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The development of advanced high-power-density laser-driven light source
requires durable and color-tunable inorganic phosphor-in-glass film compo-
sites as color converter. One challenge remains for the phosphor-in-glass film
is the thermal erosion and degradation of phosphor, as harsh condition or long
duration time is required to densify the film for conventional sintering. Here
we develop a rapid thermal annealing technique that achieves high film den-
sification (porosity < 3%) within seconds utilizing high-power (>10 kW) infrared
irradiation. As demonstrated by high-resolution electron microscopy obser-
vation, a trivial interfacial reaction occurs, leading to almost intact phosphor
particles and thus restrained luminous loss. For instance, the red-emitting
Sro.sCagAlISiN5:Eu?* exhibits a record internal quantum efficiency of 91.2% in
the processed film and achieves a luminous flux of 2379 Im and efficacy of
140 Im W™ after fabricating a phosphor wheel. This method reduces energy
consumption, enables high-throughput screening, and offers material uni-
versality and design flexibility, paving the way for new opto-functional mate-

rials and applications.

As the domain of lighting technology strides towards high
brightness and environmental consciousness, laser-driven light
source has garnered significant attention for its high-power
density and wall-plug efficiency’. In the construction of laser
lighting systems, nitride and oxynitride phosphors play a pivotal
role as color converters, with importance equally standing with
the classical garnet phosphors®. The dense crystal structure
confers enhanced structural rigidity and thus thermal stability
upon these compounds, while the rich and diverse local coordi-
nation environment affords greater control over the energy level
positions of the doped rare earth luminescence centers. These
merits are essential for the overall performance of the laser
lighting systems, beneficial to attaining not only high lumen
output, but also high color rendering index (CRI), optimal cor-
related color temperature (CCT) and wide color gamut®.

Laser lighting calls for new phosphor bulk material form with high
performance. Traditional phosphor encapsulation, such as those uti-
lizing organic silicone resins as the encapsulation medium to produce
phosphor-in-silicone (PiS) composite, has encountered a performance
bottleneck. PiS materials are prone to aging at high temperatures, so
their thermal stability and durability are often challenged*’. To address
this issue, researchers have begun to explore all-inorganic color con-
verters, such as fluorescent single crystals®’, fluorescent ceramics®™",
phosphor-in-ceramic  (PiC)'*">, phosphor-in-glass (PiG)***"", and
phosphor-in-glass films (PiGF)** . Unlike garnet oxides, nitrides and
oxynitrides are unable to grow into single crystals due to their aniso-
tropy; moreover, their low diffusion coefficients make it challenging to
fully densify them into ceramics with acceptable optical properties
using traditional methods’. Compounding and encapsulating them
with amorphous glass, which is inherently flowable when softened or
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melted, would be an advisable choice. The PiG composite displays
unparalleled benefits in terms of cost-effectiveness, easy fabrication,
and design versatility, when compared to other potential alternatives.
Particularly, the sintering of PiG in the form of thick film on a substrate
with high thermal conductivity will significantly alleviate luminescence
saturation phenomenon under high power densities of lasers. To date,
there have been great endeavors paid with the aim of developing high-
performance PiG and PiGF. Nevertheless, the conventional preparation
process always requires high-temperature and long-duration sintering,
which consumes a considerable amount of energy and inevitably
brings about phosphor degradation, chemical erosion, and especially
oxidation in the case of nitride and oxynitride phosphors™?. In this
regard, the development of a novel sintering technology to fabricate
PiG/PiGF in rapid manner is a pressing necessity (Supplementary
Note 1), yet it remains a formidable challenge due to the difficulty of
material densification. In addition, the up-to-date fast sintering tech-
nologies are usually hard to popularize, since the cost and effective-
ness are compromised®?*=*, Recently, Xia et al. smartly develop a rapid
synthesis technique to fabricate phosphor-glass composites in sec-
onds based on particle self-stabilization, unfortunately just like many
other fast sintering strategies, the material system is limited to garnet
oxides™.

In this work, we innovatively introduced rapid thermal annealing
(RTA), a fast sintering technique previously used in semiconductor
manufacturing processes, to prepare PiGF. We demonstrated that RTA
technology, which is characterized by extremely high heating rate of
up to 55°Cs’, is able to achieve densification of PiGF within seconds,
significantly enhancing production efficiency and reducing energy
consumption. Taken the red-emitting Sro gCag »AlSiN3:Eu®* (SCASN:Eu)
nitride phosphor as an example, the fabricated SCASN:Eu PiGF via RTA
exhibits restrained interfacial reaction between phosphor particles
and glass matrix, resulting in an impressive internal quantum efficiency
(IQE) of up to 91.2% under 455nm blue light excitation. This value
exceeds those reported for all-inorganic red phosphor bulk materials
in the literature. Such a high IQE in red-emissive color converter
endows lighting sources based on PiGF with enhanced brightness and
comfortable visual experience. RTA technology can be extended to
various nitride and oxynitride PiGFs, including, but not limited to,
LasSigN;;:Ce  (LSN:Ce), BaSi,O,N5:Eu?* (BaSiON:Eu), CaAlSiN;:Eu®*
(CASN:Eu), B-SiAION:Eu®* (B-SiAION:Eu), and a-SiAION:Eu®* (a-SiAlO-
N:Eu), as well as other substrate materials and opto-functional poly-
crystalline. Such scalability endows the RTA with potential application
value across different phosphor systems and various application sce-
narios, demonstrating the great design flexibility and universality of
this technology. More importantly, the uniform temperature field of
the RTA technology enables high-throughput screening of materials
that can rapidly validate theoretical predictions, hopefully accelerating
the discovery of a variety of new PiGF materials.

