Rational design of nitride phosphor-in-glass with robust stability and photoluminescence performance
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Abstract: Phosphor-in-Glass (PiG) has been recognized as a promising approach for harnessing the luminous efficiency of high-quality phosphors while benefiting from the thermal stability inherent to the glass matrix. It has been reported that PiG based on yellow-emitting YAG:Ce oxide phosphors and oxide glasses shows high-efficiency photoluminescence with enhanced thermal stability. However, it remains a grand challenge to embed highly luminescent red-emitting nitride phosphors, one of the most important materials for white light illumination, into traditional oxide glasses because of their mismatch in the refractive indices and strong erosion of nitride phosphors by high-temperature glass melts. in Here we report a rational approach to fabricate nitride phosphor-embedded PiGs. Using (Sr,Ca)AlSiN3:Eu2+ (SCASN:Eu) as a model nitride phosphor, we show that the soft telluride glass with a high refractive index and a low glass transition temperature can be as an excellent matrix for incorporating nitride phosphors.. The matching in the refractive indices of telluride glass (~2.15) and nitride phosphor (~2.19) ensures enhanced efficiency in the extraction of both excitation and emission photons. More importantly, the low glass transition temperature of telluride glass, with respect to those of traditional oxide glasses, makes nitride phosphors survive from the exposure to glass melts. Benefiting from these advantages, the SCASN:Eu PiG demonstrates an impressive 93% of the quantum efficiency that are similar to pure SCASN:Eu. The activation energy of PiG, 0.47 eV notably surpasses that of phosphor-in-silicone (0.17 eV), underscoring its superior thermal stability. Furthermore, PiG shows boosted photoluminescence performance under harsh environments with respect to phosphors.We show that the assembled white light-emitting diode module have precise color tuning capabilities, achieving an optimal color rendering index of 93.7, a luminous efficacy of 80.4 lm/W, and a correlated color temperature of 5850 K.This finding offers a viable route to combine outstanding luminescent properties of nitride phosphors with the exceptional thermal stabilityof soft glasses.  and hold immense potential for advancing the realm of full-spectrum, high-quality white light illumination. 
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1. Introduction 
In the realm of solid-state lighting, White Light-Emitting Diodes (WLEDs) hold immense promise for advancement owing to their energy efficiency and environmentally-friendly attributes, remarkable luminous efficacy, as well as their uncomplicated and easily fabricable structures [1-8]. These light sources find applications in diverse fields such as plant growth illumination, signaling and indicator lamps, flat-panel displays, among others [9-14]. Nevertheless, the conventional organic phosphor resin converters suffer from notable drawbacks, including inadequate thermal stability, low thermal conductivity, and susceptibility to aging-induced degradation and phosphor corrosion. These issues collectively lead to a reduction in the efficiency of white light emission from the WLEDs and a shorter operational lifespan of the devices [15-20].
To address the issue of aging-induced discoloration in organic resin PiS encapsulation, three distinct solutions have been proposed, namely single crystals (SCs), transparent ceramics (TCs), and phosphor-in-glass (PiG) [21-25]. Nevertheless, both SCs and TCs are encumbered by complexities and elevated costs in their preparation. Conversely, PiG has garnered substantial attention for its cost-effectiveness, straightforward synthesis, and capacity for color adjustment. Notably, PiG boasts commendable chemical attributes and thermal stability, combining the desirable qualities of high quantum efficiency in phosphors with the enduring stability of a glass matrix. This amalgamation is achieved through the uniform dispersion of phosphors within the glass matrix, resulting in sheet composites formed via low-temperature sintering. Furthermore, in recent years, rare earth red nitride phosphors have gained increasing significance in the domain of WLEDs owing to their expansive red-light emission spectrum, superior luminous efficiency, and remarkable conversion efficiency [26-28]. 
Y3Al5O12:Ce3+ (YAG:Ce) PiG samples as prepared by Bao et al. employed a borosilicate glass matrix with varying particle sizes and underwent a primary sintering at 900 °C [29]. In the study conducted by Huang et al., Lu3Al5O12:Ce3+ PiG fluorescent thin slices were developed, also utilizing a borosilicate glass matrix, and subjected to a secondary sintering within the range of 680-800 °C [30]. Wang et al. prepared Y1.31Ce0.09Gd1.6Al5O12 (Ce: GdYAG)-PiG slices with a borosilicate glass matrix, undergoing primary sintering at 1350°C and secondary sintering at 850 °C [31]. Notably, while all of the aforementioned studies utilized borosilicate glass as the matrix, it's essential to acknowledge that achieving complete densification in a more thermally stable matrix necessitates higher sintering temperatures. However, such elevated temperatures can induce strong interfacial reactions leading to the corrosion of phosphorus powder particles. To mitigate