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Cr**-activated phosphors, with their 3d* electronic configuration, efficiently absorb blue/violet light and
emit deep to far-red wavelengths, perfectly matching the optimal absorption bands for plant growth. In
this work, we report the synthesis of YsAlsO1,—-YAIO3:1.3%Cr* (YAG-YAP:Cr**) phosphors exhibiting
a broad emission spanning deep to far-red light, closely aligned with the far-red phytochrome (P,)
absorption spectrum in plants. The optimized sample, sintered at 1600 °C for 5 hours, demonstrates
outstanding photoluminescence performance, including an exceptional activation energy of 0.34 eV,

a long luminescence lifetime of 1.86 ms, perfect color purity (100%), and a high internal quantum
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Accepted 25th July 2025 efficiency of 74.9%. A prototype plant-growth LED was fabricated by coating this phosphor onto

a 415 nm violet LED chip, achieving a strong spectral overlap (65% SR index) with the Py absorption
band. These results demonstrate that YAG-YAP:Cr®" phosphors are highly promising candidates for
efficient, targeted far-red LEDs tailored for enhanced plant cultivation.
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1. Introduction

Environmental challenges such as extreme weather and pest
outbreaks increasingly threaten outdoor agriculture, driving the
critical need for indoor cultivation in modern horticulture.* As
a result, extensive research has been conducted to address this
issue.”® Light plays a vital role in many aspects of our lives. For
instance, certain organic optical materials that emit in the near-
infrared region have been developed and are used in the treat-
ment of various diseases.*® Notably, light is also a fundamental
factor in plant growth, with key pigments including chlorophyll
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A, chlorophyll B, red phytochrome (P,), and far-red phyto-
chrome (Pg), sensitive to blue (400-500 nm), red (620-690 nm),
and far-red (700-740 nm) wavelengths.®® These wavelengths are
essential for photosynthesis, phototropism, and photomor-
phogenesis,®® making tailored light sources vital for effective
indoor farming. Light-emitting diodes (LEDs) have become
preferred plant light sources due to their brightness, compact-
ness, longevity, energy efficiency, low heat, and tunable
spectra.>**™ Yet, high costs, thermal instability, and inconsis-
tent drive voltages limit their broader application.®'* Phosphor-
converted LEDs (pc-LEDs), which combine phosphors with
excitation sources, offer a promising alternative." The growing
demand for specialized blue, red, and far-red lighting to
support various plant growth stages has fueled research into far-
red LEDs, specifically targeting the Ps absorption region.™
Notable Cr**-doped phosphors that have been investigated
include ZnGa,0,:Cr*" (emission wavelength, A, ~710 nm),"*
SIMgAl;40;5:Cr*" (Aem ~695 nm),"> NazAlFg:Cr'* (Jem ~720
nm),"* ZnAl,O4:Cr’" (Aem ~698 nm),° BaMgAl;,0,7:Cr’" (Aem
~696 and 726 nm).** The Cr’" ions are widely recognized as an
effective activator for deep to far-red emission due to its 3d*
electron coordination, which enables absorption of blue and/or
violet light and emission in the deep to far-red region. Thus,
Cr’" ions, with their 3d* configuration, efficiently absorb blue/
violet light and emit deep to far-red light, aligning closely
with the plant Pg spectrum, making them ideal activators for
far-red phosphors.”*>* In addition, the host lattice plays

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a critical role in determining the optical properties of
phosphors.***# Y;Al;0,, (YAG) garnet, a wide-bandgap material,
is widely used in commercial white LEDs due to its excellent
physical, chemical, and mechanical stability.*>?* Although Cr**-
doped YAG phosphors emit intense deep-red light (650-750 nm,
peak at ~693 nm) for deep-red phytochrome applications,'®?*>*
their limited far-red coverage reduces efficiency in plant-growth
LEDs.>*?® In contrast, YAIO; (YAP):Cr’" phosphors exhibit the
strong far-red region (670-800 nm, peak ~745 nm),>*" closely
aligning with the Py absorption spectrum in plants. Therefore,
combining YAG and YAP lattices in Cr**-doped YAG-YAP
composite phosphors offers a promising strategy to broaden
emission across the deep-to-far-red range, enhancing compati-
bility with plant phytochrome responses.

