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Energy transfer for Ce*>* — Tb>* — Sm>* induced
bright white emission in single-phase
Cala,(Si0,4):0:Ce®*, Tb**, Sm** phosphors and

their application in white-light-emitting diodes
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The emergence of phosphor-converted white-light-emitting diodes has crucial significance in the

sustainable development of energy; hence, the evolution of phosphors with eminent luminescence and
high stability is imperative. In this study, a tri-doped system composed of rare earth ions Ce®*, Tb®*, and

Sm>* incorporated into a Calas(SiO4)sO host is reported, and the energy transfer, tunable single-phase

white emission, and favorable thermostability of the Ce*"—Tb*"—Sm>* system were explored. Rietveld

refinement results coincided with the original model of the crystal structure, and a band gap energy of
4.612 eV calculated using density functional theory (DFT) demonstrated the system as an appropriate
luminescent host with a wide energy gap. Furthermore, ET processes for Ce** — Tb**, Tb*" — Sm>*,

and Ce** — Tb% — Sm®" were investigated via steady-state photoluminescence and decay

measurements. Besides, the activation energies of CLSO:3%Ce>*, 9%Tb®*, y%Sm3* (y = 7, 9) were

0.205 eV and 0.223 eV, respectively, showing outstanding thermal quenching resistance. Devices made
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with LED beads containing CLSO:3%Ce>*, 9%Tb>*, y%Sm>* (y = 7, 9) phosphors exhibited bright white

light with CCT = 3586 and 3307 K and Ra = 81.0 and 78.5, respectively. This study demonstrates that
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1. Introduction

Lanthanide activated inorganic luminescent materials with
superior features for color modulation covering almost the
entire range of visible light have been found to possess impor-
tant application value in the lighting field.'* While energy-
conserving phosphor-converted white-light-emitting diodes
(pc-WLEDs) are predicted to become the fourth generation
artificial lighting,** currently, the commercial combined
patterns of white LEDs involve a InGaN blue chip + YAG:Ce®*
yellow phosphor. However, the imperfections of its color
rendering and color temperature are still criticized.*” There are
two ways for overcoming this problem: one is the supplemen-
tation of red components that can effectively absorb blue
emission; the other is to apply a mixture of blue, green and
yellow phosphor coating with an ultraviolet chip to acquire
a soft white light. However, both the schemes involve reab-
sorption and aging rate differences for mixed phosphors, which
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energy transfer for Ce3*—Tb®*-Sm>" in a tri-doped system offers an interesting design prospect for
promoting single-phase white emission phosphors.

can affect luminescence efficiency.*** Current effective alter-
nate solutions to eliminate these inadequacies are expected to
involve a single-phase white emission phosphor with high
thermal stability, and one that would also be more appropriate
for the ultraviolet region.”

Based on the current situation, following tactics are applied to
induce white emission for rare earth ion-doped single-phase
phosphors: (I) activation of a single ion in a low phonon energy
host. Although white light may be derived from Dy*" ions for f-f
transition or by Eu®" ion emission from d-f transition, the low
emission efficiency of f-f transition due to cross relaxation and
inadequate red emission for d-f transition remain disputed.****
(IT) Varying the ratio of emission centers and with an excitation of
a particular wavelength when multiple activated ions are mixed
into a feasible matrix. However, the degradation of white light
due to a slight deviation in the excitation wavelength is a major
challenge.'*"” (III) Energy transfer among different dopants.
However, the current energy-transfer system mostly involves
double doping, and the energy-transfer efficiency and lumines-
cent color need to be further improved."®* Thus, more research
needs to be carried out on energy transfer in tri-doped systems.

The energy transfer in tri-doped systems offers better
patterns that can make up for the above deficiencies and realize
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high-quality white light in a single component, but the imple-
mentation conditions are more stringent. As is well known, Ce**
ions can have an outstanding effect as vital sensitizers due to
their 4f electronic configuration; while Tb** and Sm®" ions are
also effective doping activations for green and red emission,
respectively.?*> Hence, the effective energy absorbed by Ce**
eventually transferring to Sm*' through Tb®" in the Ce*'-
Tb**-(Sm>"),, model can be considered to produce white light
emission. Furthermore, the crystal field environment in which
the above three ions reside is also crucial to this process. Silicate
is universally recognized for its simple synthesis, remarkable
thermal stability and low cost, and has been substantiated as an
admirable luminescent substrate.”® A,Bg(5i0,4)s0, (A = alkaline
metal, B = rare earth), as oxyapatite-related silicate constitu-
ents, are favorable rare earth-activating matrixes in the silicate
family. These compounds possess two special sites in their
lattice structures: a seven-coordinated 6h site with the Cy point
symmetry and a nine-coordinated 4f site with the C; point
symmetry, which provide lattice placeholders for different
categories of emission of the activation ions.* In this research,
it is demonstrated that the CaLa,(SiO,);0 (henceforth short-
ened as CLSO) oxyapatite silicate host exhibited energy transfer
for the Ce*"~Tb**-Sm?>" tri-doped systems for white-light emis-
sion. The ET principles of Ce**-Tb**, Tb**-Sm**, and Ce*'-
Th*"-Sm>" ions were investigated in detail on the strength of the
steady-state photoluminescence process and lifetime conse-
quences. Impressively, the results indicated that the chroma-
ticity coordinates of CLSO:Ce*", Tb**, Sm** phosphors can enter
the white zone by alteration of the Sm** ion concentration, and
the performance of the thermal stabilities in the phosphors was
ideal. Finally, the application test for a device assembly based
on UV LED chips was carried out. This is the first study that has
reported achieving white-light emission through the Ce**-Tbh**-
Sm*" triply-doped CLSO system.

