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Abstract: Eu™ can be excited by a broad blue light band and exhibits characteristics of broad wavelength emis-
sion. Due to the significant influence of the crystal field environment on Eu’ ions, selecting appropriate host materi-
als or adjusting host components can regulate the emission properties of Eu®*. This approach also enables the phos-
phor to be highly compatible with blue light chips, compensating for the red spectral deficiency in commercial white
LEDs and enhancing the lighting quality of white LEDs. This study selected the gallate CasGag0 4 as the matrix and
synthesized Eu**-doped red phosphor via a high temperature solid-state method. The luminescence properties were
optimized by employing an AI** ion substitution strategy to replace Ga’ cations in the host, and the quantum efficien-
cy can reach 79.2%, and the luminous intensity at 423 K attained 60% of room temperature. By integrating the
CasGas gAly ,04:0. 01Eu” red phosphor with the commercial yellow phosphor Y;(Al, Ga)s0,:Ce™ and a blue light
chip, a white LED device was fabricated, which exhibits a color rendering index (CRI) of 95. 5 and a correlated col-
or temperature (CCT) of 4002 K. This demonstrates the promising application prospects of the red phosphor in the
field of white light LEDs.
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1 Introduction

Currently, commercial white LEDs primarily
utilize yellow phosphor YAG: Ce’ combined with
blue LEDs to achieve white light". However, the re-
sulting white light spectrum lacks red components,
typically yielding a color rendering index (CRI) of
70-80™". This results in mediocre color reproduc-
tion and limits application scenarios. Furthermore,
due to the high blue light component, the color tem-
perature predominantly falls within the cool white
spectrum (above 5000 K). This emits light harmful
to the human eye, failing to achieve a deep integra-
tion of lighting and health. Red phosphors play a
crucial role in achieving high-quality warm white
lighting in white LEDs. However, currently available
commercial red phosphors are mainly limited to ni-
tride and fluoride systems such as CaAlSiN,;",
Sr,SisNg™ and K,SiF¢®. Nitride red phosphors face
high preparation costs and stringent conditions. The
use of corrosive HF in K,SiF¢: Mn* synthesis also
causes serious environmental and health issues, hin-
dering their large-scale application against the trend

0¥ Compared to nitrides and

of green development.
fluorides, oxides stand out due to their advantages of
simple synthesis processes, low cost, environmental
friendliness, and rich structural diversity”.

Among currently reported blue-light-excitable
red phosphors, materials capable of being packaged
with commercial yellow phosphors to produce white
LEDs with high color rendering index (CRI > 95) and
low color temperature (CCT < 4000 K) remain few
and far between"”. In 2021, a Sr,Sco sGa, sO5: Eu™
red phosphor was reported, and its emission wave-
length was red-shifted from 614 nm to 728 nm by Ba
substitution for Sr. This red Sr, ;Bay 3Scq sGa; 5Os:
Eu® phosphor was used to fabricate a white LED de-
vice with a color rendering index of 91. 1 and a corre-

lated color temperature of 4750 K" . In 2022, CaO:
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Eu® was reported to exhibit broadband emission at
661 nm under 466 nm blue excitation”. White LEDs
fabricated with this phosphor achieved a CRI of 91. 2
and a CCT of 3435 K, enabling warm white lighting;
Li et al. developed a blue-light-excited red phosphor,
BaSrLu,Og: Eu™, exhibiting high quantum efficiency.
White LEDs
achieved a CRI of 84. 4 and a CCT of 4295 K" ; In

encapsulated with this phosphor
2023, Hu et al. enhanced the luminescence proper-
ties of CaYGaO4:Eu™ via secondary reduction. This
phosphor exhibits red light emission centered at 650
nm when excited at 470 nm, enabling the fabrication
of white LED devices with a CRI of 89.7 and a CCT
of 3780 K" . White LEDs encapsulated with the
above red materials can achieve warm white illumina-
tion, but their CRI values remain below 95, failing to
meet high-CRI requirements. This limits their appli-
cation in lighting scenarios with stringent quality de-
mands. More importantly, LEDs generate heat during
operation, which may affect lighting performance"”.
Consequently, there is a need to develop a blue-light-
excitable oxide red phosphor with excellent perfor-
mance that can effectively enhance the relevant pa-
rameters of white LEDs.

