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osphor of Sr3YNa(PO4)3F:Tb
3+ via

interionic cross-relaxation energy transfer

Bingye Zhang, *a Shitian Ying,a Lu Han,a Jinsu Zhang*b and Baojiu Chen b

A series of color-tunable Sr3YNa(PO4)3F:Tb
3+ phosphors with a fluorapatite structure were synthesized by

a traditional high-temperature solid state reaction. The emitting color tuning from blue to green can be

observed by gradually increasing Tb3+ concentrations, which is attributed to the enhanced cross-

relaxation (CR) between Tb3+ ions, as described by (5D3,
7F6)–(

5D4,
7F0). The CR process is analyzed

based on the Dexter and Inokuti–Hirayama model, which is assigned to the electric dipole–dipole

interaction. The energy transfer critical distance between Tb3+ ions is evaluated to be 18.1 Å. In addition,

the thermal quenching mechanism of Sr3YNa(PO4)3F:Tb
3+ is also investigated. At the general working

temperature of an LED (423 K), the luminescence intensity still maintains 81% and 92% with the Tb3+

concentration of 10 and 30 mol%, respectively, indicating an excellent thermal quenching performance

of Tb3+. Due to the good optical and thermal properties, the Sr3YNa(PO4)3F:Tb
3+ phosphor can be used

as a promising green emitting phosphor candidate in the field of white light applications.
1. Introduction

White light-emitting diodes (WLEDs) considered as the next-
generation green lighting sources, have attracted much
interest in the solid-state lighting area.1,2 Compared with the
conventional incandescent or uorescent lamps, WLEDs have
excellent physical and chemical characteristics, such as long
lifetime, high brightness and efficiency, as well as environ-
mental friendliness.3,4 The most used commercial WLED is
a combination of an InGaN blue LED chip with a Ce-doped
yttrium aluminium garnet (YAG:Ce) phosphor.5 However, this
suffers from a low color rendering index (Ra < 80) and high
correlated color temperature (Tc > 4500 K) due to color de-
ciency in the red and blue-green region.6,7 To solve the above
problem, green and red phosphors with a blue LED, and a UV
LED combining tricolor (red, green and blue) phosphors have
been regarded as alternatives. Therefore, for an excellent color
rendering index, it is necessary to develop efficient green
phosphors that possess an excitation wavelength matching the
emission wavelength of blue LEDs (440–470 nm) or UV LEDs
(350–410 nm).

Recently, great efforts have been made to develop tricolor
phosphors with high emission efficiency via doping with suit-
able ions. Rare earth (RE) ions have great attracted attention
due to their abundant emission colors based of 4f–4f or 5d–4f
transitions. Moreover, rare earth ions are generally multi-
f Technology, Dalian, Liaoning, 116024,
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electron structures and have rich energy levels. Especially,
when the rare earth ion is doped into the matrix materials, the
electronic energy levels of rare earth ions split by the action of
the surrounding crystal eld. Among the RE ions, Tb3+ ion is
a famous green-emitting activator due to the emission peaks
located at 488, 545, 583 and 620 nm, assigned to the 5D4–

7FJ (J¼
6, 5, 4, 3) multiplet transitions, respectively.8 Besides the green
emission from 5D4, blue emissions from higher level 5D3 can be
also observed. However, owing to the multi-phonon relaxation
and cross-relaxation (CR) occurring between Tb3+ ions, host
lattice with low phonon frequency and low doping concentra-
tion of Tb3+ are required to detect the blue emissions, which will
suppress the 5D3–

5D4 nonradiative relaxation.9–11 Thus, it is
essential to choose a suitable host with low phonon frequency
doping with appropriate concentration to realize Tb3+ activated
efficient phosphors.

