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A B S T R A C T

Single-phase La6Sr4(SiO4)6F2: Ce3+, Tb3+ samples with apatite-like structure have been synthesized via

solid-state reaction method. The phase structure, luminescence properties, lifetime, the PL thermal

stability, as well as the fluorescence decay curves of the samples were investigated to characterize the

resulting samples. Effective energy transfer occurs from Ce3+ to Tb3+ in La6Sr4(SiO4)6F2, which shows

more intense Blue-Green light under UV light excitation. In addition, a possible mechanism of the

energy-transfer from Ce3+ to Tb3+ ion is also proposed. The critical distance RC of Ce3+ to Tb3+ ions in

La6Sr4(SiO4)6F2 host was calculated to be 11.878 Å. All the results indicate that La6Sr4(SiO4)6F2:Ce3+, Tb3+

phosphors have potential applications to be used as near UV-convertible phosphors for white light-

emitting diodes.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

It is known to us that white light-emitting diodes (w-LEDs) have
attracted increasing attentions from scientists and engineers
attributed to their advantages compared to the traditional
incandescent bulbs and fluorescent lamp, such as low power
consumption, high luminescence efficiency, environment-friendly,
as well as good stability in physical and chemical properties
[1–4]. It is reported that the conventional way to fabricate white
LEDs is based on a combination of blue LED and yellow phosphor of
Y3Al5O12:Ce3+ (YAG:Ce) [5,6]. However, there are some short-
comings of such w-LEDs based on the combination such as low
color rendering index (CRI) and highly correlated color tempera-
ture [7,8]. In order to improve the CRI value, a combination of a
near ultraviolet (n-UV) LED chip (350–420 nm) with red, green,
and blue-emitting phosphors has been widely investigated in
recent years [9–11]. Therefore it is necessary to find new
phosphors to be excited by n-UV light. The activation of rare
earth ions for their 4f!4f or 5d!4f transitions plays an important
and irreplaceable role in lighting and display fields [12–14], among
which the Ce3+ ion with broad band has been widely investigated
as a highly efficient activator due to the transition between the 4f1
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ground state and the crystal field components of the 5d excited
state configuration [15,16]. In addition, Tb3+ could be also an
important emitting activator for phosphors with sharp green lines.
However, the Tb3+ ion has only weak absorption bands in the range
of 300–400 nm due to the 4f!4f absorption transitions [17]. It is
well known that interesting luminescence behaviors occur by
energy transfer from sensitizer to activator in many hosts
[18,19]. Therefore, it is logical to enhance the emission intensity
and obtain broad-band excitation in the near ultraviolet (n-UV)
region by co-doping Ce3+ and Tb3+.

Apatite have been widely used as host lattices in recent years,
and rare earth ions doped apatite phosphors can exhibit
luminescence properties owing to their excellent stability and
compatibility with efficient luminescent properties in n-UV LEDs
[20,21]. The apatite family can be represented with a general
formula of M10(TO4)6X2 (M = Na+, K+, Ca2+, Sr2+, Mn2+, Ce3+, Y3+,
La3+ etc. and T = P5+, S6+, Si4+, etc. and X = F�, Cl�, Br�, OH�, O2� etc.)
crystallizing in the hexagonal system with space group P63/
m. Apatite-type compound consists of two cationic sites, that is, 4f

(C3 point symmetry) with a nine-fold coordinated site and 6 h (Cs

point symmetry) with a seven-fold coordinated site, respectively.
In general, fluoride-containing apatites doped with rare-earth ions
have great potential application in solid state lighting for their
adjustable luminescence properties due to the introduce of
fluoride ions in the host lattice, such as Ca8NaLa(PO4)6F2:Eu2+,Mn2+

[22], Ba2Y3[SiO4]3F:Ce3+ [23], Ba3NaLa(PO4)3F:Eu2+,Mn2+ [24].
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Table 1
Main parameters of processing and refinement of the

La6Sr4(SiO4)6F2 sample.