In this work, Y;Al;04,-YAlO;:Cr** phosphors emitting across
the deep to far-red region were synthesized using a simple solid-
state reaction method. The effects of heat treatment and Cr**
concentration on the crystal structure, morphology, and optical
properties were investigated. The occupation of Cr*" ions at
octahedral sites, along with decay time, color purity, and
thermal stability, was analyzed. A prototype LED, fabricated by
combining YAG-YAP:Cr** with a 415 nm chip, exhibited
broadband emission aligned with the P, absorption spectrum
of plants. In addition, the internal quantum efficiency (IQE) of
the phosphor was evaluated in detail.

2. Experimental

2.1. Materials

Yttrium(u) oxide (Y,03, 99.9%), chromium(m) chloride hexa-
hydrate (CrCl;-6H,0, 99.9%), and aluminium oxide (Al,O3,
99.9%) were procured from Sigma-Aldrich and used as received.
Deionized water was also utilized.

2.2. Synthesis of Y;Al;0,,-YAlO;:Cr** phosphor and the
LEDs packaging process

YAG-YAP:x% Cr** phosphors (x = 0.2-3.0) were synthesized
using a simple solid-state reaction technique. Initially, Y,O;,
Al,O; and CrCl;-6H,0 in varying molar ratios were dispersed in
75 mL of deionized water and stirred magnetically for 30
minutes. The mixture was then heated at 200 °C under ambient
conditions until the water completely evaporated. The resulting
dry powder was finely ground using a high-energy planetary ball
mill at 200 rpm for 30 minutes. Finally, the powder was
annealed in air at temperatures ranging from 1000 to 1600 °C to
synthesize the YAG-YAP:Cr’* phosphors.

The optimized YAG-YAP:Cr*" phosphors were coated onto
a 415 nm violet LED chip to fabricate a plant-growth LED. The
packaging process followed the procedure detailed in our

previous studies.®**

2.3. Characterization

The surface characteristics and elemental distribution were
investigated using field emission scanning electron microscopy
(FE-SEM, JEOL JSM-7600F). High-resolution structural analysis
was conducted using a JEM-2500SE (JEOL) transmission
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electron microscope (TEM) operated at an accelerating voltage
of 200 kV. The structural properties of all samples were analyzed
using X-ray diffraction (Siemens D6000) with Cu K, radiation (4
= 0.154 nm), employing precise step increments of 0.02° across
the 26 range of 15-75°. The Fourier transform-infrared spec-
troscopy (FT-IR, Spectrum Two, Perkin Elmer-USA) was
employed to analyze the chemical bonds within the materials.
The energy levels associated with Al, Y, O, and Cr were examined
using a Ko X-ray photoelectron spectrometer system (XPS,
Thermo Scientific, USA). The photoluminescence (PL) and
excitation photoluminescence (PLE) spectra of all samples were
analyzed using a fluorescence spectrophotometer (NanoLog,
Horiba) powered by a 450 W Xenon lamp. Finally, the optical
properties of the LED devices were assessed using a Gamma
Scientific GS-1290 spectroradiometer (RadOMA). All measure-
ments were conducted under ambient conditions.