Results

Fabrication of PiGF via RTA technology

Figure 1a illustrates the PiGF fabrication process via the RTA method.
Initially, nitride phosphors, glass powder, and an organic colloid
composed of terpineol and ethyl cellulose are homogeneously mixed
in a predetermined ratio (Mixing). Subsequently, the uniformly mixed
slurry is applied evenly onto a substrate with high thermal conductivity
using an automatic coating machine (Coating). Thereafter, the coated
precursor film is subjected to a drying process in an oven at 150 °C to
remove the organic carrier (Drying). Ultimately, the dried precursor
film is sintered within the RTA device to obtain the PiGF. Figure 1b and
the Supplementary Fig. 1 provide an overview of how the RTA works
and a digital photograph. As depicted in Fig. 1b, the chamber of the
RTA unit contains 13 kilowatt-grade tungsten halogen lamps, ther-
mocouple, quartz holder, and other components. The heating lamps
are symmetrically distributed across the upper and lower surfaces of

the chamber, radiating energy onto the surface of PiGF sample and
monocrystalline silicon wafer positioned on the quartz holder. The
silicon wafer, with a bandgap energy of 1.12 eV, strongly absorbs the
radiation energy (>1.12 eV) with a black-body radiation spectrum from
lamps mainly distributed in the infrared region, and then conducts it to
the supported substrate with high thermal conductivity. The PiGF
material completes the sintering process in approximately 10 s under
the synergistic effect of the halogen lamps’ thermal radiation and the
silicon wafer’s thermal conduction. The metal chamber is cooled by a
circulating water system, while the lamps and quartz chamber are
cooled by compressed air.

To delineate the distinctions between RTA technology and tradi-
tional muffle furnace sintering, the heating rate plots were recorded as
shown in Supplementary Fig. 2. In contrast to traditional sintering
methods, RTA sintering can rapidly achieve the target temperature
from room temperature at a heating rate of -55°C s™ (Supplementary
Movie 1). Such a short processing duration not only signifies an effi-
cient synthesis methodology but also suggests a reduced energy
consumption, amounting to merely 4.3% of that required by conven-
tional sintering techniques (the inset of Supplementary Fig. 2 and
Supplementary Note 2). The finite element method (please find the
details in the section of “Methods”) was used to simulate the heating
curve and the temperature distribution on the surface of samples
within the RTA equipment as it was heated to 550 °C (Fig. 1c). The
simulation results demonstrate the temperature rise proceeds in fast
speed (Fig. 1d and Supplementary Movie 2), thanking to the ultra-high
temperature of lighting source up to >3000 K. Unlike the real situa-
tion, the simulation does not take into account the electrical feedback,
which should be responsible for the differences during the heating and
soaking stages. A large discrepancy is observed in the cooling stage,
majorly attributed to the exclusion of the metal enclosure and the
water- and air-cooling systems in the simulation domain. Importantly,
the temperature distribution across the silicon wafer is uniform, with a
temperature difference of no more than 3 °C between the center and
the edge of wafer, and a difference of no more than 1 °C within the area
of wafer where samples are placed (Fig. 1e). This confirms that multiple
samples experience almost identical sintering conditions in the RTA
process, thereby rendering this process suitable for large-scale man-
ufacturing and high-throughput screening.

High-throughput fast screening and universality

RTA technology enables the swift and reliable synthesis of PiGF,
facilitating the rapid validation of the compatibility between various
glass matrices and a range of phosphors, thereby accelerating the
screening process for high-performance PiGF materials (Fig. 2a). As a
proof-of-concept experiment, we utilized a model system comprising
five common commercial nitride and oxynitride phosphors (SCAS-
N:Eu, CASN:Eu, B-SiAION:Eu, BaSiO,N:Eu, and LSN:Ce) and five
commercial glass powders (GC825, GF45A, FD233, FD238, and NL-4) to
demonstrate the rapid screening capability afforded by the RTA
technology. The comprehensive details of the commercial glasses we
used, including their composition, glass transition temperature (Tg),
softening temperature (T;), melting temperature (T,,,), packed density,
average particle size (D50) and refractive index, are summarized in
Supplementary Table 1. The related thermophysical parameters are
derived from differential thermal analysis (DTA), as presented in
Supplementary Fig. 3. As depicted in Fig. 2b, we employed a 5x5
matrix setup to rapidly sinter 25 PiGFs on sapphire substrates at 550 °C
for 10 s in one time. The quantum yield test results indicate that dif-
ferent phosphors have distinct optimal glass powders for compat-
ibility under this sintering condition. The external quantum efficiency
(EQE) reveals that the most compatible glass matrix for SCASN:Eu and
CASN:Eu is NL-4, while for LSN:Ce and BaSi,O,N,:Eu, it is FD238, and
for B-SiAION:Eu, it is GF45A. The optimal combination of phosphor and
glass will get varied under different sintering temperatures and
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Fig. 1| Rapid sintering process. a Schematic illustration of the synthesis process of
phosphor-in-glass film (PiGF) via the rapid thermal sintering (RTA) technology.

b Internal structure of the RTA device. ¢ 3D model for finite element simulation;
5x 5samples are placed on the monocrystalline Si wafer and subjected to irradia-
tion from two planar radiation sources. d Experimental and simulated heating

curves for the RTA sintering process; the experimental data are collected in every
0.5s. e Temperature distribution on the wafer surface simulated using finite ele-
ment analysis at the target temperature of 550 °C. Source data are provided as a
Source Data file.

durations (Supplementary Figs. 4, 5). To swiftly ascertain the optimal
sintering temperature for various glass matrices, we selected SCAS-
N:Eu as the subject of our study and prepared a series of SCASN:Eu-
PiGFs sintered for 10 s at different temperatures in combination with
five distinct glass matrices. This experiment was repeated four times
and the total time spent was less than 10 min. The EQEs of these
samples are summarized in Fig. 2c, showing that the combination of
SCASN:Eu with NL-4 exhibits the highest EQE when sintered at 550 °C.
One can also find that the optimal sintering temperature varies for
different glass matrices.

To achieve the red SCASN:Eu PiGF with the utmost quantum
efficiency, a meticulous optimization of the RTA process was

conducted by using the screened NL-4 glass as matrix. The precursor
film samples were sintered under different temperatures of 500 °C,
550°C, 600 °C, 650 °C, and 700 °C, each with a fixed heating duration
of 10s and a varied holding time of 1s, 5s, 10s, 20s, and 30s,
respectively. In Fig. 2d-f, we show the collection of glass films and
SCASN:Eu PiGF combined with sapphire substrate. The corresponding
heating curves of RTA process are presented in Supplementary Fig. 6.
The transmittance of the glass film, the internal quantum efficiency
(IQE) and the EQE of the PiGF were employed as criteria for evaluation.
The optimal RTA sintering process at 550 °C for 10 s yields the highest
transmittance for the glass film (Fig. 2g), and simultaneously achieving
the highest IQE and EQE for the PiGF (Fig. 2h, i). Too lower the
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Fig. 2 | High-throughput synthesis and screening. a Schematic diagram of the
process of high-throughput synthesis and screening of phosphor-in-glass films
(PiGFs). Ai: phosphor type (i=1~m); B: glass type (j=1-n). b The table shows the
external quantum efficiency (EQE) values of PiGFs prepared by rapid thermal
annealing (RTA) with different combinations of phosphors and glasses. The insets
show digital photographs of a 5 x 5 matrix of 25 PiGFs before (top) and after
(bottom) RTA sintering in daylight. ¢ The table shows the EQE values of PiGFs