In recent years, uorophosphates have been widely investi-
gated on account of their considerable thermal and chemical
stability.12,13 In addition, the largest electronegative of uorine
atoms make them usually exhibit attractive electron ability.
Apatite type alkaline-earth halophosphates belongs to the
hexagonal symmetrical system (space group of P63/m) with
a general formula of M5(PO4)3X (M ¼ Na+, K+, Ca2+, Mg2+, Ba2+,
Sr2+, Mn2+, Gd3+, Lu3+, Y3+, X¼ F, Cl, OH and O). So far, a variety
of phosphates with the formula M3NaRE(PO4)3F have been re-
ported in the literature, such as Sr3NaGd(PO4)3F, Ba3-
NaLa(PO4)3F, and Sr3NaLa(PO4)3F.14–16 To the best of our
knowledge, there are no reports about the detailed CR property
among the Tb3+ ions in Sr3YNa(PO4)3F host.

In this paper, we have synthesized the Sr3Y1�xNa(PO4)3-
F:xTb3+ (SYNPF:xTb3+) phosphors (0.002 # x # 0.50) via high
This journal is © The Royal Society of Chemistry 2018
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temperature solid reaction. The dependence of tunable lumi-
nescence properties of SYNPF:Tb3+ on Tb3+ concentration is
investigated. The quantitative theories for the nonradiative
energy transfer are studied according to Förster and Dexter. The
energy transfer critical distance and the critical concentration
between the Tb3+ ions are evaluated based on the Dexter model.
The thermal quenching mechanism of the phosphor was also
studied by observing the luminescence variation of SYNPF:Tb3+

at different temperatures. The results indicate that the
SYNPF:Tb3+ phosphors have potential applications for UV- or
NUV-based WLEDs.
2. Experimental section
2.1 Materials and synthesis

The SYNPF:Tb3+ phosphors were synthesized by a traditional
high temperature solid-state reaction. The starting materials
include analytical grade SrCO3, SrF2, Na2CO3, NH4H2PO4, Y2O3

(99.99%), and Tb4O7 (99.99%). The SrF2 (A.R.), Na2CO3 (A.R.),
and NH4H2PO4 (A.R.) were purchased from Guangfu Co. Ltd,
Tianjin (China), SrCO3 (A.R.), Y2O3 (99.99%), and Tb4O7

(99.99%) were bought from Sinopharm Chemical Reagent Co.
Fig. 1 (a) XRD patterns of as-synthesized SYNPF and SYNPF:xTb3+, (b)
Rietveld structure pattern of the SYNPF host.

This journal is © The Royal Society of Chemistry 2018
Ltd, Shanghai (China). The raw materials were weighted and
thoroughly mixed homogeneously using an agate mortar for
30 min. Aer mixing and grinding, the mixtures were placed
into a crucible and sintered at 1150 �C for 3 h with active
carbon. Finally, all the samples were furnace-cooled to room
temperature and reground into ne powder for further
measurements.
2.2 Characterization

The crystal structure of the sintered samples was identied by
powder X-ray diffraction (XRD) analysis (Bruker AXS D8), with
Cu Ka radiation (l ¼ 1.5418 Å) operating at 40 kV and 40 mA.
The photoluminescence (PL) and photoluminescence excitation
(PLE) spectra were performed using a Hitachi F-4600 spec-
trometer equipped with a 150 W xenon lamp. The luminescence
decay curves were measured by a Horiba Fluorolog FL3-111
spectrometer with a scintillating xenon lamp. The
temperature-dependence luminescence properties were char-
acterized on F4600, in which the prepared samples can be
accurately heated to the temperature ranging from room
temperature to 400 �C.
3. Results and discussion
3.1 Phase identication

