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Abstract: Red-emitting phosphors are essential components of modern solid-state lighting, wide-gamut displays, laser lighting,
optical sensors and emerging photonic technologies. The development of efficient red phosphors has received considerable
attention because conventional red emitters often suffer from insufficient absorption in the blue spectral region, thermal
guenching, broad emission or poor chemical stability. This review summarizes recent progress in inorganic red-emitting
phosphors activated mainly by Eu**, Eu?* and Mn* ions, with emphasis on photoluminescence characteristics and suitability for
blue-light-excited white light-emitting diodes (WLEDs) and display applications. Eu** phosphors generally provide sharp and
highly colour-pure red emission near 610-620 nm, whereas Eu?* offers broad and compositionally tunable emission extending
into the deep-red region. Mn*-activated fluoride phosphors exhibit narrow-band red emission and are particularly attractive
for wide-colour-gamut displays. Representative materials are compared in terms of excitation wavelength, emission maximum,
guantum efficiency, decay lifetime and thermal stability. Direct comparison is complicated by differences between internal
guantum efficiency, external quantum efficiency and quantum yield. Recent results demonstrate quantum efficiencies exceeding
90% for selected systems, although the measurement conditions must always be specified. Remaining challenges include thermal
guenching, moisture sensitivity, synthesis complexity, spectral reabsorption and cost. Future development is expected to focus
on host-lattice engineering, defect control, surface protection, large-crystal growth and computationally assisted phosphor
discovery.
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I INTRODUCTION rendering and permits warmer correlated colour temperatures

(1], [2]-

Phosphor-converted white light-emitting diodes (pc-

WLEDs) have become an important solid-state lighting
technology because of their high efficiency, long operating
lifetime and compactness. A typical WLED combines a blue or
near-ultraviolet LED chip with photoluminescent converters.
The red component is important because it improves colour
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An efficient red phosphor should ideally absorb strongly
in the 400-480 nm region, emit between approximately 600 and
660 nm, exhibit high quantum efficiency, low thermal
guenching, suitable decay kinetics and good chemical stability.
For display applications, narrow emission bandwidth is
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additionally desirable because it enables a wider colour gamut

[3].

Eu*, Eu** and Mn*' represent three complementary
activator strategies. Eu*" produces characteristic line emission
around 610-620 nm; Eu?" provides host-dependent 5d-4f
emission that can be tuned from orange to deep red; and Mn**
produces narrow red emission in suitable fluoride and oxide
hosts [4]-[6].

1. LUMINESCENCE MECHANISMS

» Eu’*-Activated Phosphors

Eu** has a 4f° configuration. Shielding of the 4f electrons
by the outer 5s and 5p orbitals makes its emission wavelengths
comparatively insensitive to the host. The dominant red
emission is commonly the *Do—"F: transition near 610-620
nm. The sharp lines provide excellent colour purity, but the 4f—
4f transitions are parity forbidden, making direct blue excitation
comparatively weak. Charge-transfer excitation and host-to-
Eu’" energy transfer are therefore important [2], [8].
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» Eu*-Activated Phosphors

Eu?* has a 4f” ground state and broad 5d—4f emission.
The 5d level is strongly affected by crystal-field splitting and
covalency, making the emission highly host dependent. Nitride
and oxynitride hosts are particularly effective for red emission
because strong Eu—N interactions lower the excited 5d state [3],
[7]. CaAlSiNs:Eu?* is a representative red nitride phosphor,
while Sr[LiAlsN4]:Eu** and Sr[Li2AloO:N:]:Eu?** demonstrate
high-performance narrow or relatively narrow red emission
[11]-[15].

» Mn*-Activated Phosphors

Mn** has a 3d® configuration and can produce
characteristic narrow red emission when incorporated into
suitable octahedral sites. Fluoride hosts such as K.TiFs and
K2SiFs are particularly important for display and lighting
applications [5], [6]. Their main limitations have historically
included relatively weak absorption, long decay times and
moisture sensitivity, but crystal engineering and surface
protection have improved practical performance [16], [19],
[20].

i COMPARATIVE PHOTOLUMINESCENCE PERFORMANCE

Table 1 summarizes representative Eu**-activated materials. Values are reproduced as reported in the cited studies; NR denotes not

reported.

Table 1 : Representative Eus* activated red phosphors.