Sintering time (s)

Sintering time (s)

prepared by RTA at different temperatures with different combinations of SCAS-
N:Eu phosphors and glasses. d Digital photograph of the sintered glass films pre-
pared by RTA in daylight. Digital photographs of SCASN:Eu PiGFs prepared by RTA
(e) in daylight and (f) under UV light. Scale bar =1cm. g Transmittance at 800 nm
for the glass films prepared by RTA. h Internal quantum efficiency (IQE) and (i) EQE
values of SCASN:Eu PiGFs. Source data are provided as a Source Data file.

temperature or too shorter the holding time cannot densify the glass
film; while in the opposite, the thermal erosion effect takes place that
degrades the luminescent performance. To be mentioned, a decrease
in the transmittance of the glass film is found when overheating. This
phenomenon can be attributed to the volatile constituents within the
glass film, which are prone to evaporate during the sintering process
and then to leave behind voids (Supplementary Fig. 7). The weight loss
of glass supports the hypothesis of substance volatilization (Supple-
mentary Table 2). As a reference, employing the same analytical

approach, we have determined that the most efficacious conditions for
traditional sintering to be at 650 °C for 15 min, as shown in Supple-
mentary Fig. 8. It is evident that the traditional sintering necessitates
higher furnace temperatures and prolonged sintering times (typically
tens of minutes, or even hours'®**%) to achieve a densification level
comparable to the RTA-processed samples. RTA technique in the
presence of the intense infrared radiation provided by high-power
halogen tungsten lamps facilitates the rapid densification of glass films
at lower temperatures.
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Furthermore, RTA technology shows great universality and
design flexibility in the synthesis of all types of PiGFs with diverse
luminescence properties combined with different substrates. The
above has shown the nitride and oxynitride PiGFs sintered on sap-
phire plate with multi-color emissive properties. Instead of sapphire,
SCASN-PiGFs can also be sintered on substrates of SiC, K9 glass, and
AIN ceramic with high luminescent performance (Supplementary
Fig. 9). Moreover, the phosphor system can be extended to oxides,
sulphides and even halides (Supplementary Fig. 10). As for the
luminescent performance, we took the RTA processed Y3Als0;,:Ce*
(YAG:Ce) PiGF as an example, which yields IQE reaching as high as
95.5% and high brightness much superior to the commercial
YAG:Ce* PiG products (Supplementary Fig. 11). Moreover, the RTA-
processed K,SiFg:Mn*" PiGF and Gd,0,S:Tb* PiGF, with the embed-
ded phosphors normally susceptible to thermal degradation, have an
acceptable IQE of 72.6% and 58.2%, respectively (Supplementary
Figs. 12, 13). Beyond the fluorescent PiGFs, the persistent lumines-
cence PiGFs can be also fabricated via RTA (Supplementary Fig. 14),
indicating that RTA-processed materials have broad application
scenarios in the other photonic fields such as night vision, anti-
counterfeiting, optical storage, etc.

Microstructure of the RTA processed PiGF

We first studied the microstructural evolution of glass precursor dur-
ing the RTA process. Scanning electron microscopy (SEM) character-
ization was performed on the glass film samples treated at 550 °C for
1s,35,55s,7s,and 10 s, respectively (Fig. 3a). The silicate glass powders
used have irregular shape with a D50 particle size of 6 um after
grinding and sieving (Supplementary Fig. 15). At the onset of 1s RTA
process, the glass powder particles are distinctly separated without
apparent adhesion (Fig. 3a, i). As the sintering time progresses, the
glass frit particles begin to adhere and coalesce with adjacent particles,
and simultaneously some large pores are formed by consuming small
pores (Fig. 3a, ii-iv). In the final stage of the sintering process, one can
see the large pores are expelled out and a uniformly dense glass film
devoid of obvious pores or cracks is obtained (Fig. 3a, v). Micro
computed tomography (Micro-CT) test images of the glass film sin-
tered for 10 s via RTA are shown in Supplementary Fig. 16. It can be
observed that the pore size of glass film follows a Gamma distribution
with an average value of 4.58 pm, and the porosity is determined to be
only 0.52% based on three-dimensional reconstruction analysis (inset
of Supplementary Fig. 16), confirming the rapid densification cap-
ability of the RTA process for the glass films. X-ray diffraction (XRD)
patterns indicate that the sintered glass film possesses an amorphous
structure (Supplementary Fig. 17).

SCASN:Eu phosphor powders exhibit a rod-like shape with a D50
of 11 um (Supplementary Fig. 18). SEM images of the PiGF surface
reveal that the dispersed SCASN:Eu** phosphor particles have no
obvious change in morphology and size (Fig. 3c and Supplementary
Fig. 19), suggesting insignificant interfacial reactions. The optical
microscope examination, X-ray fluorescence (XRF) testing and con-
focal laser scanning microscope (CLSM) observation on SCASN:Eu
PiGF demonstrate the uniform distribution of phosphor particles
throughout the glass matrix (Supplementary Movie 3, Supplementary
Figs. 20, 21). To analyze porosity of the PiGF, the micro-CT test is also
conducted (Fig. 3b). The results indicate a porosity of 2.9%, which is
higher than that of glass film sample, but still remarkably dense. It is
inferred that the densification of PiGF undergoes glass softening, for-
mation of sintering necks at contact points, wetting, and gradual
expulsion of pores, as schematically illustrated in Supplementary
Fig. 22. For PiGF, heterogeneous infiltration and wrapping are more
difficult and therefore pore expulsion is not as efficient as the case of
glass film. In a typical experiment, the measured thickness of the PiGF
is 86 um (Fig. 3d). XRD patterns of the RTA-processed PiGF samples
demonstrate that the crystalline diffraction peaks, consistent with the

standard data (PDF#97-016-3204), originate from the embedded
SCASN:Eu (Fig. 3e).

