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Non-concentration quenching and

energy transfer enhanced green emission

in CagSrGd(PO,),:Eu?*, Tb>* for near-UV white
LEDs with a high color rendering indexf
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Compared with the well-studied energy transfer from Ce>* to Tb>*, the energy transfer from Eu?* to
Tb®* has the advantage of high doping concentration of Tb®*, because Eu?* and Tb®* tend to occupy
different lattice sites. Herein, the energy transfer from Eu’* to Tb>" is achieved in the CagSrGd(PO4),
host for an efficient Tb*>* doped green phosphor. The decrease in the lifetime of Eu®" emission with the
increasing Tb>* concentration reveals the energy transfer from the Eu?* to Tb®* ions. Notably, the Tb®*
emission of CagSrGd(PO4),:Eu"Tb®" has the strongest intensity at the unity doping ratio of Tb>*,
indicating a non-concentration quenching effect. The absorption efficiency in the near-ultraviolet region
was increased from 6% to 75% after Eu®" was doped into CagSrTb(PO4);, and the emission was
enhanced by approximately six times. Consequently, a high quantum efficiency (internal: 63% and

Received 18th May 2023, external: 51%) was achieved in CagSrTb(PO,);:Eu*. Finally, a near-ultraviolet chip excited white LED was

Accepted 25th June 2023 fabricated by applying the as-prepared CagSrTb(PO4),:Eu* as the green phosphor, with a high color
DOI: 10.1039/d3tc01717f rendering index of 93, and a low correlated color temperature of 3728 K. These results indicate that the

presented phosphor has potential in lighting applications, providing a new perspective for developing
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1. Introduction

In recent years, white light emitting diodes (WLEDs) have
attracted enormous attention due to low energy consumption,
high efficiency, fast response and environmental friend-
liness."™ The most common way to fabricate WLEDs is to
integrate a blue LED chip with multiple phosphors (for exam-
ple, green and red phosphors).®® However, the fabricated
WLEDs usually have a lower color rendering index (Ra) and
can emit blue light that may have a harmful effect on human
health. To meet the requirements of human-centric lighting, an
alternative method has been proposed. This method involves
combining near-ultraviolet chips with blue, green and red
phosphors.’®'" However, the design of the corresponding
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efficient Tb®* activated phosphors through energy transfer and high doping concentration.

phosphors is more complicated than simply considering their
luminescence efficiency. Attention must also be given to factors
such as phosphor degradation and Stokes shift, which could
potentially cause a color shift or reabsorption. Among the three
phosphors, the green phosphor is of critical importance since
the human eye is most sensitive to green light. Therefore, it is
desirable to explore green phosphors that can be excited using
near-ultraviolet light.">™

Some green phosphors containing Ce*" and Eu*" ions, such
as LazBr(SiS,),:Ce*" and BaSi,N;:Eu®*, have limitations due to
their structural instability and harsh synthesis conditions.'**®
On the other hand, Tb®" acts as a typical activator for
green emission, resulting from its typical *D,~'F; transition
(~545 nm). With the protected 4f electrons, Tb**-doped phos-
phors normally possess high stability in both chemical and
physical aspects.’” > However, their absorption efficiency is
low due to the 4f-4f forbidden transition, which significantly
restricts the practical application of Tb**-doped phosphors. In
order to broaden the excitation spectrum of Tb**, selecting an
appropriate sensitizer to facilitate energy transfer is a feasible
solution. The energy transfer between Ce** and Tb*" has been
extensively investigated for this purpose, such as Ca,YZr,
(AlO,);:Ce**, Tb**, NaBaScSi,0,:Ce*", Tb*", CaYAlOQ,:Ce*",Th*",
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SrMgY;(Si0,);F:Ce*", Tb*!, and Ca;Lu,Sis045:Ce*",Th*".>*>% As
for the emission, a practical approach to achieve high bright-
ness is to use a suitable host that allows for higher Tb** doping
without concentration quenching. However, Ce*" and Tb** tend
to occupy the same crystal site due to their similar valence
states and ionic radii, which leads to limited Tb®" doping
concentration. In this regard, Eu®>*, which exhibits similar
efficient emission to that of Ce** and tends to occupy different
crystal sites, may be a more suitable sensitizer for brighter
Tbh**-doped phosphors. Nonetheless, there is a lack of efficient
Eu**-sensitized Tb**-doped phosphors for near-ultraviolet LED
applications. The ideal phosphors should meet the following
requirements: (i) Eu** should be effectively excited by near-
ultraviolet light and transfer the energy to Tb*”, (ii) the doping
concentration of Th*" should be as high as possible to achieve
high brightness, and (iii) the Stokes shift should be large
enough to diminish potential re-absorption of the emission
from the blue phosphor.