3. Results and discussions

3.1. XRD pattern, FESEM image, and EDS spectrum

Fig. 1a presents the XRD pattern of Y;Al;0,-YAlO5:1.3% Cr**
phosphor synthesized at 1600 °C for 5 h in air, revealing two
main phases of Y3;Al;0;, (YAG) and YAIO; (YAP). The major
characteristic peaks at the 26 angle of 18.07°, 20.84°, 27.73°,
29.60°, 33.34°, 35.15°, 36.56°, 38.22°, 41.13°, 42.63°, 46.60°,
52.70°, 55.06°, 56.18°, 57.30°, 61.70°, 69.96°, and 71.98° corre-
spond to (211), (220), (321), (400), (420), (332), (422), (431), (521),
(440), (532), (444), (640), (721), (642), (800), (840), and (842)
planes of the Y3Al;0;, cubic structure (JCPDS No 33-0040).>>*
The remaining peaks are attributed to the orthorhombic YAIO;
phase (JCPDS No 33-0041).** Fig. 1b presents the Rietveld
refinement analysis of the same sample, confirming the coex-
istence of YAG and YAP phases. The low value of x> (~1.58)
confirms excellent agreement between the experimental and
calculated patterns, validating the structural model. Fig. 1c
displays the XRD patterns of YAG-YAP:1.3% Cr’* phosphors
synthesized at various temperatures ranging from 1000 to
1600 °C. The formation of YAG and YAP phases begins at 1300 °©
C, with improved crystallinity observed at higher annealing
temperatures. Fig. 1d illustrates the XRD patterns of YAG-
YAP:x% Cr*" (x = 0.2-3.0) phosphors annealed at 1600 °C. A
noticeable shift of the (211) peak toward lower 26 values with
increasing Cr** contents suggests the incorporation of larger
Cr** ions in place of smaller host ions within the YAG-YAP
lattices.

The difference between the host ionic radius of the host ion
and that of the dopant (D,) can be estimated using eqn (1):*

_ |Rn(CN) — R4(CN)|
a R (CN)

D, x 100% (1)
where CN is the coordination number, R,(CN) and R4(CN) are
the ionic radii of the host and dopant ions, respectively. For Cr**
ions (CN = 6, r = 0.62 f&), the calculated D, values when
substituting AI** ions in tetrahedral (CN = 4, r = 0.39 A), octa-
hedral (CN = 6, r = 0.535 A) and Y*" sites (CN = 8, r = 1.019 A)
are 58.97%, 15.88% and 39.15%, respectively. It has been re-
ported that substitutional doping is likely to occur when the D,
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Fig. 1 (a) XRD pattern, (b) Rietveld refinement of the YAG-YAP:1.3% Cr** sample. (c & d) XRD patterns of YAG-YAP:Cr®* annealed at different
temperatures in the range of 1000-1600 °C and doped at various concentrations of Cr**. (e) Graphical representation of the YAlsO15 garnetand
YAIO3 perovskite structures. (f) [AlO4] tetrahedra, [AlOg] octahedra, and [YOg] sites occupied by constituent Cr** ions.

value does not exceed 30%.® This suggests that Cr** ions pref-
erentially substitute AI*" ions in [AlOg] octahedral sites, rather
than in [AlO,] tetrahedra or [YOg] enneahedral sites within the
YAG and YAP lattices. These findings are further supported by
the crystallographic model generated using VESTA sorfware, as
depicted in Fig. 1e, which illustrates the substitution of smaller
AI** ions (CN = 6, r = 0.535 A) by the larger Cr** ions (CN =6, r
= 0.62 A) within the YAG and YAP lattices (Fig. 1f).

To confirm it, Rietveld refinement was performed on YAG-
YAP:x% Cr’" (x = 0.2-3.0) samples, with the results shown in
Fig. 2. The refined lattice parameters and unit cell volumes of
(v1) and YAP (V,) for YAG-YAP:x% Cr*" samples annealed at
1600 °C for 5 hours in air are summarized in Table 1. The
consistently low x> values confirm excellent agreement between
the experimental data and the calculated patterns. As shown in
Table 1, both V; and V, increase progressively with rising Cr**
concentration, indicating the substitution of smaller AI’* ions
by larger Cr*" ions within the YAG-YAP lattices.