this concern, a preference for telluride glass with a lower softening temperature can be considered, as it effectively prevents the corrosion of phosphor particles at high temperatures. The elevation of sintering temperature correlates with an increased susceptibility of the fluorescent crystal phase to erosion, thereby compromising the preservation of high luminescence efficiency. Consequently, extensive research efforts have been dedicated to the quest for glass matrix materials and preparation procedures that can uphold the structural integrity and stability of the fluorescent crystal phase. While YAG:Ce phosphors have been the subject of previous investigations, nitride red phosphors have assumed a pivotal role in the modulation of light source luminescence quality. Nevertheless, these nitride red phosphors exhibit inherent fragility and sensitivity, which pose substantial challenges in achieving optimal photon extraction efficiency. Huang et al. addressed this challenge by selecting a borosilicate glass matrix in conjunction with nitride red phosphors, with a secondary sintering temperature range of 750-850 °C [32]. Similarly, Li et al. explored the use of La3Si6N11:Ce3+ nitride phosphors combined with borosilicate glass, employing a co-sintering temperature range of 1000-1090 °C [19]. Moreover, Zhao et al. conducted experiments involving the combination of three commercial phosphors with borosilicate glass, with a secondary sintering temperature of 800 °C [33]. While these previous research endeavors primarily centered around borosilicate glass and nitride phosphors, the excessively high co-sintering temperatures employed posed challenges to the stabilization of the nitride fluorescent crystal phase. 
In this study, we designed a glass system comprised of TeO2-WO3-PbO, which exhibits a remarkably low softening temperature. Notably, the co-sintering temperature when coupled with nitride materials remains within the range of 465-485 ℃. This innovation effectively preserves the crystalline phase of the phosphor, thereby upholding luminescence performance. Additionally, the inclusion of W and Pb components in the glass system ensures that the high refractive index of telluride glass, measured at approximately 2.15, aligns effectively with that of (Sr,Ca)AlSiN3:Eu2+ phosphor(~2.19) [34-36]. This alignment significantly reduces light scattering and minimizes interfacial reactions resulting from refractive index mismatch. Microstructural analysis of the samples reveals the uniform dispersion of phosphors within the glass matrix, with notable suppression of interfacial reactions. The samples consistently maintained a phosphor quantum efficiency of 93%, demonstrating exceptional thermal stability. SCASN:Eu PiG slice can be used as an inorganic converter to replace the traditional organic converter, and it has a wide range of application prospects.
2. Experimental
2.1. The precursor glass matrix and PiG slices were prepared
[bookmark: OLE_LINK1][bookmark: OLE_LINK10]Precursor glass matrix consisting of 60TeO2-30WO3-10PbO was prepared by melt-quenching method. Molar ratio of TeO2, PbO, and WO3 were well mixed before loaded into a crucible. The reaction mixture was melted in an alumina crucible at 800 °C for 30 min and then poured into a preheated steel plate and finally cooled to room temperature. The obtained glass block was ground into glass powder using a ball mill. The PiG converter was prepared by the tablet pressing method and sintering process. As shown in Fig. 1, the glass powder and phosphor particles were thoroughly mixed with a mortar to obtain a slurry, which was then pressed into discs by a tablet press. For SCASN:Eu PiG, the content of SCASN:Eu phosphor was designed to be 10wt%. To investigate the glass transition temperature (Tg), the glass powder was also pressed into glass discs and sintered in a muffle furnace from 460 °C to 520 °C. The effect of the sintering temperature on the SCASN:Eu PiG luminescence was evaluated for the discs, which were sintered in the range of 465 °C to 485 °C. The sintering time of the samples in the muffle furnace was 30 min for all samples.
As a control group, we prepared phosphor-in-silicone (PiS) sample. The ab glue (a:b=1:1) mixed with 10 wt % red phosphor was mixed evenly in a rotating speed machine, and then preheated in an oven at 120 °C for 30 min and held at 160 °C for 4 h to prepare PiS discs.
[image: ]
Fig.1. Experimental flow of PiG slice preparation by tablet press
2.2. Characterization
The photoluminescence (PL), Photoluminescence excitation (PLE) and temperature-dependent emission spectra were measured on Hitachi F-7000 Xenon discharge lamp spectrometer (F-7000, Hitachi, Japan). The transmittance spectra were measured with an ultraviolet visible near-infrared spectrophotometer (UH4150, Hitachi, Japan). The X-ray powder diffractometer (XRD) patterns were obtained on a XRD spectrometer ((TD-3500, Dandong). The scanning electron microscopy (SEM) was used to take SEM images, and a layer of gold is sputtered on the surface of the sample to enhance its electrical conductivity. The energy-dispersive spectrometer (EDX) and SEM were used to analyze its elemental composition (Gemini Sigma 360, Zeiss, Germany). The decay time and the internal quantum efficiency (IQE) were measured with a spectrofluorometer quantum yield spectrometer ((FLS920, Edinburgh Instruments, UK). Fluorescence microscopy images were taken in dark-field mode on a fluorescence microscope (Axioscope 5, Zeiss, Germany). The thermal conductivity is measured with a thermal conductivity meter (Hotdisk Tps 2500, Hotdisk, Sweden). The PiG slice was mounted on a 450 nm blue LED chip in an integrating sphere to measure the luminescence performance, including electroluminescence (EL) emission spectra, chromaticity color coordinates (CIE), correlated color temperature (CCT), and color rendering index (Ra), were measured in an integrating sphere (HAAS-2000, EVERFINE, China).