Host: Activator Excitation Emission Quantum efficiency Lifetime Thermal parameter
Y20s:Euv* uv 612 nm 80.88% 1.570 ms NR
Li2AL:Si3010:Eu?* 394 nm 615 nm 31.5% 0.388 ms E.=1803 cm™
NaCa(POs)s:Eu?* NUV ~612nm 86% IQY NR ~90.17% at 150 °C
CaWO4:Eu*" AIP* NUV ~615nm Improved NR Improved thermal stability
CaLa2ZnTi:0e:Eu** 395/465 nm 615 nm 84.36% IQY NR E.=0.230 eV
Table 2 : Representative Eu?* activated red phosphors.
Host:Activator Excitation Emission Q“.aﬂt“m Lifetime Thermal
efficiency performance
CaAlSiN;:Eu? 460 nm Broad red 71% 1QE NR Good
CaAlSiNs:Eu?* ceramic Blue ~650 nm ~60% EQE NR Improved
3 . 2+ _iN-
CaAl&N;.E;IaSI;hosphor in Blue Red 53% EQE NR Good
. oo N . >95% relative
Sr[LiALN4]:Eu Blue 650 nm High NR efficiency at 200 °C
Sr[Li2Al2O:Nz]:Eu?* Blue 614 nm >80% 790 ns Excellent
. 775.3—721.7 Improved quenching
. 2+
CaAlSiNs:C,Eu Blue 656.8—650.2 nm NR ns behaviour

The CaAlSiNs:Eu?* value of 71% is specifically internal quantum efficiency under 460 nm excitation and should not be confused
with EQE [11]. Likewise, IQE, EQE and QY are not interchangeable metrics. The reported K.TiFs:Mn** values of 93.06% IQE and

69.09% EQE illustrate the distinction [18].
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Table 3 : Representative Mn** Activated Red Phosphors.

P N - - e Thermal/moisture
Host: Activator Excitation Emission Quantum efficiency Lifetime performance
0, . 0,
KoTiFe:Mn** Blue 632.7nm | °>06% L%Eé 69.09% NR 97.5% intensity at 150 °C
NazSiFs:Mn*" Li* Blue ~630 nm 99.83% QY NR Good
CsaNbOFs:Mn** Blue ~630 nm ~82% IQE NR High moisture resistance
K:SiFs:Mn** Blue ~630 nm 78.5% EQE NR T:/2> 500K
F.- 4+
KZS‘FS}I;/;?M large Blue ~630 nm 97% IQE; 82% EQE NR 82% intensity at 500 K
5. 4+ 0,
K2SiFs:Mn*" large Blue ~630 nm 97% IQE: 82% EQE NR 80.7% after 5 h water
crystal immersion
Comparison of Eu®*, Eu?* and Mn**
Table 4 : Overall Comparison of Major Red-Phosphor Activators.
Parameter Euv?* Eu* Mn*
Principal transition 4f4f 5d-4f 3d-3d
Typical red emission 610—-620 nm 610—-680 nm 610-660 nm
Emission bandwidth Very narrow Broad to narrow Narrow
Blue excitation Moderate Excellent in suitable hosts Moderate
Colour purity Excellent Host dependent Excellent
Spectral tunability Limited Excellent Moderate
Typical lifetime ms s range ms range
Thermal stability Host dependent Excellent in many nitrides Improving; host dependent
Moisture stability Generally good Generally good Often challenging in fluorides
Main application Lighting, displays, sensing WLEDs, LDs Displays/WLEDs

Eu®" is preferred where spectral precision and colour
purity dominate. Eu** provides strong excitation and broad
spectral engineering, particularly in nitride/oxynitride hosts.
Mn*" provides narrow red emission well suited to wide-gamut
displays, although environmental stability remains a key
consideration [3], [5], [7].

V. THERMAL STABILITY AND QUANTUM
EFFICIENCY

Thermal quenching occurs when increasing temperature
enhances non-radiative relaxation. An  Arrhenius-type
expression is commonly used to describe the temperature
dependence of emission intensity:

I(T) = Io/[1 + A exp(=Ea/ kpT)]

Where I(T) is the emission intensity at temperature T, I,
is the low-temperature intensity, A is a constant, E, is the
activation energy for thermal quenching and kj is Boltzmann's
constant. The temperature Ti/2, at which emission falls to half
of its reference value, is another practical stability indicator.

Recent measurements show that thermal stability is
strongly host dependent. Eu?* nitrides benefit from rigid host
frameworks and strong covalent bonding, whereas Mn*"
fluoride phosphors increasingly rely on compositional
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optimization, surface protection and crystal-growth control [3],
[19], [20].

V. DESIGN STRATEGIES AND APPLICATIONS

Current red-phosphor development increasingly relies on
rational host-lattice engineering. For Eu**, modification of the
local coordination environment, charge compensation and
controlled substitution can improve radiative emission and
reduce concentration quenching [2], [8].

For Eu?, crystal-field splitting, covalency and local
coordination determine the 5d energy level and hence the
emission wavelength. Nitride and oxynitride hosts are
especially promising for long-wavelength emission [3], [7]. For
Mn*", control of the octahedral environment, Li* incorporation,
surface modification and crystal-growth engineering can
enhance efficiency and stability [16], [19], [20].