2. Experimental
2.1 Material fabrication

A solid-phase synthesis was applied to the preparation of
a series of CLSO:Ce*'/Tb*'/Sm*" phosphors. The primary
materials mainly consisted of CaCO3, SiO,, La,03, CeO,, Tb,0,
and Sm,0; (analytical reagent grade), and all were obtained
from Sinopharm Chemical Reagent. The above compounds
were combined in an agate mortar according to the proportion
of the chemical constituents. After mixing thoroughly, the
mixed samples were transferred to a muffle furnace for pre-
sintering at 1000 °C for 1 h, and soon afterwards programmed
to 1500 °C in a tube furnace and maintained at that temperature
for 4 h under a reduction atmosphere of N, (95%)/H, (5%).
Finally, after natural cooling, the mixtures were crushed to
obtain powder products for the following tests.

2.2 White LED prototype fabrication

Serial white LED devices were fabricated with a coating on the
cover of commercial 360 nm LED chips with the as-synthesized
CLSO:3%Ce**, 9%Tb*", y%Sm>*" (y = 7, 9) phosphors. The
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working voltage of 3.0 V and bias current of 20 mA were
employed to operate the fabricated LED prototypes.

2.3 Measurements and characterization

The characterization tests for obtaining the phase data and
crystal structure were based on X-ray diffraction (XRD) patterns
obtained using a Bruker AXS D8 diffractometer, in the 26 range
of 10° to 80°, with CuKo radiation. The crystal structure
refinement was resolved employing the Rietveld method in the
GSAS program. Evaluation of the band structures for CLSO was
performed based on density functional theory calculations
performed in the CASTAP module. The steady-state spectra for
the excitation and emission were measured on an Edinburgh
FS5 spectrometer with a 150 W xenon lamp. The decay curves of
the transient-state luminescence measurements were recorded
by nanosecond and millisecond pulse lasers as the excitation
sources on the Edinburgh FLS980 spectrometer. The lumines-
cence thermal stability was investigated on the same system
equipped with a temperature controller. The electrolumines-
cence and correlative performances (CIE, CRI and CCT) of the
LED prototypes were traced utilizing an EVERFINE HAAS-2000
LED Spectro-photocolorimeter system.

3. Results and discussion
3.1 Crystal structure and simple phase analysis

The XRD patterns of the samples with different doping content
are presented in Fig. 1a. All the results could be well indexed to
the crystal structure of CLSO derived from the standard
diffraction data (JCPDS 71-1368), suggesting that the signals of
other components were not observed in these samples. This
further illustrates that the crystal structure of CLSO could be
retained even with the small introduction of rare earth ions, and
that the Ce**, Tb** and Sm®* ions had been dissolved into the
crystal lattice of the host. It is suggested that Ce** (r = 1.07 A for
CN =7and r = 1.19 A for CN = 9), Tb** (r = 0.98 A for CN = 7
and r = 1.09 A for CN = 9) and Sm*" (r = 1.02 A for CN = 7 and r
=1.13 A for CN = 9) occupy the La*" (r = 1.10 Afor CN =7 and r
= 1.22 A for CN = 9) lattice in CLSO:Ce*’, Tb**, Sm** consid-
ering the ionic radii, valence state, and atomic coordination.**>¢
The model of the space unit for CLSO was constituted
employing Diamond software and based on the literature. As
exhibited in Fig. 1b, the CLSO compound crystallized in the
hexagonal oxyapatite structure with the space group P6;/m
(176), with the lattice parameters a = b = 9.651 A, c = 7.151 A, V
= 576.8 A. In this structure, Cal/Lal ions are situated at the 4f
site with a nine-fold coordination and Ca2/La2 ions are situated
at the 6h site with a seven-fold coordination, which are linked to
the isolated SiO, tetrahedron.”’* The obvious crystal field
environment difference between the 6h and 4f sites will lead to
diverse crystal field strengths and a nephelauxetic effect for the
emission centers in the host.*

