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Ultra-Narrowband Green-Emitting Transparent Composite

Ceramics for Laser-Driven Display

Dahai Hu, Shisheng Lin,* Tao Pang, Lingwei Zeng, Guoyu Xi, Fengluan You,
TianShuo Wu, Xiaoshuang Li,* Bo Wang, Lei Lei, Feng Huang, and Dagin Chen*

Laser-driven projection displays face a critical challenge in developing
laser-excitable and high-performance narrowband green emitters. Herein,
new Al,0;-LaMgAl;;0,,: Mn?* (Al,0;-LMA: Mn?") transparent composite
ceramics are reported via high-temperature vacuum sintering, which produces
a high-color-purity (95.4%) green emission with full width at half maximum of
24 nm and superior thermal and moisture and laser irradiation stability. These
are attributed to low electron-phonon couple, weak crystal-field effect, an
individual lattice location of Mn?* activators in high structural rigid host, and
the incorporation of a high-thermal-conductivity Al,O; secondary phase. As

a result, the composite ceramics are demonstrated as an attractive color con-
verter with a high external quantum efficiency (38%) and absorption coefficient
(53%), which ensures a luminous flux of 2012 Im @40.0 W, a luminous efficacy
of 67.7 Im W=, and a green light conversion efficiency of 20.3% upon blue
laser irradiation. This enables to construct a brand-new laser-driven prototype
display with a record color gamut beyond Rec.2020 standard (100.8%),
outperforming commercial YAG: Ce** and B-SiAION: Eu?*. This exploration

technology.'™* Traditional display light
sources, such as halogen, high-pressure
sodium, and mercury lamps, have tended
to fall short in terms of system efficiency,
color quality, service life, and stability.[>¢!
Due to the “efficiency droop” at high
incident power density, the widespread
light-emitting-diode (LED) is not qualified
in high-brightness display applications,
and are being supplanted via the emerg-
ing laser diode (LD).*”] Currently, LD
outperforms LED not only in lumines-
cence efficiency at high power but also in
ultra-narrowband width, directionality, and
system compactness, etc. Nevertheless,
the “all laser” approach still encounters
serious problems, such as the notorious
“green gap” and severe speckle noise.l®) As
an alternative, a smart manner is to apply
high-power blue LD in combination with

in ultra-narrowband green luminescent materials is poised to accelerate the
development of “ideal displays” for laser-driven projection display technology.

1. Introduction

The increasing prevalence of high-quality projection displays
in theaters, commercial environments, and educational settings
has necessitated the development of new-generation light source

down-shifting color converters, which play
a vital role in converting blue photons into
yellow, green, or red photons. Evidently,
laser-driven color converters are crucial
to the final display performance.®1!]

In this context, compared with phosphors in silicone (PiS),
single crystal, phosphor in glass (PiG),['*"] and phosphor-in-
glass films (PiGF),!*1*] transparent phosphor ceramic (TPC),!%]
with its laser irradiation resistance, superior heat dissipation,
and tunable microstructure (pores, secondary phases, or grain
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sizes), can be seen as an irreplaceable choice for the laser-driven
color converter.'”] Currently, the dominant TPCs used for LD-
driven displays are commercially available Ce** doped garnet-
structure broadband luminescent materials with full width at
half-maximum (FWHM) of ~100 nm, such as Y;Al;O,,: Ce**
(YAG: Ce**)138] and Lu,AL;O,,: Ce3* (LuAG: Ce**),[Y% which re-
sult in a limited color gamut (~80%) and significant light loss
(~63%).12"1 Therefore, narrowband materials are urgently needed
to achieve a wide color gamut display (>100% National Televi-
sion System Committee (NTSC) standard), but in this regard,
especially the lack of narrowband green TPC has not been well
addressed, which hinders the development of high-quality LD-
driven projection displays.

From the perspective of narrowband color converters, partic-
ularly green-emitting ones, although green-emitting quantum
dots have ultra-narrow bandwidth (FWHM=20 nm), either way,
the inherent toxic elements, poor stability, and unstable pho-
toluminescence quantum vyield caused by surface trap states
still restrict their practical application.?!2] On the other hand,
significant endeavors have been employed to fabricate Eu?**-
doped green phosphors, such as commercial -SiAION: Eu?*
(FWHM=55 nm),** SrGa,S,: Eu?* (FWHM~47 nm)®! and
UCr,C, oxide-type RbLi(Li;SiO,),: Eu** (FWHM=~42 nm).2% De-
spite their successes, these materials also face challenges due to
harsh synthesis conditions and the difficulty of preparing them
into inorganic bulk form, which fails to meet the stringent re-
quirements of laser-driven displays (not only high brightness are
demanded, but also good resistance to thermal quenching and ex-
cellent irradiation robustness should be guaranteed). In pursuit
of more cost-effective and reliably preparable color converters,
researchers have explored transition-metal Mn?*-based alterna-
tives, such as ZnAl, O,: Mn**, Zn, SiO,: Mn?* and Sr,MgAl,,O,:
Mn?* powders.[73% Although these materials exhibit remark-
able narrowband luminescence characteristics, their develop-
ment as bulk TPCs is still largely hindered by achieving ade-
quate microstructure densification. Additionally, due to the spin-
forbidden d-d transitions of Mn** ions, they always exhibit weak
absorption and emission properties. Under such a background,
new green-emitting color converters, with facile preparation,
ultra-narrow emission band (FWHM < 30 nm), high quantum
efficiency, and excellent thermal stability are in urgent demand to
overcome the bottleneck of the wide-color-gamut LD-driven dis-
plays technique.

