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aracterization of
Ca3Lu(GaO)3(BO3)4:Ce

3+,Tb3+ phosphors: tunable-
color emissions, energy transfer, and thermal
stability

Liangling Sun, Balaji Devakumar, Bin Li, Jia Liang, Heng Guo and Xiaoyong Huang *

Blue-green dual-emitting phosphors Ca3Lu(GaO)3(BO3)4:Ce
3+,Tb3+ (CLGB:Ce3+,Tb3+) were synthesized via

a traditional solid-state reactionmethod. The phase of the phosphors was characterized by X-ray diffraction

and the luminescence properties were investigated using the excitation and emission spectra, decay curves,

temperature-dependent emission spectra, CIE chromaticity coordinates, and the internal quantum

efficiency. Under 345 nm UV light excitation, Ce3+ singly doped CLGB phosphors presented intense blue

light in the 350–550 nm wavelength region with a maximum peak at 400 nm. In sharp contrast,

CLGB:Ce3+,Tb3+ phosphors showed both the blue and green emission wavelengths of Ce3+ and Tb3+

ions, respectively. The overall emission colors can be tuned from blue (0.164, 0.042) to green (0.331,

0.485) via increasing the concentration of Tb3+ ions, due to the energy transfer (ET) from Ce3+ ions to

Tb3+ ions. The optimal doping concentration of Tb3+ ions in CLGB:Ce3+,Tb3+ phosphors was found to

be 40 mol%. The mechanism of the ET from the Ce3+ to Tb3+ ions was demonstrated to be electric

quadrupole–quadrupole interaction. The CLGB:0.04Ce3+,0.40Tb3+ sample possessed a high IQE of

54.2% and excellent thermal stability with an activation energy of 0.3142 eV when excited at 345 nm.

The integrated emission intensity of CLGB:0.04Ce3+,0.40Tb3+ at 423 K was found to be about 74% of

that at 303 K. Finally, under 300 mA driven current, the fabricated prototype white light-emitting diode

showed CIE chromaticity coordinates of (0.3996, 0.3856) and high color rending index of 81.2.

Considering all the above characteristics, the obtained CLGB:Ce3+,Tb3+ phosphors can be a type of

multicolor emitting phosphor for application in white light-emitting diodes.
1. Introduction

Nowadays, environmental and energy issues are attracting
increasing attention, so resource-saving and environment-
friendly industries are valued.1–4 In the lighting industry,
white light-emitting diodes (w-LEDs) have many advantages in
lighting applications, such as having long working lifetimes and
high luminous efficiency, and being energy-saving and
environment-friendly, which meet the requirements of saving
energy and protecting the environment.5–10 At present, two
methods have been used to fabricate the w-LEDs; one is
combining a blue InGaN chip with commercial yellow phosphor
Y3Al5O12:Ce

3+, and the other is using an ultraviolet/near ultra-
violet (n-UV; 350–420 nm) LED chip and tricolor (red, green, and
blue) phosphors.11–16 The former one suffers from low color
rendering index and high correlated color temperature, while
the latter one has the drawback of adjusting the proportion of
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the tricolor phosphors in particular applications.17 In fact, the
luminescence properties of the w-LEDs based on the tricolor
phosphors are greatly affected by the mixing degree, so it is
important to explore novel phosphor with single phase to meet
the requirement of practical application in w-LEDs.

Many rare-earth ions co-doped luminescent inorganic
phosphors have been studied due to the energy transfer
between a sensitizer (e.g., Dy3+ and Ce3+) and an activator (e.g.,
Tb3+ and Sm3+), which can broaden the excitation wavelength
range and enhance the luminescence performance.18–23 Tb3+

ions are frequently used as an activator because it can give rise
to green light at about 541 nm (5D4 / 7F5 transition).24–26

However, Tb3+ ions exhibits a narrow weak band in the n-UV
region, because of the spin-forbidden 4f / 4f transitions. On
the contrary, Ce3+ ions could show a strong and broad absorp-
tion band in the n-UV region when it is doped into particular
compounds, owing to the 4f/ 5d parity-allowed transition.27,28

