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[bookmark: _Hlk188301274][bookmark: _Hlk191317609]Abstract: To call for green and low-carbon lighting development strategy, sunlight-like health lighting has become the next generation of light-emitting diode (LED) trends. The conventional LEDs are deficient in the violet part and contain high-radiation blue light which is harmful to human eyes. The traditional organic phosphor and chip packaging mode leads to poor heat dissipation. Therefore, it cannot meet the human demand for high-quality, healthy lighting. In this study, a series of violet-excitable blue Sr5(PO4)3Cl: Eu2+ (SPOC) phosphor-in-glass (PiG) films were prepared. The PiG film can not only compensate for the violet-yellow gap in the spectral component but also have excellent luminescence performance and reliability. Significantly, the lower co-sintering temperature (335 ℃) allows it to maintain 89% of the initial phosphor quantum efficiency. Relative to the initial state, PiG (Ea = 0.143 eV) at the optimal sintering temperature maintains a 34% higher resistance to thermal quenching than phosphor-in-silicon (PiS) at 175°C. This blue PiG-prepared color converter was remotely packaged with a violet chip to achieve a sunlight-like LED with a color rendering index of 96.3 and 100% color saturation. This research offers great potential for the development of next-generation sunlight-like health lighting.
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1. Introduction
In response to the call for green development, high-quality sunlight-like W-led has become a new trend of "healthy green lighting" worldwide. In contrast to ordinary lighting, the light source spectrum of healthy lighting is close to the sunlight spectrum. Its CRI is higher, can fully restore the object's truest color, and can improve the problem of poor visual comfort of ordinary lighting[1]. However, the current W-led technology mainly uses blue chips and yellow phosphor Y3Al5O12:Ce3+ (YAG) encapsulated with organic resin[2-5]. It faces some dilemmas. On the one hand, the blue light radiation from the chip is too high, easily leading to myopia and other pathologic hazards of the eye, but also in the human body's rhythms lead to insomnia and biological clock disorders[6-8]. Moreover, the absence of LED spectral components leads to insufficient color rendering performance (CRI<80) [9-11]. In particular, the lack of a violet component has rarely been considered. On the other hand, when the organic package mode is faced with the increase of operating power and long-term use, the poor heat dissipation effect will lead to the aging, yellowing and light decay of the fluorescent material[12-14]. This will affect the overall service life of the LED[15].
Compared with the current commonly used blue LED chips, violet LED chips (400-420 nm) have superior luminescence performance, and their external quantum efficiency (80%) is higher than that of blue LED chips (70 %)[16-18]. The use of fluorescent materials in combination with violet chips not only reduces the peak value of blue light from the chip significantly but also makes the full spectrum of violet light excitation closer to the continuous spectrum of sunlight.[19-21]. Therefore, as a trigger of a full spectrum light source, the violet chip has far-reaching application prospects. However, once the blue chip is abandoned, to ensure the continuity of the spectrum, the blue gap in the spectral component (400-480 nm) still needs to be made up. The blue component must both ensure excellent color purity and follow the healthy principle of reducing blue light peak. Today's reported fluorescent materials that can compensate for the cyan gap are still mainly focused on phosphors[22-24]. Among them, the mature blue phosphor Sr5(PO4)3Cl: Eu2+  (SPOC) shows extremely high luminous efficiency[25, 26]. Although its luminous performance is better, it still faces the challenge of serious color decay caused by subsequent organic packaging[27]. Therefore, to improve the reliability and heat dissipation of packaging modules, it is also crucial to abandon the use of organic resins in packaging[28, 29]. 