Eu™ ions are significantly influenced by their

crystal field environment"”,

By selecting suitable host
environments or adjusting matrix components, it is pos-
sible to achieve emission of light with different proper-
ties from Eu™ , as well as high compatibility with blue-
light excitation chips. Given that Eu™ can be excited
by a broad blue light band and exhibits characteristics
of broad long-wavelength emission, it holds broad ap-
plication prospects in compensating for the red light
spectrum deficiency in white LEDs to achieve warm

117]

white lighting”. Eu™ tend to readily emits red light in

gallates. In our work, we selected the gallate
CasGag0y, as the host material "*. Existing studies on
luminescent materials based on CasGagO,; mostly fo-

cus on luminescence excited by UV radiation and per-
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sistent luminescence, with applications mainly concen-
trated in the field of counterfeit prevention. However,
targeting the practical application requirements of com-
mercial blue LED chips, relevant research on red emis-
sion excited by blue light in the CasGagO,4 system
doped with Eu™ remains relatively limited. When excit-
ed by 468 nm blue light, CasGas04:Eu” emits red light
with a luminescence center at 650 nm. By substituting
AT ions for Ga™ ions in the host, the quantum efficien-
cy of the phosphor increased from 17.61% to 79. 2%.
Diffuse reflectance spectroscopy analysis further con-
firms that the cation tuning strategy modifies the crys-
tal field environment, leading to enhanced blue-light
absorption of the phosphor and a consequent improve-
ment in the phosphor’ s quantum efficiency. Finally,
white LEDs encapsulated with this phosphor exhibited
superior performance parameters, significantly enhanc-

ing lighting quality.
2 Experimental section

2.1 Materials synthesis

CasGag0,4: Eu” and CasGag,AL O, 0. 01Eu™
were synthesized via the high temperature solid state
method. The synthesis process employed NH,CI as a
fluxing agent to optimize the synthesis procedure.
The raw materials were CaCO; (99.99%), Ga,0,
(99.99%), Al,05 (99.99%), Eu,05 (99.99%), NH,Cl
(99.99%). Reagent masses were selected according
to specific ratios, weighed, and placed into an agate
mortar dried in an oven. The mixture was ground at a
uniform speed for 30 minutes to ensure thorough
blending. The ground mixture was transferred into an
alumina crucible, which was then embedded in exces-
sive carbon powder to provide a reducing atmosphere
during sintering. To avoid contamination from carbon
powder volatilization, the carbon powder was placed
outside the sealed crucible without direct contact with
the sample. The crucible was heated in a box furnace
at a rate of 4 ‘C/min to a maximum sintering tempera-
ture of 1200 ‘C and held for 240 minutes. After the
sintering process is completed, the crucible was
cooled to below 70 “C before removal. The sintered
sample was ground thoroughly in an agate mortar to

obtain a white homogeneous powder for further char-

acterization.
2.2 LED lamp fabrication

Adhesive A, Adhesive B, and the required
phosphor were weighed in a 1:4:5 mass ratio. After
weighing, they were placed in a container and thor-
oughly mixed using a glass rod. The mixed sample
was encapsulated with a blue LED chip, then placed
in an oven and baked at 70°C for 2 hours. Finally, a
white LED was obtained.
2.3 Materials Characterization

X-ray diffraction (XRD) patterns were measured
using a Bruker D8 X-ray diffractometer (XRD) (D8
ADVANCE, Bruker AXS LTD, Germany), with an in-
strument step size of 0. 02° and a diffraction range of
10°°60° . Additionally, Rietveld refinement was per-
formed on the samples using the General Structure
Analysis  System (GSAS).

were recorded using a field emission scanning elec-

Morphological features

tron microscope (Gemini SEM 360). X-ray photoelec-
tron spectroscopy (XPS) was performed on a Thermo
Fisher ESCALAB 250Xi (UK). This instrument oper-
ates at an ultimate vacuum of 5 X 107!° mbar with an
energy resolution of 0. 45 eV. The materials’ photoex-
citation (PLE), photoluminescence (PL), temperature-
dependent luminescence spectra of phosphors, fluo-
rescence lifetime decay curves, and quantum efficien-
cy were measured. These spectra were obtained using
a fully functional steady-state/transient fluorescence
spectrometer. This instrument is a FLuorolog-3 mod-
el, featuring a 450 W xenon lamp excitation source
and an iHR320 detector. The diffuse reflectance
spectra of samples were measured using a Hitachi
U4100 UV-Vis-NIR spectrometer. The measure-
ments employed BaSO4 as the substrate and covered a

scanning range of 20011200 nm.