Herein, we present a series of Al,0,-LaMgAl,;0,y: Mn?*
(Al,0;-LMA: Mn?*) transparent composite ceramics for the first
time. Here, Al,O, serves as both an effective scattering factor
and a high-thermal-conductivity counterpart, not only making
blue light captured by more LMA but also improving heat dis-
sipation properties. The Al,O,-LMA: Mn?* exhibits ultra-narrow
green luminescence peaking at 517 nm under 450 nm excitation.
The FWHM is only 24 nm, with its color purity reaching an im-
pressive 95.4%, which significantly surpasses that of commer-
cial -SiAION: Eu?* (68%). Additionally, the composite exhibits
exceptional thermal stability (95.9% at 200 °C) and hydrother-
mal stability (Tos > 1800 h), being superior to the commercial
B-SiAION: Eu** (91.2% at 200 °C, 92.3% @1800 h). The underly-
ing mechanisms responsible for the narrowband luminescence
and exceptional thermal stability were meticulously elucidated.
Upon laser irradiation, the optimized Al,0,-LMA: Mn?* com-
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posite ceramics exhibited remarkable photometric performance,
with luminous flux (LF) of 2012 Im @40.0 W, luminous effi-
ciency (LE) of 67.7 Im W1, green light conversion efficiency of
20.3%, and outstanding laser resistance. Importantly, a brand-
new ultra-narrowband ceramics-based projection display system
was constructed, achieving a record color gamut of 132.5% NTSC
(100.8% Rec.2020, Table 1), which is 162% of traditional YAG:
Ce**-based projectors and 122% of commercial -SiAION: Eu?*-
based projectors.

2. Results and Discussion

Narrowband green-emitting ceramics were synthesized via a
high-temperature solid-state reaction under vacuum using ox-
ide/carbonate raw materials (Figure S1, Supporting Informa-
tion). The LMA: Mn?* TPCs exhibit good transparency and emit
intense green light upon blue light excitation (Figure 1a; Figure
S2, Supporting Information). The fracture surface microstruc-
ture of the LMA: Mn?* TPC, examined by scanning electron mi-
croscopy (SEM), reveals densely packed grains with randomly
distributed bar ranging 50-100 pm, and no secondary phases or
impurities at the grain boundaries (Figure 1b). The relative den-
sity of 97.5% indicates near-complete densification (Figure S3,
Supporting Information). Elemental mapping confirms the ho-
mogeneous distribution of La, Mg, Al, O, and Mn within the
LMA: Mn?* TPC (Figure S4, Supporting Information). The ex-
perimental and calculated XRD profiles as well as their differ-
ence converge well (Figure 1c). In Tables S1 and S2 (Support-
ing Information), the crystallographic parameters and Rietveld
refinement results for LMA are summarized. All the diffraction
peaks of the as-prepared LMA: xMn?* samples matched well with
the standard card data (JCPDS NO. 78-1845),** with no impu-
rity phases detected. This indicates the formation of the LMA
pure phase. With the increase of Mn?* concentration (Figure
S5, Supporting Information), the diffraction peaks progressively
shifted to a lower angle side, suggesting the possible substitu-
tion of Mg?** (Rqy_4 = 0.57 A, CN indicates the coordination
number) by Mn?* (Rey 4 = 0.66 A),>*3] which leads to lattice
expansion.

Furthermore, as observed in the photoluminescence excita-
tion (PLE) and transmittance spectra (Figure 1d; Figure S2, Sup-
porting Information), the LMA: Mn?* TPC exhibits strong ex-
citation and absorption bands at 450 nm, matching well with
commercial blue LD. Upon 450 nm excitation, LMA: Mn?* TPC
demonstrates an ultra-narrowband green emission centered at
517 nm with a FWHM of 24 nm, attributed to the *T,—%A,
transition of Mn?* in a highly condensed network structure
with a high degree of condensation (k = 0.68, the molar ratio
of (La, Mg, Al):(O), where highly condensed structures require
x> 0.5).1283%] In contrast, commercial g-SiAlION: Eu?* shows an
emission peaking at 540 nm with a FWHM of ~55 nm under the
same excitation wavelength. Compared to standard green light
(0.170, 0.797), the LMA: Mn** TPC exhibits a high color pu-
rity of 95.4%, significantly higher than the 68.1% of commer-
cial p-SiAION: Eu** (Figure S6, Supporting Information). The
narrower FWHM and higher color purity result in higher chro-
matic saturation of the display image, indicating that LMA: Mn?*
TPC is more suitable for wide-color-gamut displays. Figure le
presents the concentration-dependent photoluminescence (PL)
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Table 1. The color gamut of laser-driven displays upon high-power blue laser irradiation and the related optical parameters of color converters.