In this study, we doped Eu®*" and Tb*" into a phosphate
matrix, CagSrGd(PO,);. According to the valence and ionic
radius, Eu”" occupies the sites of Sr**, while Tb®" occupies
the sites of Gd*'. Remarkably, we achieved an efficient
Tb**-doped phosphor that benefited from the energy transfer
and non-concentration quenching effect. After doping Eu*" into
CagSrTh(PO,),, the absorption efficiency increased from 6% to
75%, resulting in emission enhancement of approximately six
times. Consequently, we achieved high internal quantum effi-
ciency (63%) and external quantum efficiency (51%) in
CagSrTb(PO,),:Eu®’. Finally, a near-ultraviolet chip excited
white LED was fabricated by applying the as-prepared CagSrTb
(PO4);:Eu** as the green phosphor. The lighting device
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possessed a high color rendering index (CRI), and a low
correlated colour temperature (CCT).

2. Experimental section

2.1. Materials and synthesis

A series of CagSrGd(PO,),: Eu®",Tb** phosphors were synthe-
sized by a traditional high temperature solid state reaction,
using CaCO;z (99.99%), SrCO;z; (99.99%), Gd,Os; (99.99%),
NH,H,PO, (99.99%), Eu,0; (99.99%), and Tb,0, (99.99%) as
raw materials. The raw materials were well mixed together and
ground in an agate mortar for 20 minutes. The resulting
mixture was then placed in an alumina crucible and heated
at 900 °C for 3 hours, followed by further sintering at 1300 °C
for 4 hours under a reducing atmosphere.

2.2. Materials characterization

The phase purity of the sample was analyzed using a powder
X-ray diffractometer (Bruker AXS D8 Advance), under the con-
ditions of 40 kv and 40 mA, Cu Ko (4 = 0.15405 nm), 0.02° per
step, 0.07s per step from 10° to 80°. The General Structural
Analysis System (GSAS) program was used for XRD Rietveld
refinement. The morphologies and energy spectrum (EDS) of
the samples were obtained using a JSM-IT800 high-resolution
field emission scanning electron microscope (SEM). Photolu-
minescence spectra (PL) and excitation spectra (PLE) were
recorded using a Hitachi F-7100 fluorescence spectrophot-
ometer with a 150 W Xenon lamp. The decay curves, quantum
yield (QY) and time-resolved photoluminescence (TRPL) spectra
were obtained using an Edinburgh instrument FLS-1000
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Fig. 1 XRD patterns (20 = 10-80°) and enlarged XRD patterns at 20 = 33—35.3° of the CagSrGd(PO);:XEu?* (a) and CagSrGd(PO,),:0.1Eu?*, yTb®* (b), the
Rietveld refinement results of CagSrGd(PO,); (c) and CagSrTh(PO,4)7:0.1Eu?* (d), and the crystal structure of CagSrTb(PO,);:0.1Eu>* (e).
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spectrometer with the Edinburgh instrument integrating
sphere. The lifetimes are fitted by a second-order exponential
equation. The temperature-dependent PL spectra of phosphors
were obtained using an EX-1000 thermal quenching analysis
system. Blue fluorescent BaMgAl;,0;,:Eu**, red phosphor
(Ca,Sr)AISiN;:Eu®", green phosphor CagSrTb(PO,),:0.1Eu>*
and a UV-LED chip (365 nm) are used to manufacture WLED
devices. Starspec SSP6612 (forward bias current: 20 mA, and
forward voltage: 3.36 V) was used to evaluate the luminescence
characteristics of w-LED devices.