Compound La6Sr4(SiO4)6F2

Space group P63/m

a, Å 9.8549(3)

c, Å 7.3022(3)

V, Å3 614.17(4)

2u-interval, 5–100

Number of reflections 235

Number refined parameters 46

Rwp, % 10.68

Rp, % 7.86

Rexp, % 7.06

x2 1.51

RB, % 3.77

[(Fig._1)TD$FIG]

Fig. 1. Rietveld analysis patterns for X-ray powder diffraction data of

La6Sr4(SiO4)6F2. The solid black lines are calculated intensities, and the red dots

are the observed intensities. The gray solid lines below the profiles stand for the

difference between the observed and calculated intensities. The short green vertical

lines show the position of Bragg reflections of the calculated pattern. The inset

shows the crystal structure diagram of La6Sr4(SiO4)6F2.
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Recently phosphors with apatite structure for w-LEDs application
have been widely developed, such as Ca10(SiO4)3(SO4)3F2:Eu2+

[25], La6Ba4(SiO4)6F2:Ce3+, Tb3+ [26], Ca2Gd8(SiO4)6O2:Eu3+ [27],
Ca9Mg(PO4)6F2:Eu2+, Mn2+ [28]. However, there are no researches
on La6Sr4(SiO4)6F2 (LSSF) phosphors were found in the previous
literatures.

Accordingly, in this paper, the crystal structure, luminescence
properties as well as the energy transfer behaviors between Ce3+

and Tb3+ ions in LSSF crystal lattice have been investigated in
detail. In addition we get intense blue-green phosphor which can
be efficiently excited by n-UV LEDs.

2. Experimental

2.1. Synthesis procedures

A series of La6Sr4(SiO4)6F2:Ce3+,Tb3+ phosphors were prepared
by a traditional high temperature solid-state reaction. SrCO3

(Aldrich, 99.9%), SiO2 (Aldrich, 99.9%), NH4HF2 (Aldrich, 99.9%),
CeO2 (Aldrich, 99.995%), La2O3 (Aldrich, 99.995%), and Tb4O7

(Aldrich, 99.995%) were used as starting materials. The starting
materials were mixed and ground according to the given
stoichiometric ratio firstly. After all materials were ground
thoroughly in an agate mortar, the mixture was pre-heated at
600 8C for 3 h in air atmosphere in alumina crucibles with covers.
After cooling to room temperature, the preliminary products were
placed into an alumina crucible and were heated at 1350 8C for 4 h
in a reducing atmosphere with flowing gas (10% H2 + 90% N2) with
the flow rate of 0.5 L/min. Then the products were cooled to room
temperature naturally. Finally, the products were ground again
into powder for further analysis.

2.2. Characterization

Phase structures of the as-prepared samples were examined by
X-ray powder diffractometer (D/max-rA 12 kW, Japan) with Cu Ka
radiation (l = 1.5418 Å) from 108 to 708(2u). The step scanning rate
(2u values ranging from 58 to 1008) used in Rietveld analysis was
3 s/step with a step size of 0.028. Rietveld refinement was obtained
using the computer software TOPAS [29]. Room temperature
Photoluminescence excitation (PLE) and emission (PL) spectra
were measured on a fluorescence spectrophotometer (F-4600,
HITACHI, Japan) with a photomultiplier tube operating at 450 V,
and a 150 W Xe lamp was used as the excitation lamp. In addition,
the temperature-dependence luminescence properties were mea-
sured on the same spectrophotometer combined with a self-made
heating attachment and a computer-controlled electric furnace.
The decay curves of Ce3+ lifetime values were recorded on a
spectro-fluorometer (HORIBA JOBIN YVON FL3-21) with the
370 nm pulse laser radiation (370-nm Nano LED, model number
08254) used as excitation source.