Laser-driven converter FWHM [nm] Thermal behavior Test mode Luminance Saturation  Color gamut Refs.
[%@200 °C] [W-mm~2] [% Rec.2020]

CaAlSiN,: Eu?* PIGF @YAG >105 ~80 static/reflection 7.07 58.6 7]
La; SigN;;: Ce3*-CaAlSiN;: Eu?* PiGF @diamond > 150 ~88 static/reflection > 40.24 53.3 [4]
[-SIAION: Eu?* PiGF @sapphire ~54 ~92 rotation/reflection > 22 84.3 [14]
S-SIAION: Eu?*-Calson: Ce** PiGF @sapphire ~50 ~86 static/transmission 6.09 814 37]
CsPbBr; QiG ~23 ~23 (100 °C) rotation/reflection 8 95.9 [32]
CsPbBr;-SiO, QiGF @sapphire 22 48 (100 °C) rotation/reflection 45 98 [33]
CsPbBr; QiGF @sapphire 23 - rotation/reflection > 20 81.4 [10]
Al,05-LMA: Mn?* TPC 24 95.9 rotation/reflection >15.7 100.8 This work

spectra, with the optimum doping content determined to be 0.3,  display performance. In order to mitigate thermal buildup and
yielding internal quantum efficiency (IQE), absorption efficiency ~ optimize light extraction efficiency®”! of the developed Mn?*-
(AE), and external quantum efficiency (EQE) of 60%, 45%, and  doped TPCs, the incorporation of a secondary phase, Al,O;, was
27%, respectively (Figure S7, Supporting Information). With the  selected.

increased Mn content, the emission wavelength and FWHM The introduction of Al, O, is accomplished through precise ad-
show no significant difference (Figure 1f), and the fluorescence  justment in raw material concentrations. In Figure 2a, the XRD
lifetime monotonously decreases within a small range of 5.82—  results indicate that with an increase in Al,O, concentration, the

4.18 ms (Figure S8, Supporting Information), which is attributed ~ primary LMA phase retains well-defined characteristic diffrac-
to the gradual increased nonradiative transition probability. Con-  tion peaks, while the proportion of the secondary phase (Al,O,,
sidering the inherently forbidden nature of Mn?* d-d transitions ~ ICSD No. 9772) increases progressively. Further, the Rietveld re-
and the spin-forbidden effects, as well as the significant issue  finement results confirm that the addition of Al,O, merely al-
of thermal accumulation under high-power LD irradiation, itis  ters the relative content of two phases without producing any
essential to address these challenges for improved laser-driven  impurities or changing the LMA structure (Figure 2b). SEM
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Figure 1. Phase identification, microstructure, and luminescence properties of LMA: Mn?* TPCs. a) The images of LMA: Mn?* TPCs (thickness:
0.45 mm) under natural light and blue light irradiation. b) SEM image of the fracture surfaces of LMA: Mn?* TPCs. c) Rietveld refinement XRD pattern
of LMA: Mn?* TPCs. d) PL and PLE spectra of LMA: Mn?* TPCs and commercial -SiAION: Eu?* phosphor at room temperature. ) The concentration-
dependent PL spectra. The inset shows the corresponding normalized integrated intensity. f) PL peak wavelength and FWHM as a function of Mn?*
content. Inset shows appearances of LMA: xMn?* (0.05 < x < 0.5) TPCs (thickness: 0.45 mm) under blue light irradiation.
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Figure 2. Phase identification and microstructure of Al,O;-LMA: Mn?* transparent composite ceramics. a) XRD patterns of Al,O5-LMA: Mn?* com-
posite ceramics with different Al,O; concentrations. b) Rietveld refinement pattern of Al,O;-LMA: Mn?* composite ceramics. c) SEM and EDS surface
mapping to disclose the elemental distributions of La, Mg, Al, O, and Mn of Al,0;-LMA: Mn?* composite ceramics. d) HAADF, e-g) HRTEM and h, i)

SAED images of interface area of Al,0;-LMA: Mn?* composite ceramics.