Rietveld refinement of the XRD patterns for the CLSO and
CLSO:Ce®" samples was performed (the recorded, computed
and difference XRD profiles are depicted in Fig. 2). The refined
fraction factors were R, = 11.85%, Ry, = 13.25%, and x> =3.881

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) XRD patterns for the prepared CLSO samples, CLSO:Ce>*/Tb®*/Sm>* phosphors and the CLSO standard data (PDF # 71-1368). (b and c)
Crystal structure of the CLSO host. (d) Coordination environments for cation sites (Lal/Cal and La2/Ca2).

for CLSO and R, = 10.94%, R,,, = 12.11%, and x* = 3.395 for
CLSO:Ce*", indicating that the refinements of the crystal
structures were dependable. The cell constants of CLSO and
CLSO:Ce** were a = b = 9.651 A, ¢ = 7.155 A, V = 577.15 A® and
a=h=9.650A,c=7.146 A, V= 576.53 A%, respectively, with the
final particular refinement information summarized in Tables 1
and 2.

Furthermore, on the basis of the refinement, calculations of
the electronic band structure for CLSO were performed utilizing
Materials Studio software in the CASTAP module, as exhibited
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in Fig. 3a, to investigate the promotion effect of the electron
band environment on the luminescence. The top of the valence
band and bottom of the conduction band were both situated at
the G point in the Brillouin region, indicating that CLSO had
a direct band gap.** The computed result of E, (4.612 eV)
showed it belonged to an insulator material with a wide band
gap.*>* It is predicted that CLSO would be a good luminescent
host possessing a sufficient energy gap to contain the energy
levels of the luminescent ions, which would be favorable for
energy absorption and utilization of the 4f-5d transition for rare
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Fig. 2 Rietveld refinements of the XRD patterns for (a) CLSO and (b) CLSO:3%Ce>* samples.
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Table 1 Crystal structural data and atomic coordinates of CLSO as a result of Rietveld refinement

Atomic coordinates and site occupancy fraction
Crystallographic data of CLSO Atom x y z SOF
Space group P63/m La1l 0.3333 0.6666 0.0031 (1) 0.522 (1)
al/A 9.6510 (1) Cal 0.3333 0.6666 0.0031 (1) 0.478
b/A 9.6510 (1) La2 0.2460 (1) 0.0142 (1) 0.2500 0.983 (1)
c/A 7.1550 (1) Ca2 0.2460 (1) 0.0142 (1) 0.2500 0.017
a/deg 90 Si1 0.3758 (1) 0.3976 (1) 0.2500 1
B/deg 90 o1 0.4696 (4) 0.5961 (4) 0.2500 1
v/deg 120 02 0.4933 (4) 0.3261 (4) 0.2500 1
VIA® 577.1450 (3) 03 0.2561 (3) 0.3419 (5) 0.0693 (4) 1
R,/% 11.85 04 0.0000 0.0000 0.2500 1
Rupl% 13.25
¥ 3.881
Table 2 Crystal structural data and atomic coordinates of CLSO:3%Ce>" as a result of Rietveld refinement

Atomic coordinates and site occupancy fraction
Crystallographic data of CLSO:3%
ce’* Atom x y z SOF
Space group P63/m Lal 0.3333 0.6666 0.0038 (1) 0.4902 (1)
al/A 9.6505 (1) Cal 0.3333 0.6666 0.0038 (1) 0.4757
b/A 9.6505 (1) La2 0.2449 (1) 0.0151 (1) 0.2500 0.9532 (1)
c/A 7.1460 (1) Ca2 0.2449 (1) 0.0151 (1) 0.2500 0.0142
a/deg 90 Si1 0.3785 (1) 0.4069 (1) 0.2500 1
B/deg 90 o1 0.4697 (4) 0.5958 (4) 0.2500 1
v/deg 120 02 0.4954 (4) 0.3242 (4) 0.2500 1
VIA® 576.5260 (3) 03 0.2594 (3) 0.3464 (5) 0.0692 (4) 1
R,/% 10.94 04 0.0000 0.0000 0.2500 1
Ryyp/% 12.11 Cel 0.3333 0.6666 0.0038 (1) 0.0341
x> 3.395 Ce2 0.2449 (1) 0.0151 (1) 0.2500 0.0326

earth ions with a broad band emission.**** The distributions of
the total and partial density of states for the calculated elec-
tronic band structure in CLSO are shown in Fig. 3b. It could be
further understood that the conduction band constituted the
electronic orbital in the CaLa-4s 3d and Si-4s 3p states while the
valence band involved the O-2s 2p electronic states.