Thus considering this situation, Ce3+ ions can be used as
sensitizer to intensify Tb3+ ions absorption by ET from Ce3+ to
Tb3+ ions. Previous studies have shown that Ce3+ and Tb3+ ions
can be well co-doped into various inorganic compounds, such
This journal is © The Royal Society of Chemistry 2018
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as Na3Sc2(PO4)3:Ce
3+,Tb3+,29 Ba2Y3(SiO4)3F:Ce

3+,Tb3+,30 LaSi3-
N5:Ce

3+,Tb3+,31 and Na6Ca3Si6O18:Ce
3+,Tb3+.32 But few papers

have studied the effect of temperature on luminescence. In
these articles that have reported the thermal stability, such as
CaLa4Si3O13:Ce

3+,Tb3+ and BaLu6(Si2O7)2(Si3O10):Ce
3+,Tb3+,

their luminous intensity remained about 70% and 71.5% at 423
K compared with the initial value at 303 K, respectively, which
was lower than the value of 74% in this present paper.27,33

Borates activated by rare-earth ions, such as LaBWO6:-
Tb3+,Eu3+,34 ZnB4O7:Eu

3+,35 Ba2B2O5:Ce
3+,Tb3+,Sm3+,36 have

been conrmed to be an important class of phosphors with low
synthesis temperature and high luminescence efficiency.37–39 In
this paper, Ca3Lu(GaO)3(BO3)4 (CLGB) had been selected to be
the host material and Ce3+–Tb3+ co-activated CLGB phosphors
were prepared. The luminescence properties, thermal stability,
the critical distance, chromaticity parameters, and ET mecha-
nism between the Ce3+ and Tb3+ ions were systematically
investigated. Importantly, the adjustable color from blue to
green were achieved by doping various concentrations of the
Tb3+ ions, due to the ET from Ce3+ to Tb3+ ions. Finally,
a prototype w-LED device was fabricated by using a 365 nm UV
LED chip and the phosphor mixture of CLGB:Ce3+,Tb3+ green
phosphors, BaMgAl10O7:Eu

2+ blue phosphors, and CaAlSiN3:-
Eu2+ red phosphors.

2. Experimental

The target materials of CLGB:Ce3+,Tb3+ phosphors were
synthesized by high-temperature solid-state reaction method.
H3BO3 (analytical reagent, AR), CaCO3 (AR), Ga2O3 (AR), Lu2O3

(99.99%), CeO2 (99.99%), and Tb(NO3)3$6H2O (99.99%) were
served as the rawmaterials and they were weighted according to
stoichiometric ratio while H3BO3 exceeded 5 wt%. The raw
materials were ground and mixed in an agate mortar. Then,
these mixtures were sintered at 1000 �C for 4 h in CO reducing
atmosphere to reduce the Ce4+ into Ce3+ ions and prevent Ce3+

ions from being re-oxidized to Ce4+ ion at high temperature.
Finally, the prepared mixtures were cooled naturally to room
temperature in the furnace.

The XRD patterns of CLGB:Ce3+,Tb3+ were examined by
Bruker D8 X-ray diffractometer. The morphology properties of
the CLGB:0.04Ce3+,0.40Tb3+ phosphors were measured by
a eld-emission scanning electron microscope (FE-SEM; MAIA3
TESCAN). The diffuse reectance spectra (DRS) were recorded
on a spectrophotometer (Shimadzu 2600UV) using BaSO4 white
powder as the reference. The photoluminescence (PL) and PL
excitation (PLE) spectra were researched by Edinburgh FS5
uorescence spectrophotometer equipped with a 150 W Xe
lamp as the excitation light source. The thermal stability and
internal quantum efficiency (IQE) of CLGB:0.04Ce3+,0.40Tb3+

phosphors were measured on the same spectrophotometer
equipped with an temperature-regulating device and an inte-
grating sphere coated with BaSO4 compound, respectively. The
luminescence decay curves of Ce3+ ions were measured by
utilizing an Edinburgh FPS 920 spectrouorometer with
a 150 W nF900 nanosecond ash-light source. The
CLGB:0.04Ce3+,0.40Tb3+ phosphors, commercial blue emitting
This journal is © The Royal Society of Chemistry 2018
phosphors BaMgAl10O7:Eu
2+, and red emitting phosphors

CaAlSiN3:Eu
2+ were mixed thoroughly and then coated on

a 365 nm LED chip by using silicone to fabricate w-LED device.
The photoelectric properties and spectral power distributions of
the fabricated devices were measured by using an integrating
sphere spectroradiometer system (HAAS-2000, Everne) and
a corrected spectrometer, respectively.