Currently, to overcome the inherent problems of organic resins, inorganic color converters such as glass that can crystallize to form phosphor phases (phosphor glass ceramics), glass networks containing reactive ions in bulk glass phosphors, and quantum-dot glass have been proposed[30-33]. Nonetheless, they face difficulties in controlling the crystallinity of phosphor within the glass phase, low quantum efficiency, and very poor thermal stability, respectively[34-36]. However, as an inorganic fluorescent conversion material, phosphor-in-glass (PiG) film has a high thermal conductivity and adjustable high refractive index by changing the type and ratio of phosphor and glass matrix[37-39]. At the same time, the PiG film on a quartz glass substrate effectively diffuses the heat accumulated on the fluorescent layer, thus making its thermal stability and luminescence performance more excellent[40, 41]. 
However, SPOC phosphors are relatively unstable at high temperatures. It experiences a time-dependent decrease in photoluminescence (PL) intensity at temperatures of 450 °C or above[42]. Moreover, it decomposes easily at high temperatures to form Sr3(PO4)2 and Sr5(PO4)3Cl bidirectional structures[43]. Therefore, PiG with SPOC as the luminescent center requires the selection of a glass matrix with a low melting temperature to ensure the stability of the fluorescent phase. Most current precursor glasses are sintered at temperatures above 500 °C[44-46]. Suitable glass components can reduce their glass transition temperature. TeO2 in lead-free tellurite glasses has Te-O-Te bonds that are easily broken during glass formation and have a lower phonon energy, which helps to lower its melting temperature[47, 48]. The introduction of sodium ions into the glass network can play a role in reducing the viscosity of the glass, and thus reduce the overall melting temperature of the glass[49]. The right amount of boron ions can reduce the expansion coefficient of the glass and improve the thermal and chemical stability[50]. 
Based on these considerations, the violet-excitable blue SPOC phosphor was selected in this study, and a series of PiG films with H2BO3-TeO2-ZnO-Na2CO3 as the glass matrix, different sintering temperatures, and different numbers of coating layers were prepared. When the optimum low-temperature co-sintering temperature is 335℃, the luminescence performance and weather resistance of blue PiG (SPOC-PiG) are better than phosphor-in-silicone (PiS). The combination of a violet chip with this blue PiG film not only reduces blue light radiation from conventional blue chips but also achieves electroluminescence with excellent color purity. And finally, the red-green fluorescent layer is coated again on top of the blue PiG. By adjusting the ratio of each component, a sunlight-like LED with a CRI of 96.3 was achieved.
2. Experimental section
2.1 The precursor glass matrix and PiG films were prepared
Precursor glasses were prepared by melt quenching. The raw materials H2BO3 (GR), TeO2 (99.99%), ZnO (AR), and Na2CO3 (AR) for the tellurite glass matrix were first weighed according to the molar ratio of 40:50:10:10 and mixed thoroughly in an agate mortar. The mixed powder was then poured into an alumina crucible and placed in a muffle furnace for melting at 950 °C for 25 min to obtain a molten glass melt. The melt is then poured into preheated brass molds. It is cooled and ground to a powder. Secondly, the organic slurry was prepared by weighing 1:10 of the geraniol and ethyl cellulose into a magnetic stirrer, weighing 1 gram(1g) and 10 gram (10g) respectively, and stirring uniformly at a speed of 700 r/min for 12 h. The viscosity was tested to be 2380 mPa·s using a viscometer at 30 RPM. Subsequently, tellurite glass powder (1g) and blue phosphor SPOC (0.1g) were weighed 10:1 by mass and ground in an onyx mortar to produce a mixed powder. According to the mass percentage of 1:1 weighing mixed powder (1g) and organic slurry (1g), the two are in a beaker stirring the mix to get a mixed slurry spare. Finally, a quartz glass substrate with rΦ=20 mm was selected and placed on top of the mold, and the mixed slurry was scraped onto the glass substrate with a scraper. The thickness is controlled by the number of scraping coats. It was then dried in an oven at 120 °C for 5h and transferred to a muffle furnace at 315 °C to 335 °C for 12 minutes at low temperature. A series of blue PiG films were fabricated and their luminescent properties were investigated.
[image: ]Phosphor-in-silicone (PiS) was also prepared as a control group. The ab glue (a:b = 1:1, a total weight of 1g) and the blue phosphor SPOC (0.1g) are mixed according to the mass percentage of 10:1, and mixed evenly in the magnetic stirrer. The PiS samples were then prepared by preheating in an oven at 100 °C for 20 min and then held at 120 °C for 5 h. As shown in Fig. 1.