Furthermore, a micro-plane containing SCASN:Eu grain and glass
matrix was sectioned using focused ion beam (FIB) for transmission
electron microscope (TEM) analysis (Fig. 3f). The high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
image in Fig. 3g shows a clear boundary representing the interface
between SCASN:Eu particle and glass matrix. The SCASN:Eu particle
with higher Z-contrast, scattering more electrons, presents bright
region. The corresponding energy-dispersive X-ray spectroscopy
(EDS) shows the distinct elemental distribution, i.e., Sr, Al, N con-
centrate in phosphor particle, O enriches in glass matrix, and Si dis-
tributes over both, as expected. In comparison, a blurred interface of
approximately 20 nm with apparent elemental interdiffusion can be
observed for the sample processed by traditional sintering (Supple-
mentary Figs. 23, 24). High-resolution TEM (HRTEM) observation in
Fig. 3h demonstrates that the phase transition layer (associated with
thermal erosion) usually observed in the traditional sintering process
is almost absent in the RTA-processed PiGF. Fast Fourier Transform
(FFT) images taken on three representative regions show the typical
amorphous halo and single-crystalline diffraction pattern on glass and
crystal grain respectively, and both features at the interface. The
observed 2-dimensional interplanar spacings are calculated as 1.84 and
2.54 A, indexing to (222) and (220) facets of SCASN, respectively. The
measured angle between the (222) and (220) facets is 44.1°, getting
close to the theoretical one of 43.8°. In the enlarged HRTEM obser-
vation at the interface (Fig. 3i), one can still identify a vague inter-
diffusion region with a thickness of 1-2nm, where the crystalline
lattice becomes blurred and some high-density ionic vacancies are
clearly observed. Thereupon, it is reasonable to infer that ionic
migration occurs at the interface. These results collectively demon-
strate the integrity of the phosphor particles in the PiGFs and the
capability of the RTA process to significantly suppress interfacial
reactions.

Luminescent performance of the RTA processed PiGF
During the traditional sintering of PiG (S-PiGF-TS), the nitride
phosphors are invariably oxidized". Fortunately, due to the fast
RTA sintering process, which requires only 10 s, the oxidation is
successfully mitigated in the SCASN:Eu-PiGF-RTA (S-PiGF-RTA). As
illustrated in Fig. 4a, the oxidation-induced shift in the emission
center is minimal (a mere 3nm), in contrast to the reference
sample which exhibits a more pronounced shift of up to 7nm.
Benefiting from the suppressed interfacial erosion and the relief
of oxidation, the internal quantum efficiency (IQE) of S-PiGF-RTA
remains as high as 91.2%, which is only 5.3% lower than that of the
original powder and much better than that of the S-PiGF-TS
(Fig. 4b and Supplementary Table 3). Compared to other red
fluorescent materials (ceramics, PiG, PiGF), the present S-PiGF-
RTA composite scores the highest IQE (Fig. 4c and Supplementary
Table 4). Photoluminescence (PL) decay curves were also exam-
ined, where the decay profile of S-PiGF-RTA almost overlaps with
that of phosphor powders, showing a luminescence lifetime
decrease of only 7%, whereas the S-PiGF-TS exhibits a 13%
reduction (Supplementary Fig. 25). Additionally, we examined the
thermal stability performance which is crucial in laser lighting
applications. The integrated emission intensity of S-PiGF-RTA at
200 °C still retains 90.4% of that at 25 °C (Supplementary Fig. 26),
comparable to the SCASN:Eu powder and also superior to the S-
PiGF-TS. Comparison of steady-state and transient-state PL char-
acteristics corroborates the superiority of the RTA process over
the traditional methods.

To assess the luminescence properties of the fabricated PiGFs
under blue laser excitation, a series of RTA processed S-PiGF phosphor
wheels were fabricated with optimization of the phosphor-to-glass
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volume: 1000 x 1000 x 86 um?; analysis limit: S00 nm). Scale bar =200 um. ¢ SEM
image on the surface of SCASN:Eu phosphor-in-glass film (PiGF) sintered at 10 s.
SCASN:Eu and glass are easily distinguished. Scale bar = 50 um. d SEM image on the
cross section of SCASN:Eu PiGF sintered at 10 s. The interface between PiGF and
sapphire is clear. Thicknesses of film: 86 pm. Scale bar =50 pum. e XRD patterns of
the phosphor powders and the corresponding rapid sintering annealing (RTA)

'H'igh-dgns‘ity¢ g
ionic vacangies
e : ¥

processed PiGF (SCASN-PiGF-RTA). f TEM image of one micro-plane of PiGF sec-
tioned by FIB. Further magnification of the part of the red circle is observed. Scale
bar =2 um. g Elemental distribution of phosphor particles and glass matrix near the
interface. Scale bar =100 nm. h HRTEM image taken near the interface, right panels
show FFT images of the corresponding regions. Scale bar =10 nm. i Magnified
HRTEM image at the interface. A vague interdiffusion region (white dashed line)
with a thickness of 1-2 nm is observed, in which some high-density ionic vacancies
(red dashed circle) can be clearly observed. Scale bar =2 nm. Source data are
provided as a Source Data file.

(PtoG) weight ratio and film thickness (Supplementary Fig. 27). The
corresponding EL spectra are presented in Supplementary Figs. 28, 29.
The adoption of phosphor wheel configuration is based on the con-
sideration of ease of thermal management under dynamic excitation
due to more efficient heat convection to air and pulsed irradiation®. It

can be observed that the sample with a PtoG weight ratio of 1:1 and a
film thickness of 86 um achieves the maximum luminous flux (LF) of
1004 Im under 455nm blue laser irradiation at a power density of
27 W mm™. Too heavy the phosphor load or too thick the film leads to
the severe heat accumulation and then the thermal runaway effect”. A

Nature Communications | (2025)16:2807


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58099-5

—— S-PiGF-TS 601
40+

::- 201

Intensity (arb. units) o
Efficiency (%)
o

b c
605 nm _ 1001 I EQE IQE-7r— Abs 100 100
601 nm#fN 608 nm Aex = 455 nm o * ] *
" 80 This work i |
T 804 \*7 - \* 80 E.A
" —— powder o
" —— S-PiGF-RTA 60 a

40 -
r20 v i

®
L0 20

60+

IQE (%)