3. Results and discussion

Fig. 1a and b show the XRD patterns of CagSrGd(PO,),:xEu”*
(x = 0.02, 0.05, 0.10, 0.15, and 0.20) phosphors and
CagSrGd(PO,), : 0.1Eu™, yTb** (y = 0.2, 0.4, 0.6, 0.8, and 1.0)
phosphors, respectively. The diffraction patterns of all the as-
prepared phosphors match well with the XRD pattern of
CagNd(PO,),, indicating the phase-purity of the samples. In
Fig. 1(a) and (b), the XRD peaks almost remained unchanged in
the 33-35.3° range, The radii of the host cations and doping
ions should be almost the same, and it is reasonable to assume
that Eu”* replaces Sr**, and Tb*" replaces Gd**. The calculated
ionic radii difference percentage (Dr) is listed in Tables S1 and
S2 (ESIY); the small Dr value further substantiates the substi-
tuted tendency of Eu*>* and Tb*". In order to further confirm the
phase and crystal structure, the XRD patterns of CagSrGd(PO,),
and CagSrTb(PO,),:0.1Eu>" were refined by the Rietveld
method. As shown in Fig. 1c and d, the refined results of
CagSrGd(PO,); (Rp = 6.38%, Rwp = 8.39%) and CagSrTb
(PO,);:0.1Eu®" (Rp = 6.80%, Rwp = 8.95%) clarified the relia-
bility and phase-purity. On the basis of XRD analysis, the crystal
structure of the title phosphor is depicted in Fig. 1e, which has
a space group of R3c and cell parameters of a = b = 10.48453 A,
c=37.554 A, Z=6, and V = 3575.07 A® (Table S3, ESI{). These
parameters are consistent with previous reports on similar
hosts." CagSrGd(PO,), has four Ca sites with the coordination
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numbers of 8, 7, 8, and 6 for the Cal, Ca2, Ca3, and Ca4 sites,
respectively. According to the crystal structure of CagNd(PO,),
Tb*" occupies the Cal, Ca2, and Ca3 sites. In view of similar
ionic radii and charge balance of Ca** (CN = 8, r = 1.12 A;
CN=7,r=1.06 A; CN=6,r=1.00 A) and Sr*' (CN = 8, r = 1.26 A;
CN=7,r=1.21A;CN=6,r=1.18 A), it is reasonable to assume
that Sr** will randomly occupy all four Ca*>" positions.”” With
the increasing Eu®" concentration, the cell parameters of
CagSrGd(PO,),:xEu®" almost remained unchanged; the varia-
tions of a, ¢ and v were within 0.034, 0.042 and 0.099%,
respectively (Fig. S1, ESIt). This observation suggests that the
Eu®" ions tend to replace Sr** ions due to their nearly identical
ionic radii.

Fig. 2a displays scanning electron microscopy (SEM) images
of the title phosphor, revealing stacked particles with sizes
ranging from 2 to 6 pm. The smooth surfaces of the particles
indicate their high crystallinity. The corresponding EDS spectra
of CagSrTb(PO,),:0.1Eu** phosphors are disclosed in Fig. 2b
and c. According to the mass ratio, the atomic ratio was
calculated to be Ca:Sr:P:Tb:Eu = 8:0.96:7.04:0.99:0.07,
which matches well with the chemical formula CagSrTb(PO,),:
0.1Eu>". Also, all the elements distributed uniformly in the
particle.