3. Result and discussion
3.1. Microstructure and luminescence of PiG and PiS
[bookmark: OLE_LINK5][bookmark: OLE_LINK17][bookmark: OLE_LINK8]Due to its low melting point and high refractive index, telluride glass serves as an ideal matrix for incorporating (Sr,Ca)AlSiN3:Eu2+ phosphor. We investigated the glass transition temperature (Tg) of telluride glass by subjecting the glass powder to secondary sintering, and we observed that glass sintered at approximately 470 °C exhibited a molten state with remarkable transparency. We prepared a series of PiG slices (thickness: 0.5 mm) at various temperatures by uniformly dispersing 10 wt% SCASN:Eu phosphor within the glass matrix, utilizing sintering temperatures ranging from 465 °C to 485 °C. Refer to Fig. 2a for photographs of these slices captured under both daylight and UV illumination, revealing the highest transparency of SCASN PiG was attained at 470 °C. Kim et al. demonstrated a linear relationship between luminescence efficiency and the transmittance of the phosphor color converter in technologies like white light-emitting diodes (WLEDs) and laser diodes (LDs) [16, 37]. However, it's worth noting that incident light is often absorbed by the phosphor particles rather than being directly transmitted. Consequently, the presence of apertures in the color converter that serve as scattering centers can enhance luminescence efficiency [38, 39]. The scattering model is depicted in Fig. 2b As a result, achieving the maximum luminescence efficiency for the lighting device does not necessitate a completely transparent color converter; instead, the converter should possess an appropriate level of transmittance. Importantly, moderate light scattering contributes to enhanced color uniformity and efficient light extraction in high-power WLEDs converters [40]. In the TeO2-WO3-PbO glass system, TeO2 serves as the primary agent for glass network formation, organizing [TeO4] groups with tetrahedral coordination. WO3 complements this role as another network-forming agent, interspersed with TeO2, thereby establishing mixed bonds encompassing Te-O-W and W-O-W configurations. Concurrently, WO3 contributes to the enhancement of the glass's refractive index and augments its chemical stability. In contrast, PbO functions as a glass-modifying oxide [41]. A comprehensive review of the existing literature yielded a network structure diagram for PiG samples (Fig. 2c). 
Fig. 2d presents a dark-field microscopic image of the PiS sample surface, revealing the presence of numerous sizable air holes rather than phosphor particles. This observation is corroborated in Fig. 2e, which presents a fluorescence microscopic image under the 455 nm fluorescence channel. This image depicts a red background, and the air holes' locations do not exhibit a distinct red coloration. The emergence of these significant air holes is attributed to the phosphor deposition process stemming from the glue dispensing method. The vivid crimson dots are uniformly dispersed within the telluride glass, as prominently depicted in the surface and 3D reconstructed images of the 470 °C-10 wt%-SCASN:Eu PiG slice (Fig. 2f, g, i). The surface topography of the 470°C-PiG slice is presented in Fig. 2i (scale bar, 50 μm), illustrating the uniform distribution of red phosphor. Similarly, there are some air holes scattered on the sample's surface, albeit of smaller size due to the pressing process, effectively addressing the issue of phosphor settling. This uniform phosphor distribution, accompanied by a moderate number of air holes, confers benefits to the color uniformity of the PiG slice [42]. Furthermore, we conducted thermal conductivity measurements to assess the heat dissipation performance of the samples. A higher thermal conductivity signifies enhanced heat dissipation performance, whereas lower thermal conductivity implies better thermal insulation and diminished heat dissipation. Following testing, PiG displayed a thermal conductivity of 0.40 W/(m•K), in contrast to PiS, which exhibited a thermal conductivity of 0.15 W/(m•K). As a result, PiG's thermal conductivity surpassed that of PiS by approximately 2.6-fold. This augmented thermal conductivity confers a notable advantage in bolstering the thermal stability of the fluorescent conversion material.
[image: ]
[bookmark: OLE_LINK18]Fig. 2. (a) Telluride glass wafer and flat discs of 10wt%-SCASN:Eu PiG slices with various temperature (thickness: 0.5 mm). (b) Light scattering model diagram. (c) Schematic diagram of PiG sample glass network. (d)-(e) Microscopic image and fluorescence microscopic image of the 10wt%-SCASN:Eu PiS. (f)-(g) Microscopic image and fluorescence microscopic image of the 470 ℃-PiG slice. (h) PiG morphology at 50 μm scale. (i) 3D reconstruction of 10wt%-SCASN:Eu PiG (scale bar, 20 μm). 