Fig. 1 shows that the XRD patterns of SYNPF host and the
SYNPF:xTb3+ (x ¼ 0, 0.02, and 0.30) together with the standard
XRD prole of Sr3(La,Ce)Na(PO4)3(F,OH) (JCPDS 50-1595) as
a reference. The XRD patterns of all the samples cannot be
indexed to any standard data in JCPDS. Fortunately, we found
that all the diffraction peaks of the samples agree well with the
standard data of JCPDS 50-1595 except a little shi to larger
diffraction angle, which implies the prepared phosphor is iso-
structural with Sr3(La,Ce)Na(PO4)3(F,OH). The shis of the
diffraction peaks can be assigned to the shrinkage of the unit
cell due to the substitution of Y3+ (1.015 Å) with La3+ (1.061 Å).
Furthermore, with increasing of Tb3+ concentration, a little shi
to the smaller 2q angle can be observed in comparison with the
XRD pattern of SYNPF host, which is due to the larger radius of
Tb3+ (1.040 Å) than of Y3+. No other diffraction peaks were
observed, indicating that the obtained phosphor were single
phase and the doped ions were successful dissolved in the
SYNPF host without inducing signicant changes of the crystal
structure. To further study the structure of the obtained
samples, Rietveld structure renement of SYNPF host was per-
formed using the general structure analysis system (GSAS)
program to obtain the detailed crystal information.17 Fig. 1(b)
illustrates the renement pattern of SYNPF. The reliability
factors Rwp ¼ 7.32%, Rp ¼ 5.93% and c2 ¼ 7.82, indicating that
all the observed peaks satisfy the reection conditions and our
prepared phosphor is of single phase. The prepared SYNPF
sample possesses a trigonal system and a P�3 (no. 147) space
group with the cell parameters being a ¼ b ¼ 9.623313 �A, c ¼
7.147825 �A and V ¼ 573.263 �A3.
RSC Adv., 2018, 8, 25378–25386 | 25379
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Fig. 2 PLE (lem ¼ 545 nm) and PL (lex ¼ 225 nm) spectra of
SYNPF:0.02Tb3+.
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3.2 Luminescence properties of Tb3+ ions doped phosphors

Fig. 2 depicts the PL (lex ¼ 225 nm) and PLE (lem ¼ 545 nm)
spectra of the SYNPF:0.02Tb3+ sample. The PLE spectrum
consists with two broad bands. One is a strong broadband with
the central peak located at 225 nm, originating from the parity
allowed 4f8 / 4f75d1 transition of Tb3+ ions. The other is
composed of several weak peaks in the wavelength range of 280–
500 nm, which are attributed to the f–d transitions and intra 4f–
4f transitions of the Tb3+ ions. Upon excitation by 225 nm, the
emission spectrum of SYNPF:0.02Tb3+ exhibits both blue and
green emissions in the regions of 350–475 nm and 475–650 nm,
respectively. The blue emission peaks located at 380 nm,
414 nm, 436 nm, 456 nm, 472 nm can be assigned as the
characteristic emission from 5D3 to

7FJ (J ¼ 6, 5, 4, 3, 2) of Tb3+

ions. Besides the blue emission, some green emission peaks
located at 490 nm, 545 nm, 586 nm, 621 nm, respectively are
also detected, which are attributed to the transition of Tb3+ ions
from 5D4 to

7FJ (J ¼ 6, 5, 4, 3), as shown in Fig. 2.
In order to study the concentration-dependent luminescent

properties (0.002 # x # 0.5) of Tb3+, a series of SYNPF:xTb3+
Fig. 3 Dependence of the (a) PL (lex ¼ 225 nm) spectra and (b) emis
concentrations.

25380 | RSC Adv., 2018, 8, 25378–25386
samples have been synthesized. Fig. 3(a) exhibits the PL spectra
of SYNPF:xTb3+ phosphors under the excitation of 225 nm. All
of the PL spectra of SYNPF:xTb3+ are composed of two bands
(5D3 /