3. Results and discussion

3.1. Crystal structure

The powder diffraction data of La6Sr4(SiO4)6F2 for Rietveld
analysis was collected at room temperature with a D/max-rA
powder diffractometer radiation. It can be seen that almost all XRD
patterns of La6Sr4(SiO4)6F2 were indexed by hexagonal cell (P63/m)
with parameters close to La6Ba4(SiO4)6F2 [30]. Therefore crystal
structure of La6Ba4(SiO4)6F2 was taken as starting model for
Rietveld refinement. The concentrations of La and Sr ions in sites
were refined with assumption that sum occupancies in each site
equal to 1. Refinement was stable and gives low R-factors (Table 1,
Fig. 1). Besides, the lattice constants of La6Sr4(SiO4)6F2 are
calculated as a = b = 9.8549(3) Å, c = 7.3022(3) Å, and
V = 614.174 (2) Å3. Small reliability parameters (Table 1) verify
the phase purity of the as-prepared sample. The inset of Fig. 1
shows the structure of La6Sr4(SiO4)6F2 compound. The Si atoms are
tetrahedrally coordinated forming [SiO4] groups, which are
isolated from each other. As shown in the inset of Fig. 1, the
structure of LSSF offers two types of nonequivalent crystallograph-
ic sites for various cations to occupy, which are the 4f (C3) site with
nine-coordination La(1)/Sr(1) and the 6 h (Cs) site with seven-
coordination La(2)/Sr(2)). According to the effective ionic radii and
charge balance, Ce3+/Tb3+ ions prefer to occupy the sites of La3+. In
addition, the ionic radiuses of coordinated Ce3+/Tb3+ ions are
similar to that of La3+ in either seven- or nine-fold coordination in
LSSF crystal lattice, which can be seen in Table 2 [31].

Fig. 2 shows the characterization of phase homogeneity of the
selected as-prepared LSSF: 0.07Ce3+, yTb3+ (y = 0, 0.01, 0.03 and
0.07) and LSSF: 0.07Tb3+ samples, and the standard data for
La6Ba4(SiO4)6F2 (ICSD card no. 170852) is shown as a reference. It is
found that all the representative XRD patterns of as-prepared
samples matched well with that of standard La6Ba4(SiO4)6F2 phase
(ICSD card no. 170852), which indicates that all the as-prepared
LSSF: Ce3+, Tb3+ samples have hexagonal apatite structure with the
space group of P63/m and that the doping of Ce3+ and Tb3+ did not
cause any detectable change in the crystal lattice. In addition, the



Table 2
Structure parameters of LSSF and ionic radius (Å) for given CNs of La3+, Sr2+, Tb3+,

and Ce3+ ions.

Ionic radius (Å) Ionic radius (Å)

Ion Sites Symmetry CN = 9 CN = 7

La3+ 4f/6h C3/CS 1.216 1.10

Sr2+ 1.31 1.21

Tb3+ 1.095 0.98

Ce3+ 1.196 1.07

[(Fig._2)TD$FIG]

Fig. 2. X-ray diffraction patterns of La6Sr4(SiO4)6F2:Ce3+, Tb3+ samples and the

standard data for La6Ba4(SiO4)6F2 (ICSD card no. 170852) is shown as a reference.

[(Fig._3)TD$FIG]

Fig. 3. The emission spectra of LSSF: xCe3+ (0.01, 0.04, 0.07, 0.10, and 0.15). The inset

shows the dependence of the emission intensity on the concentration of Ce3+.

[(Fig._4)TD$FIG]
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main diffraction peak of the as-prepared LSSF: Ce3+, Tb3+ samples
shifted to higher diffraction angles compared to that of standard
La6Ba4(SiO4)6F2, which was caused by the Sr2+ substituting for
Ba2. Besides, the crystal parameters of the LSSF: 0.07Ce3+, yTb3+

(y = 0, 0.01, 0.03 and 0.07) and LSSF: 0.07Tb3+ phosphors were
calculated by using the computer software Jade 5 as shown in
Table 3. It can be seen that all the crystal parameters of the
phosphors are closed to that that of La6Ba4(SiO4)6F2. All the above
results indicated that Ce3+ and Tb3+ ions can easily enter the crystal
lattice of La6Ba4(SiO4)6F2.

Fig. 3 illustrates the photoluminescence (PL) spectra of La6-

xSr4(SiO4)6F2:xCe3+ (x = 0.01, 0.04, 0.07, 0.10, and 0.15) phosphors
monitored by 282 nm, and the inset of Fig. 3 lists the Ce3+ content
dependent emission intensity corresponding to the peaks at
419 nm. It can be easily found that the emission intensities of Ce3+

at 419 nm increased firstly with its concentration increasing, and
reached the maximum at x = 0.07, then the emission intensity
decreases, which was caused by the concentration quenching
effect.