To determine the optimal doping concentration of Eu** in
CagSrGd(PO,);, the concentration dependent PL spectra were
obtained. As shown in Fig. 3a, the emission profiles and
position did not change, and the emission intensity reached
its maximum at x = 0.10, indicating that the Eu*" incorporation
did not significantly alter the crystal environment. The emis-
sion of Eu®" is sensitive to its surrounding crystal environment
because of the exposed 5d excited orbital. Therefore, on the
basis of Van Uitert’s report, the Eu®>" occupation can be con-
firmed theoretically:'*?®

7
energy (keV)

P|Ca|Sr | Eu|Tb
51.68|13.25/19.48| 5.15 | 0.69 | 9.75

element, O
Wt%

Fig. 2 SEM image of CagSrTh(PO,);:0.1Eu* (a), EDS spectra and mass ratio of elements of CagSrTb(PO4);:0.1Eu* (b), and elemental mappings of

CagSrTb(PO4)7:0.1Eu%* phosphors (c).
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Fig. 3 (a) PL spectra of CagSrGd(PO,);: xEu?*(x = 0.02, 0.05, 0.10, 0.15,
and 0.20) phosphors excited at 365 nm and the inset shows the change of
intensity with Eu®" concentration. (b) Gaussian fitting results of the PL
spectrum of CagSrGd(PO4)7:0.1Eu?* phosphors. (c) TRPL of CagSrGd
(PO4),:0.1EU%*. (d) Decay curves of the emissions of CagSrGd
(PO4)7:0.1EU** at 507 and 543 nm.

Time (ns)

where E and Q (34000 cm™ " for Eu”*) represent the doped and
free Eu®" 5d energy level positions, respectively; V means the
valence of the Eu** ion (V = 2); n is the coordination number of
doped Eu**; E, stands for the electron affinity of the atoms
forming anions (E, = 2.19 eV for the (PO,4)*); and r is the radius
of substituted ions by Eu®>". The E values of the Eu** in the Sr**
sites with different coordination numbers, SrO8, SrO7, and
SrO6, are determined to be 21264 (470 nm), 19904 (502 nm),
and 18613 cm™ ' (537 nm), respectively (Table S4, ESIf). As
shown in Fig. 3b, the asymmetric PL spectrum of CagSrGd
(PO,),:0.1Eu>" contains two emission peaks by Gaussian fitting,
which are located at 495 and 537 nm. Therefore, it is reasonable
to assume that the emission peaking at 495 nm belongs to the
Eu”" in Sr2 (CN = 7), and the one at 537 nm belongs to Eu®" in
Sr4 (CN = 6). As shown in the time-resolved photoluminescence
(TRPL) in Fig. 3c, the emission profiles of Eu** varied at
different time intervals. The emissions at longer wavelength
decayed faster than those at shorter wavelength. As a matter of
fact, the emission at 507 nm possessed a lifetime of approxi-
mately 915 ns, while the one at 543 nm had a lifetime of
approximately 750 ns (Fig. 3d). The inconsistent lifetimes of the
emissions at different wavelengths further confirm the exis-
tence of two luminescence centers.

The occurrence of energy transfer from Eu®* to Tb** requires
an overlap between the Eu*" emission and the Tb*" excitation.
The comparison among the PLE-PL spectra of CagSrGd
(PO,),:0.1Eu>", CagSrTb(PO,); and CagSrTb(PO,),:0.1Eu”" is
depicted in Fig. 4. For CagSrGd(PO,),:0.1Eu”", its PLE spectrum
monitored at 490 nm consists of a wide band from 250 to
430 nm, which matches well with that in the spectra of
commercial near-ultraviolet LED chips. At 365 nm excitation,
the emission covers 450-650 nm, corresponding to the transi-
tion from the 4f°5d excited state to the 4f” ground state. For

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 PL and PLE spectra of CaSSer(PO4)7:O.1Eu2+, CagSrTb(PO4)7:
0.1Eu?* and CagSrTb(PO.); phosphors.