7FJ and
5D4 /

7FJ). When Tb3+ concentration reaches to
1 mol%, the emission intensity of the 5D3 shows the highest
value. With the increasing of Tb3+ concentration, the blue
emission intensity of 5D3 decreases gradually, meanwhile, the
intensities of 5D4 increases, which is due to the reduction of
distance of Tb3+ ions. With the decreasing of distance of Tb3+

ions, the interactions between Tb3+ ions becomes stronger,
leading to enhancement of the probability of energy transfer
from 5D3 to 5D4 level. When the Tb3+ concentration is up to
30 mol%, the emission intensity of 5D4 level starts to decrease,
and concentration quenching occurred, as shown in Fig. 3(a).
Fig. 3(b) shows the dependence of emission peak intensities at
380 nm (5D3 / 7F6) and at 552 nm (5D4 / 7F5) on the Tb3+

concentrations upon the 225 nm excitation. It can be clearly
observed that the emission of 5D3 and 5D4 shows the inverse
tendency with the increasing of Tb3+ concentrations, owing to
the CR process and concentration quenching of Tb3+, respec-
tively. Since the energy of 5D3 level of 5800 cm�1 is much higher
than that of 5D4 level, the de-excitation from 5D3 to

5D4 is owing
to CR and multi-phonon relaxation processes. As we know that
the CR process is generally determined by the doping concen-
tration of Tb3+ ions, and the multi-phonon relaxation process is
related to the matrix frequency. Previous studies have demon-
strated that CR process has taken place only if the host
possesses low phonon frequency to achieve the tunable blue-
green phosphor. Several researches have demonstrated that
uoride have a low phonon frequency (�450 cm�1), which can
realize the transmission from 5D3 to

5D4 of Tb
3+ ions as long as

the phonon frequency is low enough (�1000 cm�1).14
3.3 CR energy transfer

Fig. 4 presents the energy level schematic and the correspond-
ing energy level transitions for SYNPF:xTb3+. When NUV light
irradiates the uorescent powder, electrons from the ground
state 7F6 level are stimulated to excited state 5D3 level (process
1), then a part of electrons of Tb3+ ions shi from 5D3 excited
state transitions of to the ground state of 7FJ (J ¼ 5, 4, 3, 2, 1)
sion intensity of Tb3+ in SYNPF phosphors with the variation of Tb3+

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Fluorescence decay curve of 5D3 (380 nm) in SYNPF:xTb3+ with
various Tb3+ concentrations under 350 nm excitation.

Fig. 4 Schematic energy levels of SYNPF:Tb3+ for cross-relaxation
energy transfer.
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level with blue emission. Furthermore, a part of electrons from
5D3 level decays nonradiatively to

5D4. Simultaneously, a nearby
acceptor Tb3+ ion is excited from its ground state 7F6 to an
intermediate state 7F0, and then returns to ground state via
multi-phonon relaxation (process 2). As the similar values of the
energy between 5D3 and 5D4 as well as 7F6 and 7F0, an energy
transfer is expected to take place through the CR process in the
host of SYNPF:Tb3+, resulting in the increasing of the green
emission and the reduction of blue emission. The process can
be described as: 5D3 (Tb

3+) + 7F6 (Tb
3+)/ 5D4 (Tb

3+) + 7F0 (Tb
3+).

In general, the energy transfer mechanism of the lumines-
cent center can be classied into exchange interactions, and
electric multipole interaction. As we know that the exchange
interaction strongly depends on the distance R between donor
and acceptor ions. When R is small enough (3 Å � 4 Å),
exchange interaction dominates in the host, otherwise, it is
attributed to electrical multipole interaction. Thus, the distance
between Tb3+ ions (RTb) was induced to specify the type of
energy transfer mechanism, which can be estimated as
follows:15,16

RTb z 2

�
3V

4pxN

�1
3

(1)

where V is the volume of one unit cell, N is the number of the
cationic sites occupied by activators in one unit cell, and x is the
concentration of Tb3+ ions. For SYNPF host, V and N equal to
573.263 Å3 and 6. Therefore, by using eqn (1), the value of RTb

can be calculated to be 45.2, 26.3, 20.9, 15.4, 12.2, 10.7, 9.7, 8.5
and 7.1 Å for the Tb3+ concentration (the molar ration of Tb3+

substitute the Y3+) from 0.2 mol% to 50 mol%, respectively.
According to theory of Van Uitert, it can be deduced that the CR
between Tb3+ originates from the electric multipole
interaction.

