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Introduction

Light-emitting diodes (LEDs) have attained substantial recognition in the lighting and display sectors in recent years due to their superior luminous efficiency, extended lifespan, energy efficiency, and environmental sustainability [1][START_REF] Pust | A revolution in lighting[END_REF][START_REF] Hoerder | Sr[Li(2)Al(2)O(2)N(2)]:Eu (2+) -A high performance red phosphor to brighten the future[END_REF][START_REF] Wei | New strategy for designing orangish-red-emitting phosphor via oxygen-vacancyinduced electronic localization[END_REF][START_REF] Zhao | Emerging ultra-narrow-band cyan-emitting phosphor for white LEDs with enhanced color rendition[END_REF]. However, a significant challenge known as "Efficiency droop" compromises LEDs' luminous efficiency at higher power densities, making them unsuitable for high-power solid-state lighting [START_REF] Cho | Efficiency droop in light-emitting diodes: Challenges and countermeasures[END_REF][START_REF] Trivellin | Laser-Based Lighting: Experimental Analysis and Perspectives[END_REF]. Contrarily, laser diodes (LDs) can effectively circumvent this efficiency droop issue [START_REF] Wierer | Comparison between blue lasers and lightemitting diodes for future solid-state lighting[END_REF][START_REF] Zheng | Unique Design Strategy for Laser-Driven Color Converters Enabling Superhigh-Luminance and High-Directionality White Light[END_REF]. Consequently, the technology of fluorescent conversion white laser diodes, based on blue laser diode-excited fluorescent materials-commonly referred to as laser-driven lighting technology-is anticipated to become the subsequent generation of lighting technology, succeeding LED lighting.

Nevertheless, the high photon flux laser beam produced by LDs can generate intense heat, surpassing the tolerance threshold of traditional organic encapsulation materials, which may cause damage to the phosphor [START_REF] Huang | Toward High-Quality Laser-Driven Lightings: Chromaticity-Tunable J o u r n a l P r e -p r o o f Phosphor-in-Glass Film with "Phosphor Pattern[END_REF]. To mitigate this problem, researchers are exploring the development of inorganic encapsulation materials for phosphors as a replacement for traditional organic materials, such as silicone [11][START_REF] Peng | Stable and efficient all-inorganic color converter based on phosphor in tellurite glass for nextgeneration laser-excited white lighting[END_REF][START_REF] Zhou | Three Birds with One Stone: K2SiF6:Mn 4+ Single Crystal Phosphors for High-Power and Laser-Driven Lighting[END_REF][START_REF] Xu | Investigation of laser-induced luminescence saturation in a single-crystal YAG:Ce phosphor: Towards unique architecture, high saturation threshold, and high-brightness laser-driven white lighting[END_REF][START_REF] Shao | Gd2O3 assisted densification of high quantity (Y, Gd)AG: Ce ceramic solid solutions and their luminescence characteristics[END_REF][START_REF] Kang | Strong thermal stability of Lu3Al5O12:Ce 3+ single crystal phosphor for laser lighting[END_REF][START_REF] Rejman | Temperature dependence of CIE-x,y color coordinates in YAG:Ce single crystal phosphor[END_REF][START_REF] Bohnet | Quantum spin dynamics and entanglement generation with hundreds of trapped ions[END_REF][START_REF] Gu | A new CaF2-YAG:Ce composite phosphor ceramic for high-power and high-color-J o u r n a l P r e -p r o o f rendering WLEDs[END_REF][START_REF] Kang | Luminescence declining behaviors in YAG:Ce transparent ceramics for high power laser lighting[END_REF][START_REF] Yao | YAG:Ce (3+) Transparent Ceramic Phosphors Brighten the Next-Generation Laser-Driven Lighting[END_REF]. Transparent inorganic glass [START_REF] Wang | All-inorganic high efficiency LuAG:Ce 3+ converter based on phosphor-inglass for laser diode lighting[END_REF][START_REF] Li | Phosphor-in-Silica-Glass: Filling the Gap between Low-and High-Brightness Solid-State Lightings[END_REF][START_REF] Han | Crystalline-phase depuration in Ce 3+ activated Lu3Al5O12-tellurite green-emitting phosphor-in-glass[END_REF] is considered a promising encapsulation material for phosphors in LD lighting due to its superior stability, affordability, and adjustable luminescence.