M PiGF
A PG

(9%) uondiosqy

401 s Ceramic|

500 550 600 650 700 750 800 FERP © 10 100 1000 10000
o 5 .
Wavelength (nm * o€ W Tim
avelength (nm) O 6@5\« e e (s)
Incident laser power (W) Incident laser power (W)
0 2 4 6 8 1012 14 16 — 0 2 4 6 8 1012 14 16
d e P S f 1200 T T
—1000- = —(b— S-PIGF-RTA
S —B— S-PIGF-RTA £ 100 PIGE
= 8001 —A—sPicrTs ; —A— S-PiGF-TS
3 S 80
“u_> 600 Q2
3 = 60
2 400 o 60
£ @
3 200+ _g 40
S
. ; . ! ! ! 3 20 T T T T . .
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
Incident laser power density (W mm?) Incident laser power density (W mm2)
Incident laser power (W)
g h 0 2 4 6 8 10 12 14 16 i
1004 powder [l RTA TS 2000 5 BaSION:E-PIGF-RTA ;\1000
-~ 1800 {-A— p-SiAION:Eu-PiGF-RTA 'E 800 | —— scasn:eu PicF@A
g 1600 J—%— CASN:Eu-PiGF-RTA c —— SCASN:Eu PiGF@silver-plated Al
80 ;’ 1400 <> o-SIAION-PIGF-RTA > 600 h
S 2 1200/ E ~
5 o0 @ 1000- < 80 \
G 40/ o 800 2 60/
- < 600 £
£ € 40/ J \
20| S 4001 o 2 [\
— 2001 ALEEST g 20 )/ ANQN
0- s o ol : ‘ I
W @‘\@ \oV‘ \o 0 4 8 12 16 20 24 28 400 500 600 700
sC PO o . :
°? ¢ Incident laser power density (W mm2) Wavelength (nm)

Fig. 4 | Luminescent performances. Comparison on a PL spectra, b Internal/
external quantum efficiency(I/EQE) and absorption efficiency (Abs) of the SCAS-
N:Eu phosphor-in-glass film (PiGF) fabricated by traditional sintering (TS) and rapid
thermal annealing (RTA); the data of original phosphor powders are also presented
for references. ¢ IQE of SCASN:Eu phosphor-in-glass film prepared by RTA (S-PiGF-
RTA) as compared with those reported red all-inorganic material (see details in
Supplementary Table 4). d Digital photograph of the phosphor wheels. e Luminous
flux and f luminous efficacy of the phosphor wheels as a function of the incident
laser power and power density. g IQEs of the fabricated nitride and oxynitride PiGFs

via the RTA and TS methods and the original phosphor powders. h Corresponding
Luminous flux values of nitride and oxynitride phosphor wheels prepared by RTA
technique as a function of incident laser power and power density. i Comparison of
EL spectra of SCASN:Eu PiGF phosphor wheels laminated with and without silver-
plated aluminum plates under 27 W mm blue laser excitation. In e, f, and h, the
upper x-axis represents the incident laser power, while the lower x-axis represents
the incident laser power density; The incident laser power density is calculated by
dividing the incident laser power by the spot area (spot area: 0.628 mm?2). Source
data are provided as a Source Data file.

S-PiGF-TS reference phosphor wheel with the same PtoG weight ratio
and thickness is also prepared. There is a large difference in the body
color of the samples produced by these two techniques (Fig. 4d), due
to the aforementioned difference in the extent of thermal erosion and
oxidation In Fig. 4e, f, the LF and luminous efficacy (LE) are evaluated at
different power densities of blue laser. For these two samples, no
luminescence saturation occurs up to the power density limit of the
present measurement system. At each power density, the S-PiGF-RTA
outperforms the S-PiGF-TS, with the LF and LE approximately 1.7 to 2
times higher (Supplementary Table 5), confirming superiority of the
RTA-processed PiGF. Of particular note are the thousands of lumens
output and 60 ~100 Im W™ LE for the blue laser converted red light,
which can hardly be achieved with other material forms or preparation
techniques.

We employed the same PtoG weight ratio and thickness, and
combined them with NL-4 glass to fabricate a series of PiGFs with
varying emissive colors, including BaSi,O,N,:Eu, CASN:Eu, (3-SiAlO-
N:Eu, and a-SiAION:Eu, utilizing the RTA technique. Their PL and PLE
spectra, along with digital photographs of the samples, are presented
in Supplementary Fig. 30. Concurrently, we synthesized comparative
samples with the same PtoG weight ratio and thickness using the tra-
ditional sintering method. The IQE test results indicate that for the
various nitride/oxynitride PiGFs, those prepared using the RTA tech-
nique exhibit higher efficiency, as depicted in Fig. 4g and Supple-
mentary Table 6. Brightness tests under blue laser irradiation at
different power densities further substantiate this observation (Fig. 4h
and Supplementary Figs. 31-35). Furthermore, we have endeavored to
enhance the performance of the S-PiGF-RTA phosphor wheel by
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Fig. 5 | Application demonstration. a Schematic diagram and b digital photo-
graph of the constructed laser-driven display system based on the SCASN:Eu PiGF
+B-SiAION:Eu PiGF phosphor wheel. ¢ Corresponding EL spectra of the phosphor
wheel converted light source. Laser display visual effect on LCD screen based on
(d, e) commercial YAG-converted LD light source and (f, g) the present PiGF-
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converted LD light source. h Schematic diagram and (i) digital photograph of the
constructed holographic display system based on PiGF; inset of (i) shows super-
imposition of virtual flame on a real hand. Source data are provided as a Source
Data file.

laminating a silver-coated aluminum sheet on its rear side which helps
to collect more back-scattered light”’. As shown in Fig. 4i, under the
irradiation of a blue laser with a power density of 27 Wmm™~, the
output LF of the converted red light has reached a remarkable 2379 Im,
with a LE of 140 Im W, recording the highest values among the red-
emissive color converters we have examined to date (Supplementary
Table 7).