The photoluminescence excitation (PLE) and photolumines-
cence (PL) spectra of as-prepared La5.93Sr4(SiO4)6F2:0.07Ce3+

phosphor were illustrated in Fig. 4(a). The PLE spectrum monitored
at 419 nm shows a broad absorption from 247 to 376 nm
consisting of two broad bands centered at 282 and 349 nm
Table 3
The crystal parameters of the LSSF: 0.07Ce3+, yTb3+ (y = 0, 0.01, 0.03 and 0.07) and

LSSF: 0.07Tb3+ phosphors.

Samples of LSSF: xCe3+, yTb3+ a (Å) c (Å) V (Å3)

x = 0.07, y = 0 9.8556 7.3031 614.32

x = 0, y = 0.07 9.8603 7.3052 615.08

x = 0.07, y = 0.01 9.8628 7.3056 615.42

x = 0.07, y = 0.03 9.8664 7.3067 615.97

x = 0.07, y = 0.07 9.8709 7.3116 616.94
attributed to 4f!5d transition of Ce3+ ions. The obvious excitation
bands at 282 and 349 nm belong to Ce3+(1) and Ce3+(2) emission
with seven- and nine-fold coordination, respectively. It is known to
us that the ionic radii of coordinated Ce3+ ions in either seven- or
nine-fold coordination are 1.196 and 1.07 Å similar to those
(1.216 and 1.10 Å) of La3+ with seven- and nine-fold coordination,
so Ce3+ ions can enter both La3+(1) and La3+(2) sites. Besides, it is
more stable for Ce3+ to occupy the sites of La3+ with nine-fold
coordination than that with seven-fold coordination. Thus, more
Ce3+ occupy the La3+(1) sites, and the bands at 282 nm, and the
intensity of the bands at 282 nm are high than that at 349 nm. As
shown in Fig. 4(a), the emission spectrum displays a broad band
extending from 378 to 535 nm with a maximum at about 419 nm
under the excitation wavelength of 282 nm. What is more, the PL
spectrum can be divided into four dotted bands centered at about
398, 418, 433 and 460 nm by using Gaussian fitting, as marked by
curve Ce1, Ce2, Ce3 and Ce4 shown in Fig. 4(a). In general, the
emission spectrum for each site occupied by Ce3+ should contain
two bands because of the electron transition from the lowest 5d
excited state to 2F7/2 and 2F5/2 states, and the energy separation of
the two bands is about 2000 cm�1. Therefore, it is speculated that
there may exists two types of Ce3+ luminescent centers in LSSF
from the spectral profiles. As shown in the inset of Fig. 1, there are
Fig. 4. PLE (left) and PL (right) spectra of La5.93Sr4(SiO4)6F2:0.07Ce3+ (a),

La5.93Sr4(SiO4)6F2:0.07Tb3+ (b), and La6Sr4(SiO4)6F2:0.07Ce3+,0.07Tb3+ (c) samples.



[(Fig._6)TD$FIG]

Fig. 6. Decay curves and lifetime of Ce3+, as well as the energy transfer efficiency

from Ce3+ to Tb3+ in La6Sr4(SiO4)6F2:0.07Ce3+,yTb3+ (0.01, 0.03, 0.05, and 0.07)

phosphors (excited at 370 nm, monitored at 413 nm) at room temperature.
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two types of nonequivalent crystallographic sites of La3+ (the 4f site
and the 6 h site). Thus, it was concluded that bands Ce1 and Ce3 are
the part of Ce3+ (1) emission with nine-coordination and Ce2 and
Ce4 belong to Ce3+ (2) emission with seven-coordination. In
addition, the energy gap between the bands Ce1 and Ce3 and the
bands Ce2 and Ce4 can be calculated as 2030 cm�1 and 2184 cm�1

respectively, which are close to the theoretical value of
2000 cm�1. As far as we know, the f�f absorption transitions of
Tb3+ ions are forbidden transitions which are difficult to pump, and
the PLE and PL spectra of Tb3+ singly doped LSSF sample are
presented in Fig. 4(b). It can be found that only some narrow f�f
transition lines in the region from 260 to 400 nm centered at 318,
347, 357, and 376 nm exists in the PLE spectrum of Tb3+ singly
doped sample, which corresponds to the transitions from the 7F6