Phosphor-in-glass (PiG) inorganic color converters, employing transparent glass as the matrix and phosphors as the secondary phase [START_REF] Wei | On the luminance saturation of phosphor-in-glass (PiG) films for blue-laser-driven white lighting: Effects of the phosphor content and the film thickness[END_REF][START_REF] Yang | Designed glass frames full color in white light-emitting diodes and laser diodes lighting[END_REF], have received considerable attention as a promising material for lighting applications. Nonetheless, the hightemperature processing needed for inorganic glass consolidation can instigate interfacial reactions between the glass matrix and phosphors, leading to their corrosion.

Solid-phase sintering emerges as a promising and feasible approach to fabricating PiG materials exhibiting superior optical performance. Nonetheless, achieving low sintering temperatures coupled with abbreviated processing durations poses substantial challenges. Spark plasma sintering (SPS) is an innovative solid-phase sintering J o u r n a l P r e -p r o o f technique capable of realizing fully dense glass materials at relatively low temperatures within minimal timescales, effectively circumventing issues inherent to conventional melt-quenching methodologies [START_REF] Fang | Rapidly fabricating Y2O3 transparent ceramics at low temperature by SPS with mesoporous powder[END_REF].

Wang et al. [START_REF] Zhou | Enhancing the performance of Ce:YAG phosphor-in-silica-glass by controlling interface reaction[END_REF] successfully encapsulated Y3Al5O12:Ce phosphor within silica glass via SPS at a temperature of 1000 °C. Their findings suggest that the restricted sintering process, characterized by its low temperature and brief duration, limited interfacial reactions, resulting in a PiG demonstrating remarkable luminous efficacy of 127.9 lm/W. Contrarily, Qiu et al. [START_REF] Zhang | Highly efficient phosphor-J o u r n a l P r e -p r o o f glass composites by pressureless sintering[END_REF] recently reported extraordinary performance of a PiG material derived from a pressureless melting process at 1250 °C, using a silica glass matrix. It was observed that the silica glass matrix-based PiG exhibited no interfacial reaction, which they attributed to the absence of alkali and alkaline earth metals within the silica glass network. This revelation suggests that the meticulous regulation of sintering conditions inherent in the SPS process may not constitute the principal factor contributing to the minimal interfacial reaction observed in the study of Wang et al. [START_REF] Zhou | Enhancing the performance of Ce:YAG phosphor-in-silica-glass by controlling interface reaction[END_REF]. Consequently, further investigation is warranted to fully comprehend the mechanisms involved in the fabrication of these advanced materials.

The effectiveness of the SPS process in producing PiG with superior interface morphology can be determined through an approach that involves the use of a multicomponent glass matrix, containing alkali or alkaline earth metals, in the preparation of PiGs via SPS. Despite encouraging outcomes from SPS-based PiG reported in literature, research on the fabrication of PiG using SPS with multi-component glass compositions remains scarce. This study seeks to explore the potential of SPS process sintering conditions to inhibit the occurrence of interfacial reactions between phosphors and the multi-component glass matrix. ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) glass, containing alkali or alkaline earth metals along with highly reactive fluoride ions, is selected as the matrix. If SPS can limit the interfacial reaction between ZBLAN glass and phosphors, it can potentially prevent or mitigate interfacial reactions in other glass compositions. Lu3Al5O12: Ce 3+ (LuAG) phosphors were selected due to their high luminous efficiency and excitation capability when stimulated by a 450 nm blue laser [START_REF] Arjoca | Ce:(Y1-xLux)3Al5O12 single-crystal phosphor plates for high-brightness white LEDs/LDs with high-color rendering (Ra > 90) and temperature stability[END_REF][START_REF] Zhang | High color rendering index composite phosphor-in-glass for high-power white laser lighting[END_REF][START_REF] Cicillini | Luminescent and morphological studies of Tm-doped Lu3Al5O12 and Y3Al5O12 fine powders for scintillator detector application[END_REF].

J o u r n a l P r e -p r o o f

This study aims to investigate the impact of heating rate and sintering temperature on the transmittance of ZBLAN glass during the SPS process. Additionally, the fabrication of LuAG-PiG through SPS is examined, and the microstructure and interfacial morphology are analyzed using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The low-temperature rapid sintering process successfully produced LuAG-PiG samples with remarkable luminous flux (597 lm) and luminous efficiency (242 lm/W). Furthermore, the incorporation of CaAlSiN3: Eu 2+ (CASN) phosphor introduced a red component, allowing the development of a laserdriven white lighting device with a high color rendering index (89.8) and low color temperature (3354 K). These findings indicate that careful regulation of the sintering conditions during the SPS process can effectively minimize or eliminate the interfacial reaction between ZBLAN glass and phosphors, thereby enhancing the overall device performance.