image and EDS map-scanning analyses of the Al,0;-LMA: Mn**
TPC distinctly differentiate the Al,O, particles from the LMA:
Mn?* counterpart (Figure 2c), where La-, Mg-, and Mn-rich re-
gions correspond to LMA: Mn?*, while the Al-rich portions are
indicative of the Al,O;. The elemental mapping images and flu-
orescence image (Figure S9, Supporting Information) confirm
the homogeneous distribution of the Al,O; and LMA: Mn?*, and
there is no mutual diffusion of the elements on both sides in
the interface region. In order to further investigate the grain
boundary between Al,O; and LMA particles, high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) was employed on the intergranular boundary of a sample
treated with a focused ion beam (FIB) (Figure 2d; Figure S10,
Supporting Information). This reveals a stark contrast between
LMA: Mn”* (bright) and Al,O; (dark) due to the significant dif-
ference in atomic number: La (Z = 57) versus Al (Z = 13). Addi-
tionally, a high-resolution TEM (HRTEM) pattern of the interface
area presented in Figure 2e and Figure S11 (Supporting Infor-
mation) shows a clear boundary between the two phases at the
nanometer scale. The HRTEM and selected area electron diffrac-
tion (SAED) images displays distinct lattice fringes with inter-
planar spacings of 2.33, 2.46 and 4.72 A, corresponding to the
(110) and (—120) planes of Al,O,, and the (101) plane of LMA, re-
spectively (Figure 2f—i). Moreover, the measured angle between
(110) and (—120) facets (59.82 °) closely approximate the theoret-
ical value (60 °) of Al,O,. Obviously, there is no interfacial reac-
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tion at the interfaces (Note S1, Supporting Information). As far
as we know, the development of transparent composite ceram-
ics made from LaMgAl;;,0,9:Mn** or Al,0;-LaMgAl,;0,,: Mn?*
has not reported previously, which dramatically enhances the
practical application potential of the material in laser-driven dis-
play (Note S2, Supporting Information).

As illustrated in Figures 3a and S12 (Supporting Informa-
tion), the incorporation of Al,O, does not significantly alter the
PL peak wavelength, FWHM, and fluorescent lifetime of Al,O;-
LMA: 0.3Mn?*, which indicates that the intrinsic luminescence
properties of LMA: Mn?* remain unaffected. In the luminescent
quantum efficiency measurements, the IQE, blue light AE, and
EQE of the transparent composite ceramics initially increased
and then sharply decreased with the increased Al,O, content
(Figure 3b). The 24 wt.% Al,0;-LMA: 0.3Mn?" demonstrates an
optimal blue light AE of 53%, an IQE of 71%, and an EQE of
38%, attributed to the enhanced converted green light and ab-
sorbed blue light from the appropriate scattering effect of Al,O,
particles. In this context, multiple scattering extends the propa-
gation path of incident blue light within the composite ceramics
(evidenced by decreased transmittance),l*’! thus improving the
conversion efficiency to green light (Figures S13 and S14, Sup-
porting Information). Although ceramics indeed have tunable
microstructure features (such as pores, secondary phases, and
grain sizes), and relevant prior research can be a useful founda-
tion, this does not diminish the innovation of this work (Note S3,

© 2024 Wiley-VCH GmbH
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Figure 3. Luminous performance and stability of A203-LMA: Mn?* transparent composite ceramics. a) Normalized PL spectra of yAl,O;-LMA: 0.3Mn?+
(0 <y < 32 wt.%) composite ceramics. Inset shows the appearance of Al,0;-LMA: Mn?* composite ceramics (thickness: 0.45 mm) under blue light
irradiation. b) The IQE, AE, and EQE of Al,0;-LMA: Mn?* composite ceramics. c) Temperature-dependent normalized intensities and d) 2D-contour
plot of temperature-dependent PL spectra of 24 wt.%Al,05-LMA: 0.3Mn?* composite ceramics, LMA: 0.3Mn2* TPC and $-SIAION: Eu?* phosphor. e)
Summary of the reported narrowband green materials on the basis of FWHM and thermal stability. f) Stability test of 24 wt.%Al,0;-LMA: 0.3Mn?*
composite ceramics and f-SiAION: Eu?* phosphor under accelerated aging condition at 85 °C/85% RH. Insets show photographs of the 24 wt.%Al,O;-

LMA: 0.3Mn?* composite ceramics before and after treatment.

Supporting Information). However, when the amount of AL,O,
exceeded 32 wt.%, the dilution effect predominated, resulting in
a reduced concentration of LMA: Mn?* per unit volume and a
subsequent decline in quantum efficiency. Notably, although the
luminescent quantum efficiency is slightly lower than that of g-
SiAION: Eu** (88.4%, Figure S15, Supporting Information), due
to the transparency of the developed composite ceramics, it ex-
hibits a luminous flux (LF) of 244.8 Im under blue laser excita-
tion (6W), which is higher than that of §-SiAION: Eu** (213.7 Im,
Figure S16, Supporting Information).

