay curve of a
sensitizer will be very steep;58 therefore, the detected decay curve
represents only the slow part of the whole decay process, i.e. the
decay of those Ce3+ without nearest neighbor Tb3+.

3.3. Photoluminescence thermal stability

One of the requirements that phosphors for w-LEDs should
fulfil is maintaining their PL intensity at an elevated temperature,
typically at 150 1C or even higher for high-power applications. The
temperature-dependent PL intensities of the as-prepared BYSF:
2%Ce3+,x%Tb3+ (x = 0, 10, 20, and 40) as well as BYSF:40%Tb3+

are given in Fig. 5. The PL intensity of the Ce3+ singly doped sample
under 330 nm excitation declines rapidly with increasing tempera-
ture and drops to only 44% of that at 30 1C when the temperature is
raised up to 150 1C, which demonstrates that Ce3+ doped BYSF

Fig. 4 Fluorescence decay curves of Ce3+ in BYSF:2%Ce3+,x%Tb3+

(x = 0–50) phosphors (excited at 355 nm and monitored at 425 nm).
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possesses poor thermal stability. It should be noted that the above
result is inconsistent with that of the previous paper37 where Ce3+

doped BYSF was reported to have high thermal stability (86% at
150 1C) and the reason is unclear. It is interesting and desirable
that the overall PL intensity of the resulting samples decreases
more and more slowly with increasing temperature, as Tb3+ is
increasingly codoped into Ce3+ doped BYSF, indicating improved
thermal stability by the introduction of Tb3+ from 44% in
BYSF:2%Ce3+ to 78% in BYSF:2%Ce3+,40%Tb3+ at 150 1C. In the
measurement of the above temperature-dependent PL spectra, the
excitation light was set at 330 nm so as to eliminate the interference
of the absorption of the excitation light by Tb3+ itself. One can also
find from Fig. 5(c) that the PL intensity of Tb3+ singly doped BYSF
drops very slowly with the increase of temperature, and still
maintains 90% at 150 1C, indicating an excellent thermal stability
of Tb3+, as expected. We further separated the emission of Tb3+

from that of Ce3+ in the PL spectra of codoped samples and
therefore obtained the temperature-dependent PL intensities
originating from Ce3+ and Tb3+, respectively. As shown in
Fig. 5(b) and (c), the thermal stability of Tb3+ becomes much
better with Tb3+ concentration while that of Ce3+ gets a little
worse. The latter is attributed to smaller bandgaps of the BYSF
host and thus enhanced thermal ionization of the excited 5d
electron since Y3+ is largely replaced by Tb3+.59 The improved
thermal stability of Tb3+ is, however, strongly dependent on Tb3+

concentration. As proposed in our previous work,36 the thermal
quenching of Ce3+ emission and nonradiative energy transfer
from Ce3+ to Tb3+ are two competing processes; if the transfer
rate is smaller than that of thermal quenching, the thermal
stability of Tb3+ emission will be almost coincident with that of
Ce3+ emission; however, if the transfer rate is considerably
larger, Tb3+ will be independent of that of its sensitizer Ce3+ in
the thermal stability of emission because the excitation energy of
Ce3+ has been transferred to Tb3+ having much better thermal
stability before thermal quenching happens. We have argued
that energy transfer from Ce3+ to Tb3+ mainly occurs in the
nearest Ce3+–Tb3+ pairs via the electric dipole–quadrupole inter-
action. As with a Perrin model,36,44,57 Ce3+ emission will be
completely quenched by fast energy transfer to Tb3+ within
nearest Ce3+–Tb3+ pairs, which is supported by the large difference
between the energy transfer efficiencies calculated by eqn (2) and
by eqn (5), respectively. Consequently, it is not surprising that the
improved thermal stability is Tb3+ concentration-dependent
because with more Tb3+, there are more nearest Ce3+–Tb3+ pairs.
Besides, it has been believed that the thermally activated energy
back transfer from Tb3+ to Ce3+ is also possible because the excited
electron at the Tb3+ 5D4 level has a very long lifetime of several
milliseconds.31,32,36 Such a back transfer will result in poor thermal
stability of Tb3+ emission in the Ce3+ and Tb3+ codoped system.
Theoretically, one approach to overcome this problem is to transfer