The experimental value of the band gap can be related to the
diffuse reflectance spectra (Fig. 3c), and can be estimated
through the equation:*®

(ahv)" = A(hv — Eg) (1)

where « is the absorption coefficient, v represents the photon
energy, and A is a proportional constant and the direct band gap
for n = 2. The value of « is associated with the coefficient of
reflection R:*’

(1-R)

o=t ©)

The energy band value was determined to be 4.6 eV for the
CLSO sample as shown in the inset (the diffuse reflectance
spectra treated by the Kubelka-Munk function). The theoretical
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Fig. 3

Diffuse reflectance spectra of CLSO; inset reveals the calculated E4 value obtained with the Kubelka—Munk function.
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(a) Band gap structure and energy value of the CLSO host. (b) Total and partial density of states (DOS) for CLSO by DFT calculations. (c)
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value based on DFT (4.612 eV) was almost equal to the experi-
mental one, highlighting the consistency of the two results.

3.2 Luminescence properties of CLSO:Ce**, CLSO:Tb** and
CLSO:Sm>"

Fig. 4 presents the photoluminescence excitation and emission
spectra of Ce*'/Tb*'/Sm*" single-doped CLSO. At 390 nm
emission wavelength, the excitation spectrum derived from the
parity-allowed 4f-5d transitions of Ce®* ion showed a broad
band from 250 to 400 nm (Fig. 4a). Under 287 nm excitation, the
Ce**-doped CLSO demonstrated an intense emission spectrum
involving an asymmetric emission band with a maximum at
390 nm, related to the transition from the excited state 5d to the
doublet levels *F,,, and *Fs,, of 4f. As displayed in Fig. 4b, the
emission spectrum of Tb*>" was constituted by a cluster of strong
lines at 491, 542, 583 and 624 nm on account of the charac-
teristic emission for °D, — 'F; (J = 6, 5, 4, and 3) excited at
377 nm, of which the green emission of 542 nm had the greatest
intensity. Monitoring the dominant green emission, a PLE
spectrum with a remarkable absorption line at 377 nm (the "Fg
— °D; transition) was obtained. In Fig. 4c, when monitored at
598 nm, the excitation spectrum of CLSO:Sm>" appeared in the
spectral range of 200-500 nm and included a sequence of
narrow lines at 345 nm (°Hs,—"H);), 361 nm (°Hs;—"Fop),
372 nm (°Hs/,~"Ds)5), 402 nm (*Hs/,="Ky1,5), 415 nm (*Hs,~°P5,)
and 474 nm (®*Hs,,-"1,1,,), respectively. Upon the characteristic
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excitation, several emission bands at 564, 598 and 648 nm
emerged in the PL spectrum, assigned to the transition of Sm**
ion for 4G5/2 - 6Hs/z: 4G5/2 - 6H7/2 and 4Gs/z - 6H9/2)
respectively.

3.3 Luminescence properties and energy transfer of
CLSO:Ce**, Th**

The energy-transfer system involving double doping is
a precondition for tri-doped systems, and correspondingly, the
energy transfer from Ce** to Tb** is the primary area of concern
here. To research the process in the CLSO host, the emission
spectra with invariant Ce** concentration (3%) while altering
the Tb*" content were monitored, as shown in Fig. 5a; mean-
while Fig. 5b demonstrates the curve graphs of the variation in
the emission intensity based on the Tb*" contents. With the
gradual augment of the Tb>" content, the green emission
strength derived from Tb*" transition increased along with the
decrease in the Ce** violet emission at 347 nm excitation. The
enhanced green emission of 542 nm (Tb*") by degree is the
credit for the energy transfer of Ce** — Tb?". The chromaticity
coordinates for CLSO:3%Ce>", y%Tb>" as shown in Fig. 5c, were
regulated from (0.276, 0.223) to (0.338, 0.567), displaying a color
fluctuation from violet to green for y (1-13). All the relevant
coordinate results are aggregated and listed in Table 3.