Thermal stability is crucial for color converters in practical
device applications. The temperature-dependent PL properties
of 24 wt.%Al,0,-LMA: 0.3Mn?", LMA: 0.3Mn**, and commer-
cial p-SiAION: Eu’** were investigated under 450 nm excita-
tion within the temperature range of 25-225 °C (Figure 3c,d;
Figure S17, Supporting Information). At 200 °C, the lumines-
cent losses of 24 wt.%Al,0;-LMA: 0.3Mn?*, LMA: 0.3Mn?*, and
B-SiAION: Eu?* were 4.1%, 6.4% and 8.8%, respectively. In-
triguingly, as the temperature increased from 25 to 225 °C, the
FWHM of emission spectrum of Al,0;-LMA: Mn?* compos-
ite ceramic was only slightly broadened, ranging 24-28 nm, be-
cause of more excited electrons spreading to the higher vibra-
tion levels before returning to the ground state via radiative
transition, which is more stable than the 55-65 nm range ob-
served in f-SiAION: Eu®* (Figure S17, Supporting Information).
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These results indicate that the ultra-narrowband green emission
characteristics of Al,O;-LMA: Mn?* transparent composite ce-
ramics can be maintained even at high working temperatures.
Thermoluminescence measurements were conducted to inves-
tigate the mechanism of robust thermal-quenching behavior,
revealing the absence of defect-related carrier trapping in the
sample (Figure S18, Supporting Information). The LMA belongs
to the hexagonal P63/mmc space group,?*! characterized by
a high-symmetry framework consisting of [Mg/AlO,] tetrahe-
dra and [AlO,] octahedra interconnected through corner-sharing
(Figure S19, Supporting Information), which could minimize
the structural relaxation of the luminescent center in the excited
state; meanwhile, the Mg sites are isolated and spaced at a con-
siderable distance (d = 5.58 A), which further reduces energy
transfer and interactions between Mn?* ions. On the other hand,
as depicted in Figure S20 (Supporting Information), the thermal
conductivity of the LMA: Mn** and Al,0;-LMA: Mn** samples
are measured to be 2.2 and 12.8 W m~!K"!, respectively. Evi-
dently, the incorporation of the secondary phase Al,O, (exhibit-
ing a high thermal conductivity of 32-35 W m~K~1)[*8] signif-
icantly enhanced the overall thermal conductivity (increased by
581%), reaching 12.8 W m~'K™! for 24 wt.% Al,0,-LMA: Mn?*
composite ceramic. This improvement facilitates rapid dissipa-
tion of accumulated heat even at elevated temperatures, ensur-
ing that the temperature at the laser irradiation point remains

© 2024 Wiley-VCH GmbH
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Figure 4. Local environments and electronic structure of Al,O;-LMA: Mn?*. a) high-resolution XPS profile at Mn 2p position and b) EPR spectrum
of Al,O;-LMA: Mn?* transparent composite ceramics. c) The dopant formation energies of Mn?* substituting the sites in LMA models. CBM-and
VBM-associated charge densities for d,e) LMA and f,g) LMA: Mn?* (Green ball: La, Orange ball: Mg, Gray ball: Al, Red ball: O, Purple ball: Mn). h)
Tanabe-Sugano energy-level diagram of Mn?* in the LMA host. i) Schematic of the energy diagram of Mn?* transition processes.

low to effectively mitigate thermal quenching. As illustrated in
Figure 3e, the Al,0,-LMA: Mn?* transparent composite ceramics
demonstrate exceptional performance advantages over currently
reported green-emitting materials,[21:2426:28.38-40] encompassing
phosphors, quantum dots, luminescent ceramics, and commer-
cial phosphors.

Moreover, the Al,0;-LMA: Mn?** transparent composite ce-
ramics demonstrate remarkable resistance to aging. In an ac-
celerated aging test lasting over 1800 h at 85 °C/85% RH, the
PL intensities of Al,O;-LMA:Mn?* composite ceramic retained
over 95.8% of its initial value (Figure 3f; Figure S21, Support-
ing Information), which surpasses the stringent commercial op-
erational lifetime standard (T,, > 1040 h; T,, is the time re-
quired for the material's PL intensity to maintain 90% of its
initial one after stability testing)l*!! and is superior to com-
mercial g-SiAION: Eu®* phosphor (92.3% @1800 h). The out-
standing aging resistance renders developed transparent com-
posite ceramics an ideal candidate for deployment in extremely
harsh application environments. Evidently, Al,O;-LMA: Mn?*
transparent composite ceramics stand out as the leading can-
didate for narrowband green-emitting materials, ensuring the
most comprehensive performance and suitability for practical
applications.

In order to elucidate the valence state of manganese in Al,O5-
LMA: Mn?* transparent composite ceramics, an X-ray photo-
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electron spectroscopy (XPS) analysis was conducted (Figure S22,
Supporting Information). Figure 4a presents the high-resolution
XPS profile of the Mn 2p orbital in the synthesized Al,0,;-LMA:
Mn?* composite ceramics. The two prominent XPS peaks of
641.6 and 652.7 eV correspond to the Mn** *p; , and p, , states,
respectively, confirming manganese’s divalent state.!?®] Typically,
three Kramers doublets (+5/2, +3/2, and +1/2) emerge when
octahedral or tetrahedral symmetry sites occupied by d° transi-
tion metal ions undergo axial distortion.[*?] Figure 4b displays
the electron paramagnetic resonance (EPR) spectrum of LMA:
0.3Mn?** composite ceramics at room-temperature, revealing a
clearly discernible sextet of hyperfine peaks due to the interac-
tion between unpaired electrons and the 55Mn nucleus (nuclear
spin quantum number I = 5/2). The g factor is ~2.005, indicating
that Mn behaves as a bivalent state.[*]