Fig. 1. Scrape-coated preparation of PiG films and PiS samples
2.2 Characterization
Photoluminescence (PL), photoluminescence excitation (PLE), external quantum efficiency (EQE), and temperature-dependent emission spectra were measured on a Hitachi F-7000 xenon discharge lamp spectrometer (F-7000, Hitachi, Japan). Transmission spectra were determined with a UV-visible near infrared spectrophotometer (UH4150, Hitachi, Japan). X-ray powder diffraction (XRD) patterns were obtained on an XRD spectrometer (TD-3500, Dandong). Transmission electron microscopy (TEM) was used to analyze the interfacial situation and microstructure. Scanning electron microscopy (SEM) was used to analyze their elemental composition (Gemini Sigma 360, Zeiss, Germany) and to measure the film thickness (Quattro S, Thermo Fisher, Czech Republic). The internal quantum efficiency (IQE) was measured with a fluorescence quantum yield spectrometer (FLS920, Edinburgh Instruments, UK). Fluorescence microscopy images were taken on a fluorescence microscope (Axioscope 5, Zeiss, Germany). The PiG films were mounted on a 400-405 nm violet LED chip and placed in an integrating sphere to measure their luminescence performance. They include electroluminescence (EL) emission spectra, chromaticity color coordinates (CIE), correlated color temperature (CCT), color rendering index (CRI) and general color rendering index (Ra) were measured in an integrating sphere (HAAS-2000, EVERFINE, China).
3. Results and discussion
3.1 Microstructure and luminescence properties of PiG films
[bookmark: _Hlk192605460]In this study, a TeO2-based glass system is used as the glass matrix for PiG, which tends to have much higher nonlinear optical properties than silicate and metal oxide systems[51-53]. The lone pair of electrons in Te4+, the empty d0 orbitals, and the high polarizability formed by Te4+ itself make high refractive index tellurite glasses compatible with a wide range of phosphors[54]. Moreover, the B2O3 component of the tellurite glass matrix acts as an auxiliary glass network former, which enhances its stability[48]. Fig. 2(a) shows the tellurite glass powder and SPOC phosphor under near-UV light irradiation. SPOC phosphors emit a bright blue light. It has better color purity than other commercial blue powders and provides a good luminescent basis for the subsequent preparation of PiG films[55]. Fig. 2(b) demonstrates the PiG films at different sintering temperatures. It can be observed that the luminescence of the PiG film is superior at 335 °C (335 ℃-PiG), and as the sintering temperature increases the film has a phenomenon of surface darkening and weakened luminescence. It is hypothesized that this is due to the increase in temperature leading to an increase in phosphor lattice defects or lattice instability[56, 57]. High temperatures intensify atomic thermal vibrations, disrupting the stable coordination environment of Eu2+ in the Sr5(PO4)3Cl lattice, altering the electron cloud distribution, and inhibiting the 4f-5d leaps, leading to a decrease in luminescence intensity[58-61].Fig. 2 (c, d) shows that the phosphors in the PiG films are uniformly dispersed in the glass network at a sintering temperature of 335 °C, and even luminescence can be achieved. In Fig. 2(e), it can be observed that there are some air holes dispersed on the surface of PiG, and these moderate air holes are conducive to the scattering and reflection of light, which enhances the color uniformity of the light-emitting device and the effectiveness of [image: ]light extraction[62].
Fig. 2 (a) Tellurite glass powder and SPOC phosphor under near-UV light irradiation. (b) SPOC-PiG films with different sintering temperatures under natural light and near-UV irradiation. (c,d) 3D schematic of SPOC-PiG (scale bar, 50 μm) and its corresponding local details (scale bar, 100 μm). (e) Surface map of SPOC-PiG under SEM (scale bar, 200 μm).