The fluorescence lifetime of Ce®" ions can be a direct
response to the luminescence kinetics and energy transfer;

(a) CLSO:3%Ce’* (b) CLSO:9%Tb** (c) CLSO:5%Sm®" P
A 2 - 5
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i ] ] 3 1
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Fig. 4 (a) Excitation and emission spectra of the CLSO:3%Ce>* phosphor. (b) Excitation and emission spectra of the CLSO:9%Tb>" phosphor. (c)

Excitation and emission spectra of the CLSO:5%Sm>* phosphor.
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Fig. 5 (a) Emission spectra of CLSO:3%Ce**, y%Tb>* (y = 1-13). (b) Variation in the emission intensity versus the Tb** content. (c) CIE chro-

maticity coordinates for these phosphors.
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Table 3 CIE chromaticity coordinates for CLSO:3%Ce®*, y%Tb>*
phosphors

Sample no. Sample CIE coordinates (x, y)
1 CLS0:3%Ce’", 1%Tb*" (0.276, 0.223)
2 CLSO:3%Ce*", 5%Tb*" (0.312, 0.355)
3 CLS0:3%Ce*", 9%Tb*" (0.331, 0.425)
4 CLSO:3%Ce>*", 11%Tb*"* (0.323, 0.524)
5 CLS0:3%Ce*", 13%Tb*" (0.338, 0.567)

therefore, the decay curves of the CLSO:3%Ce>", y%Tb*" (0-13)
samples were explored as indicated in Fig. 6. The lifetime curve
for the singly Ce**-doped CLSO could be well fitted into a single-
exponential function while that of the other co-doped samples
could be well-explained by a double-exponential equation:

I = Iyexp(—t/7) (3)
1= I() + A] exp(ft/‘z.']) + A2 exp(ft/‘z,'z) (4)

where I, and I express the luminescence intensities at time
0 and ¢, respectively, and 7, and 7, are the decay times for the
exponential components, respectively. It can be found that as
more Tb*" ions are brought in, the attenuation degree for the
lifetime curves of Ce®*" ion also increased by degrees. The
different effective fluorescence lifetimes can be defined as:*

L Jo_ tI(r)dt )

Jo I(r)dt

where I(¢) expresses the intensity at time ¢. The decay times of
Ce*" ion were determined to be 25.71, 24.94, 23.93, 23.02, 22.92
and 21.73 ns, respectively, for the values of y =0, 1, 5, 9, 11, 13
for the Tb*" contents, whereby the tendency toward shorter
lifetimes substantiated the energy-transfer process.

The energy-transfer efficiency (1r) from the sensitizer (Ce*")
to activator (Tb*") could be resolved based on the corresponding
formula by Paulose et al.:*

CLS0:3%Ce*,y%Tb**

— y=0, 7=25.71 ns
— y=1,1=24.94 ns
— y=5, 1=23.93 ns
y=9, 1=23.02 ns
= y=11, 1=22.92 ns
— y=13, ==21.73 ns

Intensity (a.u.)

Aey=347Tnm A, =390 nm

0 100 . 200
Decay time(ns)

300

Fig. 6 Decay curves for Ce** emission from CLSO:3%Ce>", y%Tb>* (v
= 0-13) (excited at 347 nm, monitored at 390 nm).
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Fig. 7 Dependence of energy-transfer efficiency nr on Tb>*
concentration.

nr =1 Iso (6)
where Iso and I denote the luminous intensities of Ce*" in
CLS0:3%Ce’* and CLS0:3%Ce**, y%Tb** (0-13), respectively. It
could be inferred from Fig. 7 that ny showed a trend of gradually
rising with the increase in the introduced amount of Tb** ions,
ultimately approaching saturation. The maximum value of 70%
for nr at y = 0.13 revealed the efficient energy-transfer process.

3.4 Energy transfer for Tb** — Sm®" in the CLSO host

The PL spectra with the constant Tb*" amount and varied
content of Sm®" in the CLSO host at 377 nm excitation are
depicted in Fig. 8a, while Fig. 8b demonstrates the curve graphs
of the variation in emission intensity with the variation in Sm**
content. In spite of the Tb** content remaining the same (9%),
the green special emission (Tb*") was reduced with the increase
in Sm** concentration, while simultaneously, that of Sm*" was
promoted until a maximum value at y = 5, and then decreased.
The color modulation of the CLSO:9%Tb>", y%Sm** (y = 1-13)
phosphor could also be demonstrated through the energy-
transfer process, and the CIE graph is shown in Fig. 8c. The
chromatic coordinates could be converted from green emission
(0.403, 0.476) to yellow (0.393, 0.387) approaching white light in
the wake of the Sm®" content advancing in value of y from 1 to
13, as shown in Table 4. The fundamental findings suggest that
white light emission could be anticipated for the Ce®**, Tb*",
Sm** tri-doped system.