Additionally, the formation energies of Mn substitutions at var-
ious lattice sites were calculated to better understand the substi-
tutional behavior of Mn in the host lattice by considering crys-
tal symmetry and defect chemistry. According to the results, Mn
is the most energetically favorable to substitute at the Mg site,
exhibiting the lowest formation energy among the considered
sites (Figure 4c). Evidently, only one crystallographic dopant site
is advantageous for Mn?* to achieve ultra-narrowband emission.
Moreover, the host material exhibits a bandgap of 4.10 eV (Figure
S23, Supporting Information), matching the experimental value
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of 4.25 eV (Figure S2, Supporting Information). The conduc-
tion band minimum (CBM) is primarily derived from La ele-
ments, while the valence band maximum (VBM) is predomi-
nantly occupied by O atoms. Upon substituting Mn at the Mg
site, the recalculated electronic structure reveals a substantial re-
duction in the bandgap to 3.21 eV (Figure S23, Supporting In-
formation). In this doped configuration, the CBM is primarily
composed of Mn states, leading to the introduction of impu-
rity levels within the bandgap. Further, notable changes in elec-
tronic properties were observed due to Mn doping (Figure 4d-g;
Figure S24, Supporting Information). Given that Mn** possesses
lower electronegativity than Mg?*, the incorporation of Mn into
the lattice induces electron transfer to the adjacent O atoms,
thus distorting the electric field environment surrounding the
Mg/Mn centers. This electron redistribution substantially mod-
ifies the local electronic environment, contributing to the ob-
served bandgap reduction. Evidently, the presence of Mn?* no-
tably influences key properties, including energy band structure,
state density, and differential charge distribution of LMA. As il-
lustrated in Figures S19 and S25 (Supporting Information), the
LMA structure contains a single Mg/Mn site ((Mg/MnO,] tetra-
hedron) with an extended average bond length of 1.942 A and a
minimal distortion index of 0.01 (calculated using Equation S9,
Supporting Information), suggesting that the Mn-doped sites ex-
hibit high coordination symmetry and weak crystal field. Accord-
ing to the Tanabe-Sugano diagram!*}! (Figure 4h), it can be seen
that under the influence of the weak crystal field, the photolu-
minescence spectrum experiences minimal broadening. By fit-
ting the relationship between FWHM and temperature,*#*! the
Huang-Rhys factor (S) that reflects electron—phonon coupling
was determined to be 1.24, whose low value indicates weak
electron—phonon interaction (Equation S10 and Figure S26, Sup-
porting Information). Consequently, due to the individual lattice
location, weak crystal field, and low electron—phonon interaction,
a narrow green emission, corresponding to the spin-and parity-
forbidden d-d (*T,—°A,) transition, was successfully achieved in
Al,O;-LMA: Mn?* transparent composite ceramics (Figure 4i).
The luminescent properties of Al,0;-LMA: Mn?* transparent
composite ceramics under blue laser irradiation were studied us-
ing a self-built platform consisting of a 450 nm blue laser, in-
tegrating sphere, fiber spectrometer, laser power meter, and in-
frared thermal imaging camera (Figure S27, Supporting Infor-
mation). In order to address the luminescence saturation ob-
served under low-power excitation in static mode (Figure S28,
Supporting Information), the Al,0,-LMA: Mn?* composite ce-
ramic was fabricated into a rotating wheel, a common tech-
nique used in laser-driven projection display/lighting.!*¢#”] The
color-conversion wheel, mounted on a micro-motor rotating at
3000 rpm, exhibited no luminescence saturation even when the
input blue laser power (P,,) was increased to the maximum limit
of 40.0 W (15.7 W mm~™2), achieving an impressive maximum
luminous flux (LF) 2012 Im @40.0 W (15.7 W mm~™), a high
luminescence efficiency (LE) of 67.7 Im W1, and a substantial
converted green light power (Figure 5a,b; Figure S29, Supporting
Information). Evidently, the luminous performance of the devel-
oped composite reported in this study can meet the requirements
of laser-driven displays (Note S4, Supporting Information). As
shown in Figure 5c, the green light conversion efficiency reached
the maximum value of 20.3% for 24 wt.% Al,O;-LMA: 0.3Mn?*,
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while the chromaticity coordinates remained stable with devia-
tions less than 0.01 as P, increased (Figure 5d). The difference
between the results of conversion efficiency and IQE is mainly
ascribed to the different excitation sources used, with the former
one of the high-power-density blue laser and the latter one of the
non-coherent Xenon lamps. The blue laser excitation undoubt-
edly induces more severe thermal elevation and thus accelerates
the non-radiative transitions of Mn?* to produce lower conver-
sion efficiency.