3 Results and discussion

3.1 Phase purity and crystal structure
CasGagO 4 belongs to the orthorhombic space
group Cme21, with lattice parameters a = 11. 495 A,
b=11.270 A, ¢ = 10.479 A, and V = 1357.54 A",
The crystal structure of CasGagO;y is shown in Fig.
la, Ca™ and Ga' ions form hexacoordinated octahedra

[CaO ¢] and tetracoordinated hexahedra [GaO ], re-
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spectively, with surrounding O~ ions. The [CaO ¢]
group occupies three distinct sites, appearing as two
octahedra and one trigonal prism, while the [GaO 4]
group adopts a trigonal pyramid configuration """
Based on the ionic radius matching rule, the ion radi-

us of Eu*(r = 0.117 A, CN = 6) is closer to that of

to occupy the Ca™ site rather than the Ga(r = 0. 062
A, CN = 6) site in the CasGag0,, host. The measured
XRD patterns of CasGagO4:xEu” (x = 0-0. 02) agree
with the standard card data for CasGagO,4 crystals
(PDF#78-1180), as shown in Fig. S1, indicating that

Eu™ ion doping introduces no impurities and the syn-

Ca”(r=0.1 A, CN = 6), making Eu’" ions more likely thesized samples are single-phase.
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Fig.1 (a) Crystal structure of the CasGagO,4. (b) XRD pattern of CasGag AL O ,: 0.01Eu™ (y = 0-0.4). (¢) Rietveld refine-
ments of CasGagO,,:0.01Eu™. (d) XPS survey scan spectra of CaSGaﬁ_yAly()M:0,01Eu2+ (y=0.2). (e) Eu-3d energy level
XPS spectrum and Al-2p energy level XPS spectrum. (f) Element mapping images of Ca,Ga,0,Eu.

Subsequently, Al was introduced into ty of the sample. The refined unit cell parameters

CasGagOy4: 0. 01Eu™ to synthesize CasGag ALO 4
0. 01Eu™ (y= 0-0. 4), whose XRD pattern is shown

in Fig. 1b. It is observed that A1'* doping did not in-

troduce any impurity phases. Rietveld refinement

was performed on CasGas0,4:0. 01Eu™, with the re-

fined results shown in Fig. lc. The refinement pa-

rameters R,, = 8.77%, R, = 5.41%, x’ = 2. 63 fall

within reasonable ranges, indicating good crystallini-

are listed accordingly in Table S1.

The XPS spectrum of CasGagO4: 0. 01Eu™ is
shown in Fig. S2. Peaks corresponding to Eu, Ca,
Ga, O, and other elements were identified, confirm-
ing the successful doping of Eu™ into the lattice. Ad-
ditionally, the XPS spectrum of the doped Eu ele-
ment in the CasGagO,: 0. 01Eu™ was tested, as

shown in Fig. S3. Two peaks detected in the Eu 3d
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orbitals (1144. 68 eV and 1117.86 eV) correspond
to the binding energy peaks of the Eu* 3ds, and 3ds,
energy levels”", respectively, confirming that the lu-
minescence in the material originates from Eu™
ions. Fig. 1d shows the full XPS spectrum of
CasGag,AL,O,: 0. 01Eu™ (y = 0.2). Binding energy
peaks corresponding to the Ca 2p, O 1s, Ga 2p, and
Eu 3d orbital energy levels are all detected in
CasGag,ALO,: 0.01Eu™ (y = 0.2).
XPS spectra of Al and the dopant Eu ions in the
CasGag.,Al,O4: 0. 01Eu™ (y = 0.2) were measured,

Furthermore,

as shown in Fig. le. The binding energy peaks cor-
responding to the 3ds, and 3ds, levels of Eu™ were
detected, indicating luminescence from Eu®™ ions in
the material. Simultaneously, a peak with a binding
energy of 73.44 eV was detected, confirming the
successful doping of Al to replace Ga™.