In principle, the CR process can shorten the lifetime of 5D3.
Thus, the uorescence lifetimes (s1) for the SYNPF:xTb3+ with
various Tb3+ concentrations (x ¼ 0.002–0.50) were measured by
monitoring the 5D3–

7F6 emission (l ¼ 380 nm), as shown in
Fig. 5. For the low Tb3+ concentration of SYNPF, the decay
This journal is © The Royal Society of Chemistry 2018
curves can be well tted into the single exponential function,
which can be written as:

IDðtÞ ¼ I0 exp
�
� t

s

�
(2)

With the increasing of Tb3+ concentration, the decays speed
up and deviate from single exponential function signicantly,
which is due to the strengthened CR effects. That is to say the
doping of the Tb3+ ions has gradually change the luminescence
dynamics of the Tb3+ ions due to the CR energy transfer from
the Tb3+ to Tb3+ ions.

The energy transfer process between Tb3+ ions can also be
veried by the uorescence decay of 5D4 (s2). Fig. 6 shows the
decay curves of 5D4 / 7F5 transition (lem ¼ 545 nm) for
SYNPF:xTb3+ with different Tb3+ concentration upon the exci-
tation of 350 nm. All the samples exhibit the single exponential
decay model, even at high Tb3+ concentration. When the decay
time is limited in a small range of times, such as to 0–8 ms, it
can be obviously observed the build-up process in the curves,
which presents the trend of rst increase and then decrease,
especially at low Tb3+ concentration, as shown in Fig. 6(b). The
above phenomena indicate that there exists a CR energy trans-
fer between Tb3+ ions. The energy excited into the 5d levels of
Tb3+ ion rst transfers to the 5D4 level of a neighbor Tb

3+ ion via
CR in the build-up process, and then the 5D4 /

7F5 transition
decays slowly. However, the initial rise processes were only
observed at low Tb3+ concentrations (0.2–30 mol%), and the
decay curve presents simple single-exponential decay processes
at high Tb3+ concentrations (50 mol%), which implies the
enhancement of CR with the increasing of Tb3+ ions
concentration.

According to the lifetimes of 5D3 (s1) and
5D4 (s2), it can be

also found that the enhancement of CR decreases the lifetime of
the 5D3 level, whereas the lifetime of the 5D4 level is unaffected if
the Tb3+ concentration is below the quenching point. To anal-
ysis the dynamic process of the CR, the average uorescence
RSC Adv., 2018, 8, 25378–25386 | 25381
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Fig. 6 Fluorescence decay curve of 5D4 (545 nm) in SYNPF:xTb3+ with various Tb3+ concentrations in (a) in a full time scale, and (b) a local time
scale under 350 nm excitation.
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lifetimes can be dened by using I–H model. The expression is
shown as follows:14

s ¼
ÐN
0

IðtÞtdtÐN
0

IðtÞdt (3)

where I(t) represents the uorescent intensity at time t. The
decay lifetimes of 5D3 for various Tb3+ concentrations were
calculated to be 1.224, 0.970, 0.813, 0.574, 0.376, 0.281, 0.228,
0.172, and 0.143 ms for the Tb3+ concentration increasing from
0.2 to 50 mol%, respectively. For reference, the lifetimes of 5D4

were also calculated, as shown in Fig. 7. It can be clearly
observed that the lifetime of 5D4 nearly unchanged below Tb3+

concentration of 0.3, which indicates that CR process has little
inuence on the lifetime of the 5D4. When the Tb3+ concentra-
tion exceeds 30 mol%, the lifetime of 5D4 decreases from 3.39 to
2.87 ms, due to the concentration quenching, as shown in
Fig. 7. In contrast to the lifetime of 5D4, the lifetime of 5D3 level
gradually decreases with the increasing of Tb3+ ions concen-
tration, which is assigned to the energy transfer via CR between
Tb3+ ions. To identify the interaction between Tb3+ ions, the
decay lifetimes of 5D3 level are well tted with the relationship
established by Dexter:15
Fig. 7 Fluorescent lifetime of 5D3 and 5D4 lifetimes of a series of
SYNPF:xTb3+ as function of Tb3+concentration with fitting line.