[bookmark: OLE_LINK9][bookmark: OLE_LINK16][bookmark: OLE_LINK14][bookmark: OLE_LINK12]The photoluminescence spectrum of the 470°C-PiG slice, illustrated in Fig. 3a, reveals a broad emission peak centered at 615 nm. This emission corresponds to the 4f65d to 4f7 transition within the Eu2+ level when excited at 445 nm. It is worth noting that the SCASN:Eu phosphor exhibits a wide excitation peak within the 200-500 nm range. However, in the case of the 470°C-PiG slice, there is a notable reduction in excitation intensity in the shorter wavelength span of 200-350 nm. This attenuation may be attributed to the absorption characteristics of the telluride glass substrate at shorter wavelengths [43]. Turning to Fig. 3b, the diffraction peaks of (Sr,Ca)AlSiN3:Eu2+ phosphor align perfectly with the standard card ICSD-163203, while the telluride glass phase exhibits no impurity peaks beyond its characteristic peaks. The diffraction peaks of PiS and 470°C-PiG coincide with SCASN:Eu. In Fig. 3c, the XRD diffraction pattern of the 10wt%-SCASN:Eu PiG sheet at various temperatures displays a bump in the 25°-30° range attributed to the telluride glass phase, corroborated by the telluride glass diffraction spectrum in Fig. 3b. Notably, the diffraction peak intensity diminishes with rising temperature.
[bookmark: OLE_LINK15]To delve into the intrinsic characteristics of the samples, we conducted measurements of the internal quantum efficiency (IQE). The 470 °C-PiG slice exhibited an IQE of 91.14%, while the 475 °C-PiG slice recorded an IQE of 82.91%, with the phosphor itself demonstrating an IQE of 98.13% (refer to Fig. 3d, e). Notably, the IQE of the samples preserved a remarkable 93% of the phosphor's efficiency, marking a noteworthy achievement in maintaining nitride properties. Compared to borosilicate glass requiring co-sintering at temperatures within the 800-1000℃ range, telluride glass offers a distinct advantage with its lower sintering temperature (465-485℃), providing enhanced assurance for the preservation of structural stability within the nitride crystal phase and reducing erosion during co-sintering. Furthermore, the refractive index alignment between telluride glass (~2.15) and red nitride phosphor (~2.19) significantly amplifies photon extraction efficiency at the interface between crystalline and amorphous phases. It's worth noting that higher temperatures corresponded to increased concentration quenching of the phosphor, reinforcing the idea that 470 °C represents the optimal sintering temperature, striking a balance between phosphor luminous intensity and glass transition temperature [29]. Fig. 3f presents fluorescence lifetime decay curves for both the 470°C-PiG sample and the nitride phosphor, which underwent fitting using a biexponential curve fitting approach. The fluorescence decay lifetime of the nitride phosphor is measured at 0.708 μs, whereas the fluoresceence decay lifetime of the 470°C-PiG sample shows a reduction to 0.644 μs. This diminishment can be attributed to a partial disruption of the crystalline phase structure within SCASN:Eu induced by the elevated temperature. [44]. 
[image: ]
[bookmark: OLE_LINK2]Fig. 3. (a) Photoluminescence spectra of (Sr,Ca)AlSiN3:Eu2+ phosphor and 470 ℃-PiG. (b) XRD patterns of PiG slices at different sintering temperatures. (c) XRD patterns of different samples. (d) Internal quantum efficiency (IQE) at different temperatures. (e) Comparison of IQE between nitride phosphor and 470℃-PiG. (f) decay curves. 