Simultaneously, thermal infrared images reveal a rapid in-
crease in the surface temperature of the sample in static mode,
reaching up to 364.5 °C @10.0 W (3.9 W mm~2) (Figure S28, Sup-
porting Information). However, in the rotating mode, the surface
temperature of the Al,0;-LMA: Mn?* composite ceramic wheel
reached only 79.3 °C under 40.0 W (15.7 W mm~™2) blue laser
irradiation (Figure 5e). The rotation not only converts continu-
ous excitation into pulsed excitation, reducing optical saturation
but also facilitates heat dissipation, mitigating thermal accumula-
tion and preventing thermal saturation. Notably, the Al,0,-LMA:
Mn?* transparent composite ceramics demonstrate exceptional
luminescence stability, with no degradation in green emission
intensity after continuous operation for 120 min under 40.0 W
450 nm blue LD irradiation (Figure 5f).

The ultra-narrowband green emission, combined with excep-
tional thermal, environmental, and LD irradiation stability, po-
sitions Al,0;-LMA: Mn** composite ceramics as an excellent
candidate for wide-color gamut laser-driven displays. In order
to facilitate comparison, prototype projection displays were con-
structed by using YAG: Ce** TPC, -SiAION: Eu** PiGF, and
Al,O;-LMA: Mn?* TPC, incorporating blue/red LDs, correspond-
ing color converters wheels, RGB color filters, liquid crystal dis-
play (LCD) module, dichroic filters, and various lens groups
(Figure 6a). In the YAG TPC-based system, blue LD is com-
bined with broadband-emission YAG, necessitating the filtering
of the broad-spectrum light to produce the R/G/B primary col-
ors. In contrast, both f-SiAION: Eu?* PiGF and Al,0;-LMA:
Mn?* TPC directly emits narrowband blue, green, and red light
(Figure 6b-d). Consequently, as shown in the display images
(Figure 6e-g), the YAG: Ce** TPC-based system demonstrates
the lowest color saturation, particularly in the green region, re-
sulting in a yellowish-green hue. In comparison, the Al,O;-LMA:
Mn?* TPC-based demo delivers a more vibrant and realistic
green, with significantly higher saturation than the well-regarded
B-SiAION: Eu?* PiGF-based display. Correspondingly, the Al,O,-
LMA: Mn?* TPC-based laser-driven projection display system
achieved an exceptionally wide color gamut, covering 132.5%
NTSC (100.8% Rec.2020), far surpassing both the YAG TPC-
based system (62.1% Rec.2020) and the §-SiAION: Eu?*-based
system (82.8% Rec.2020) (Figure 6h; Table S3, Supporting In-
formation), even representing the widest gamut reported to date
(Table 1). This work makes Mn2*-activated narrowband-emitting
materials take a key step toward practical application (Note S5,
Supporting Information).

3. Conclusion

In summary, ultra-narrowband green-emitting Al,O,-LMA:
Mn?* transparent composite ceramics were synthesized for the
first time, featuring an emission peak at 517 nm, with a FWHM
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Figure 5. The optical performance of Al203-LMA: Mn?* transparent composite ceramics under blue laser excitation. a) Pin-dependent LF, LE, b) con-
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of 24 nm and a color purity of 95.4%. These composites exhibit
outstanding thermal/hydrothermal stability and robust laser re-
sistance, making them ideal for laser-driven display applica-
tions. The narrowband emission (“T;—°A)) results from low
electron-phonon interaction, weak crystal field, and individual
lattice location. Meanwhile, their exceptional thermal stability
is attributed to the rigid crystal structure, the isolated lumines-
cence center within the [Mg/MnO,] tetrahedral site, and the
incorporation of Al,O; phase (enhancing thermal conductivity
to 12.8 W-m~'K™!). Under laser irradiation, the optimized ce-
ramic demonstrates impressive LF of 2012 Im @40.0 W, LE of
67.71m W', and green light conversion efficiency of 20.3%. Ulti-
mately, the laser-driven projection display prototype constructed
by using the developed composite ceramic can achieve a color
gamut of 100.8% Rec.2020, which surpasses that of YAG: Ce**-
based and B-SiAION: Eu?*-based prototypes. The outcomes of
this research represent obvious progress, laying a significative
foundation for the future development of state-of-the-art and
wide-color-gamut laser-driven projection display technology.

4. Experimental Section

Material Preparation: A series of yAl,05;-LaMgAl;;014: xMn?* (0.05
<x<0.50<y<32wt.%) transparent composite ceramics were synthe-
sized via a vacuum sintering technique, where the used raw materials were
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2) blue laser irradiation for 120 min.

Al,O; (TM-DAR, Tokyo, Japan, 99.99%), La,O; (Innochem Corporation,
Beijing, China, 99.99%), MgO (Innochem Corporation, Beijing, China,
99.99%), and MnCO; (Innochem Corporation, Beijing, China, 99.99%).
The precursor powders were accurately weighed and subsequently ball-
milled in ethanol at 250 rpm for 24 h. After that, the slurry was dried at 80
°C for 6 h and sieved using a 200-mesh screen. The mixtures were then cal-
cined in air at 600 °C for 24 h to eliminate impurities. The resulting green
bodies were pressed into shape using a stainless-steel mold (® =20 mm)
under an axial load of 20 MPa, followed by cold isostatic pressing (CIP) at
260 MPa for 20 min. The pressed green bodies underwent additional calci-
nation at 850 °C for 24 h in air to remove any remaining organic residues.
Final sintering was performed in a vacuum furnace (Nanjing Boyuntong
Instrument Co., Ltd., China) with a vacuum pressure of 5 x 10™* Pa at
1850 °C for 8 h. The samples were annealed in air at 800 °C for 4 h. Upon
cooling, both sides of the samples were polished for subsequent charac-
terization.