The lifetime curves of Tb*" ions monitored at the emission
wavelength of 542 nm with varying the content of Sm*" ions
were evaluated to explore the energy transfer from Tb** to Sm**
in CLSO. As demonstrated in Fig. 9, the decay curve for singly
Th**-doped CLSO could be well fitted into a single-exponential
function, eqn (3), while that of the other co-doped samples
could be well-explained by a double-exponential equation, eqn
(4). The effective lifetimes were determined to be 2.102, 2.029,
2.014, 1.905, 1.814, 1.728 and 1.701 ms, respectively, by means

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 CIE chromaticity coordinates for CLSO:9%Tb®*, y%Sm>*

Phosphors

Sample no. Sample CIE coordinates (x, y)

1 CLS0:9%Tb**, 1%Sm** (0.403, 0.476) <>

2 CLS0:9%Tb**, 5%Sm** (0.420, 0.454) z

3 CLS0:9%Tb*", 7%Sm** (0.435, 0.435) ~

4 CLS0:9%Tb*", 9%Sm>" (0.422, 0.421) é*

5 CLS0:9%Tb*", 11%Sm** (0.402, 0.398) 2

6 CLS0:9%Tb*", 13%Sm>* (0.393, 0.387) 1)
=
==

Table 5 CIE chromaticity coordinates for CLSO:3%Ce>*, 9%Tb>", y%

Sm>* phosphors

Sample no. Sample CIE coordinates (x, y)

1 CLS0:3%Ce*", 9%Tb*", 1%Sm®"  (0.240, 0.270) 0

2 CLS0:3%Ce’", 9%Tb*", 5%Sm*"  (0.268, 0.272)

3 CLS0:3%Ce*", 9%Tb*", 7%Sm®"  (0.295, 0.285)

4 CLS0:3%Ce*", 9%Tb*", 9%Sm*"  (0.284, 0.280)

5 CLS0:3%Ce*", 9%Tb*", 11%Sm**  (0.277, 0.276)

of eqn (5), showing a decrease when more Sm** ions were
imported as 0%, 1%, 5%, 7%, 9%, 11% and 13% mol concen-
trations, which strongly indicated that Tb** could effectively
transfer energy to Sm>". The ET efficiencies of Tb** — Sm**
were also resolved using eqn (6), as shown in the trend curve of
Fig. 10, from which one can note the continuous growth of 7y
with the Sm®" concentrations rising, with the greatest value of
90% obtained at y = 13.

3.5 Energy-transfer mechanism and white light emission for
CLSO:Ce**, Tb**, Sm**

The white light emission for the energy-transfer system with the
tri-doped single substrate can drive innovation for high-quality
w-LEDs. As contrasted in Fig. 11a, the excitation spectrum for
CLSO:3%Ce>", 9%Tb>", 7%Sm>" with the emission of Sm?*"
monitored at 598 nm mainly comprised the absorption bands
of Ce**, Tb** and Sm** ions. Meanwhile, under particular exci-
tation (347 nm), the three characteristic emission bands of Ce**,

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig.9 Decay curves for Tb>* emission from CLSO:9%Tb>*, y%Sm>* (v
= 0-13) (excited at 377 hm, monitored at 542 nm).
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Fig. 10 Dependence of the energy-transfer efficiency nr on Sm>*
concentration.
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samples. (c) Changes in the intensity as a function of the Sm>* concentration. (d) CIE chromaticity coordinates for the corresponding phosphors.

Tbh*" and Sm*" were produced simultaneously. Accordingly, the
emission spectra with fixing the contents of Ce*" and Tb** at 3%
and 9%, and varying the Sm*" concentration were obtained, as
shown in Fig. 11b. Meanwhile Fig. 11c presents the curve graphs
for the change in the intensity as a function of the Sm®*
concentration. With an increase in Sm®* ions, Ce*"/Tb*" emis-
sion was weakened, while Sm®" emission was elevated until y =
7, which was a consequence of energy transfer for the Ce*" —
Tb** — Sm®" tri-doped system. The process causes the
CLSO:3%Ce**, 9%Tb**, y%Sm>" system to vary in the blue to
white zones with varying the Sm*" ion concentration, with white
light emission arising at y = 7 and 9, while the relevant coor-
dinate were (0.295, 0.285) and (0.284, 0.280), respectively, as
shown in Fig. 11d and Table 5.

The lifetime curves of Ce*" in CLSO:3%Ce’", 9%Tb*"*, y%Sm>*
were also assessed to validate the energy transfer for Ce** — Tb*"
— Sm**(Fig. 12), and the decay curve for the Ce*", Tb** co-doped
CLSO could be well fitted with a double-exponential function, eqn
(4), while that of the other tri-doped samples could be well-
explained by a triple-exponential equation as follows:

I=1Iy+ A exp(—tlt)) + Ayexp(—t/t) + Asexp(—t/t;)  (7)

7068 | RSC Adv, 2024, 14, 7061-7072

In a previous study, the existence of three luminescence
centers and their energy transfer were preliminarily proved by
the excitation spectrum of a CLS0:3%Ce*", 9%Tb**, 7%Sm>*
sample (Fig. 11a) and emission spectra of CLSO:3%Ce’", 9%

CLS0:3%Ce*",9%Th*,y%Sm>*

—— y=0, 1=23.02 ns
— y=1, 1=22.81 ns
— y=5, 7=19.68 ns
e y=T7, 7=18.65 ns
— y=9, 7=17.47 ns
— y=11, 7=16.89 ns
y=13, 7=15.42 ns

Intensity (a.u.)