25382 | RSC Adv., 2018, 8, 25378–25386
sðxÞ ¼ s0

1þ
� x

x0

�s
3

(4)

where s0 is the intrinsic decay lifetime of the donor (Tb3+), s(x) is
uorescent lifetime at accepter (Tb3+) concentration x, x0 is the
critical concentration with the same dimension as the doping
concentration x, and s ¼ 6, 8 or 10, indicating D–D, D–Q and
Q–Q interactions, respectively. According to eqn (4), the factor s
is dened to be 5.4, which is close to 6, indicating that the
energy transfer mechanism is D–D interaction. For the slightly
doped of Tb3+ (0.2 mol%), the CR energy transfer from 5D3 to
5D4 is negligible, and the multi-phonon relaxation is supposed
to be responsible for the 5D4 populating.14 The lifetime of the
5D3 energy level with the Tb3+ concentration of 0.002Tb3+ (1.22
ms) is regarded to be the initial life of 5D3 (s0). Thus, the critical
concentration x0 can be calculated to be 0.03 mol. By using eqn
(1), the average distance between Tb3+ is determined with the
value of 18.1 Å, which is regarded as the critical distance for the
Tb3+ in SYNPF.

Base on the above discussion, the interaction mechanism of
Tb3+, critical concentration and distance were determined.
Fig. 8 The relationship of ln(ID0
(t)/ID(t)) vs. t plotted in a double loga-

rithmic coordinate for sample SYNPF:0.05Tb3+.

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Dependence of RG/B/R0 as a function of WCR for SYNPF:xTb3+
3+

Fig. 9 Dependence of (a) CR rate (WCR), and (b) CR efficiency hCR in SYNPF:xTb3+ on Tb3+ concentration.
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However, the above results were based on an intuitive method,
and the values were approximated. For further verify the above
investigations, I–H model was used to explain the CR energy
transfer in SYNPF:xTb3+. As shown in Fig. 6(a), the decay of
SYNPF:0.002Tb3+ is single exponential, whereas, with the
increasing of Tb3+ concentration, the decay curves become non-
exponential. Since the I–H model has succeeded in describing
the non-exponential uorescent decay, the intensity can be
expressed as follows:18

IDðtÞ ¼ I0 exp

"
� t

s0
� 4

3
pG

�
1� 3

s

�
nAR0

3

�
t

s0

�3
s

#
(5)

where ID(t) is the uorescent intensity at time t for the system in
the presence of energy transfer, and s¼ 6, 8, and corresponding
to 10, are for D–D, D–Q, and Q–Q interactions, respectively. G(1
� 3/s) is a gamma function, nA is the number of acceptor ions
per unit volume, and R0 is the critical distance. According to eqn
(2) and (5), we can obtain that

IDðtÞ
ID0

ðtÞ ¼ exp

"
� 4

3
pG

�
1� 3

s

�
nAR0

3

�
t

s0

�3
s

#
(6)

The ratio ID(t)/ID0
(t) characterizes the decay of excited donors

to the acceptors via CR. From eqn (6), one has

ln

�
IDðtÞ
ID0

ðtÞ
�

¼ �4

3
pG

�
1� 3

s

�
nAR0

3

�
1

s0

�3
sðtÞ3s (7)

and

log10

�
ln

�
IDðtÞ
ID0

ðtÞ
��

¼ log10

"
� 4

3
pG

�
1� 3

s

�
nAR0

3

�
1

s0

�3
s

#

þ3

s
log10 t (8)

According to eqn (8), log10{ln[ID0
(t)/ID(t)]} acts as a linear

function of log10 t with a slope of 3/s. Fig. 8 depicts the log–log
plot of ln[ID(t)/ID0

(t)] as a function of t for sample of
SYNPF:0.05Tb3+. By using the value of the slope (0.49), the
This journal is © The Royal Society of Chemistry 2018
parameter s was calculated to be 6, which implies that the
interaction of CR energy transfer is the dipole–dipole interac-
tion, which agrees well with the results obtained by the Dexter
model.