Fig. 4a shows the SEM of the 470 °C-PiG slice. It can be seen on the surface of the sample that the particles in the main glass are uniformly distributed. The distribution and content of elements can be seen in the total elemental distribution mapping (Fig. 4b). The energy dispersive X-ray spectroscopy (EDX) mapping (Fig. 4c) shows the distribution position of the elements in the sample. Certain particles are distinctly dispersed within the host glass matrix. Elemental mapping reveals that Te, W, Pb, and O signals originate exclusively from the glass matrix, whereas signals of Sr, Ca, Al, Si, N, and Eu emanate from the phosphor particles. Additionally, electron microscopy reveals the presence of porous phases, and it is noteworthy that there is minimal interfacial interaction between the phosphor and the glass matrix. The interfaces are sharply defined, and the crystalline phases remain largely unaltered. 
[image: ]
Fig. 4. Backscattered scanning electron micro-graph (BSEM) and energy dispersive X-ray spectroscopy (EDX) mapping:(a) Top-view SEM image of the PiG slice (scale bar, 20 nm). (b)The corresponding EDX. (c) EDX elemental mappings of the surface of a particle selected from 470℃-PiG slice (scale bar, 10 nm).
[bookmark: OLE_LINK3]3.2. Thermal stability and device performance of PiG-based WLEDs  
[bookmark: OLE_LINK6]     We assessed the sample's thermal stability through a temperature range of 25-275 ℃, involving heating and cooling cycles. In both PiG and PiS (as illustrated in Fig. 5a), the luminescence intensity exhibited a decline as the temperature increased (solid line), with no significant alteration in the half-peak width. The PiG normalization plot in the upper right corner revealed a slight blue shift in the peak wavelength, a phenomenon explained by the configuration coordinate diagram (refer to Fig. 6). Notably, the peak wavelength of photoluminescence (PL) intensity and offset demonstrated reversible recovery during sample cooling (dashed line). Furthermore, at equivalent temperatures, the spectral PL intensity in PiG surpassed that of PiS. Temperature-dependent contour spectra of 470 ℃-PiG and PiS are depicted in Fig. 5 b and c. It is evident that PiG exhibits superior thermal stability compared to PiS. We quantified the peak emission intensity of the samples over a temperature range spanning from room temperature to 573 K (Fig. 5d). Remarkably, the PiG sample maintained 93.5% and 78.6% of its initial value at 373 K and 473 K, respectively, thereby preserving the fluorescence intensity of SCASN:Eu phosphor more effectively. In contrast, within the control group, PiS retained only 71.8% of the initial value at 373 K and exhibited a pronounced decrease, down to 40.2%, at 473 K. Employing the Arrhenius equation IT/I0 = [1 + Dexp (-Ea/kT)]-1 [35] we calculated the thermal activation energy Ea (Fig. 5e), with PiG's thermal activation energy (0.47eV) surpassing that of PiS (0.17 eV). Organic resins are susceptible to external thermal decomposition, while inorganic glass matrix, encapsulation protects the phosphor and effectively improves thermal burst performance [45, 46]. These results underscore the compatibility between the outstanding luminescent properties of SCASN:Eu phosphor and the remarkable thermal stability of telluride glass. The selection of an appropriate temperature for secondary sintering ensures minimal interfacial reactions between phosphor and glass, resulting in exceptional luminescent properties and highlighting the advantages of PiG, based on telluride glass, as a color converter for WLED devices.
The energy level diagram and configuration coordinate diagram of Eu2+ are drawn (Fig. 6). The main factors affecting Eu2+ luminescence is crystal field splitting (Dq) caused by charge migration and Stokes shift. The excitation and emission spectra of Eu2+ are derived from the electric dipole transition of 5d-4f. The electrons transition from 4f65d to the ground state of 4f7 (8S7/2) and produce a wide band spectrum. (Sr,Ca)AlSiN3:Eu2+ space group is Cmc21. Eu2+ (CN = 6, REu 2+ = 1.17 Å) ion radius is 1.17Å and Sr 2+(CN = 6, RSr 2+ = 1.18Å), Ca2+ (CN = 6, RCa 2+ = 1 Å) ion radius is close, Eu2+ therefore occupies two distinct cation sites (Eu(Ⅰ)2+ and Eu(Ⅱ)2+). Fig. 5a shows the temperature-dependent emission spectra of 470℃-PiG sample and
[image: ]
Fig. 5. (a) Temperature dependent PL spectra of 470 ℃-PiG and PiS. 3D-contour plot oftemperature-dependent PL spectra of (b) PiG and (c) PiS. (d) Temperature dependence of integrated luminescence intensity of two samples. (e) The thermal quenching activation energy Ea is calculated according to the data in (c).