Ay=347nm A, =390 nm

0 100 200
Decay time(ns)

300

Fig. 12 Decay curves for Ce®* emission from CLSO:3%Ce>*, 9%Tb>*,
y%Sm>* (y = 0-13) (excited at 347 nm, monitored at 390 nm).
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Tb*", y%Sm>* (y = 1-13) samples (Fig. 11b). Therefore, the
decay curves (value) for CLSO:3%Ce**, 9%Tb*", y%Sm** (y = 1-
13) should be made up of three parts: the emission from Ce**
ions (luminescence center 1), the effect from Tb*" ion emission
(luminescence center 2) and the effect from Sm** ion emission
(luminescence center 3), and the three luminescence centers
work together (the energy transfer effect) to determine the final
decay curves (value). Hence, the decay curve for the tri-doped
samples could be well-explained by a triple-exponential equa-
tion, indicating that the decay curves can be determined and
influenced by the three luminescence centers. The 7 values were
determined to be 23.02, 22.81, 19.68, 18.65, 17.47, 16.89 and
15.42 ns, respectively (with y =0, 1, 5, 7, 9, 11, 13 for the Sm**
content). The increasing of attenuation for Ce** with more Sm**
ions launching is the embodiment of energy transfer for tri-
doped system.

A schematic model of the energy level is exhibited in Fig. 13
and briefly shows the photoelectron transitions and energy
transfer in the Ce**, Tb®" and Sm®" tri-doped CLSO. Upon
347 nm excitation, the ground state electrons in Ce** ions were
excited to the excited state (5d) and subsequently attenuated to
the lowest excited band. Then a portion of the excited electrons
fall back to the 4f ground level for *F5/, and *F,,, producing the
bandwidth blue-violet emission of Ce®" ions. The energy
transfer for Ce** — Tb*" — Sm®" in the tri-doped system is the
result of the following three processes: (1) While the other
portion of the excited electrons for Ce*" ions might transfer
energy to Tb*" firstly, this happens due to the overlapping of
Ce’" emission spectrum and Tb*" excitation spectrum (Ce*" —
Tb*"), and then from the °D, state for Tb>" ions eventually to
Sm®" corresponding to the ignorable energy discrepancy
between Tb*" and Sm*", wherein Tb>" ions having the function
of transmission intermediary. This can be expressed as Ce*" —

30

View Article Online

RSC Advances

Tbh>" — Sm*". (2) Moreover, Tb*>" can also transfer self-absorbed
energy to Sm>" (the energy Tb>" absorbs from ultraviolet light),
expressed as Tb** — Sm®". (3) The process where Ce*" directly
transfers energy to Sm*>* and not via Tb** is non-negligible, and
happens due to the overlapping of the Ce** emission spectrum
and Sm** excitation spectrum, expressed as Ce** — Sm>". The
Sm>" emission intensity heightening and that of Ce®*, Tb*"
being in the opposite direction are the effects of the combined
actions in the three-step energy transfer approach. Ultimately,
white light emission is realized based on the strength of the
energy transfer for Ce** — Tb** — Sm’" in the tri-doped
system.

3.6 Performance of LED prototypes

Abundant research work should be devoted to the thermal
quenching effect of phosphors, since LED devices usually
operate at higher temperature. As shown in Fig. 14, the emis-
sion spectra in the case of variable temperature for CLSO:3%
ce*, 9%Th*", y%Sm** (y = 7, 9) phosphors were measured. A
similar thermal stability was embodied in the emission inten-
sities of the two samples with the temperature increasing. The
phosphor CLSO:3%Ce**, 9%Tb*", 9%Sm>" displayed no signif-
icant differences in the blue, green and red characteristic
emission bands with increasing the temperature from 298 to
473 K. While the relative intensity for Ce** ions still maintained
75% of the initial value recorded at 473 K, in contrast Tb>" and
Sm** emission declined slightly more, but still preserved 65%
and 60% of their initial values. Overall, the intensity of
CLS0:3%Ce*", 9%Tb**, y%Sm>" (y = 7, 9) phosphors decreased
to a slight degree with the temperature rising. The Arrhenius
equation can be employed to determine the activation energy
barrier (AE) for further explaining the thermal quenching
process:*®

[
]
T

Energy (x10° cm?)
=

Fig. 13 Proposed energy-level mechanism diagram for energy transfer for Ce** — Tb>* — Sm>* in the CLSO tri-doped system.
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Fig. 14 Temperature-dependent emission spectra for (a) CLSO:3%Ce>*, 9%Tb>*, 7%Sm>* and (b) CLSO:3%Ce>*, 9%Tb>*, 9%Sm>* phosphors
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Ce®*, 9%Th**, 9%Sm>* phosphors.