3. Results and discussion

The XRD patterns of the CLGB:0.04Ce3+,
CLGB:0.04Ce3+,0.40Tb3+ phosphors, and the stand cards of
Ca3Y(GaO)3(BO3)4 (ICSD-172155) and LuBO3 (JCPDS-13-0481)
were shown in Fig. 1(a). The standard curve of Ca3Y(GaO)3(-
BO3)4 host and the dominant diffraction peaks of
CLGB:0.04Ce3+ and CLGB:0.04Ce3+,0.40Tb3+ phosphors were
well-matched, which indicated the formation of
CLGB:Ce3+,Tb3+ phosphors and the iso-structure of
CLGB:Ce3+,Tb3+ phosphors and the Ca3Y(GaO)3(BO3)4 material.
There was a week miscellaneous peak centered at 2q z 27�,
which was derived from LuBO3 (JCPDS: 13-0481). However, the
impurity week peak decreased with the addition of Tb3+ ions,
which implied that the pure phase CLGB:Ce3+,Tb3+ samples
could be obtained by doping high concentration of Tb3+ ions in
CLGB host. Fig. 1(b) depicted the Rietveld renements of the
CLGB:0.04Ce3+,0.40Tb3+ phosphors to further study the crystal
structure of the as-prepared sample, and the crystallographic
le and renement parameters of CLGB:0.04Ce3+,0.40Tb3+

phosphors were listed in Table 1. It could be found that the
CLGB:0.04Ce3+,0.40Tb3+ phosphors possessed a hexagonal
space group P63/m based on the renement results from Table
1. The crystal structure of CLGB:0.04Ce3+,0.40Tb3+ phosphors
and the local environment of the Ca1 and Ca2 sites were showed
in Fig. 1(c) and (d), respectively. From the Table 1 and Fig. 1(d),
we could know that even though the Ca2 was surrounded by ten
oxygen atoms, the Lu3+, Ce3+, and Tb3+ would prefer to occupy
the Ca1 site which coordinated by seven oxygen atoms. That was
because the four O4 ions which surrounded the Ca2 was shared
by the adjacent four B ions. Therefore, the Lu3+, Ce3+, and Tb3+

ions would occupy the Ca1 with the CN sites of 9 (CN: coordi-
nation number), not the Ca2 with the CN sites of 7.40

The FE-SEM of the CLGB:0.04Ce3+,0.40Tb3+ phosphors were
measured and showed in Fig. 2. It could be seen that the
CLGB:0.04Ce3+,0.40Tb3+ phosphors were made up of irregular
and agglomerate microparticles with the size ranging from 2 to
8 mm.

Fig. 3(a) illustrated the PLE and PL spectra of CLGB:0.04Ce3+.
The PLE spectrum monitored at 400 nm showed a weak exci-
tation band peaking at 281 nm from 250–300 nm wavelength
region and an intense broad excitation band peaking at 345 nm
from 300–392 nm wavelength region, which were assigned to
4f–5d transition of Ce3+ ions in CLGB:0.04Ce3+ phosphors.41,42

Importantly, the broad excitation band from 300 to 392 nm
matched well with the emission spectra of n-UV LED chips.43