Fig. 5 The temperature-dependent PL intensities of both Ce3+ and Tb3+ (a), single Ce3+ (b), and single Tb3+ (c); (d and e) schematic explanation of
excitation energy diffusion among Tb3+ ions on the thermal stability of the Tb3+ emission in the Ce3+ and Tb3+ codoped system. If the Tb3+ concentration
is relatively low, thermally excited energy back transfer from Tb3+ to Ce3+ is possible. If, however, the Tb3+ concentration is high enough, fast energy
diffusion among the Tb3+ ions will compete with such an energy back transfer, thereby preventing its occurrence.
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the excitation energy of Tb3+, the nearest neighbor of Ce3+, to a
more distant Tb3+ as soon as possible by shortening the Tb3+–Tb3+

distance (as shown in Fig. 5(d) and (e)), which has been used to
improve the luminescence efficiency in lanthanide complexes.60

From this aspect, increasing the Tb3+ concentration is beneficial to
the thermal stability of Ce3+ and Tb3+ codoped phosphors, as can
be seen in our case. But it is still not completely clear how these
processes compete with each other in determining the lumines-
cence properties, which needs further research.

3.4. Electroluminescence spectrum of the fabricated w-LED
device

Fig. 6 shows the Commission International de I’Eclairage (CIE)
chromaticity coordinates of the samples BYSF:2%Ce3+,x%Tb3+

(x = 0, 1, 5, 10, 20, and 40) under 355 nm excitation. The
emission color can be tuned from bluish violet (0.175 and
0.099) to cyan (0.286 and 0.368) and finally to yellowish green
(0.354, 0.539) with increasing Tb3+concentration, which is visually
reflected by the inserted digital photographs in Fig. 6(a) of the

selected samples upon excitation using a 365 nm UV lamp. It is
confirmed that large color tunability achieved via codoping Tb3+

into BYSF and the as-synthesized BYSF:2%Ce3+,40%Tb3+ provides
the potential for novel green phosphors for w-LEDs based on
n-UV LEDs. To demonstrate the potential application of the
as-synthesized BYSF:2%Ce3+,40%Tb3+, a prototype of w-LEDs
was fabricated by combining a 365 nm UV LED chip with a mixture
of commercial blue phosphor BAM:Eu2+, the as-synthesized
BYSF:2%Ce3+,40%Tb3+ and a commercial red phosphor (Ca,Sr)-
AlSiN3:Eu2+. The electroluminescence (EL) spectrum of the
as-fabricated w-LED is shown in Fig. 6(b), where the weight
ratio of the three phosphors is 5 : 20 : 3. The corresponding CRI,
CCT, luminous efficiency (Z), and CIE chromaticity coordinates
were determined to be 83.8, 4938 K, 24.40 lm W�1 and (0.341,
0.297), respectively. The value of CRI is higher than that of the
traditional w-LED product made by combining the yellow
phosphor YAG:Ce3+ with the blue LED chip (Ra E 75). The
w-LED packaging results indicate that the as-synthesized
BYSF:2%Ce3+,40%Tb3+ is a potential candidate as a green
phosphor for w-LEDs based on n-UV LEDs.

4. Conclusions

In summary, BYSF:2%Ce3+,x%Tb3+ phosphors with tunable emis-
sion color were successfully prepared by the high-temperature solid-
state reaction. The emission color can be tuned from bluish violet to
yellowish green with increasing Tb3+ concentration, resulting from
the enhanced energy transfer from Ce3+ to Tb3+. The energy transfer
efficiency was calculated to be as high as 91% before concentration
quenching among Tb3+ ions occurs, and thus a novel efficient green
phosphor was developed when x = 40, whose internal QE was
determined to be 83.12%, indicating no QE loss during the energy
transfer process. This has been ascribed to the fast energy transfer
within the nearest Ce3+–Tb3+ pairs via the electric dipole–quadrupole
interaction. Moreover, thermal stability is improved considerably by
increasing the Tb3+ concentration, which was well explained by
considering not only the fast energy transfer from Ce3+ to Tb3+ but
also the energy diffusion among Tb3+ ions. In addition, the w-LED
lamp fabricated with an n-UV chip, a blue phosphor BAM:Eu2+, a
red phosphor (Ca,Sr)AlSiN3:Eu2+ and a green phosphor BYSF:
2%Ce3+,40%Tb3+ produced white light with CRI = 83.8 and
CCT = 4938 K. Our results indicate that BYSF:2%Ce3+,40%Tb3+

has great potential to serve as a green phosphor for w-LEDs based
on n-UV LEDs, and fast energy transfer to Tb3+ may provide an
alternative way of improving the thermal stability of phosphors.
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