In Fig. 3(a) XRD plot, it is observed that the diffraction peaks of the SPOC-PiG film are consistent with the diffraction peaks of the SPOC phosphor standard card PDF#00-016-0666. This indicates that the fluorescent phase in PiG remains largely intact. The bumps in the 20°-30° range originate from the tellurite glass phase. The tellurite glass phase does not have impurity peaks beyond its characteristic peaks. Compared with the PiS sample of SPOC (SPOC-PiS), it is obvious that the fluorescence phase characteristic peak of PiG is stronger. This suggests that the tellurite glass matrix has a role in protecting the phosphor structure from destruction during the sintering of PiG. It is more indicative of the poor heat dissipation of the organics and the heat build-up leading to the damage of the fluorescent phase in the PiS. Fig. 3(b) shows the PiG film with excitation peaks from 300-425 nm. The emission peak under 400 nm violet excitation corresponds to 450 nm blue light, which is attributed to the 4f-5d jump of Eu2+ in the fluorescent phase itself. This inorganic color conversion layer provides ideas for replacing blue light in conventional blue light chips. Moreover, the excitation and emission spectra of the PiG film are consistent with those of the phosphor, indicating that it can effectively guarantee the luminescence performance of the initial phosphor. Fig 3(c) shows the transmittance of PiG films analyzed for different numbers of scrape coatings and sintering temperatures. As the thickness of the scrape coat increases, the overall transmittance of the film tends to decay. Among them, PiG films with more than three layers of scrape coatings have the fastest transmittance degradation. With the increase in temperature, the attenuation of film transmittance is even more sharply accelerated after the sintering temperature is greater than 335 ℃. Appropriate control of the sintering temperature can minimize residual porosity and associated light scattering, thereby increasing light transmission[63, 64]. In Fig. 3(d), it is shown that the overall transmittance of the quartz sheet substrate is maintained at around 90 %. At 400 nm, the best transmittance is achieved for the 335 °C-PiG in which 3 layers are scraped and coated (around 50 %). As a color converter, the high transmittance PiG film reduces backward scattering, thus improving light extraction efficiency and reducing light loss[65]. Excessive film thickness is detrimental to light transmission. Fig 3(f) further observes that as the sintering temperature of the PiG film increases, its luminescence intensity also shows an overall decaying trend. Until the coating thickness is increased to 3 layers, the luminescence intensity of the films with sintering temperatures in the range of 315-345 °C decays only slowly. Once the thickness of the scrape coating reaches 4 layers, the luminous intensity of the PiG film starts to decrease sharply at 335 °C. This stems from the fact that the risk of thermal degradation and chromatic aberration in the deposited layer increases with the thickness of the film. Therefore, appropriate film scrape coating thickness is necessary to achieve sufficiently strong blue light emission. The critical thickness of 3 layers, where PiG decays sharply in both aspects, was selected as the optimal number of scrape coatings by a comprehensive evaluation of transmittance and luminescence intensity. 
Next, by XRD observation of PiG with different sintering temperatures, the characteristic peaks of the fluorescent phase in 335 °C-PiG (subsequent 335 °C-PiG all refer to PiG with 3 layers of scrape coatings) are the most excellent, as shown in Fig. 3(e). The diffraction peak is shifted to a small angle direction as the sintering temperature increases. This is because the increase in temperature causes the material to expand and the crystal spacing to become larger. However, the overall shift of the characteristic peaks to the right is presumed to be due to the physical abrasion of the phosphor against the glass powder during the film-making process. The IQE of PiG is maximum at the sintering temperature of 335 °C, reaching 83.4 %. A lower sintering temperature (around 315 °C) reduces erosion during co-sintering as shown in Fig. 3(g). Too high a sintering temperature is detrimental to the structural stability of the phosphor and increases the possibility of bursting, leading to a decrease in the quantum efficiency of the PiG film. The PiG internal and external quantum efficiencies at 335 °C maintained 89 % and 79 % of the initial phosphor, respectively. This fully inorganic fluorescent conversion layer not only exhibits superior internal and external quantum efficiencies to other inorganic conversion materials but also achieves the substitution of the blue spectrum from the blue light chip, which has never been proposed for other inorganic conversion materials, as shown in Table 1. The excellent luminescence performance further strengthens the idea of 335 °C as the optimal sintering temperature for PiG.