The PL spectrum of CLGB:0.04Ce3+ showed an asymmetric blue
emission band (contain 5d / 2F5/2 and 5d / 2F7/2 transitions)
from 350 to 550 nm and it could be separate into two different
RSC Adv., 2018, 8, 23284–23293 | 23285
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Fig. 1 (a) XRD patterns of CLGB:0.04Ce3+ and CLGB:0.04Ce3+,0.40Tb3+ phosphors. The standard cards of Ca3Y(GaO)3(BO3)4 (ICSD: 172155)
and LuBO3 (JCPDS: 13-0481) were also shown as the references. (b) Rietveld refinements of the XRD files for CLGB:0.04Ce3+,0.4Tb3+ phos-
phors. (c) The crystal structure of CLGB:0.04Ce3+,0.4Tb3+ phosphors. (d) The local environment of the Ca1 and Ca2 sites.
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Gaussian peaks, peaking at 385 nm (25 974 cm�1) and 409 nm
(24 450 cm�1).44,45 Therefore, the energy difference of the two
Gaussian peaks was about 1524 cm�1, which was in agreement
with the theoretical difference between the 2F5/2 and

2F7/2 levels
of Ce3+ ions (about 2000 cm�1).46,47

Fig. 3(b) shows the PLE and PL spectra of CLGB:0.40Tb3+. In
the PLE spectrum monitored the emission at 544 nm, a broad
excitation band in the range of 200–300 nm and a group of
narrow PLE lines in the 300–400 nm wavelength range were
observed, corresponding to 4f8 / 4f75d1 transition and 4f8–4f8

transitions of Tb3+ ions, respectively.25 Furthermore, the
CLGB:0.40Tb3+ phosphors showed green emissions under
Table 1 The parameters from Rietveld refinement of the CLGB:0.04Ce3

CLGB:0.04Ce3+,0.40Tb3+

Crystal system Hexagonal
Space group P63/m
Lattice parameters a ¼ 10.50796(11) Å, b ¼ 10.50796 Å, c ¼
Atom x y
Ca1/Lu1/Ce1/Tb1 0.3333 0.6667
Ca2/Lu2/Ce2/Tb2 0.1264 0.8414
Ga1 0.0 0.5
B1 0.17543 0.81737
B2 0.0 0.0
O1 0.05155 0.43126
O2 0.331 0.915
O3 0.3021 0.477
O4 0.053 0.907

23286 | RSC Adv., 2018, 8, 23284–23293
370 nm n-UV light excitation. The PL spectrum of
CLGB:0.40Tb3+ displayed several emission peaks at 492 nm (5D4

/ 7F6 transition), 544 nm (5D4 /
7F5 transition), 585 nm (5D4

/ 7F4 transition), and 621 nm (5D4 /
7F3 transition).48,49

According to Dexter's theory, effective ET between activator
and sensitizer need to meet two conditions: (1) the PL spectrum
of the sensitizer (herein was Ce3+ ions) and the PLE spectrum of
the activator (herein was Tb3+ ions) had enough overlap; (2)
when monitored at the dominant emission wavelength of the
activator, the PLE spectrum of the co-doped sample (herein was
CLGB:Ce3+,Tb3+) should have not only the characteristic exci-
tation bands of the activator ions but also the characteristic
+,0.40Tb3+ sample

5.81483(10) Å, a ¼ b ¼ 90�, g ¼ 120�, V ¼ 556.038(10) Å3

z Occ. Uiso (�A
2)

0.25 0.29/0.4/0.025/0.3 0.011
0.25 0.905/0.016/0.015/0.1 0.014
0.0 1 0.012
0.75 1 �0.04826
0.117 0.5 0.02
0.25 1 0.02272
0.75 1 0.018
0.539 1 0.012
0.587 0.5 0.005

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The FE-SEM image of the CLGB:0.04Ce3+,0.40Tb3+ phosphors.
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excitation peaks of the sensitizer ions.50–52 By comparing
Fig. 3(a) and (b), it was obvious that the PLE spectrum of
CLGB:0.40Tb3+ had large overlap with the PL spectrum of
CLGB:0.04Ce3+ between 348 and 400 nm, which met the
requirement of the resonance-type ET. Furthermore, as shown
in Fig. 3(c), the PLE spectrum of CLGB:0.04Ce3+,0.40Tb3+