27336 | RSC Adv, 2025, 15, 27334-27344

Fig. 3a-f show the FESEM image of YAG-YAP:1.3% Cr’**
samples annealed at various temperatures ranging from 1000 to
1600 °C for 5 hours in air. A clear increase in particle size is
observed with rising annealing temperature, likely due to the
agglomeration of smaller particles.**” At 1600 °C, the particles
grow to sizes of approximately 1-2 um, which is well-suited for
phosphor-converted LED (pc-LED) applications.*® The EDS
spectrum in Fig. 3g confirms the presence of Y (16.36%), Al
(13.63%), O (69.90%), and Cr (0.11%) without detectable
impurities, indicating high sample purity. Furthermore, EDS
elemental mapping (Fig. 3h) reveals a uniform distribution of
all constituent elements within the YAG-YAP:1.3% Cr**
phosphor.

3.2. HRTEM analysis

To confirm the presence of both YAG and YAP phases in the
sample, TEM, selected area electron diffraction (SAED), and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The Rietveld refinement analysis for YAG=YAP:x% Cr®* (x =

0.2-3.0) samples annealed at 1600 °C for 5 hours in air.

Table 1 Lattice parameters and unit cell volumes of YzAlsO,, (V4) and
YALOs (V5) in the YAG-YAP:x% Cr** (x = 0.2-3.0) phosphors annealed
at 1600 °C for 5 hours in air

Y,Al:O;, YAIO,

%Crt a=b=c V, a b c Vs X

0.2 12.0093 1732.057 5.1803 5.3274 7.3720 203.449 2.39
0.4 12.0095 1732.109 5.1806 5.3274 7.3720 203.463 1.65
0.6 12.0103 1732.454 5.1805 5.3291 7.3724 203.536 2.52
1.0 12.0108 1732.700 5.1812 5.3310 7.3743 203.691 2.50
1.3 12.0108 1732.700 5.1812 5.3310 7.3743 203.691 1.58
1.5 12.0110 1732.762 5.1812 5.3311 7.3743 203.692 1.48
3.0 12.0126 1733.450 5.1829 5.3354 7.3779 203.825 2.81

high-resolution TEM (HRTEM) analyses were conducted. The
TEM image (Fig. 4a) reveals a polycrystalline microstructure.
The SAED pattern (Fig. 4b) exhibits distinct diffraction rings,
which can be indexed to the cubic YAG and orthorhombic YAP
structures. Detailed examination of the yellow-boxed regions in
Fig. 4c confirms the presence of well-defined polycrystalline
domains. Fast Fourier Transform (FFT) patterns from the red-
boxed areas (Fig. 4d and f) exhibit symmetrical diffraction
spots, while the corresponding inverse FFT (IFFT) images
(Fig. 4e and g) reveal a well-ordered atomic lattice. The observed
interplanar spacings of 0.269 nm and 0.250 nm correspond to
the (402) and (210) planes of YAG and YAP, respectively.*>*
These results provide clear structural evidence for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coexistence of YAG and YAP phases, in strong agreement with
the XRD analysis.

3.3. XPS spectra investigation

Fig. 5 illustrates the XPS spectra of YAG-YAP:1.3% Cr*" phos-
phors synthesized at 1600 °C for 5 h in air. The full-range scan
(Fig. 5a) reveals characteristic peaks corresponding to Y, Al, O,
and Cr, with no detectable impurities apart from the C 1s signal
at 284.6 eV, attributed to surface contamination (Fig. 5b). The
high-resolution Y 3d spectrum (Fig. 5¢) shows two spin-orbit
doublets at 156.7/158.8 €V and 157.4/159.4 eV, corresponding to
Y-O bonds in the YAG and YAP lattices, respectively.*** The Al
2p spectrum (Fig. 5d) reveals four deconvoluted peaks at 73.2,
73.6,73.9, and 74.6 eV. Peaks at 73.2 and 73.9 eV (Al 2ps/, and Al
2p4/,) are assigned to Al-O bonds in the YAG structure, while
those at 73.6 and 74.6 eV correspond to Al-O bonds in the YAP
phase.*** In the O 1s spectrum (Fig. 5e), three peaks at 529.9,
531.4, and 532.9 eV are observed, attributed to metal-oxygen
bonds (Y-O and Al-O) and adsorbed oxygen species.**** The Cr
2p spectrum (Fig. 5f) shows two prominent peaks at 577.1 and
585.9 eV, corresponding to Cr 2p;/, and Cr 2p,,, respectively.
The observed spin-orbit splitting of 8.8 eV confirms the Cr**
oxidation state.”> Collectively, the XPS analysis confirms the
successful incorporation of Cr*" ions into both YAG and YAP
host lattices. Additional details, including binding energies, full
width at half maximum (FWHM), and spin-orbit splitting
values, are provided in Table S1 of the SI. Moreover, the pres-
ence of Al-O and Y-O bonds is further corroborated by the FTIR
results shown in Fig. S1 of the SI.