PiS sample. As the temperature increases, the emission intensity decreases and temperature quenching occurs. In the upper right corner is the normalized PL spectrum of the PiG sample, which is observed to blue shift with increasing temperature. Temperature-dependent luminescence thermal quenching and blue shift can be explained in terms of thermal migration in the configuration coordinate diagram in Fig. 6. The electrons are activated from the ground state to the excited state, and decline through luminous modes ① and ②. With the increase of temperature, the electrons absorb more thermal activation energy and transition to the ground state through mode ③, resulting in thermal quenching. The thermally activated phonons tunnel through the configuration diagram from the low-energy excited state Eu(Ⅱ)2+ to the high-energy excited state Eu(Ⅰ)2+ (Mode ④), resulting in a blue shift in the spectrum[47, 48].
[image: ]Fig. 6. Energy level diagram and configuration coordinate diagram of Eu2+.

The moisture resistance of both PiG and PiS samples was evaluated by immersing them in deionized water for varying durations, ranging from day 0 to day 30. Fig. 7a illustrates that the relative emission intensity of PiG remained relatively stable throughout this period, while Fig. 7b reveals a significant decrease in the relative emission intensity of PiS. After undergoing a 30-day immersion aging experiment, PiS exhibited a notable decline in emission intensity, retaining only 70.5% of its initial emission intensity. In contrast, PiG showed only a slight decrease, maintaining a substantial 93.4% of its original emission intensity, as demonstrated in Fig. 7c. These findings highlight the effectiveness of telluride glass in minimizing the corrosion of SCASN:Eu phosphor and preserving its luminescent performance. This offers a viable solution to address the challenges associated with the aging and corrosion of epoxy resin-encapsulated phosphors.
[bookmark: OLE_LINK4][image: ]Fig. 7. (a)-(b) 470℃-PiG and PiS 30-day moisture resistance test. (c) Comparison of relative luminescence intensity between 470℃-PiG and PiS moisture resistance test.