CagSrTb(PO,),, its PLE spectrum monitored at 545 nm consists
of a strong band at approximately 233 nm with a shoulder at
approximately 264 nm, which are attributed to the spin allowed
4f%-4f’5d" (AS = 0) and spin forbidden 4f°-4f’5d' (AS = 1)
transitions, respectively.>® In addition, there are several weak
transitions from 278 to 500 nm, which can be attributed to
transitions from "Fg to °Fs 4, "Hy_4, °D1 0, *L1g_7, *Ge_2 and >D,_,.
Since the emission of CagSrGd(PO,),:0.1Eu>" overlaps with the
excitation of CagSrTb(PO,),, effective energy transfer can be
designed. Consequently, the PLE spectrum of CagSrTb
(PO,);:0.1Eu>", monitored at 545 nm, shows a wide and strong
excitation in the range of 200-500 nm. The PLE spectrum is
composed of the excitation bands of Tb*" and Eu®" in the
CagSrGd(PO,); host. At excitation of 365 nm, four emission
peaks at 492, 545, 594, and 624 nm in the PL spectra of
CagSrTb(PO,);:0.1Eu>" originate from the °D,—"F; (J = 6, 5, 4
and 3) transitions of the Tb ** ions.?*** The full width at half
maximum (FWHM) of the emission peaking at 545 nm is only
9 nm. The smaller FWHM is capable of presenting purer colour
and larger colour gamut in the display applications. Impor-
tantly, the probabilities of f-d transition are intrinsically higher
than that of f-f transition. Consequently, the absorption effi-
ciency at 350 nm increased from 6% to 75% after Eu®* was
doped in the CagSrTb(PO,), (Fig. S2, ESIT). Benefiting from the
energy transfer from Eu®" to Tb*", the green emission of Tb**
can be more effectively excited with the near-ultraviolet chip,
making the Tb*'-doped phosphors a potential candidate for
white LEDs.

The energy transfer from Eu®* to Tb*" was further investi-
gated by modulating the doping concentration. First, the dop-
ing concentration of Tb** was optimized. Strikingly, the
emission of Tb** in CagSrGd(P0O,4),:0.10Eu**yTb>" kept increas-
ing with the increasing Tb*" concentration (Fig. 5a), exhibiting
a non-concentration quenching effect. The fact that the optimal
doping ratio of Tb*" was unity substantiated the advantage of
sensitizing Tb®>" with Eu®', due to the different doping site
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Fig. 5 (a) PL spectra of phosphor CagSrGd(PO,);:0.10Eu?*, yTb>* at
365 nm excitation and the inset shows the change of intensity with the
Tb** concentration. (b) Decay curves of the emission from CagSrGd
(PO4)7:0.1EU?*, yTb®* at 450 nm. (c) Changes of energy transfer efficiency
and lifetime with increasing concentration of Tb ions in CagSrGd
(PO,);:0.10EU?*, yTb>*. (d) Energy transfer diagram.
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selectivities of these two ions. There are three main reasons for
the non-concentration quenching effect of Tb®* ions. One is
that Tb*>* ions have a partially filled 4f electron shell, which is
well-shielded from the surrounding environment by the 5s and
5p electron shells. This shielding reduces the interaction
between Tb*" ions and other ions or defects in the crystal
lattice, thereby decreasing the probability of nonradiative pro-
cesses that lead to concentration quenching. Another is that the
larger energy gap between the ground state and excited state
reduces the probability of energy transfer processes and the
electron-phonon effect is significantly smaller. Lastly, and
more importantly, even though there is only one Tb®" ion in
CagSrTh(PO,),, the Tb?" ions can randomly occupy the three
Ca®'/sr*" sites in the crystal structure, and the Ca>*/Tb** ratio is
8, resulting in a larger distance between Tb*" ions. This reduces
the energy transfer between Tb** ions that leads to concen-
tration quenching. The change in the lifetime of Eu** emission
upon Tb*" concentration was determined to study the energy
transfer efficiency.**® As disclosed in Fig. 5b, the lifetime
decreases monotonously with the increasing Tb*" concen-
tration. Then, the energy transfer efficiency was calculated
according to the lifetime, which is the highest (46.70%) as y =
1.3 Fig. 5d depicts the energy transfer diagram, where the
emission of the Tb>" ions is sensitized by the allowed transition
between the 4f and 4f5d configuration of the Eu®" ions.