Application

To assess the practicality of RTA-processed PiGF for laser-driven light
sources, we constructed a display system incorporating a patterned
phosphor wheel (Fig. 5a). The physical prototype of the display system
is depicted in Fig. 5b. A portion of the blue laser beam sequentially
traverses a collimating lens, a dichroic mirror, and a convex lens to
irradiate the patterned phosphor wheel integrated with a silver-coated
aluminum plate. The other portion of the blue beam is directed
towards the primary optical path with the aid of a reflector. Subse-
quently, the emitted red light from SCASN:Eu, the narrow-band green
light from B-SiAION:Eu, and the blue light along the primary optical
path combine to produce white light output. The composed white
light is then projected onto an LCD screen, creating the display effect.
The spectral distribution, which is a function of the area ratio and
thickness of the red-emitting SCASN:Eu PiGF and the green-emitting 3
SiAION:Eu PiGF, has been fine-tuned for optimal display performance.
As demonstrated in Fig. 5c, with laser excitation at 27 W mm™, the

patterned phosphor wheel achieves a maximum luminous flux of
3502 Im, with a luminous efficacy of 206 Im W™. Comparative analysis
with commercial YAG:Ce-based laser light sources reveals that the
laser-driven phosphor wheels, utilizing SCASN:Eu PiGF and (-SiAlO-
N:Eu PiGF as backlight sources, yield more vibrant and visually pleasing
effects on the LCD screen, as evidenced in Fig. 5d-g and the Supple-
mentary Movie 4. Furthermore, we delved into the application of laser
display technology in holographic projection. By employing a blue
laser light source, YAG:Ce*" PiGF prepared via the RTA technology, an
LCD screen, and a holographic film, we assembled a rudimentary
holographic display cabinet (Fig. 5h). The related working mechanism
is presented in Supplementary Note 3. As depicted in Fig. 5i and Sup-
plementary Movie 5, it is evident within the holographic display cabi-
net that, the virtual three-dimensional (3D) flame is superimposed on
the real figurine or hand, achieving an interaction between the virtual
and real elements. This showcases the potential of RTA technology in
the domain of virtual reality applications.

Discussions

Throughout the research history of PiG/PiGF, a key challenge is how to
mitigate interfacial reactions between phosphor particles and glass
components during co-sintering to preserve the exceptional lumines-
cent properties of the phosphors. Strategies such as phosphor encap-
sulation, selecting glass systems with low aggressivity, and employing
rapid sintering techniques have been explored**'¢*0 %333  Rapid
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sintering, in particular, shows promise in reducing the time for ionic
migration at interfaces. The present RTA approach utilizes high-power
tungsten halogen lamps to quickly elevate the temperature to the
desired sintering point within seconds, effectively addressing this
challenge. In addition, the RTA approach requires a lower sintering
temperature compared to traditional methods due to its unique heat-
ing process. The lowered temperature prevents sufficient thermal
energy from overcoming the energy barrier for ionic migration, pre-
serving the integrity of the embedded phosphor and maintaining
high QE.

From a thermodynamic perspective, an increase in sintering
temperature results in a decrease in the viscosity of glass system,
leading to enhanced ionic migration between phosphor and glass.
While using glass powders with a lower T as raw material may seem
preferable, the relationship between Ts and QE is not always straight-
forward, as demonstrated by the RTA screening results (Fig. 2c).
Moreover, for the PiGF using glass powders with high T, the QE result
is not as unfavorable as initially expected (Supplementary Figs. 36, 37).
In fact, the high-T PiGF sintered at 750 °C for 10 s even shows a higher
IQE/EQE (i.e., 63.9%/39.1%) than that (i.e., 16.7%/12.5%) of the low-T NL-
4 glass sintered at 700 °C for 10 s. Apart from the viscosity of the glass
system, the influence of thermally-aggressive glass components
should not be underestimated. For high-T glass, the presence of
thermally-aggressive alkali metal ions is typically lower, thereby
impeding ionic migration. It is noteworthy that the absence of alkali
metal ions significantly suppresses the interfacial reactions observed
in the silica-glass-based YAG:Ce PiG sintered at temperatures up to
1250 °C".

For PiGF, the densification occurs through the viscous flow of
glass to fill voids among particles or cavities resulting from the eva-
poration of organic paste during preheating. When utilizing RTA sin-
tering, controlling the film thickness is crucial. In Supplementary
Fig. 38, the film processed at 550 °C for 10 s shows large pores and
detachment from the sapphire substrate when the film is too thick.
This is attributed to the reduced thermal conduction efficiency from
the film surface or the supported silicon wafer to the inner part. As a
result, the glass flow becomes overly viscous to effectively expel the
pores. We have determined that the maximum film thickness compa-
tible with the RTA approach, sintered within seconds, should be kept
below ~130 pm. In addition, surface roughness significantly influences
the luminescence performance of the PiG product. To assess this, we
utilized a 3D white light interferometer to analyze the 3D surface
topography of the PiGF (Supplementary Fig. 39). The calculated
average surface roughness is 1.096 pm. Considering the satisfactory
luminous performance of the manufactured PiGF phosphor wheel, the
surface roughness achieved through RTA processing is suitable for
practical applications. While a smoother surface could potentially
enhance luminous performance, it would entail a notable increase
in costs.

In summary, we report a rapid and facile RTA approach to fabri-
cate PiGF composite for the advanced laser-driven light source. High-
power infrared light strikes the PiGF and Si substrate, producing
massive heat within seconds. Finite element analysis demonstrates the
extremely high heating rate and homogeneous heat distribution in the
quartz cavity. These properties enable high-throughput screening of
PiGF, either to determine phosphor-glass compatibility or to optimize
sintering parameters. Microstructural and spectroscopic studies
reveal that the RTA technology achieves rapid densification of the PiGF
(with porosity <3%) at lower temperatures compared to traditional
sintering methods, beneficial to mitigating the effects of erosion and
oxidation, thus preserving the luminescent efficiency of phosphors.
We first observe high-density ionic vacancies at the phosphor-glass
interface (1-2 nm interdiffusion region) with vague crystal lattice due
to ionic migration. RTA technology is especially suitable for those
phosphors that are unstable when co-sintered with glass, such as the

rare earth doped (oxy)nitrides of great importance for solid-state
lighting, but is also suitable for common garnet oxides and other opto-
functional polycrystalline phosphor and persistent phosphor systems.
As an example, the RTA-processed SCASN:Eu PiGF scores the highest
IQE of 91.2% among the red-emissive inorganic bulk color converters
ever reported. Upon driven by 27W mm™ blue laser, the output
luminous flux of the converted red light for the corresponding phos-
phor wheel reaches a remarkable 2379 Im with a LE of 140 ImW™.
Finally, we present demo experiments of the laser-driven light sources
designed to create more vivid and visually appealing effects in LCD
displays, and to construct a fascinating holographic display with an
interaction between the virtual and real elements. The development of
RTA technology brings new opportunities to explore more efficient
PiGF systems, heralding a bright future for next-generation high-power
laser lighting and displays, as well as other emerging photonic
applications.