monitored at 544 nm (Tb3+ dominant emission peak) have two
kind of excitation bands: the broad PLE bands in the 252–
380 nm wavelength region were the characteristic excitation
bands of Ce3+ ions, while a broad PLE band in the 232–252 nm
region (4f8 / 4f75d1 transition) and several sharp PLE peaks in
the 366–390 nmwavelength range (4f8–4f8 transitions) belonged
to the Tb3+ ions. In contrast, when monitored at Ce3+ dominant
emission peak at 400 nm, the PLE spectrum of
CLGB:0.04Ce3+,0.40Tb3+ phosphors only displayed the
Fig. 3 The PLE and PL spectra of CLGB:0.04Ce3+ (a), CLGB:0.40Tb3+

(b), and CLGB:0.04Ce3+,0.40Tb3+ (c) phosphors.

This journal is © The Royal Society of Chemistry 2018
characteristic excitation bands of Ce3+ ions. These results
indicated the occurrence of ET from Ce3+ to Tb3+ ions in
CLGB:0.04Ce3+,0.40Tb3+. Meanwhile, compared the PLE spectra
of CLGB:0.40Tb3+ and CLGB:0.04Ce3+,0.40Tb3+, we could
concluded that the absorption intensity in the n-UV region of
Tb3+ ions was enhanced with the addition of Ce3+ ions. Under
UV light excitation at 345 nm, the PL spectrum of
CLGB:0.04Ce3+,0.40Tb3+ displayed the characteristic emission
bands of Ce3+ and Tb3+ ions, further showing the presence of ET
from Ce3+ to Tb3+ ions in CLGB:Ce3+,Tb3+ phosphors.

Fig. 4 showed the DRS of the CLGB host, CLGB:0.04Ce3+, and
CLGB:0.04Ce3+,0.40Tb3+ phosphors. Compared with the spec-
tral curve of the CLGB host, it could be clearly seen from the
spectrum of CLGB:0.04Ce3+ phosphors that two new absorption
bands in 270–400 nm appeared, which might be attributed to
the 4f / 5d transition of Ce3+ ions. For the DRS of
CLGB:0.04Ce3+,0.40Tb3+ phosphors, another absorption peak at
250 nm was observed due to the 4f8 / 4f75d1 transition of
Tb3+.25 These results obtained from the DRS were well accor-
dance with the PLE spectra in Fig. 3.

To nd the optimal doping concentration of Ce3+ ions in
CLGB host, a series of Ce3+ ions single doped CLGB phosphors
were synthesized and the PL spectra excited at 345 nm were
shown in Fig. 5. The emission intensity of CLGB:xCe3+ (x ¼
0.005–0.060) reached the maximum at x ¼ 0.04. Therefore, the
co-doping concentration of Ce3+ ions was xed to be 0.04 and
then a series of CLGB:0.04Ce3+,yTb3+ (y ¼ 0.00–0.50) phosphors
were synthesized and the corresponding PL spectra excited at
345 nm were shown in Fig. 6(a). With the increasing doping
concentration of Tb3+ ions in CLGB:0.04Ce3+,yTb3+ (y ¼ 0.00–
0.50) phosphors, the emission intensity of Ce3+ ions gradually
decreased and the emission intensity of Tb3+ ions markedly
Fig. 4 The DRS of (a) CLGB host, (b) CLGB:0.04Ce3+, and (c)
CLGB:0.04Ce3+,0.40Tb3+ samples.

RSC Adv., 2018, 8, 23284–23293 | 23287
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Fig. 6 (a) The content-dependent PL of CLGB:0.04Ce3+,yTb3+ (y ¼ 0.00
544 nm emission intensity, and the ET efficiency fromCe3+ to Tb3+ ions o
0.00–0.50) phosphors. (c) Decay curves of Ce3+ ions in CLGB:0.04Ce3

emission mechanism of CLGB:Ce3+,Tb3+ and the ET process.

Fig. 5 The PL spectra for CLGB:xCe3+ (x ¼ 0.005–0.060) phosphors.