In order to assess the practical applicability of SCASN:Eu PiG and SCASN:Eu PiS, we designed and constructed WLED devices (as depicted in Fig. 8a-f). When subjected to a 20 mA, 450 nm blue chip excitation, the electroluminescence profiles of these devices, showcased in Fig. 8a-f, exhibited distinct blue and red bands, producing a vivid red light without the incorporation of additional phosphors. Fig. 8g presents a 3D waterfall comparison of the electroluminescence spectra, revealing a slightly higher luminous intensity for PiG compared to PiS. The CIE color coordinate plot in Fig. 8h demonstrates that the red color purity of PiG increases with rising temperature, while PiS exhibits the highest color purity. In Fig. 8i, we recorded the EL+PL spectra of 470 °C-PiG after 48 hours of operation at an LED current of 20 mA. Over this duration, photoluminescence surface decomposition of phosphor particles occurred under the light, resulting in a decline in luminescence intensity. While the photoluminescence intensity of PiG decreased, the peak wavelength and half-width remained relatively stable. After 48 hours, PiG retained 78% of its initial intensity, which, while well-maintained, was slightly lower than the 83% achieved by Yooh et al [49]. This discrepancy may be attributed to the inherent instability of red nitride phosphors, leading to a reduction in the maintenance of photostable intensity due to pronounced diversification. Table 1 provides a comparative analysis of the properties of nitride PiG in various glass systems. It is noteworthy that the optimum co-sintering temperature of the telluride glass system developed in this study is only 470 °C, which is significantly lower than that of the borosilicates and bismuthates listed in the table. Remarkably, it efficiently upholds both quantum efficiency (93%) and thermal stability (93.5%) of the nitride phosphors, thereby demonstrating outstanding performance in terms of quantum efficiency and thermal stability.