In order to further conrm the process of energy transfer, the
CR rate (WCR) and CR efficiency were calculated, as shown in
Fig. 9. The WCR of different Tb3+ concentration can be deter-
mined by using eqn (9):19,20

WCR ¼ 1

s1
� 1

s10
(9)

where s10 is the uorescence lifetime of 5D3 at the lowest doping
concentration of Tb3+ (x ¼ 0.002) where the CR is negligible.14

s10 is then written as:19

s10 ¼ 1

W0 þ g1

(10)

where W0 is the multi-phonon relaxation rate and g1 is the
radiative transition rate of 5D3, both of which are independent
of Tb3+ ions concentration. Fig. 9(a) illustrates the dependence
of WCR on Tb3+ concentration with a nearly linear relationship.
Thus, the CR rate can be written as:
with various Tb concentration.
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Fig. 11 CIE chromaticity diagram for SYNPF:xTb3+ with various Tb3+

concentrations.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

6:
06

:0
7 

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
WCR ¼ Ax (11)

where A is a proportional constant and x is the concentration of
Tb3+ ions. As we know that the multi-phonon relaxation rate is
independent of concentration for the luminescent centers.
Therefore, via using eqn (9)–(11), s1 can be tted by the function
Fig. 12 PL spectra of (a) SYNPF:0.1Tb3+, and (b) SYNPF:0.3Tb3+ with diffe
of both the emission intensity peak of 5D3 and

5D4 for (c) SYNPF:0.1Tb3+

integrated intensity of the entire spectra for SYNPF:0.1Tb3+ and 0.3 Tb3+

25384 | RSC Adv., 2018, 8, 25378–25386
as s1 ¼ 1/(Ax + B), where B is the sum of W0 and s1. In addition,
the CR efficiency of the 5D3 to 5D4 of the Tb3+ ions of
SYNPF:xTb3+ is also calculated by using eqn (12):20

hCR ¼ 1� s1
s10

(12)

And shown in Fig. 9(b), it can be seen that the CR efficiency
increases gradually and reaches to 88% with the increase of
Tb3+ ions concentration.

Due to the CR between Tb3+, the intensity ratios of green and
blue emissions show signicant dependence on WCR, as shown
in Fig. 10. The relationship between RG/B andWCR can be written
as:19

RG=B ¼ R0ðWCR þW0Þs2
W0s20

(13)

where R0 is the initial value of the ratio and s20 is the lifetime of
5D4 at the lowest concentration of Tb3+ ions. s2 and s20 can be
eliminated due to s2 remains nearly unchanged with different
Tb3+ concentrations, as shown in Fig. (7). Therefore, eqn (13)
can be rewritten as:

RG=B

R0

¼ 1þ WCR

W0

(14)

where RG/B and R0 at different Tb3+ concentrations can be
calculated from the emission spectra. It can be found that the
dependence of RG/B/R0 on WCR is close to a linear relationship,
indicating a strong dependence of RG/B on Tb3+ concentration.
rent temperatures in the range from 298 K to 673 K. Integrated intensity
and (d) SYNPF:0.3Tb3+ under different temperatures. The inset is the
.