23288 | RSC Adv., 2018, 8, 23284–23293
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enhanced, as can be clearly seen in Fig. 6(a) and (b). Especially,
Tb3+ green emission intensity reached the maximum when y ¼
0.40. This phenomenon illustrated that there existed effective
ET from Ce3+ to Tb3+ ions in CLGB:0.04Ce3+,yTb3+ phosphors
and the emission intensity of blue light (355–475 nm) and the
green light (475–700 nm) could be tuned by doping different
concentration of Tb3+ ions. The ET efficiency (hET) from Ce3+

sensitizers to Tb3+ activators in CLGB:0.04Ce3+,yTb3+ phosphors
can be calculated by:53,54

hET ¼ 1� Is

Is0
(1)

where Is0 and Is are the PL intensity of the Ce3+ sensitizers
without and with the presence of Tb3+ ions, respectively. Based
on the eqn (1), the results were measured and listed in Fig. 6(b).
It could be clearly seen that the hET gradually increased with the
increasing Tb3+ ions content and reached 67.4% when y ¼ 0.50,
which indicated effective ET from Ce3+ to Tb3+ ions in
CLGB:0.04Ce3+,yTb3+ phosphors.
–0.50). (b) The dependences of Ce3+ 400 nm emission intensity, Tb3+

n the doping concentrations of Tb3+ ions for CLGB:0.04Ce3+,yTb3+ (y¼
+,yTb3+ (y ¼ 0.00–0.50) samples. (d) Energy level diagram shows the

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Dependence of Is0/Is of Ce
3+ ions on (a) C(Ce3+ + Tb3+)6/3, (b) C(Ce3+ + Tb3+)8/3, and (c) C(Ce3+ + Tb3+)10/3.

Fig. 8 CIE chromaticity coordinates for CLGB:0.40Ce3+,yTb3+ phos-
phors and digital photos of corresponding samples under 365 nm UV
lamp.
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The decay curves of Ce3+ ions in CLGB:0.04Ce3+,yTb3+

phosphors were measured under 345 nm excitation, as shown
in Fig. 6(c). The decay lifetimes were measured by the following
double exponential expression:55

I ¼ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�
(2)

where t is time and I is luminescence intensity; s1 and s2 are the
exponential components of lifetimes; A1 and A2 are constants. It
can be clearly seen from Fig. 6(c) that the average decay life-
times s gradually decreased from 29.47 to 19.58 ns when the
concentration of Tb3+ ions (y) increased from 0.00 to 0.50, which
was the strong evidence of the occurrence of ET from Ce3+ to
Tb3+ ions in CLGB:0.04Ce3+,yTb3+ phosphors.

Fig. 6(d) shows a schematic diagram for the ET process from
Ce3+ to Tb3+ ions in CLGB:Ce3+,Tb3+ phosphors. Excited by the
345 nm excitation, electrons in the ground state 2F5/2 of Ce3+

ions absorbed energy and then were excited to the excited
higher 5d level and nally returned to the lower level of 5d
excited state. Aer that there was two ways for energy releasing.
(1) Transitions of Ce3+ ions: a partial of excited electrons
released to lower 4f level and gave rise to blue emissions at 385
and 409 nm.56 (2) ET process from Ce3+ to Tb3+ ions: other
partial excited energy of Ce3+ ions could be transferred to the
5D3 level of Tb

3+ ions due to their similar energy levels.57,58 Aer
that, the excited electrons on the 5D3 energy level will relax to
the 5D4 level by non-radiative transitions and then emitted
green light at 492, 544, 585, and 621 nm by radiative transitions
of 5D4 /

7F6,5,4,3.
In general, the ET from a sensitizer to an activator in certain

phosphor may take place via exchange interaction and electric
multipolar interaction.56 For the exchange interaction, the
critical distance (Rc) between the doping ions (herein were the
Ce3+ and Tb3+ ions) should be smaller than 5 Å and it can be
obtained by the follow equation:59,60
This journal is © The Royal Society of Chemistry 2018
Rc ¼ 2