3.4. Photoluminescence and excitation photoluminescence

Fig. 6a describes the PLE spectrum measured at 695 nm of the
YAG-YAP:1.3% Cr*" phosphors sintered at 1600 °C for 5 h. The
PLE spectrum exhibits three broad excitation bands peaking at
approximately 275, 423, and 602 nm, corresponding to the 0>~

Cr’* charge transfer band (CTB), and the “A, — *T; (F), and “A,
— T, of Cr** ions, respectively.**?**?* The PL spectrum (Fig. 6b)
exhibits a broad 620-800 nm emission. This emission is
resolved into two distinct bands in Fig. 6c: a deep-red peak at
695 nm attributed to the >E — A, transition of Cr*" in the YAG
lattice,"** and a far-red peak at 733 nm from the same transi-
tion in the YAP lattice.?® The energy-level splitting of Cr** ions is
further explained using the Tanabe-Sugano diagram, which
relates the splitting to the crystal field strength, defined by the
Dgy/Bratio, where D is the ligand-field splitting parameter and B
is the Racah parameter.” These values are derived from the
excitation bands in Fig. 6a using the following eqn (2)-(4):**

E(*A; —'T>)
T @
_E('A —*Ty(F)) — E(*Ay —*Ty)
x = D, (3)
Dy  15(x-38)
B x2—10x @
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Fig. 3 (a—f) FESEM images of the YAG-YAP:1.3% Cr** sample annealed at different temperatures in the range of 1000-1600 °C (g & h) EDS and
EDS mapping spectra of the YAG-YAP:1.3% Cr®* sample annealed at 1600 °C.

As shown in Fig. 6d, the estimated Dy/B value of 3.2 (>2.3)
confirms that Cr’" ions occupy [AlOg] octahedral sites in
a strong crystal field,*” with the lowest excited state being the *E
level. This leads to PL spectra featuring sharp R-line transitions
and phonon sidebands.* Thus, the absorption and emission
mechanisms of Cr*" in YAG and YAP are illustrated in Fig. 6e.
Fig. 6f presents the PL spectra of YAG-YAP:1.3% Cr*>" annealed
at 1000-1600 °C for 5 h. While the spectral shape remains
consistent, PL intensity increases with temperature, peaking at
1600 °C, which is attributed to enhanced phase formation and
improved Cr** diffusion into [AlOg] sites.'™*” Fig. 6g shows PL
spectra (Aex = 423 nm) of YAG-YAP:x% Cr’* (x = 0.2-3.0)
samples annealed at 1600 °C. Emission intensity rises with Cr**
content up to 1.3% due to increased emission centers,'>** but
decreases at higher concentrations from concentration
quenching.**® At >1.3%, Cr’" ions are closer than the critical
distance (R.), enabling non-radiative energy transfer."*** PLE
spectra in Fig. S2 of the SI further confirm that the YAG-
YAP:1.3% Cr** sample annealed at 1600 °C yields the highest
excitation and emission intensities.”*

3.5. Color purity, lifetime, thermal stability, and internal
quantum efficiency of phosphors

The chromaticity coordinates of the YAG-YAP:x% Cr’** (x = 0.2—
3.0) phosphors synthesized at 1600 °C were calculated using
Color Calculator software, with results summarized in Fig. 7a
and Table 2. All coordinates fall beyond the boundary of the red