Fig. 1f and Fig. S4 depict the scanning elec-
(SEM) of CasGag04:

The microcrystals exhibit a smooth sur-

tron microscope image

0.01Eu™.

face with an average grain size of approximately 10

pm, indicating high crystallinity. Furthermore, the
elemental mapping image (EDS) reveals uniform dis-
tribution of Ca, Ga, O, and Eu elements throughout
the sample, confirming successful synthesis of the
phosphor and effective Eu** doping.
3.2 Luminescent properties

Fig. 2a displays the photoluminescence and ex-
citation spectra of CasGagOy,: 0. 01Eu™, along with
its corresponding absorption spectrum. Under blue
light excitation at 468 nm"", CasGag04:0. 01Eu™ ex-
hibits red light emission centered at 650 nm, origi-
nating from the Eu® 4£°5d' — 4f transition™*, Fur-
thermore, the excitation spectrum at 650 nm reveals
a broad excitation band spanning wavelengths from
400 nm to 600 nm, enabling efficient excitation by
468 nm blue light. The absorption spectrum of the
sample was measured, with its primary absorption
range spanning 400 nm to 600 nm, exhibiting excel-
lent consistency with the excitation spectrum. Fig.
2b displays the emission spectra of CasGac0,4: xEu™
(x = 0-0. 02) under 468 nm blue light excitation. As
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Fig.2 (a) DRS, PLE and PL spectra of CasGagO,: 0.01Eu® at room temperature. (b) Emission spectra of CasGagO4: xEu™

(x = 0-0.02). (¢) Emission spectra of CasGag,Al0,4: 0.01Eu™ (y =0-0.4). (d) Quantum efficiency measurement of

CasGag,ALO,: 0.01Eu” (y = 0.2). (e) Diff use reflection spectrum of CasGag,ALO,,:0.01Eu™ (y = 0-0.4). (f) Blue

light absorption of CasGag,A1,0,,:0.01Eu™ (y = 0-0.4).
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the Eu doping concentration gradually increases, the
emission intensity exhibits an initial rise followed by
a decrease. Initially, higher doping concentrations
enhance luminescence intensity by increasing the
number of emission centers. However, when the dop-
ing concentration exceeds the optimal level, the in-
terionic spacing decreases, leading to enhanced in-
teractions between adjacent ions. Cross-relaxation
between energy levels becomes more probable, re-
sulting in concentration quenching and diminished
At CasGagO4: 0. 01Eu™

exhibits the strongest luminescence intensity, mak-

luminescence brightness.

ing this sample the optimal choice for subsequent ex-
perimental testing.

The quantum efficiency of phosphors is a criti-
cal parameter for their applicability in white light

LEDs. The of Ca5Ca6014:

0. 01Eu™ excited at 468 nm was measured, as shown

quantum efficiency
in Fig. S5, with a quantum efficiency of 17. 61%.
Clearly, this low quantum efficiency poses a signifi-
cant barrier to its application in white LEDs. There-
fore, enhancing the quantum efficiency of CasGagO4:
0. 01Eu™ phosphor is essential to better align with
the application requirements for solid-state lighting.
We adopted a strategy of ion substitution to alter the
local crystal field environment, aiming to improve
quantum efficiency. Here, we selected AI**, a homol-
ogous group element, to substitute Ga’ in the host
lattice. As its identical +3 valence ensures charge-
neutral isovalent doping, well-matched ionic radius
enables stable lattice incorporation without impurity
formation, and stronger Al-O bonds enhance host lat-
tice rigidity to suppress non-radiative transitions, all
of which are favorable for boosting the luminescence
efficiency of the phosphor. To investigate the effect
of AT”* substitution on the phosphor’s luminescence
properties, the emission spectrum of CasGag,AlyOl
4: 0. 01Eu™ (y = 0-0. 4) was measured upon 468 nm
excitation, as shown in Fig. 2c. The 4f — 4{°5d'

24]

electronic transition is parity-allowed *. Due to the
5d orbital’s sensitivity to the surrounding lattice en-
vironment, the Eu” 4f-5d transition exhibits broad
absorption and emission bands™. As the Al substi-

tution concentration increases, the phosphor emis-

sion intensity first rises and then decreases. At an
Al concentration of 0.2, the emission intensity of
CasGag,ALO: 0. 01Eu™ reaches its maximum, with
a measured quantum efficiency of 79. 2%, as shown
in Fig. 2d.