Table 1. Comparison of properties of nitride PiG in different glass systems
	System of glass
	phosphor
	Optimum co-sintering temperature
	Quantum efficiency retention rate
	Thermal stability retention rate
	References

	B2O3-Na2O-SiO2-CaO
	CaAlSiN3:0.2%Eu2+
	800 ℃
	82%
	[bookmark: OLE_LINK11]~90%
	Ref.[32]

	58Bi2O3-20B2O3-10SiO2-4ZnO­
3Al2O3-4Na2O-1Li2O
	(Sr,Ca)AlSiN3:Eu2+
	530 ℃
	-
	86.6%
	Ref.[44]

	Na2O-K2O-SrO-MgO-CaO-Al2O3-B2O3-SiO2
	[bookmark: OLE_LINK13]La3Si6N11:Ce3+
	1060 ℃
	-
	98%
	Ref.[19]

	40SiO2−30B2O3−1BN−15BaO−7K2O−7Na2O
	YAG:Ce -LuAG:Ce -CASN:Eu
	800 ℃
	92 %
	80%
(at 573 K)
	Ref.[33]

	SiO2-Al2O3-Na2O-CaO-TiO2
	La3Si6N11:Ce3+
	650 ℃
	72%
	96%
	Ref.[50]

	60TeO2-30WO3-10PbO
	(Sr,Ca)AlSiN3:Eu2+
	470 ℃
	93%
	93.5%
	This work



[bookmark: OLE_LINK7]To explore the luminescence properties of SCASN:Eu-PiG, we fabricated PiG slices at different temperatures and combined them with InGaN blue chips for remote excitation at 450 nm. As depicted in Fig. 9a, a scratch-coating method was employed for the application of LuAG:Ce3+ green phosphor onto the surface of the PiG slice. This phosphor serves as the green light source crucial for white light modulation. Fig. 9b displays the three-dimensional electroluminescence spectra of different white light-emitting diodes (WLEDs), accompanied by a comprehensive set of optical parameters available for reference in Table 2. Notably, the modulated device showcased an impressive color rendering index of 93.7, along with a luminous efficacy of 80.4 lm/W and chromaticity coordinates at (0.3458, 0.3426). These coordinates, as displayed in Fig. 9c, offer adjustability in the proximity of white light. Fig. 9(d)-(f) offer visual representations under different lighting conditions, including natural light, red light (Ra=65.4), and white light (Ra=93.7). Collectively, these results underscore that a thoughtfully designed color converter can indeed yield high-quality white light across the full spectrum. 

[image: ]
Fig. 8. (a)-(f) electroluminescence spectra of WLEDs assembled with different samples. (e) electroluminescence spectra 3D waterfall diagram. (f) CIE color coordinates for different WLEDs. (i) At a working current of 20 mA, the EL+PL spectrum of 470 ℃-PiG changes with the relative intensity of LED illumination time.

[image: ]

Fig. 9. (a) The WLED structural schematic. (b) 3D EL spectra of blue light chips with SCASN:Eu PiG and LuAG:Ce phosphor coupled to WLEDs. (c) CIE coordinates. (d)- (f) Picture effects in natural light, red light, warm white light.

Table 2. CIE coordinates, CCT,CRI of WLED devices prepared from different samples at 20 mA current.
	Samples
	CIE (x, y)
	CCT(K)
	Ra
	LE(lm/w)

	[bookmark: _Hlk145939037]465℃-PiG
	(0.3458, 0.3426)
	4940
	93.8
	73.5

	470℃-PiG
	(0.3352, 0.3303)
	5850
	93.7
	80.4

	475℃-PiG
	(0.3363, 0.3479)
	5342
	92.0
	81.4

	480℃-PiG
	(0.3505, 0.3536)
	4804
	91.0
	77.1

	485℃-PiG
	(0.3652, 0.3758)
	4432
	88.2
	81.8


 4. Conclusions
In this work, a series of 10 wt%-SCASN:Eu PiG samples were prepared by combining SCASN:Eu with low-melting-point, high-refractive-index telluride glass using a compactor and low-temperature co-sintering method. The 470 °C-PiG samples (91.14%) retained the phosphor (98.13%) and had an internal quantum efficiency of 93%. The activation energy of PiG (0.47 eV) is higher than that of PiS (0.17 eV), showing excellent thermal stability. The emission intensity of the PiG slice at 373 K is 93.5% of the initial value. This study demonstrates the superiority of telluride glass-based PiG as color converters, offering a straightforward strategy for color synthesis. The prepared WLEDs have high color rendering index, high luminous efficacy (Ra=93.7, LE=80.4 lm/W), and high potential for development in the field of full-spectrum high-quality luminescence. The careful selection of an appropriate glass matrix is pivotal in enhancing photon utilization in PiG slices and ensuring the stability of the phosphor crystal phase structure. This aspect holds significant importance in advancing the development of glass matrix composites characterized by exceptional stability and superior luminous quality. 
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