-1

Iio = {1 +C exp(—:—g)} (8)
where, I, is the initial intensity; I is the emission intensity at
a certain temperature, C is a constant and k is Boltzmann's
constant. The linear fitting of In[(/y/I) — 1] and 1/kT in Fig. 14e
and f manifested that the activation energy for CLSO:3%Ce’",
9%Tb**, y%Sm** (y = 7, 9) was 0.205 eV and 0.223 eV, respec-
tively. In recent years, some excellent phosphors have been re-
ported, such as Ca,YZr,(AlO,);:Ce*", Tb*",** Tb;Al;0,,:Ce*",

7070 | RSC Adv, 2024, 14, 7061-7072

Mn*>* * K,NbF,:Mn*",*? their emission intensity has declined to
below 60% of the initial value at 393 K. Therefore, compared
with these representative phosphors, it was shown that the
CLSO:3%Ce’*, 9%Tb**, y%Sm*" (y = 7, 9) phosphors had
excellent thermal stability.

We attempted to manufacture prototypes of white LED single
beads by coating CLSO:3%Ce’", 9%Tb*", y%Sm** (y = 7, 9)
phosphors on commercial 360 nm UV chips, which gives
impetus to the practical application of phosphors. The elec-
troluminescence spectra and physical photographs for two LED

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Electroluminescence spectra and photographs of white LED prototypes fabricated by combining a 360 nm UV chip with (a) CLSO:3%
Ce**, 9%Th**, 7%Sm>* and (b) CLSO:3%Ce>*, 9%Tb>*, 9%Sm>* phosphors. (c) CIE chromaticity coordinates for corresponding WLED devices.

devices at 20 mA forward bias current are shown in Fig. 15. It
was apparent that the spectra had no disparity compared with
the emission spectra of phosphors, comprising a blue-green-red
emission band within the coverage for the entire visible region,
which originated from the emission of Ce*", Tb** and Sm** ions
in CLS0O:3%Ce’", 9%Tb*", y%Sm>* (y = 7, 9), respectively. The
as-fabricated LED lamps emitted bright white light and the
corresponding test parameters are shown in the illustration.
The findings reveal that the two fabricated LED devices had
chromaticity coordinates for the white light region, and the CCT
and CRI were 3586 K, 81.0 (a), 3307 K, 78.5 (b), that is, normal
white light and warm white light, respectively.**** In relative
terms, the white LED (a) was the more ideal one. Compared with
current commercial white LEDs (YAG:Ce®" + blue chip, CRI < 80,
CCT = 7750 K, a cool color white), a red component was added,
and the CCT for 3586 K was advanced but slightly warmer (daily
lighting white: 4000-5500 K), while the CRI for 81 is improved.
These performances suggest that the CLSO:3%Ce*", 9%Tb*",
y%Sm>* (y = 7, 9) were favorable for providing high-quality
white emission to apply in w-LEDs with UV chip excitation.

4. Conclusion

In this paper, single-phase CaLa,(SiO,);0:Ce®*, Tb**, sm**

phosphors inducing white emission via the ET process for Ce**
— Tb* — Sm®' were successfully prepared. The Rietveld
refinement demonstrated the dependability of the obtained
crystal structure and the band gap energy was about 4.612 eV
according to DFT calculations. Since Tb®" ions were sensitized
by Ce** ions and Sm>" ions were sensitized by Ce** and Tb**
ions, energy transfer could occur in the tri-doped system, and
the ET processes for Ce** — Tb*", Tb*" — Sm®" and Ce*" —
Tb*" — Sm*" were explored in detail. The single-phase white
emission was successfully promoted by means of the above ET
process in the tri-doped system. Moreover, the emission
intensity of CLSO:3%Ce**, 9%Tb**, y%Sm®" (y = 7, 9) still
maintained 75% of the initial value with the temperature rising
from 298 to 473 K, indicating a prominent thermal quenching
resistance. Finally, prototype WLED devices involving CLSO:3%
Ce*", 9%Tb*", y%Sm>** (y = 7, 9) phosphors were developed and
tested, and the LED lamps displayed bright white light, with
CCT = 3586 K, 3307 K and CRI = 81.0, 78.5, respectively. These

© 2024 The Author(s). Published by the Royal Society of Chemistry

results demonstrate the potential application value for the Ce®",
Tb>*, Sm** tri-doped single-phase phosphor in pc-WLEDs.
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