Experimental

Sintering parameters

The parameters for generating dense and transparent ZBLAN glass through SPS were identified by conducting a series of reaction-sintering tests. ZBLAN glass was initially ground into a powder, with a particle size ranging between 3-5 μm, using an agate mortar in the absence of solvent media. The ground glass powder was carefully vacuum-packaged for backup purposes. Subsequently, 1.5 g of this glass powder was introduced into a carbon die, containing an aluminum foil barrier to deter carbon diffusion. This die underwent sintering in a vacuum using the SPS device (SPS-3T-3-MIN (H), provided by Shanghai Chenhua Technology Co., Ltd.).

Two sets of sintering process parameters were examined. In the first set, the sintering temperature was maintained at 255 ℃, and the heating rate was altered to 5 ℃/min, 20 ℃/min, 40 ℃/min, 60 ℃/min, 80 ℃/min, and 100 ℃/min. The samples generated from this process were named Z1 through Z6, respectively. In the second set, the heating rate was held constant at 40 ℃/min, while the sintering temperature was adjusted to 245 ℃, J o u r n a l P r e -p r o o f 248 ℃, 250 ℃, 253 ℃, 255 ℃, and 258 °C, yielding samples named Z7 through Z12, respectively. During the sintering process, the pressure and power are maintained at 0.5 t and 25% respectively.

Preparation of PiGs

Commercial LuAG phosphors (spherical shape), obtained from Jiangmen Keheng Industrial Co. Ltd., were amalgamated with the glass powders in concentrations varying from 1% to 10%. This mixture, with particle sizes of 3-5 μm for ZBLAN and 10-20 μm for LuAG, was ground in an agate mortar for 15 min without any solvent medium. The blend was then sintered in a graphite die and punch under vacuum conditions using the SPS device (SPS-3T-3-MIN (H), Shanghai Chenhua Technology Co., Ltd.). The sintering process consisted of several stages: the heating rate was set to 40 ℃/min, and the sintering temperature was held at 255 ℃. Once this temperature was achieved, it was sustained for a 5-min duration. Concurrently, the uniaxial pressure progressively increased from 100 °C, remaining at 0.5 t throughout the sintering process. The samples, named LuAG-PiG, were polished post-sintering and evaluated for a variety of properties. Finally, ZBLAN glass powder was combined with commercial LuAG and CASN phosphors, procured from Jiangmen Keheng Industrial Co. Ltd. The concentration of CASN phosphors was varied as follows: 7.5% LuAG-x% CASN (x=0.25%, 0.3%, 0.35%, 0.4%, 0.45%). This mixture underwent sintering, following the same procedure as applied to the LuAG-PiGs within the SPS process.

Characterization of the PiGs

The photoluminescence (PL) spectra of the prepared samples were acquired using a OptistatAC-V12A cryostat system (OXFORD, Inc.). Furthermore, the laser properties of the samples, including luminous flux (LF) and luminous efficiency (LE), were evaluated by employing a HAAS-2000 optoelectronic test system (EVERFINE, China).

In these tests, an LSR450CP-15W-FC blue laser served as the light source, with an operating power range of 0.15-15 W.

Results and discussion

The transmittance of the glass matrix plays a crucial role in influencing the performance of PiG. Therefore, the adjustment of matrix glass transmittance is essential in optimizing the properties of LuAG-PiG in laser-driven lighting [START_REF] Zhang | Improving the luminous efficacy and resistance to blue laser irradiation of phosphor-in-glass based solid state laser lighting through employing dual-functional sapphire plate[END_REF]. In practical applications, the generation of heat during the laser light conversion process is inevitable and can readily elevate the operating temperature of PiG to 150 °C or even higher [START_REF] Li | Phosphor-in-Silica-Glass: Filling the Gap between Low-and High-Brightness Solid-State Lightings[END_REF]. Consequently, the thermal performance of PiG assumes critical importance. To assess the thermal quenching performance of both LuAG phosphor and LuAG-PiG, temperature-dependent 2D fluorescence spectra were acquired under 450 nm excitation, as depicted in Figs. 3(d) and (e). As the temperature rises from 313 K to 473 K, the fluorescence intensity of the phosphor and PiG progressively diminishes, owing to the temperature-induced increase in non-radiative transition [START_REF] Liu | An excellent cyan-emitting orthosilicate phosphor for NUV-pumped white LED application[END_REF][START_REF] Liu | Ba9Lu2Si6O24:Ce 3+ : An Efficient Green Phosphor with High Thermal and Radiation Stability for Solid-State Lighting[END_REF][START_REF] Jia | Strategies to approach high performance in Cr (3+) -doped phosphors for high-power NIR-LED light sources[END_REF].