ground state to the excited states of Tb3+. As presented in Fig. 4(b),
the PL spectrum under the excitation of 357 nm shows the typical
characteristic 5D4–7FJ (J = 6, 5, 4, and 3) transitions of Tb3+ ions,
which are situated at about 497, 548, 593, and 628 nm. In general,
Ce3+ ions can be co-doped as sensitizers to transfer excitation
energy to Tb3+ ions to enhance the absorption intensity in the n-UV
region for the Tb3+ emission [32]. Besides, it can be also found that
there is an overlap between the emission band of Ce3+ and the f-f
absorptions of Tb3+ in the region of 381–392 nm in Fig. 4(a) and (b),
which indicates the possible resonance type energy transfer from
Ce3+ to Tb3+ in LSSF crystal lattice. The energy transfer can be
confirmed by the PLE and PL spectra of LSSF:0.07Tb3+ in Fig. 4(b).
The PLE spectrum monitored at the emission of Tb3+ (548 nm) is
consistent to that monitored at the emission of Ce3+ (419 nm)
except for the difference in relative intensity in Fig. 4(c). Moreover,
the presence of both a blue band of the Ce3+ ions at 419 nm and
some emission lines of the Tb3+ ions in the PL spectrum of
LSSF:0.07Ce3+, 0.07Tb3+ phosphor monitored at 282 nm further
suggests that LSSF:0.07Ce3+, 0.07Tb3+ can serve as the green
emitting phosphor for n-UV LEDs on the basis of the energy
transfer from Ce3+ to Tb3+.

In order to further study the energy transfer process between
the Ce3+ and Tb3+ ions in the LSSF host lattice, a series of LSSF:Ce3+,
Tb3+ phosphors were prepared. Fig. 5 presents the emission spectra
of La5.93-yBa4(SiO4)6F2:0.07Ce3+, yTb3+ (y = 0, 0.01, 0.03, 0.05, 0.07)
phosphors under the excitation of 282 nm. As shown in Fig. 5, a
characteristic broad emission of Ce3+ ions and several sharp
emission lines of Tb3+ ions are observed in La5.93-yBa4(-
[(Fig._5)TD$FIG]

Fig. 5. The emission spectra of La6Sr4(SiO4)6F2: 0.07Ce3+, yTb3+ phosphors

(lex = 282 nm), and the inset shows the variation of Ce3+ emission (419 nm) and

Tb3+ emission (548 nm) as a function of Ce3+ concentration.
SiO
4
)6F2:0.07Ce3+, yTb3+ phosphors except for the PL spectra of

La5.93Ba4(SiO4)6F2:0.07Ce3+. Besides, the relative emission intensi-
ties of the Ce3+ ions decreased remarkably with increasing Tb3+

concentration, while the relative emission intensities of Tb3+

increased, which should be caused by the enhancement of energy
transfer from the Ce3+ ions to Tb3+ ions.

In order to further observe the possible process of energy
transfer, the fluorescence lifetime t of Ce3+ ions in LSSF were
measured. Fig. 6 illustrates the decay curves and lifetimes of
Ce3+ions, and the energy transfer efficiency from Ce3+ to Tb3+ in
LSSF:0.07Ce3+,yTb3+ phosphors (y = 0, 0.01, 0.03, 0.05, and 0.07)
excited at 370 nm and monitored at 419 nm at room temperature.

It can be found that the decay curves of Ce3+ ions are non-
exponential, the decay process of theses samples are characterized
by average lifetime (t), which can be defined by using Eq. (1) [33].