To investigate the reasons for increased light in-
tensity and quantum efficiency, diffuse reflectance
spectra were measured for CasGag,Al,04: 0. 01Eu™
(y = 0-0. 4), as shown in Fig. 2e. Its DRS absorp-
tion band corresponds well with the excitation spec-
trum, exhibiting an absorption band in the 400600
nm range that matches the emission band of the blue
light chip. The DRS specira demonstrate that the in-
troduction of A" modulates the light absorption ca-
pability of the material. As the Al'" substitution con-
centration increases, the blue light absorption of the
material first rises and then diminishes, as shown in
Fig. 2f. This trend aligns with the light intensity
trend depicted in Fig. 2c. At an A’ concentration
of 0.2, the highest diffuse reflectance indicates the
strongest absorption, with a measured quantum effi-
ciency of 79. 2% , representing a significant improve-
ment over the undoped state. The blue light absorp-
tion capacity of phosphors primarily depends on the
center-of-mass shift and the degree of crystal field
splitting ***. In CasGas,ALOy,: 0.01Eu™ (y = 0-
0. 4), the covalent nature of bonds with Eu’* ions re-
mains unchanged, and the shift in the center of mass
has little effect on the excitation band of the materi-
al. Therefore, the variation in blue-light absorption
of the material is primarily attributed to changes in
crystal field splitting degree. During Al™ substitu-
tion, since the ionic radius of AI** (0. 535 A) is small-
er than that of Ga™ (0. 62 A), partial replacement of
Ga™ by Al induces lattice contraction, enhancing
the crystal field strength around Eu™ . This slight in-
crease in crystal field strength can still alter the vi-
brational coupling state of energy levels, leading to
enhanced blue light absorption™.

The bandgap of the sample can be calculated
using the Kubelka-Munk equation™ :

F(R):“;RR)Z#(U
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Ahw = c(hy = E,)*#(2)
[wF(R.)] = A(w - E,)#(3)

Here, R denotes the reflection coefficient, hv
represents the photon energy, ¢ is the absorption con-
stant, and E, signifies the optical bandgap. As
shown in Fig. S6 (a) and (b), based on the relation-
ship between [F(R..) hv]'/* and 1240/\ for CasGas0,
4+ 0.01Eu”and CasGag,Al,0,4: 0. 01Eu™ (y = 0.2),
the relationship between [F(R..) hv]"””and 1240/\ re-
veals bandgaps of 2. 01 eV and 2. 14 eV, respective-
ly. This demonstrates that partial substitution of
Ga' ions by Al™ions broadens the phosphor band-
gap. The increase in material bandgap width con-
firms lattice contraction®™, which occurs because lat-
tice contraction reduces interatomic distances and
enhances electron orbital overlap”".

The operating temperature of phosphor-convert-
ed white LEDs typically reaches around 423 K, with
the temperature stability of phosphors limiting their

application potential™. Thermal quenching behav-
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ior is commonly caused by factors such as thermal
ionization, thermal relaxation, and crystal rigidity.
To better understand the temperature-dependent lu-
minescence characteristics of this sample, tempera-
ture-dependent emission of CasGag0yy4:

0.01Eu* and CasGag,AL0,:0. 01Eu™ (y=0. 2)were

spectra

measured from room temperature 298 K to 423 K
and above, with a step of 25 K, as shown in Fig. 3a
and Fig. 3b. Following Al'substitution for Ga™, the
thermal quenching effect in the samples markedly di-
minished, and thermal stability improved. As tem-
perature increased, the luminescence intensity of the
samples gradually decreased. Fig. 3c shows the
temperature dependence of the normalized emission
intensities for CasGag0,4:0. 01Eu™ and CasGag.,AlyO
14:0. 01Eu™ (y=0. 2). At the white LED operating
temperature of 423 K, the intensity of CasGagO4:
0. 01Eu™ is 22% of its room temperature intensity.
Following Ga substitution with Al, the sample’s in-
tensity at 423 K reached 60% of its value at room

temperature. Upon further heating to 473 K,
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Fig.3 (a) Temperature dependence emission spectra of CasGag0,: 0.01Eu™ (298-423 K).(b) Temperature dependence emis-
sion spectra of CasGag,Al,O4: 0.01Eu™ (y = 0.2). (¢) Normalized thermal quenching behavior of CasGagO,,: 0.01Eu™
and CasGag,ALO,:0.01Eu™ (y = 0.2). (d) TL spectra. (e) Fitted activation energy diagram for Ca;Gag,AL0,4:0.01Eu™
(y=0.2). (f) Mechanism of thermal quenching of CasGag0,4: 0.01Eu” and CasGag,A1,0,:0.01Eu™.
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CasGag ALO4: 0. 01Eu™ (y=0.2) exhibited 37% of
its room-temperature intensity, demonstrating strong
thermal quenching resistance due to the effective
suppression of non-radiative transitions. The superi-
of CasGag,AlOy:
0. 01Eu™ (y=0. 2) form the basis for its potential ap-