This journal is © The Royal Society of Chemistry 2018
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3.4 Color chromaticity

Due to the energy transfer between Tb3+ and Tb3+ ions, the
emission color tunes of SYNPF:xTb3+ phosphors can be realized
from blue to green in the single Tb3+ doped upon UV excitation.
As shown in Fig. 11, the values of x and y of SYNPF:xTb3+ color
coordinates and correlated color temperatures are calculated. It
can be seen that the CIE chromaticity coordinates of
SYNPF:xTb3+ are changed from (0.2481, 0.209) to (0.3004,
0.5554) corresponding to light purple blue to green emission.
The CIE chromaticity coordinate of SYNPF:0.05Tb3+ (0.2511,
0.3721) is very close to an ideal white chromaticity coordinate
(0.33, 0.33). Additionally, the color coordinate of SYNPF:0.3Tb3+

(0.2885, 0.5423) is close to commercial uorescent powder
MgAl11O19: 0.67Ce

3+, 0.33Tb3+ (0.3300, 0.5950), suggesting that
SYNPF:Tb3+ is a potential candidate in the solid white light
eld. The above results indicate that SYNPF:Tb3+ has a potential
application in the eld of lighting with low correlation color
temperature, which can be emitted from white light.
3.5 Thermal quenching

As we know that the stable working temperature of a phosphor
converted LED is generally at 150 �C.21,22 Thus, the thermal
characteristics of the SYNPF:Tb3+ phosphor were also investi-
gated. Fig. 12(a) and (b) exhibit the temperature-dependent PL
spectra of SYNPF:Tb3+ with Tb3+ concentration of 10 mol% and
30 mol% under the excitation of 225 nm. It can be observed that
with the increasing of the temperature from 298 K to 673 K, the
emission intensity of all the samples decrease very slowly.
Fig. 12(c) and (d) show the emission intensity of the 5D3 and

5D4

of Tb3+ ions under different temperature. When the tempera-
ture ups to 423 K, the intensity of the 5D3 and

5D4 emission for
Tb3+ concentration of 0.1 mol% and 0.3 mol% decreased to 80%
and 90%, as well as 82% and 94% of the initial value, respec-
tively. For the best sample (SYNPF:0.3Tb3+), the intensity of
green emission still exceeds 85% as the temperature ups to 675
K. The inset of Fig. 12(c) and (d) show the detailed tendency of
the entire emission intensity of SYNPF:Tb3+ under different
temperature. According to the above results, SYNPF:Tb3+

phosphor exhibits excellent thermal quenching performance
with the increase of concentration.
4. Conclusion

The Tb3+ doped SYNPF phosphors have been prepared by
a traditional high-temperature solid-state reaction. The PL
spectra of SYNPF: Tb3+ exhibit two groups of emissions origi-
nating from the 5D3 and 5D4 energy level. With increasing of
Tb3+ concentrations, SYNPF:Tb3+ exhibits tunable emissions
from the blue to green region, and the intensity ratio of blue to
green emission is reduced via the CR described by (5D3,

7F6)–
(5D4,

7F0). According to the I–H model and critical distance, the
electronic dipole–dipole interaction between Tb3+ governs the
dynamic CR process. The CR parameters are determined with
the critical CR distance R0 ¼ 18.1 Å and the critical concentra-
tion x0 ¼ 0.03 mol. Moreover, the CR efficiency and the CR rate
increase rapidly with the increasing of Tb3+ doping
This journal is © The Royal Society of Chemistry 2018
concentration. When the doping concentration is up to
50 mol%, the CR efficiency is as high as 86%, and the CR rate
increases linearly. The thermal quenching of SYNPF:Tb3+ has
also been studied. No obvious thermal quenching of
SYNPF:Tb3+ can be observed. At the LED operating temperature
of 423 K, the luminescence intensity of 5D3 and 5D4 for
SYNPF:0.1Tb3+ and 0.3Tb3+ decreases to the 80% and 90%, and
82% and 94% compared to the values at room temperature,
respectively. The above results indicate that due to the good
luminescence characteristics and thermal properties of
SYNPF:Tb3+, it is one of the potential candidates for uores-
cence in the eld of white light.
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