Characterization: The microstructural analyses were carried out us-
ing a JEOL JEM-2010 transmission electron microscopy, equipped with
a high-resolution transmission electron microscope (HR-TEM), energy
dispersive X-ray (EDX) mapping, and high-angle annular dark-field
(HAADF) STEM, all operating at an acceleration voltage of 200 kV. Cross-
sectional and surface morphologies of the Al,O;-LMA: Mn?* compos-
ite ceramics were examined via scanning electron microscopy (SEM,
COXEM EM-30) coupled with energy dispersive spectroscopy (EDS) (Hi-
tachi SU8220). Phase purity and crystallographic structure were ana-
lyzed using an X-ray polycrystalline powder diffractometer (SmartLab
Rigaku) with Cu Ka radiation (4 = 0.154 nm), operating at 40 kV
and 30 mA, and scanning at a rate of 5 min~! over a 26 range of
10°-80°.

© 2024 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

(a)
 Projection screen

Beam expander Filter

1(55

e - LCD screen

www.advmat.de

(h) —=

—— AlLO, - LMA:Mn** + red LD
——B-SIAION + red LD

—-=- Rec.2020
NTSC 1931

g

02

CIE 1931

0.0
0.0 0.1 02 0.3 04 0.5 0.6 0.7 0.8

(b)

Il YAG + Blue Laser

Intensity (a.u.)
Intensity (a.u.)

450 500 550 600 650 700 750 400 450
Wavelength (nm)

YAG:Ce?*

Photoluminescence emission (PL), photoluminescence excitation
(PLE), decay curves, and photoluminescence quantum yield (PLQY) were
measured using a fluorescence spectrometer (FLS1000, Edinburgh Instru-
ments, UK) equipped with a 450 W continuous xenon lamp. Temperature-
dependent PL spectra were also obtained with this spectrometer, using
a heating attachment (THMS600E, Linkam Scientific Instruments). The
samples were heated to 225 in 25 °C intervals at a rate of 50 °C min~,
with a 5 min holding period at each temperature to achieve thermal equi-
librium. Photometric and colorimetric parameters under blue laser exci-
tation were recorded using a custom-built laser illumination system com-
prising an integrating sphere (30 cm in diameter, Labsphere, Inc., USA),
a blue laser source (LSR-PS-FA, Lasever, China), and a CCD spectrometer
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Figure 6. Construction of laser-driven wide-color-gamut display. a) lllustration of the light path for the Al203-LMA: Mn?*-based laser-driven projection
system. EL spectra of b) commercial YAG: Ce3* TPC, c) f-SiAION: Eu?* PiGF, and d) Al,O;-LMA: Mn?* composite ceramics -based laser-driven projector
prototypes. e-g) The actual display performance and h) the corresponding color gamut of the three different kinds of projections.

(OHSP-350 m, Hopoocolor Technology Co., Ltd., China) operating in re-
flection mode. The laser spot size was adjusted to a 2.543 mm? area using
a lens. Thermographic imaging under varying blue laser diode (LD) power
densities was captured using an infrared thermal camera (TiS75, Fluke,
USA), positioned 15 cm from the sample.

The thermal diffusivity of the ceramic was determined using a
laser flash apparatus (LFA 467, Netzsch). X-ray photoelectron spec-
troscopy (XPS) was performed on a Thermo Scientific K-Alpha (Thermo
Scientific Inc.,, USA) using a monochromatic Al Ka source. Addi-
tionally, electron paramagnetic resonance (EPR) spectra were mea-
sured at room-temperature with an EMXplus X-band spectrometer
(Bruker).
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Computational Procedure: Utilizing density functional theory (DFT)
as implemented in the Vienna ab-initio simulation package code,[*?] the
electronic structures of LMA were investigated. The projector augmented
wave (PAW) method!*’! was used for the ionic cores and the general-
ized gradient approximation (GGA) for the exchange-correlation potential,
in which the Perdew-Burke-Ernzerhof (PBE) typel*°] exchange-correlation
was adopted. The reciprocal space was sampled with 0.03 A= spacing in
the Monkhorst-Pack scheme for structure optimization, while denser k-
point grids with 0.01 A=" spacing were adopted for properties calculation.
A mesh cutoff energy of 400 eV was used to determine the self-consistent
charge density. All geometries were relaxed until the Hellmann—Feynman
force on atoms is less than 0.01 eV A~T and the total energy change is
less than 1.0 x 107> eV. The calculation models were built from the crystal
structure.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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