Methods

Raw materials

The glass powders including GC825 (Okamoto Glass Co., Ltd),
GF45A, FD233, FD238, and NL-4 (Anywhere New Material Co.,
Ltd.); phosphor powders including SCASN:Eu, B-SiAION:Eu,
LuAG:Ce, K,SiF¢:Mn, and YAG:Ce (Grirem Advanced Materials Co.,
Ltd), CASN:Eu and BaSi,O,N,:Eu (Shandong Yingguang Advanced
Materials Co., Ltd), LSN:Ce (Mitsubishi Chemical Holdings),
SrAl,04:Eu,Dy (Shenzhen looking long technology Co., Ltd.), Ca-
«-SiAION:Eu (Denka Co., Ltd.), Gd,0,S:Tb (Shanghai Keyan
Phosphor Technology Co.,Ltd); and YAG:Ce-PiG plate (Doctor
Optotech Co., Ltd.) are all commercially available. To fabricate
PiGF, we purchased terpineol and ethyl cellulose from Aladdin
China; sapphire wafers (10 x10 x 0.3 mm and @45 mm) from Xin-
xiang City Baihe O.E. Co., Ltd.; SiC single crystal wafers
(10x10 x 0.5mm) from Beijing Tanke Blue Semiconductor Co.,
Ltd; K9 glass wafers (10 x 10 x 0.3 mm) from Schott Glaswerke AG;
and AIN ceramic wafers (10 x 10 x 0.3 mm) from Guangzhou Baile
New Materials Technology Co., Ltd., respectively.

Fabrication of PiGF, PiGF phosphor wheel

The PiGF samples were prepared by co-sintering phosphors and glass
powders on a high thermal conductivity substrate. The process
started with the preparation of an organic solvent by dissolving 3 wt%
ethyl cellulose in 97 wt% terpineol by stirring at 80 °C for 8 h. Sub-
sequently, phosphors and glass powders were measured in a specific
mass ratio. These components were then thoroughly mixed with the
organic solvent in an agate mortar to achieve a powder-to-gel mass
ratio of 2:1. The resulting slurry was then applied to the high thermal
conductivity substrate using an automatic coating machine, with the
thickness of film meticulously controlled by the height of blade,
which was accurate to within 10 pm. The samples were then sub-
jected to a heat treatment in a muffle furnace at 300 °C for 3.5h to
ensure the complete volatilization of the organics, yielding a pre-
cursor PiGF. To complete the process, the precursor film was sin-
tered either in an RTA device (RTP-500, estarlabs.com) or in a muffle
furnace. The RTA process involved rapid heating to the set tem-
perature — 450 °C, 500 °C, 550 °C, 600 °C, 650 °C, and 700 °C within
10 s, followed by soaking times ranging from 1s to 30s. In contrast,
the muffle furnace sintering process was perfromed at a slower pace,
with a heating rate of 5°C min™ to the set temperature — 500 °C,
550°C, 600°C, 650°C, and 700°C — followed by soaking times
ranging from 5 to 20 min. A similar method was used for the pre-
paration of monochrome phosphor wheels, but with different sam-
ple quantities. The preparation steps for the patterned phosphor
wheel are similar, except that a screen-printing machine (Kaivo
Optoelectronic Technology Co., Ltd.) with a sector-shaped stencil is
used for coating in the third step.
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Characterizations

Phase determination of the prepared samples was conducted using a
MiniFlex 600 powder X-ray diffractometer (Rigaku) with Cu Ko«
radiation (\ =1.540593 A) over a data collection range of 10°~70° at a
scanning speed of 5° min™. Microstructural analysis was performed
using SEM (JSM-6700F, JEOL, Japan and SU8010, HITACH]I, Japan). TEM
and HADDF-STEM images were acquired at room temperature using a
spherical aberration-corrected STEM (JEM-ARM 200 F; JEOL, Japan).
The electron-transparent cross-sectional STEM specimen was pre-
pared by focused ion beam milling (Helios G4; FEI/Thermo Fisher
Scientific, USA) and further thinned by focused Ar-ion milling (Nano-
Mill 1040; Fischione Instruments, Export, PA, USA). The elemental
distribution within the PiGFs was analyzed using XRF spectrometer
(M4 Tornado, Bruker, Germany). The distribution of phosphor parti-
cles on the surface of PiGF was examined using an optical microscope
(HD, LUO SI, China). The 3D distribution of phosphor particles within
the PiGF was investigated using CLSM with an excitation wavelength of
405 nm (A1 MP, Nikon, Japan). The surface roughness of the PiGF was
analyzed using a white light interferometer (LAMBDA, RTEC, USA).
Sample porosity distribution and porosity analysis were carried out by
using micro-CT (Nanovoxel-3432E, Sanying Precision Instruments,
China). To be mentioned, the pores smaller than 500 nm cannot be
detected due to the resolution limit of CT scanner. The thermo-
dynamic parameters were determined using a DTA instrument
(STA449 F5, Netzsch, Germany). The refractive index of glass sample
was measured by a digital refractometer (RDB, GEM Instruments). The
full transmission spectra were recorded by using a UV-visible-NIR
spectrophotometer (Lambda 950, Perkin Elmer). The IQE of lumines-
cence was measured based on a 455 nm semiconductor laser (3 W), an
integrating sphere, a cooling-heating stage, and a fiber optic spectro-
meter. The integrating sphere was assembled onto a cooling-heating
stage, and the luminescence signal was transmitted to the spectro-
meter (Ocean Optics, QE pro) via a fiber. IQE was calculated by the ratio
of emitted to absorbed photons. The PL and PLE spectra, as well as
fluorescence decay curves, were recorded using a fluorescence spec-
trometer (FLS920, Edinburgh Instruments) equipped with a 400 W
xenon lamp and a 470 nm pulsed laser source. Samples were placed on
a cooling-heating stage (Linkam Scientific Instruments, THMS600E)
and held for 2min at different temperatures before temperature-
dependent PL spectrum measurements were taken. The photometric
parameters of the samples under blue laser excitation were collected
using a homemade laser illumination system, which consisted of a
custom-made integrating sphere with a diameter of 10 cm, a 22 W blue
laser (Ningbo Yuanming Photoelectric, LSR455CP), and a fiber optic
spectrometer (Ocean Optics, QEpro). It should be noted that the
incident 22 W blue laser inevitably experiences losses after passing
through the lens, resulting in a maximum light power of 17 W actually
reaching the sample. The testing optical path was set in a reflective
mode, with the incident laser spot having an approximately circular
shape and an area of about 0.628 mm?2. The sample was adhered to a
rotating aluminum wheel that was driven by a high-speed rotating
motor with a rotation speed of 3000 rpm. The optical power of the
blue laser was measured using a laser power meter equipped with a
thermopile power probe (model 30A-BB-18, Ophir).