or luminescence properties
plication in white light LEDs.
To deeply elucidate the intrinsic mechanism of
the improved luminescence and thermal stability of
the phosphor after AI”* substitution, thermolumines-
cence (TL) spectra of the series of samples were
characterized to analyze the trap structure and carri-
er capture behavior of the materials. Since the ionic
radius of Al is smaller than that of Ga™in the
CasGagO 4 host lattice, lattice distortion changes and
slight lattice contraction occur due to variations in
the average ionic radius r when A’ is doped to re-

33 . .
*1 Furthermore, cation disorder can form

place Ga’
deep-level trap defects, which serve as electron cap-
ture centers in the conduction band, enabling charge

.34
level compensation™.

To quantitatively characterize
the depth and density of these trap defects induced
by cation disorder, TL. spectra were measured over
the temperature range from 298 K to 473 K, as
shown in Fig. 3d. The trap depth E; can be calculat-

ed using the following formula:

T,
Er =00 *4)

The temperature at which maximum intensity
occurs, Tm, is expressed in kelvins (K). The E; val-
ues are approximately 0.712 eV and 0.833 eV.
Compared to undoped phosphors, phosphors doped
with AI* exhibit a significant increase in both the
number and depth of traps. Further clarification is
needed regarding the impact of trap depth on ther-

mal quenching™.

At room temperature, the elec-
trons of Eu® are excited from the 4f ground state to
the 5d excited state. A portion of these excited elec-
trons is then ionized into the conduction band (CB)
and subsequently captured by shallow or deep traps.
As temperature increases, non-radiative transitions
dominate the decay process in CasGag0,4:0. 01Eu™,

resulting in poor thermal stability. Conversely, for

CasGag AL O,: 0. 01Eu” (y = 0.2), cation disorder

generates additional deep traps , electrons excited in
this system are captured by deep traps. This process
compensates for more electrons during emission,
thereby reducing nonradiative transitions and en-
hancing thermal quenching resistance.

Activation energy is commonly used to describe
the ease or difficulty of chemical reactions or physi-

B9 The thermal quenching activation

cal processes
energy AE represents the energy barrier that excited-
state electrons must overcome to transition from radi-
ative to non-radiative processes. At lower tempera-
tures, excited electrons primarily return to the

. . L 37
ground state via radiative transitions"".

As tempera-
ture increases, these excited electrons become more
likely to overcome the AE energy barrier, triggering
non-radiative transitions and consequently reducing
luminescence intensity. Therefore, AE serves as a
key indicator of thermal stability; a higher AE value
makes it more difficult for electrons to overcome the
non-radiative transition barrier, thereby enhancing

2538 Temperature stability is

radiative emission
closely related to activation energy, where high acti-
vation energy typically indicates superior thermal
stability in materials. Activation energy (AE) can be

obtained using the Arrhenius equation:

AE

1= IU|:1 + Aexp( - KT):‘ #(5)

Here, k is the Boltzmann constant, ¢ is the pre-ex-
ponential coefficient, AE is the activation energy, and
I} and I are the integrated intensities at a specific tem -
perature and room temperature, respectively. Fitting
reveals of 0.315 eV for
CasGag AlyO4: 0. 01Eu™ (y = 0. 2), with fitting results

an activation energy
shown in Fig. 3e. The superior luminescent properties
of CasGag,ALO4: 0. 01Eu™ (y = 0. 2) form the basis for
its potential application in white light LEDs. Consider-
ing that thermal quenching behavior is closely related
to non-radiative transitions in electron-phonon interac-
tions, schematic diagram of the thermal quenching
mechanism is further provided, as shown in Fig. 3f.
As temperature increases, excited electrons must reach
the intersection point with the ground state to release

phonons and return to the ground state via non-radia-
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tive transitions, thereby generating thermal quenching
B>%1 " When excited by 468 nm light, electrons in the
ground state 4f7 can transition to the excited state 5d
via pathway 1. The excited electrons relax to the equi-
librium position (point C) through the lattice via path-
way 2, then return to the 4f7 ground state via pathway
3, resulting in 650 nm red light emission. During this
process, electrons reach the equilibrium position
through lattice relaxation. As temperature increases,
electrons in the excited state couple with thermally ac-
tivated phonons. The energy of these excited electrons
can then reach the intersection point of the 4f and 5d
curves, allowing them to return to the ground state.
Higher activation energy makes it more difficult for
electrons to overcome the energy barrier for non-radia-
tive transitions, increasing the likelihood of returning to
the ground state via radiative transitions and enhancing