The critical distance between the Eu and Tb ions can be
calculated using the following formula:*!

3V 1/3
Reuth = 2 |— 5
Eu=Tb {417)(61\/] ()

where X, is the critical concentration, N is the number of
available bits per unit cell, and V is the volume per unit cell.
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Fig. 6 (a) PL spectra of phosphor CagSrTh(PO,4);:zEu?* (z = 0, 0.02, 0.05,
0.10, 0.15, and 0.20) at 365 nm excitation. (b) IQE and EQE of phosphor
CagSrTb(PO4)7:0.1Eu?" at 320 nm excitation.

For CagSrGd(PO,);,, N = 6, V = 3575.07. Thus, the critical
distance between Eu-Tb in CagSrGd(PO,); is estimated to be
10.44 A. According to the Dexter theory, we can deduce that the
electric multipolar interaction dominates the energy transfer.

On the basis of the Dexter’s multipole interaction energy
transfer formula and Reisfeld approximation, the following
relationship is established to investigate the energy transfer
mechanism:*"*?

B0 3 (6)

T
where C is the doping amount of Tb*" ions, and n = 6, 8 and 10
correspond to dipole-dipole, dipole-quadrupole and quadru-
pole-quadrupole interactions, respectively. The best fit occurs
when n = 8, indicating that the energy of the Eu®" ions transfers
to the Tb*" ions through dipole-quadrupole interaction
(Fig. S3, ESIY).

The influence of the concentration of the Eu** ion was
investigated. As disclosed in Fig. 6a, the Tb*"-emission in
CagSrTh(PO,), greatly enhanced after doping with Eu®". The
intensity of the Tb**-emission increases with the increasing
Eu”" concentration until z = 0.1, and then decreases. The change
tendency is consistent with the concentration-dependent PL
spectra of CagSrGd(PO,),:xEu*" shown in Fig. 6a. Notably, the
emission intensity of CagSrTb (PO,),:0.1Eu>" was 5.7 times stron-
ger than that of CagSrTb(PO,),. Moreover, the quantum efficiency
of CagSrTb(PO,),:0.1Eu>" was determined, where the internal
quantum efficiency (IQE) and external quantum efficiency (EQE)
at 320 nm excitation are 63% and 51%, respectively (Fig. 6b). The
quantum efficiencies of some green phosphors were compared
and are summarized in Table S5 (ESIt). The quantum efficiency of
CagSrTbh(PO,),:0.1 Eu”* was comparable with that of the reported

(a) (b)
CaSETHPO, 01BN

H J—
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Fig. 7 (a) Temperature-dependent PL spectra (lex = 365 nm) of CagSrTb
(PO,)7:0.1EU" in the 303-483 K temperature range. (b) Emission intensity
of CagSrTb(PO,),:0.1Eu?* with increasing temperature. (c) Relationship
between In(lo// — 1) and 1/kT of CagSrTb(PO4);:0.1Eu>*.
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green phosphors, and the fine QY indicates its potential applica-
tion as a green phosphor in WLEDs.**