Important applications include pc-WLEDs, wide-gamut
displays, laser lighting, plant-growth lighting and optical
sensing. For high-power lighting and laser applications, thermal
conductivity and long-term stability are as important as room-
temperature photoluminescence efficiency.
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VI. CHALLENGES AND FUTURE PERSPECTIVES

No single activator system currently satisfies all
requirements of a practical red phosphor. Eu** offers excellent
colour purity but comparatively weak direct blue excitation.
Eu** offers strong excitation and tunability, but high-
performance nitride synthesis can be complex. Mn*" offers
narrow-band emission but fluoride hosts may exhibit moisture
sensitivity and thermal degradation.

Future research  should emphasize host-lattice
engineering, defect control, protective surface coatings, thermal
management, large-crystal growth and computationally assisted
materials discovery. Reporting should also be standardized:
excitation wavelength, emission maximum, FWHM, IQE,
EQE, lifetime, T1/2> and environmental stability should be stated
with measurement conditions so that literature values can be
compared reliably.

VII. CONCLUSION

Eu**, Eu** and Mn*" activated phosphors provide
complementary routes to efficient red emission. Eu** systems
are characterized by sharp and colour-pure emission, Eu?*
systems provide strong excitation and broad spectral tunability,
and Mn** systems offer narrow-band red emission suitable for
wide-gamut displays. Recent developments have substantially
improved quantum efficiency, thermal stability and
environmental durability. Nitride/oxynitride Eu** phosphors
and Mn** fluoride crystals are particularly promising for next-
generation WLED and display technologies. Continued
progress will depend on balancing spectral performance with
thermal stability, chemical durability, synthesis cost and
compatibility with commercial LED and laser architectures.

REFERENCES
[1]. J.Li,J. Yan, D. Wen, W. U. Khan, J. Shi, M. Wu, Q. Su,
and P. A. Tanner, “Advanced red phosphors for white
light-emitting diodes,” J. Mater. Chem. C, vol. 4, no. 37,
pp. 8611-8623, 2016, doi: 10.1039/C6TC02695H.
K. Singh, P. Pradhan, S. Priya, S. Mund, and S.
Vaidyanathan, “Recent progress in trivalent europium
(Eu**)-based inorganic phosphors for solid-state
lighting: An overview,” Dalton Trans., vol. 52, no. 37,
pp. 13027-13057, 2023, doi: 10.1039/D3DT00303E.
Y. Wang, Z. Li, M. Xue, Z. Lai, and W. Cao, “Recent
progress in Eu?* activated red phosphors for white LEDs
and laser displays: Focusing on efficient host screening
and innovative structural design,” Coord. Chem. Rev.,
vol. 546, Art. no. 217060, 2025, doi:
10.1016/j.ccr.2025.217060.
J. Qiao and Z. Xia, “Design principles for achieving red
emission in Eu**/Eu*" doped inorganic solids,” J. Appl.
Phys., vol. 129, no. 20, Art. no. 200903, 2021, doi:
10.1063/5.0050290.

2.

31

[4]

NISRT26AUG1420

International Journal of Innovative Science and Research Technology

[5].

[6].

[71.

[8].

[9].

[10].

[11].

[12].

[13].

[14].

[15].

WWW.ijisrt.com

https://doi.org/10.38124/ijisrt/26aug1420

W. Zhang, M.-T. He, X.-S. Qiao, et al., “Research
progress of Mn** activated typical LED red phosphors,”
Chin. J. Lumin., vol. 42, no. 9, pp. 1345-1364, 2021,
doi:10.37188/CJL.20210148

S. Adachi, “Review—Mn*"-activated red and deep red-
emitting phosphors,” ECS J. Solid State Sci. Technol.,
vol. 9, no. 1, Art. no. 016001, 2019,
doi:10.1149/2.0022001JSS.

L. Wang, R.-J. Xie, T. Suehiro, T. Takeda, and N.
Hirosaki, “Down-conversion nitride materials for solid
state lighting: Recent advances and perspectives,”
Chem. Rev., vol. 118, no. 4, pp. 1951-2009, 2018, doi:
10.1021/acs.chemrev.7b00284.

W.-T. Chen, H.-S. Sheu, R.-S. Liu, and J. P. Attfield,
“Cation-size-mismatch tuning of photoluminescence in
oxynitride phosphors,” J. Am. Chem. Soc., vol. 134, no.
19, pp. 8022-8025, 2012, doi: 10.1021/ja301593z.