t ¼
R1

0 IðtÞtdtR1
0 IðtÞdt

(1)

where I(t) is the luminescence intensity at time t after the cutoff of
the excitation light. According to Eq. (1), the lifetimes of Ce3+ ions
were determined to be 26.42, 20.53, 18.22, 13.60, and 12.80 ns for
LSSF:0.07Ce3+, yTb3+ samples (y = 0, 0.01, 0.03, 0.05, and 0.07). It
can be observed that the decay lifetime for Ce3+ was found to
decrease with the concentration of Tb3+ ions increases, which
provided a strong evidence for the energy transfer from Ce3+ ions to
Tb3+ ions. The energy transfer efficiency hCe–Tb can be expressed
using Eq. (2) [34]:

hCe� Tb ¼ 1� tS=t0 (2)

where tS and tS0 represent the lifetimes of Ce3+ in the presence and
absence of Tb3+, respectively. Based on the values of the lifetimes
calculated according to Eq. (1), the energy transfer efficiency from
the sensitizer Ce3+ to the activator Tb3+ was calculated according to
Eq. (2), which are given in the inset of Fig. 6. It can be seen that the
value of hCe–Tb increased gradually with increasing contents of
Tb3+, and reached the maximum at 51.55% when y = 0.07.

The critical energy transfer distance RC between Ce3+ and Tb3+

ions can be estimated by using concentration quench Eq. (3)
proposed by Blasse [35]:

RC � 2
3V

4pxcN

� �1=3

(3)
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Fig. 7. Dependence of IS0/IS of Ce3+ on (a) C (Ce
3+

+ Tb
3+

); (b) C (Ce
3+

+ Tb
3+

)
6/3; (c) C (Ce

3+
+ Tb

3+
)
8/3; (d) C (Ce

3+
+ Tb

3+
)
10/3.

Fig. 8. CIE chromaticity coordinates (xCIE,yCIE) of LSSF: 0.07Ce3+, yTb3+ (0.01, 0.03,

0.05, and 0.07) samples upon 282 nm excitation and the digital photos of the

samples under 365 nm UV lamp excitation.
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where V is the volume of the crystallographic unit cell, xc is the
critical concentration (quenching concentration) and N is the
number of lattice sites in the unit cell that can be occupied by
activator ions. Here, for La6Sr4(SiO4)6F2, it exists ten number of host
cations in one unit cell. Thus, N was determined as 10. As shown in
Fig. 3, the emission intensities of Ce3+ at 419 nm increased firstly
with its concentration increasing, and maximized at x = 0.07, and
then decreased with increasing Ce3+ content caused by the
concentration quenching effect. Thus, xc is 0.07 as critical
concentration. Besides, the volume of La5.93Ce0.07Sr4(SiO4)6F2 is
614.32 Å3 as shown in Table 3. Based on Eq. (3), the critical distances
of energy transfer for Ce3+ to Tb3+ ions are turned out to be about
11.878 Å (xc = 0.07). The quantitative theories of Eq. (3) are based on
resonance transfer by electric multipole interaction or exchange
interaction. Non-radiative energy transfer plays an important role in
the luminescence of oxidic phosphors, the Eq. (3) proposed by Blasse
usually used for determining the possibility of electric multipole
interaction or exchange interaction. In general, if the critical distance
of energy transfer is larger than 5 Å the exchange interaction will be
ineffective, and only a multipolar interaction will be important.
Thus, the energy transfer from Ce3+ to Tb3+ in La6Sr4(SiO4)6F2 may
take place via multipolar interaction, which was because that the RC

value is 11.878 Å larger than 5 Å. According to Dexter’s energy
transfer expressions of multipolar interaction and Reisfeld’s
approximation, Eq. (4) can be used as [36]:

hS0=hS/C and hS0=hS /Cn=3 (4)

where hS and hS0 are the luminescence quantum efficiency of Ce3+

in the presence and absence of Tb3+, and C is the total content of
Ce3+ and Tb3+. Besides, the value of n can be 6, 8, and 10,
respectively. In general, the values hS0/hS can be replaced
approximately by the ratio of the related luminescence intensities
(IS0/IS) as equation (5)

IS0=IS/C and IS0=IS/Cn=3 (5)
The IS0/IS/ C and IS0/IS/ Cn/3 plots are shown in Fig. 7(a)–(d). As
is known to us, the relationship of (IS0/IS) / C corresponds to the
exchange interaction, and n = 6, 8, and 10 for dipole�dipole (d�d),
dipole�quadrupole (d�q), and quadrupole�quadrupole (q�q)
interactions, respectively [37]. It can be found that the fitting
factors of R values of the relationship of (IS0/IS) / C is smaller than
those of IS0/IS / Cn/3 indicating the exchange interaction will be
ineffective in LSSF, which is caused by the RC value 11.878 Å (more
than 5). A liner relation can be observed when n = 10, which
suggests that the energy transfer from Ce3+ to Tb3+ in LSSF host is[(Fig._8)TD$FIG]
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Fig. 9. a The temperature-dependent emission spectra for LSSF:0.07Ce3+, 0.07Tb3+ samples under 282 nm excitation; Fig. 9(b) The relative emission intensities centered at 419

(Ce3+) and 548 nm (Tb3+) as a function of temperature.