Simultaneously, the emission peak shifts towards longer wavelengths with rising temperature, a phenomenon attributed to thermally activated phonon-assisted tunneling [START_REF] Wang | All-inorganic high efficiency LuAG:Ce 3+ converter based on phosphor-inglass for laser diode lighting[END_REF][START_REF] Xu | A search for extra-high brightness laser-driven color converters by investigating thermallyinduced luminance saturation[END_REF]. The normalized PL intensities of LuAG phosphor and LuAG-PiG are presented in Fig. 2(f). Remarkably, LuAG-PiG exhibits superior thermal stability when compared to LuAG phosphor, with the integrated emission intensity maintaining 94.5% of the initial value even at 473 K. These findings establish that the thermal stability of LuAG-PiG surpasses that of LuAG phosphor. Consequently, the SPS process can effectively produce PiG with outstanding optical properties based on fluoride glasses, even in the presence of F ions, known for their high reactivity with phosphors.

J o u r n a l P r e -p r o o f To evaluate the suitability of LuAG-PiG for laser-driven lighting applications, the optical characteristics of LuAG-PiGs were assessed using a reflective configuration coupled with a 450 nm blue laser, as depicted in Fig. 4 Initially, the luminous flux (LF) exhibited a linear relationship with the incident laser power but sharply declined after reaching its peak value. This decline is a common phenomenon observed in laser-driven lighting due to the accumulation of significant heat within the color converter [START_REF] Yao | YAG:Ce (3+) Transparent Ceramic Phosphors Brighten the Next-Generation Laser-Driven Lighting[END_REF]. The luminous efficiency displayed a gradual decrease prior to reaching luminescence saturation. Notably, at a phosphor concentration of 7.5%, the maximum luminous efficiency of LuAG-PiG reached 242

J o u r n a l P r e -p r o o f lm/W even without the use of a heat sink. Additionally, the luminous flux reached 597 lm at a laser power of 2.64 W, as shown in Fig. 4(e). These results demonstrate that the LuAG-PiG, even when hosted within the highly reactive ZBLAN glass, can be fabricated through the SPS process and exhibit excellent optical properties. This highlights the potential of using stable glass compositions for PiG fabrication. Although LuAG serves as the primary green emission material with a broad PL band and a sufficient cyan component for achieving white light, it alone does not provide a high color rendering index (Ra) or a low correlated color temperature (CCT) in LD white lighting (wLD) devices. To address this limitation, a CaAlSiN3: Eu 2+ (CASN) red phosphor was incorporated as a red-light source. Various wLD devices were prepared using different 7.5% LuAG-xCASN ratios (x = 0.25%, 0.3%, 0.35%, 0.4%, 0.45%).

The optical performance of wLD devices with varying CASN content was evaluated under different laser powers, as depicted in Fig. 5. Initially, the luminous flux of the wLD devices exhibited a linear increase with the laser power, but it decreased rapidly 

Conclusion

In conclusion, the experimental findings confirmed that precise control over the sintering process through SPS enables the fabrication of high-performance PiGs, even when employing a glass matrix that is highly reactive to phosphors. This control effectively restricted the interfacial reaction between the phosphor and the glass matrix, resulting in superior PiG performance. The prepared LuAG-PiGs sample achieved an impressive luminous flux of 597 lm and a high luminous efficiency of 242 lm/W under blue laser irradiation, which is competitive within the realm of fluoride-based PiGs.