27338 | RSC Adv,, 2025, 15, 27334-27344

region in the CIE 1931 chromaticity diagram, indicating excel-
lent red color purity. The color purity was quantitatively evalu-
ated using eqn (5):*>

V= x) + 0 — 0y
\/(xd —x) (o =)’

Here, (x, y) are the chromaticity coordinates of the phosphor
emission, (x;, ;) = (0.3333, 0.3333) represent the white illumi-
nant,* and (x4, y4) correspond to the dominant wavelength
extracted from the emission spectra in Fig. 6g. As shown in
Fig. 7a and Table 2, all samples exhibit a calculated color purity
of 100%, confirming their superior color purity.®*"3>

Fig. 7b shows the PL decay curves of the YAG-YAP:x% Cr** (x
= 0.2-1.5%) samples under 423 nm excitation. These samples,
annealed at 1600 °C for 5 hours in air, display decay profiles that
are well-fitted using a bi-exponential model due to the presence
of two distinct Cr’* centers within the YAG and YAP lattices. The
decay behavior is described by eqn (6):**'*

Color purity =

(5)

N it
I(t) = A1t 7 + Ayt = (6)

where I(t) is the PL intensity at time ¢, A; and A, are constants,
and 7, and 7, are the lifetimes of the respective decay compo-
nents. The average lifetime () is calculated using eqn (7):*****

_ Ayt + Ayto?

=211 T2 7
Ayt + Ay @)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) TEM image, (b) SAED pattern, and (c) high-resolution TEM (HR-TEM) magnified image confirm the coexistence of YzAlsO1, and YAIOs

dual-phase structures. (d—g) FFT and IFFT images corresponding to lattice plane fringes of both Y3AlsO4, va YAIOs phases.
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The corresponding average lifetime values are listed in Table
2. A clear trend is observed: the lifetime decreases from 2.08 ms
to 1.81 ms as the Cr’" concentration increases from 0.2% to
1.5%. This reduction is attributed to enhanced energy transfer
interactions among closely spaced Cr®* ions at higher doping
levels.'*>?

Thermal stability is a critical parameter for evaluating
phosphors performance in LED applications. Fig. 7c presents
the PL spectra of the optimized YAG-YAP:1.3% Cr*" phosphors,
measured at various temperatures ranging from 30-190 °C.
While the spectral shape remains largely unchanged, the
emission intensity gradually decreases with increasing
temperature. As shown in Fig. S3, the luminescence lifetime of
the YAG-YAP:1.3% Cr*" phosphors decreases from 1.86 ms to
1.25 ms, indicating that the reduced emission intensity at
elevated temperatures is primarily due to thermally activated
non-radiative transitions.** The thermal quenching behavior is
further illustrated in Fig. 7d and e, where the integrated PL
intensity at 150 °C retains approximately 56.2% of its initial
value at 30 °C. This retention reflects a thermal stability of
56.2%, outperforming several other Cr**-doped far-red-emitting
phosphors, such as SrMgAl,,0,,:Cr*" (34.49%), ScBO;:Cr’*
(51%),%® Ca,LuZr,Al;0,,:Cr’* (51.22%).° These results confirm
the excellent thermal stability of the synthesized phosphors,
highlighting their strong potential for LED applications.
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processes in Cr>* doped YAG-YAP phosphors. (f) PL spectra of the YAG—

of YAG-YAP:x% Cr** (x = 0.2-3.0) phosphors synthesized at 1600 °C.