thermal stability. Calculations indicate that the

a
CCT=4002K
Ra=95.5
CasGae-yAlyOw: 0.01EU?*(y = 0.2)

| InGan Chip
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AE, value for CasGag0,4:0. 01Eu™ is 0.261 eV lower
than that for CasGag,ALO 14:0. 01Eu™ (y = 0.2), as
shown in Fig. S7. This suggests that partial substitu-
tion of Ga™ with Al enhances the sample’s resistance
to thermal quenching.
3.3 Application

Under blue light chip excitation, the CasGa
6ALO4: 0. 01Eu™ (y=0. 2) red phosphor exhibits po-
tential for achieving high color rendering index when
applied as a red phosphor in white LEDs. To vali-
date the practical application value of CasGag,Al;0,
4 0.01Eu™ (y=0.2), this red phosphor was com-
bined with commercial yellow-green phosphor Y;(Al,
Ga);0y,: Ce™ and blue InGaN chips to fabricate
white LED devices. Fig. 4a shows the electrolumi-
nescence spectrum of the packaged white LED. Tt is
evident that CasGag,Al,0,,: 0. 01Eu™ (y=0. 2) effec-

tively compensates for the red deficiency in the full

K4 (a) FIYELED (#5605 H +YAG: Ce3++Ca5Ga5.8A10.2014: 0.01Eu2+) 1 L BG4 5 (b) 1% LED %5 14 19 €8 )3 Ak 45
Bl s () EAIR EYE LED B R A4 Bo 4 xt b B (22 6 B 5 YAG : Ce3+; A M R Ya i A5 YAG: Ce3+

VA F Ca5Ga5.8A10.2014: 0.01Eu2+,

Fig.4 (a) Electroluminescence spectrum of white light LED blue light chip + YAG: Ce™+CasGasgAly,0,: 0.01Eu™ (y = 0.2).

(b) CIE chromaticity diagram. (¢) Comparison of dolls under different white LED lighting (The left side of the figure
shows the blue light chip and YAG: Ce’, The right side of the figure shows the blue light chip with YAG: Ce™ and

CasGas gAly,0,,: 0.01Eu™.
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spectrum. This white LED exhibits a high color ren-
dering index of 95. 5 and a low correlated color tem-
perature of 4002 K. Fig. 4b displays the CIE coordi-
nates of the fabricated white LED at (0.3816,
0. 3813), positioned within the white light region.
Fig. 4c compares photographs of physical objects il-
luminated by the two white LED light sources. The
left image in Fig. 4c¢ shows an object illuminated by
a white LED using a blue chip and commercial YAG:
Ce™ phosphor. The higher color temperature and
greater blue light component result in a cool white
appearance in the photograph. The right image in
Fig. 4c shows an object photographed under illumi-
nation from a white LED using a blue light chip,
commercial yellow-green phosphor, and CasGas.,Al,O
14:0. 01Eu™ (y=0. 2)red phosphor. The reduced blue
light component in this white light results in a warm-
toned appearance. In contrast, this white LED
achieves warm white illumination while maintaining

a high color rendering index, significantly enhancing

the quality of life for users.

4  Conclusions

A red phosphor CasGag0,,: Eu* with a longer
emission wavelength was synthesized via the high-
temperature solid-state method. Excited by 468 nm
blue light, the phosphor exhibits a luminescence cen-
ter at 650 nm, with an emission range spanning 550-
800 nm. Through the substitution of Ga’ ions via
Al ions, the structural rigidity of thehost lattice was
enhanced, thus improving the thermal stability of the
phosphor. Combined with diffuse reflectance spec-
troscopy  analysis, this cation-tuning strategy
strengthened Eu™ blue light absorption capability,
thereby increasing the phosphor’s quantum efficien-
cy from 17.61% to 79.2%. When paired with a
commercial yellow-green phosphor Y;(Al, Ga)sO,:
Ce™ and a blue light chip, the white LED achieved a
color rendering index (CRI) of 95. 5 and a correlated
color temperature (CCT) of 4002 K, delivering high-

CRI warm white illumination.
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