Furthermore, by incorporating CASN red phosphor, wLD devices with exceptional characteristics were achieved. These devices exhibited a high luminous efficiency of 210 lm/W, a high color rendering index of 89.8, and a low color temperature of 3354 K. This work demonstrates the excellent interface morphology of PiGs prepared using the SPS low-temperature rapid sintering strategy. Consequently, this strategy holds significant promise as an effective approach for synthesizing efficient PiGs and expanding the range of glass matrix systems for high-quality laser-driven lighting. The findings presented here provide valuable insights for future research endeavors focused on laser-driven lighting.
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 211 spectrometer (HORIBA, Jobin Yvon, France). The crystalline structure of the R-PiG samples was assessed by X-ray diffraction (XRD) utilizing a D8 Advance instrument (Bruker, Germany), with Cu Kα radiation operating at 40 mA and 40 kV, scanning an angle range of 20°to 80°. Sample transmittance was quantified with a UV-3600 UV-visible spectrophotometer (Shimadzu) within the wavelength range of 200-J o u r n a l P r e -p r o o f 800 nm. Quantum efficiency (QE) was gauged via an intensified multichannel spectrometer (QE-2100, Otsuka Electronics, Japan). Fluorescence decay curves were obtained through a fluorescence spectrometer (FLS920, Edinburgh Instruments) featuring a xenon lamp and a 450 nm pulsed laser light source. The morphology and surface structure of the samples were visualized by a SU8010 field emission scanning electron microscope (FE-SEM) (Hitachi, Japan). High-resolution transmission electron microscopy (HRTEM, FEI Tecnai F20) was implemented to inspect the nanostructure of the R-PiGs. The temperature-dependent luminescence intensity was recorded with an FL3-211-P spectrofluorometer, equipped with both a heating device and an

Fig. 1 .

 1 Figs.1(c) and 1(d) present photographs of samples with varying heating rates (Z1-Z6, sintering temperatures of 255 ℃) and different sintering temperatures (Z7-Z12, heating rates of 40 ℃/min), respectively. Figs. 1(e) and 1(f) display the transmittance

Fig. 2 (Fig. 2 .

 22 Fig. 2(a) presents digital images depicting LuAG-PiG samples with varying doping concentrations (1%-10%) under irradiation from daylight and 365 nm UV light. As the concentration of LuAG increases, the sample color gradually intensifies, resembling that of the phosphor. Consequently, LuAG-PiG emits more pronounced green light when excited by UV light. Despite the high transparency exhibited by ZBLAN glass (92% at 700 nm), the overall transmittance of LuAG-PiG experiences a notable decrease upon the introduction of LuAG doping (see Fig. 2(b)). This reduction can be predominantly attributed to Mie scattering, which is primarily influenced by the difference in refractive index (n) between the phosphors ( n : 1.7 ~2.0 ) and the ZBLAN glass matrix ( n : 1.4 ~1.6 ). It is important to note that the refractive index of ZBLAN

Fig. 3 .

 3 Fig. 3. (a) Photoluminescence (PL) spectra of LuAG-PiGs under 450 nm light excitation. (b) Internal quantum efficiency (IQE) and external quantum efficiency (EQE) comparison between 7.5% LuAG-PiG and LuAG phosphor powder. (c) Luminescent decay curves of 7.5% LuAG-PiG and LuAG phosphor powder. Temperature-dependent PL spectra of (d) LuAG phosphor and (e) 7.5% LuAG-PiG. (f) Normalized integrated PL intensities of LuAG phosphor and 7.5% LuAG-PiG.

  (a).Fig. 4(b) presents the PL spectra of LuAG-PiG under 450 nm blue laser excitation, showcasing typical broadband green luminescence in the range of 450-650 nm. The luminous flux (LF) and luminous efficiency (LE) of LuAG-PiG samples with varying phosphor concentrations were analyzed as the laser power varied, as illustrated in Figs. 4(c) and (d), respectively.

Fig. 4 .

 4 Fig. 4. (a) Schematic of the laser-driven lighting measurement device. (b) PL spectra of LuAG-PiG

J o u r

  n a l P r e -p r o o f once the laser power reached saturation (Fig.5(a)). This saturation phenomenon is attributed to the thermal quenching process resulting from the accumulation of temperature within the sample under prolonged high-power laser excitation[START_REF] Yao | YAG:Ce (3+) Transparent Ceramic Phosphors Brighten the Next-Generation Laser-Driven Lighting[END_REF]. At a laser power of 0.353 W, the wLD device with a CASN concentration of 0.35% demonstrated the maximum luminous efficiency, reaching 210 lm/W (Fig.5(b)). In contrast to the luminous flux and luminous efficiency, the CCT and Ra exhibited minimal changes prior to laser saturation (Fig.5(c) and 5(d)). As a result, wLD devices with a CASN concentration of 0.35% exhibited high luminous efficiency, high Ra, and low CCT.

Fig. 5 .

 5 Fig. 5. (a) Luminous flux, (b) Luminous efficiency, (c) CCT, and (d) Ra of LuAG&CASN-PiGs

Fig. 6 .

 6 Fig. 6. (a) PL spectra of wLD devices with varying CASN content at a laser power of 1 W. (b)
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