�
3V

4pxcN

�1
3

(3)

where V is the volume of the unit cell, xc is the total optimal
concentration of the doping ions in co-doped phosphors, and N
is the number of sites in the unit cell that can be substituted by
the doping ions. For the CLGB:0.04Ce3+,0.40Tb3+ phosphors, V
RSC Adv., 2018, 8, 23284–23293 | 23289
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Table 2 The CIE chromaticity coordinates (x, y) and IQEs for
CLGB:0.04Ce3+,yTb3+ phosphors under 345 nm excitation

Sample Tb3+ concentration (y) CIE coordinates (x, y) IQE (%)

A 0.00 (0.164, 0.042) 45.1
B 0.01 (0.182, 0.090) 46.3
C 0.03 (0.201, 0.140) 46.3
D 0.07 (0.234, 0.235) 46.5
E 0.25 (0.294, 0.391) 57.9
F 0.40 (0.320, 0.458) 54.2
G 0.50 (0.331, 0.485) 38.7
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¼ 556.038 Å3, N ¼ 2, xc ¼ 0.44, thus Rc was calculated to be
about 10.65 Å. Because of the value of Rc > 5 Å, so the ET process
occurred by electric multipolar interaction.52 Since there were
three forms of the electric multipolar interaction, so the specic
form of ET process can be given by the following expression:61,62

h0

hs

fC
n
3 (4)

where h0 and hs represent the luminescence quantum efficien-
cies of Ce3+ ions in the absence and presence of Tb3+ ions,
respectively. C is the sum of the concentration of Ce3+ and Tb3+

ions. The values of n ¼ 6, 8 and 10 represent the electric dipole–
Fig. 9 Temperature-dependent PL spectra (lex¼ 345 nm) of (a) CLGB:0.0
intensities of CLGB:0.04Ce3+ and CLGB:0.04Ce3+,0.40Tb3+ phosphors a
ln(I0/I � 1) versus 1/kT of the CLGB:0.04Ce3+,0.40Tb3+ phosphors.

23290 | RSC Adv., 2018, 8, 23284–23293
dipole (d–d), dipole–quadrupole (d–q) and quadrupole–quad-
rupole (q–q) interactions, respectively.63 The value h0/hs can be
replaced by Is0/Is for an approximate value, which make the exp.
(4) described as following:62

Is0

Is
fC

n
3 (5)

Herein, Is0 and Is represent the PL intensities of CLGB:0.04Ce3+

and CLGB:0.04Ce3+,yTb3+ (y ¼ 0.01–0.50) phosphors, respec-
tively. The Is0/Is as a function of Cn/3 was illustrated in Fig. 7. By
compared the tting result R2 which represents the tting
correlation, the maximum value reached when n ¼ 10 (see
Fig. 7(c)), implying that the primary ETmechanism from Ce3+ to
Tb3+ ions in CLGB:xCe3+,yTb3+ phosphors was electric q–q
interaction.

Based on the PL spectra, the CIE chromaticity diagram of
CLGB:0.04Ce3+,yTb3+ (y¼ 0–0.50) was depicted in Fig. 8, and the
corresponding CIE coordinates were listed in Table 2. The
sample color and CIE coordinates of CLGB:0.04Ce3+,yTb3+

shied gradually from blue [y ¼ 0.00, CIE:(0.164, 0.042)] to
green [y ¼ 0.50, CIE:(0.331, 0.485)] by adjusting Tb3+ ions
concentration from 0.00 to 0.50. Table 2 also shows the IQEs of
the CLGB:0.04Ce3+,yTb3+ (y ¼ 0.00–0.50) phosphors. The IQE of
the obtained CLGB:0.04Ce3+,yTb3+ (y ¼ 0.00–0.50) phosphors
reached its maximum value of 57.9 when y ¼ 0.25. To evaluate
4Ce3+ and (b) CLGB:0.04Ce3+,0.40Tb3+ phosphors. (c) Normalized PL
s a function of sample temperature under 345 nm excitation. (d) Plots of

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 EL spectrum of the fabricated w-LED device consisting of
365 nm n-UV chip, CLGB:0.04Ce3+,0.40Tb3+ green emitting phos-
phors, BaMgAl10O7:Eu