[image: ]Fig. 3 (a) XRD of different samples of SPOC and glass powder. (b) PL and PLE of SPOC phosphor and PiG films. (c) Relative transmittance of PiG films at different number of scrape coatings. (d) Transmittance and sample plots of 335 °C-PiG films with different number of scrape coatings. (e) XRD of PiG films at each sintering temperature. (f) Relative PL intensity of PiG films with different number of scrape coatings. (g) Internal quantum efficiency of 3 layers PiG films at different temperatures. (h) Internal and external quantum efficiencies of SPOC phosphors and PiG films.
Table 1. Comparison of internal and external quantum efficiencies of various inorganic color conversion materials
	Inorganic color converters
	Composite
	Spectral range (peak wavelength)
	IQE
	EQE
	Ref

	Phosphor in glass
	Sr5(PO4)3Cl:Eu2+/ H2BO3-TeO2-ZnO-Na2CO3 
	420-600nm (450nm)
	83.4%
	54.95%
	This work

	Phosphor in glass
	YAG:Ce3+/SiO2-Na2O-Al2O3-CaO 
	480-680nm (536nm)
	68%
	-
	[66]

	Phosphor in glass
	Sr4Al14O25:Eu2+/SiO2-Al2O3-Na2O-CaO-Eu2O3
	550-725nm
(612nm)
	60.4%
	-
	[67]

	Phosphor in glass
	CASN:Eu2+/ZnO-B2O3-BaO-Al2O3
	550-800nm
(640nm)
	43%
	-
	[68]

	Phosphor glass ceramic
	Ce3+/SiO2 -Al2O3 -Y2O3
	480-730nm
(550nm)
	≈28%
	-
	[69]

	Phosphor glass ceramic
	Eu3+/SiO2-Al2O3-Y2O3-CaCO3-ZnO
	400-750nm
(428nm)
	43.3%
	-
	[70]

	Bulk glass phosphors with reactive ions
	SiO2/(Gd,Pr)PO4
	300-330nm
(311.9nm)
	0.98%
	0.91%
	[71]

	Glasses with quantum dots
	Gd3+/CsPbBrI2/ B2O3-SiO2-ZnO
	500-750nm
(≈ 650nm)
	37%
	-
	[72]

	Glasses with quantum dots
	Dy3+/CsPbBr3/ Na2CO3-ZnO-H3BO3-SiO2-BaCO3
	450-600nm
(≈517nm)
	35.9%
	-
	[73]