Finite element analyses

The rapid thermal annealing (RTA) system modelling. To explore
the feasibility of bulk sample preparation through the RTA process,
finite element modeling was conducted using Ansys software to
investigate the temperature distribution across various regions of the
silicon wafer during the process. The three-dimensional model and
computational domain are depicted in Fig. 1c. The upper and lower
arrays of halogen tungsten lamps within the quartz chamber of the
furnace were simplified as two planar radiation sources with a diameter
of 170 mm, with their temperatures set at 3225 K; the dimensions of the

quartz chamber are 170 mm in length, 200 mm in width, and 20 mm in
height, with a wall thickness of 2 mm:; a silicon wafer with a diameter of
101.6 mm (4 inches) and a thickness of 1 mm is positioned at the center
of the quartz chamber. The wafer is uniformly covered with a 5x5
array of 25 glass film-sapphire precursor composite materials. The
quartz chamber is sealed to allow infrared radiation emitted by the
radiation source to pass through, thereby heating the silicon wafer and
the samples. In this case, the silicon wafer is placed in an atmospheric
environment.

It should be noted that in our scenario, the metal casing and water
or air cooling systems outside the computational domain were not
considered, which may deviate from the actual conditions. However,
we believe that during the heating and temperature stabilization
phases, the impact of these factors is minimal and does not affect our
discussion on the uniformity of temperature distribution across the
silicon wafer and samples during the heating process. These elements
can be disregarded in the simulation.

Theoretical basics
The radiation transfer process was investigated using the Discrete
Ordinates (DO) radiation model. Additionally, the simulation process
was coupled with the energy equation, taking into account the heat
conduction within the solid materials and the heat convection process
at the material-air boundary.

The radiative heat transfer process is governed by the Radiative
transport equation (RTE):

4 4
V.- (I(r,s)s)+(a+o0)l(r,s)=an? or” + 2 I(r,s)®(s,s)dQ (1)
m 4m ) g

the term V - (I(r, s)s) represents the rate of change of the radiative
intensity with respect to the spatial coordinate r and direction s,
essentially describing the propagation rate of light rays. This term
accounts for the variation in radiative intensity. The term (a + ay)/(r, s)
(a+0y)l(r, s) denotes the absorption term, where a is the absorption
coefficient and o is the scattering coefficient. /(r, s) represents the
radiative intensity at a given position r and direction s. This term
describes the reduction in radiative intensity due to absorption and
scattering processes. The term 297" is the emission term, where n is
the refractive index, o is the Stefan-Boltzmann constant, and T is the
temperature. It signifies the increase in radiative intensity due to the
emission from the object. Lastly, the term ﬁ‘/’g"l(r, sHd(s, s)dQ
represents the scattering term, which accounts for the changes in
radiation due to scattering. ®(s, §’) is the phase function, character-
izing the probability of radiation being scattered from direction s’ to
direction s. The integral is taken over 4, indicating the integration
over all possible incident directions s’.

In the simulation process, the DO radiation model is coupled with
the energy equation. The energy equation typically takes into account
the conservation of energy and can be expressed as follows:

A(pE)
ot

+V [VEE+p)=V  [kettVT = > )i +Te - VI+S,  (2)

The term % is the unsteady term, which signifies the rate of
change of the total energy per unit volume, pE, with respect to time ¢.
Here, p denotes the fluid density, and E represents the total energy per
unit mass, encompassing internal energy, kinetic energy, and energy
attributable to pressure. The term V - [V(pE + p)] is referred to as the
convective term, which describes the energy transported by the
motion of the fluid. Here, Vis the velocity vector, and p is the pressure.
This term employs the divergence V- to depict how energy is conveyed
through space via the fluid’s motion. The term V - [ker VT] represents
the heat conduction term, which describes the energy transfer due
to thermal conduction. Here, k. is the effective thermal conductivity,
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T denotes the temperature, and VT signifies the temperature gradient.
The term }hjJ; is known as the diffusive term, which accounts for the
energy changes due to the diffusion of multiple species. In this con-
text, h; represents the specific enthalpy of the j-th species, and J;
denotes the diffusion flux of that species. The term 7 - V represents
the viscous dissipation term, which signifies the mechanical energy
dissipation due to the viscous effects of the fluid. Here, 7.¢ is the
effective stress tensor, which characterizes the viscous forces within
the fluid, and V is the fluid velocity vector. The term Sy, is referred to as
the enthalpy source term, which signifies the presence of external or
internal energy sources.

Equation (1) describes the process of radiative transfer, while Eq.
(2) considers the conservation of energy. The connection between the
two lies in the fact that radiation is a form of energy transfer, and in
complex systems, radiation interacts with other mechanisms of energy
transfer, such as heat conduction and convection, affecting the tem-
perature field and energy balance. Consequently, in systems where
radiative heat transfer is involved, these two equations must be solved
in conjunction.

Numerical simulation

Utilizing the Ansys software suite, a numerical simulation of the rapid
thermal annealing (RTA) system was conducted. The model encom-
passed a substantial number of elements, totalling 1,644,875, and
nodes, amounting to 1,868,928. The temporal discretization was set at
intervals of 0.5 s, with radiative iterations performed every 0.5s, each
comprising ten energy iterations (Supplementary Movie 2). This
interval was deemed sufficiently small to resolve the rapid thermal
transport processes. The simulated heating segment was calibrated to
align with the optimal process time identified in the experimental
phase, specifically targeting a temperature of 550°C for a dura-
tion of 10 s.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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