Fig. 7a shows the temperature-dependent PL spectra in the
range of 303 to 483 K. The emission profile has not changed,
while the emission intensity decreases with the increase of
temperature (Fig. 7b). The emission intensity at 423 K is 28% of
that at 303 K. The activation energy (AE) of CagSrTh
(PO,);:0.1Eu>" for thermal quenching can be determined using
the following expression:*®*’

el

where I, and I are emission intensities at 303 K and applied
temperature, respectively; C is a constant; and k is the Boltz-
mann constant. AE could be obtained from the relationship
between In(I,/I — 1) and 1/kT, and the value of AE was the slope
of the fitting line of data points (see Fig. 7c). The slope of the
fitting line was found to be —0.16, indicating that the value of
AE for CagSrGd(PO,),:0.1Eu**, 1.0Tb** phosphors was 0.16.
Poorer thermal stability may come from poorer crystallinity
and lower structural rigidity. The poorer crystallinity means
that the arrangement of atoms or ions in the crystal lattice is
not well-defined, leading to defects and disordered regions.
These defects can act as quenching centers that facilitate
nonradiative processes and result in the loss of luminescence.
In general, the high structural rigidity of the host material will
inhibit soft phonon patterns that lead to non-radiative relaxa-
tion of the activator. In CagSrGd(PO,),, there are more ions in
the high coordination environment, and the larger the ionic
radius, the weaker the binding force between different ions.
This results in lower structural rigidity. The improvement of
crystallinity and structural rigidity is often the key factor to

—
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Fig. 8 (a) Emission spectrum of a white LED driven by 220 mA. (b) CIE
chromaticity diagram of the fabricated white LED device driven by 220 mA.
(c) Emission spectra driven by different currents and the illustration shows
the change of color coordinates driven by a current in the range of
20-300 mA. (d) Change of CCT, CRI, efficiency and output power under
different driving currents.
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improve thermal stability, which can be started by optimizing
the synthesis process.

Finally, a white LED was fabricated with the commercial
blue phosphor (BaMgAl;,0;,:Eu*"), red phosphor ((Ca,Sr)
AISiN;:Eu®") and the as-prepared green phosphor (CagSrTh
(PO,);:0.1Eu®"). Fig. 8a shows the emission spectrum under
220 mA current drive, exhibiting the characteristic green emis-
sion of the Tb®" ions. The CCT of the white LED device is
3728 K, and the CRI is 93, which shows the potential for
application in white LED lighting. The CIE coordinates are
(0.3860, 0.3621) (Fig. 8b). In addition, the emission driven by
different currents (20 mA-300 mA) was also measured, as
shown in Fig. 8c, which exhibited a small shift of color. Also,
the changes in CCT, CRI, efficiency, and output power under
different current drives were measured (Fig. 8d and Table S6,
ESIT). In the range of 20 mA-300 mA, all the CRI were greater
than 85, and all the CCT were lower than 4000 K, indicating the
fine quality of the as-fabricated WLED.

Conclusions

In summary, a novel green phosphor CagSrTb(PO,),:Eu>" for
white LED was successfully prepared by a traditional high
temperature solid phase method. The crystal structure and
morphology were analyzed by XRD and SEM, respectively. On
the basis of the overlap between the PL spectrum of CagSrGd
(PO,);:Eu®" and the PL spectrum of CagSrTb(PO,4),, the energy
transfer from Eu** to Tb*" was achieved with the highest energy
transfer efficiency of 46.7%. Through the achieved energy
transfer, a wide and strong excitation band of the Tb** emission
in the range of 200-430 nm was obtained, which matched well
with that of the near-ultraviolet LED chip. Moreover the absorp-
tion efficiency in the near-ultraviolet region increased from 6%
to 75% after doping Eu** ions into CagSrTb(PO,),. The Tb**
emission did not exhibit concentration quenching in CagSrGd
(PO,),:Eu*", leading to a green phosphor with high quantum
efficiencies (IQE = 63% and EQE = 51%). Finally, We used the
as-prepared phosphor, BaMgAl,,0,,:Eu”’, (Ca,Sr)AISiN;:Eu®",
and a near-UV chip (365nm) to produce a white LED with a
low CCT of 3728 K and a high CRI of 93. Our work not only
produced a green phosphor with fine luminescent properties,
but also provided an approach for developing Tb*" activated
phosphors with high brightness through energy transfer and
non-concentration quenching.
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