Table 4
Comparison of CIE Chromaticity Coordinates for La6Sr4(SiO4)6F2:0.07Ce3+, yTb3+

(0.01, 0.03, 0.05, and 0.07) phosphors (lex = 365 nm).

No. of points in

CIE diagram

Sample compositions of

La5.93-ySr4(SiO4)6F2:0.07Ce3+, yTb3+

CIE (xCIE,yCIE)

1 y = 0 (0.169,0.049)

2 y = 0.01 (0.208,0.285)

3 y = 0.03 (0.256,0.367)

4 y = 0.05 (0.273,0.424)

5 y = 0.07 (0.279,0.467)
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dominated by the quadrupole�quadrupole (q�q) mechanism by
comparing the fitting factors of R values.

The xCIE and yCIE values of CIE chromaticity coordinates and CIE
chromaticity diagram were measured and calculated through its PL
spectrum, and the CIE chromaticity coordinates (xCIE,yCIE) of LSSF:
0.07Ce3+, yTb3+ (y = 0, 0.01, 0.03, 0.05, and 0.07) samples upon
282 nm excitation are shown in Table 4 and Fig. 8. The inset in
Fig. 8 also shows a series of digital photos of LSSF:0.07Ce3+, yTb3+

phosphors. With Ce3+ concentration fixed at x = 0.07, the emitting
color of the phosphors shift gradually from blue region (0.169,
0.049) to bluish-green region (0.208, 0.285) and eventually to
green region (0.279, 0.467) with an increase of Tb3+ concentration.
Therefore, the as-prepared samples have great potential applica-
tion as green emitting phosphor for n-UV LEDs.

As we know, thermal stability of phosphor is very important
for the potential applications in high-power LEDs. The tempera-
ture-dependent emission spectra for the selected LSSF:0.07Ce3+,
0.07Tb3+ samples under 282 nm excitation are presented in
Fig. 9(a) and (b) shows the relative emission intensities centered
at 419 (Ce3+) and 548 nm (Tb3+) as a function of temperature. It can
be obviously seen that both the PL intensities at 419 and 548 nm
decrease with increasing temperature. It is known to us that
phosphors used for LEDs are better to exhibit strong thermal
quenching resistance to sustain their emission efficiency up to
1508C, which was because that the temperature of a LED package
may rise during LED operation. The relative PL intensities of
LSSF:0.07Ce3+, 0.07Tb3+ decreased to 54.95% (419 nm) and 75.20%
(548 nm) of the initial PL intensity with the temperature rising
from room temperature to 150 8C, which indicated that
LSSF:0.07Ce3+, 0.07Tb3+ phosphor has a high thermal stability.

4. Conclusions

In summary, a series of single-phase LSSF:Ce3+,Tb3+ phosphors
were prepared by a high temperature solid-state reaction. The
photoluminescence spectra of the samples show a broad blue band
emission of Ce3+ at 419 nm and the green peak emission of Tb3+,
respectively. The emission color of the as-prepared phosphors can
be tuned appropriately from blue region (0.169, 0.049) to bluish-
green region (0.208, 0.285) and eventually to green region (0.279,
0.467) by adjusting the concentration of Tb3+. The energy transfer
from Ce3+ to Tb3+ in the La6Sr4(SiO4)6F2 host has been demonstrat-
ed to be quadrupole�quadrupole (q�q) mechanism. The critical
distances RC of energy transfer were calculated by concentration
quenching and turned out to be about 11.878 Å (xc = 0.07). The
selected LSSF:0.07Ce3+, 0.07Tb3+phosphor shows high thermal
quenching temperature. All above results indicate that
LSSF:Ce3+,Tb3+ could be used as a green emitting phosphor for
n-UV w-LEDs.
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