To further assess thermal stability, the activation energy (E,)
of thermal quenching was determined using the Arrhenius eqn
(8):9‘55

— (8)

This can be linearized as:**®

IO Ea

27340 | RSC Adv, 2025, 15, 27334-27344

YAP:1.3% Cr®* sample treated at various temperatures and (g) PL spectra

where I, is the initial PL intensity at room temperature, I is the
PL intensity at a given temperature 7 (in Kelvin), A is a constant,
and k is the Boltzmann constant (k = 8.62 x 10> eV K *). The
Arrhenius plot of In(Z,/I — 1) versus 1/T is shown in the inset of
Fig. 7e. From the slope of the linear fit, the activation energy for
the YAG-YAP:1.3% Cr** phosphor is determined to be approx-
imately 0.34 eV. This value is notably higher than those reported
for other Cr**-doped phosphors, including SrMgAl;,0,,:Cr**
(0.289 eV),* Ca,LuZr,Al;0,:Cr** (0.073 €V),’ and LaSc,oYq -
B4O1,:Cr*" (0.288 eV),” indicating that YAG-YAP:1.3% Cr’*
phosphors possess excellent thermal stability. A schematic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) CIE chromaticity coordinates, (b) lifetime, (c & d) temperature-dependent PL spectra and 3D PL contour mapping spectra, (e)
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spectra of a 415 nm LED chip before and after phosphor coating, with inset images displaying the fabricated LED in both off and on states, (h)
emission spectrum of the fabricated LED with the absorption spectrum of Py, with the inset displaying the SR index in the far-red region.

illustration of the thermal quenching mechanism is presented
in Fig. 7f. Upon excitation at 423 nm, electrons are promoted
from the *A, ground state to the *T; excited state, and subse-
quently relax to the “T, state through non-radiative
processes.*®*® From there, they transition to the long-lived *E
level, which subsequently decays radiatively to the *A, ground
state, producing deep-red to farred emission (R, — R).
However, at elevated temperatures, a portion of the excited

electrons in the “T, state may reach a crossover point (C)
between the *T, excited state and the “A, ground state, allowing
non-radiative relaxation directly to the ground state via the C —
R path.?* This thermally activated deactivation process accounts
for the observed decrease in PL intensity with increasing
temperature, as depicted in Fig. 7c.

To demonstrate the practical performance of the far-red
phosphor-converted LED, the YAG-YAP:1.3% Cr’* phosphor

Table 2 Color coordinates (x, y), color purity, and average lifetimes at 695 nm of YAG-YAP:x% Cr®* (x = 0.2-1.5) phosphors

Cr** concentration

(% mol) Chromaticity coordinates (x, y) Color purity (%) Lifetime at 695 nm (ms)
0.2 (0.7235, 0.2746) 100 2.08

0.4 (0.7245, 0.2753) 100 2.03

0.8 (0.7257, 0.2742) 100 —

1.0 (0.7256, 0.2743) 100 2.02

1.3 (0.7258, 0.2741) 100 1.86

1.5 (0.7258, 0.2741) 100 1.81

3.0 (0.7260, 0.2739) 100 —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Internal quantum efficiency (IQE) of far red-emitting phosphors in previous reports

Emission wavelength Excitation wavelength Activation
Phosphors (nm) (nm) energy (eV) IQE (%) Ref.
NaMgLaTeOG:Mn“ 703 365 0.255 57.43 36
K,Ga,Sng0;:Cr** 830 450 — 48.0 60
K,NaScF4:Cre* 765 435 — 74.0 61
7ZnGa,04:Cr** 710 405 — 52.8 62
La,LiSbOs:Mn*", Bi** 711 491 — 58.71 63
La,MgZrOg:Cr** 825 460 0.089 58.0 64
BaLaZnTaOgMn* 695 350 — 16.1 65
K,NaInF:Cr** 774 439 0.306 70.2 66
CaGdAlO,:Mn** 715 349 — 45.0 67
LigCaLa,Nb,0;,:Eu** 610 393 0.19 65.0 68
CazLa,W,0,,:Mn*" 711 360 0.38 47.9 69
Y;Al;0,,-YAIO,:Cr?* 695 and 733 423 0.34 74.9 This work

was coated onto a violet LED chip (415 nm). The resulting
electroluminescence (EL) spectrum, shown in Fig. 7g, displays
a broad emission band in the deep red to far-red region (650-
800 nm), attributed to the Cr’* emission from the phosphor.
Additionally, a sharp peak at 415 nm corresponds to the exci-
tation light from the underlying LED chip. The internal
quantum efficiency (IQE) of the phosphor was determined
using the following expression:**->*