J. Bi, L. Sun, Q. Wei, K. Zhang, L. Zhu, S. Wei, D. Liao,
and J. Sun, “Rapid ultrasonic-microwave assisted
synthesis of Eu** doped Y:0s; nanophosphors with
enhanced luminescence properties,” J. Mater. Res.
Technol., vol. 9, no. 5, pp. 9523-9530, 2020, doi:
10.1016/j.jmrt.2020.06.056.

B. Fan, J. Liu, W. Zhou, and L. Han, “Luminescence
properties  of  new  red-emitting  phosphor
Li2Al:Si:010:Eu3* for near UV-based white LED,” Opt.
Mater., wvol. 98, Art. no. 109499, 2019, doi:
10.1016/j.0ptmat.2019.109499.

S.-C. Huang and S.-L. Chung, “Combustion synthesis
and photoluminescence properties of red-emitting
CaAlISiNs:Eu** phosphor for white-LEDs,” Materials,
vol. 7, no. 12, pp. 7828-7842, 2014, doi:
10.3390/ma7127828.

S. Li, Q. Zhu, L. Wang, D. Tang, Y. Cho, X. Liu, N.
Hirosaki, T. Nishimura, T. Sekiguchi, Z. Huang, and R.-
J. Xie, “CaAlSiNs:Eu?* translucent ceramic: A
promising robust and efficient red color converter for
solid state laser displays and lighting,” J. Mater. Chem.
C, wvol. 4, pp. 8197-8205 2016, doi:
10.1039/C6TC02518H.

Y. Zhang, Z. Zhang, X. Liu, G. Shao, L. Shen, J. Liu, W.
Xiang, and X. Liang, “A high quantum efficiency
CaAlSiNs:Eu?* phosphor-in-glass with excellent optical
performance for white light-emitting diodes and blue
laser diodes,” Chem. Eng. J., vol. 401, Art. no. 125983,
2020, doi: 10.1016/j.cej.2020.125983.

P. Pust, P. J. Schmidt, and W. Schnick, “A revolution in
inorganic  solid-state  luminescence:  Eu?"-doped
Sr[LiAlsN.]—A  narrow-band red-emitting LED
phosphor,” Nat. Mater., vol. 13, pp. 891-896, 2014.

G. J. Hoerder, M. Seibald, D. Baumann, T. Schroder, S.
Peschke, P. C. Schmid, T. Tyborski, P. Pust, I. Stoll, M.
Bergler, C. Patzig, S. Reiflaus, M. Krause, L. Berthold,
T. Hoche, D. Johrendt, and H. Huppertz,
“Sr[Li2ALLO:Nz]:Eu?*— high  performance red
phosphor to brighten the future,” Nat. Commun., vol. 10,
Art. no. 1824, 2019, doi: 10.1038/s41467-019-09632-w.

3125


https://doi.org/10.1149/2.0022001JSS?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.3390/ma7127828

Volume 11, Issue 8, August — 2026
ISSN No:-2456-2165

[16].

[17].

[18].

[19].

[20].

NISRT26AUG1420

T. Senden, R. J. A. van Dijk-Moes, and A. Meijerink,
“Quenching of the red Mn*" luminescence in Mn*"-
doped fluoride LED phosphors,” Light Sci. Appl., vol.
7, Art. no. 8, 2018.

T. Tian, Y. Tian, S. Zhang, et al., “Enhanced thermal
quenching characteristic via carbon doping in red-
emitting CaAlSiNs:Eu?* phosphors,” J. Am. Ceram.
Soc., 2019, doi: 10.1111/jace.16601.

L. Chen, P. Cheng, G. Zheng, G. Yao, P. Zhang, H.
Zheng, L. Ding, X. Ding, S. Wei, and H. Ni, “A new
path for the synthesis of high quantum efficiency
narrow-band-emitting K>TiFs:Mn*" phosphor for wide-
gamut displays,” Chem. Eng. J., vol. 407, Art. no.
127161, 2021, doi: 10.1016/j.cej.2020.127161.

W. Zhang, Y. Zhou, C. Shi, J. Ren, L. Zhang, and H. Ji,
“KaSiFs:Mn**  red-luminescent crystals with high
external quantum efficiency (EQEmax of 78%) and high
thermal quenching temperature (T:/2 > 500 K) enabling
high brightness warm white LEDs,” J. Mater. Chem. C,
vol. 13, pp. 2337-2346, 2025, doi:
10.1039/D4TC04035J.

M. Zhang, X. Dong, D. Yue, L. Zhang, and H. Ji,
“Large-sized K2SiFs:Mn*" phosphor crystals up to 3 mm
grown by seeded growth with near-unity quantum
efficiency,” J. Alloys Compd., vol. 1053, Art. no.
186239, 2026, doi: 10.1016/j.jallcom.2026.186239.

International Journal of Innovative Science and Research Technology
https://doi.org/10.38124/ijisrt/26aug1420

WWW.ijisrt.com 3126