2+ blue emitting phosphor and CaAlSiN3:Eu
2+

red emitting phosphors.
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the application possibility in w-LEDs of the CLGB:Ce3+,Tb3+

compounds, thermal stability is an important technological
parameter. The temperature-dependent PL spectra of Ce3+

singly-doped CLGB:0.04Ce3+ and Ce3+–Tb3+ co-doped
CLGB:0.04Ce3+,0.40Tb3+ phosphors were measured and
plotted in Fig. 9(a) and (b), respectively. Clearly, the PL inten-
sities of CLGB:0.04Ce3+ and CLGB:0.04Ce3+,0.40Tb3+ phosphors
decreased with the increasing temperature and they were
dropped about 50% (remained 50%) and 26% (remained 74%)
at 423 K of that measured at 303 K, respectively (see Fig. 9(c)).
Importantly, the thermal stability of the
CLGB:0.04Ce3+,0.40Tb3+ phosphors was better than the
CLGB:0.04Ce3+ phosphors. Considering the good thermal
performance, the activation energy (DE) for the thermal
quenching of CLGB:0.04Ce3+,0.40Tb3+ phosphors can be
calculated by following Arrhenius equation:64–66

IðTÞ ¼ I0

�
1þ c exp

�
�DE

kT

���1
(6)

where I0 and I are the integrated intensities at room tempera-
ture (303 K) and various measurement temperatures from 303–
503 K, respectively. The parameters C, k and T represent
a constant, the Boltzmann constant (8.629 � 10�5 eV K�1) and
the given temperature, respectively. According to eqn (6), The
ln(I0/I � 1) versus 1/(kT) of CLGB:0.04Ce3+,0.40Tb3+ was plotted
and shown in Fig. 9(d). It can be seen that the value of the DE of
the CLGB:0.04Ce3+,0.40Tb3+ phosphors was 0.3142 eV, which
was higher than that of BaLu6(Si2O7)2(Si3O10):Ce

3+,Tb3+ phos-
phors (DE ¼ 0.25055 eV).33

Considering the good thermal performance and high IQE,
the research of the fabricate w-LED device was meaningful.
Fig. 10 shows the electroluminescent (EL) spectrum of the as-
prepared w-LED device. The device exhibited bright white
This journal is © The Royal Society of Chemistry 2018
light with CIE chromaticity coordinates of (0.3996, 0.3856), high
color rending index (Ra) of 81.2 and correlated color tempera-
ture (CCT) of 3588 K. Thus, all the above results show that the
CLGB:Ce3+,Tb3+ phosphors have good properties to meet the
requirements of practical application in w-LEDs.
4. Conclusions

In summary, novel CLGB:Ce3+,Tb3+ phosphors were success-
fully synthesized by solid-state reaction at 1000 �C. Fixed the
Ce3+ ions concentration x ¼ 0.04, the CLGB:0.04Ce3+,yTb3+ (y ¼
0.01–0.50) samples exhibited blue emission (355–475 nm) and
green emission (475–700 nm) under 345 nm excitation. ET from
the Ce3+ to Tb3+ ions was observed in CLGB:0.04Ce3+,yTb3+

phosphors and the ET process occurred by electric q–q inter-
action. By adjusting the Tb3+ ions concentration, the emission
color of the CLGB:0.04Ce3+,yTb3+ phosphors was tuned from
blue light (0.164, 0.042) to green light (0.331, 0.485) when the
concentration y increased from 0.00 to 0.50. In addition, the
IQE of CLGB:0.04Ce3+,0.25Tb3+ reached as high as 57.9%. The
temperature-dependent spectra of CLGB:0.04Ce3+,0.40Tb3+

sample revealed that the as-prepared phosphor had good
thermal stability with activation energy DE of 0.3142 eV. The
fabricated prototype w-LED device showed good photoelectric
properties with CIE chromaticity coordinates of (0.3996,
0.3856), Ra ¼ 81.2, and CCT ¼ 3588 K. All the results suggest
that CLGB:Ce3+,Tb3+ phosphors have potential for application
in w-LEDs as a color-tunable phosphor.
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