J Ls
JEr — [ Es

where, [Lg is the integrated PL spectrum of the YAG-YAP:1.3%
Cr*" phosphor. [Es and [Ey represent the integrated PL spectra
of the violet LED chip with and without the phosphor coating,
respectively.”® The calculated IQE is approximately 74.9%,
which is considered high and superior to many reported Cr**-
doped phosphors, as detailed in Table 3. Fig. 7h compares the
emission spectrum of the YAG-YAP:1.3% Cr** phosphor coated
violet LED with the absorption spectrum of phytochrome Py,. To
assess spectral compatibility, the overlap ratio in the deep red to
far-red region was quantified using the spectrum resemblance
(SR) index, defined as follows:*

IQE = (10)

[ P(R)d2
[ P phytochrome Py, (A)d;{

where, P(A) represents the emission intensity of the phosphor,
and Pphytochrome p, (4) corresponds to the absorption profile of
phytochrome Pg.. As shown in the inset of Fig. 7h, the calculated
SR value is ~65%, indicating a strong spectral match between
the phosphor's emission and the absorption of Pg.*® This
significant overlap emphasizes the excellent potential of the
YAG-YAP:Cr** phosphor for plant-targeted LED lighting,
particularly in applications aimed at optimizing photomor-
phogenic responses in plants.

x 100%

(11)

SRphylochrome Py —

4. Conclusion

Y;Al;0,,-YAIO;:Cr*" phosphors were successfully synthesized
via a conventional solid-state reaction method. Structural
analysis confirmed that Cr** ions preferentially occupied the
[AlO¢] octahedral sites in both the YAG and YAP lattices, where

27342 | RSC Adv, 2025, 15, 27334-27344

they experienced strong crystal field effects. Upon excitation at
423 nm, the phosphors exhibited dual emissions in the deep
red and far-red spectral regions, with characteristic peaks at
695 nm and 733 nm arising from the spin-forbidden *E — “*A,
transition of Cr** ions in the YAG and YAP hosts, respectively.
The optimized Y;Al;01,-YAlO3:1.3% Cr*" sample, synthesized
at 1600 °C for 5 hours in air, demonstrated superior lumines-
cent performance, including a high internal quantum efficiency
(IQE) of 74.9%, an activation energy of 0.34 eV, a long photo-
luminescence (PL) lifetime of 1.86 ms, and a color purity of
100%. To validate its practical application, the optimized
phosphor was integrated with a 415 nm violet LED chip to
fabricate a far-red pc-LED prototype. These findings underscore
the excellent optical properties and thermal robustness of YAG-
YAP:Cr*" phosphors, confirming their strong potential for use
in plant-targeted LED lighting systems, particularly for appli-
cations requiring deep red to far-red spectral output to enhance
photomorphogenic responses in horticulture.
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Fig. S1 shows the FTIR spectra of YAG-YAP:x% Cr** (x = 0.2~
3.0) samples annealed at 1600 °C for 5 h in air, confirming the
characteristic Al-O and Y-O vibrational bands in the lattice. Fig.
S2 presents the photoluminescence excitation (PLE) spectra,
which demonstrate that the YAG-YAP:1.3% Cr** sample
annealed at 1600 °C exhibits the highest excitation and emis-
sion intensities. As illustrated in Fig. S3, the luminescence
lifetime of the YAG-YAP:1.3% Cr** phosphors decrease from
1.86 ms at 30 °C to 1.25 ms at 190 °C, indicating that the
attenuation of emission intensity at elevated temperatures is
primarily due to thermally activated nonradiative transitions.
Supplementary information is available. See DOI: https://
doi.org/10.1039/d5ra03696h.
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