[image: ]The boundary line between the crystalline and amorphous phases of 335°C-PiG is well defined as shown in Fig. 4(a). SEM Fig. 4 (d-f) shows a clear elemental difference between the tellurite glass and SPOC phosphor, and no significant elemental diffusion region is observed. This indicates that there is no serious interaction between the SPOC phosphor and the glass. The crystal face spacing d = 3.12 Å (211) of PiG was measured in Fig. 4(b). In the standard card PDF#00-016-0666, 221 has a grain spacing of 2.94Å. It was further shown that PiG films expand the material with increasing sintering temperature, leading to larger lattice spacing. Fig. 4(c) again identifies a thickness of 27.8 μm for the PiG film with 3 layers scraped and coated at the optimum sintering temperature of 335 °C. The content of each element in the PiG sample can be seen in Fig. 4(g), and it is obvious that the proportion of borotellurite is much larger than that of the phosphor component. The PiG film then reduces the production cost compared to phosphor glass ceramic that require 100% phosphor and high temperature operation, and the luminescence performance and stability are not inferior to that of the corresponding pure phosphor.
[bookmark: _Hlk192870820]Fig. 4 (a, b) Interfacial maps of 335 °C-PiG films under TEM. (c) Thickness of the 335 °C-PiG film with three layers scraped under SEM (scale bar, 200 μm). (d-g) Elemental analyses of 335 °C-PiG films under SEM. (h-i) Backscatter plots of 335°C-PiG films under SEM.
3.2 Thermal quenching characteristics and moisture resistance of PiG films
Luminescence thermal stability is one of the main requirements of color conversion layers for their LED applications, and in this study, PiG is analyzed in comparison with PiS. Fig. 5 (a-d) shows the thermal stability tests of 335°C-PiG and PiS under 400 nm excitation, respectively. As the temperature gradually increased from 25 °C to 275 °C, it was obvious that the attenuation degree of PL intensity of PiG film was much lower than that of PiS. This is due to the poor heat dissipation of the organic resin, and the accumulation of heat enhances the PiS non-radiative jump and thus the luminescence intensity is weakened. Along with the temperature increase, the full-width at half-maximum (FWHM) variations of the two are not very different, but the PiS undergoes a more serious blueshift phenomenon. This implies that the Stokes shift change (∆S) is greater for PiS than that for PiG, which suggests that PiG films are more reliable for color stability in high-temperature applications. 
The 3D contour plots of PL intensity as in Fig. 5(e, f) show more intuitively that the luminescence performance of PiG films is largely superior to that of PiS at the same high temperature. Fig 5(g) quantifies the data, with 335°C-PiG retaining 83% of its initial luminescence intensity at 175°C. In contrast, the luminous intensity of PiS has decayed to less than 50% (49%) of its initial value at 548 K under high-temperature pressure. It is shown that the coating of the inorganic glass matrix in the PiG film makes the phosphor more stable, and the heat build-up of the organic resin in PiS seriously affects the luminescence of the fluorescent phase. Compared with the PiG (YAG-PiG) prepared from the conventional yellow phosphor YAG applied to blue light chips, this blue PiG film under a borotellurite glass matrix further demonstrates its excellent thermal stability.   
As shown in Table 2, the luminescence performance was compared with that of the PiS samples prepared with the corresponding phosphors, and the ability of SPOC-PiG to maintain the initial value was much better than that of the other PiGs. According to the classical theory of thermal quenching, the strength with temperature can be quantified by the expression[74, 75].
                                                                       (1)
[bookmark: OLE_LINK3]Where IT denotes the luminous intensity of the sample at temperature T, I0 denotes the luminous intensity of the sample at the initial temperature, A is a pre-exponential factor, Ea is the thermal activation energy and k is the Boltzmann constant (Fig. 5(h)). The thermal activation energy of PiG is 0.143 eV, which exceeds the thermal activation energy of PiS of 0.085 eV. This is due to the effective protection of the phosphor by the glass matrix, which protects the fluorescent phase from the external thermal decomposition of the organic resin and thus improves its thermal-burst characteristics[76, 77]. To explain the excellent thermal quenching property of PiG, a schematic diagram of the grouping is shown in Fig. 5(i). Excited state electrons reach higher energy levels with increasing temperature. When they are above the intersection of the excited and ground state potential energy curves, the excited state electrons will release energy as phonons into the lattice before returning to the ground state, which results in a luminescent thermal quenching[78]. ∆R (the displacement between the equilibrium positions of the base and excited state parabolas) is related to ∆S can be estimated according to the formula ΔS=2(S-1)hv(ΔR)2[79]. In the formula, S is the Huang-Rhys parameter and hv is the phonon energy. Then the larger ΔS is, the larger ΔR is. ΔR will be smaller due to the rigidity of the coordination environment around the luminous center[24]. And the smaller ΔR is, the smaller ΔS is, the larger Ea is, the better the luminous thermal stability is [24]. Therefore, it is speculated that PiG film is more rigid than PiS due to the coating of the inorganic glass matrix in PiG film. Furthermore, the ΔS of the PiG film is smaller and the Ea is larger, which improves the luminescent thermal stability.
[image: ]Fig. 5 (a, b) shows the PL intensity at 335°C-PiG with temperature increase and its corresponding blue shift. (c, d) shows the PL of PiS with temperature increase with its corresponding blue shift. (e) 3D contours of the PL intensity of 335°C-PiG with temperature increase. (f) 3D contours of the PL intensity of PiS with temperature increase. (g) Temperature dependence of integrated luminescence intensity of two samples. (h) Calculation of thermal quenching activation energy Ea for two samples based on the data in (g). (i) Schematic diagram of coordinates explaining thermal quenching behavior.
Table 2 Comparison of thermal quenching properties of different PiG samples with corresponding PiS
	PiG
	Phosphor
	System of glass
	Application
	Thermal
Stability（comparison with corresponding PiS at 175℃）
	Ref

	1
	Sr5(PO4)3Cl:Eu2+
	H2BO3-TeO2-ZnO-Na2CO3
	Viole-excited
(400-405nm) Sunlight-like LED 
	Relative to the initial PL intensity, PiG retained 34% more than PiS
	This work

	2
	YAG: Ce3+
	SiO2-B2O3 -RO (R=Zn, Ba)-R2O (R=Na, K, Li)-Al2O3.
	Blue-excited w-LED 
	Relative to the initial PL intensity, PiG retained about 12% more than PiS 
	[80]

	3
	YAG: Ce3+
	Sb2O3-B2O3-TeO2-ZnO-Na2O-La2O3- BaO
	Blue-excited
(460nm) 
w-LED 
	[bookmark: OLE_LINK9]Relative to the initial PL intensity, PiG retained about 4.3% more than PiS
	[81]

	4
	YAG: Ce3+
	SiO2-B2O3-RO(R=Ba,Zn)
	Blue-excited(452nm)
w-LED 
	Relative to the initial PL intensity, PiG retained about 0.03% more than PiS.
	[82]


Both PiG films and PiS were immersed in deionized water for 0 to 60 days to observe their moisture resistance properties. The luminescence intensity of the 335 °C-PiG film is observed to be consistently superior to that of PiS in Fig. 6(a,b). With the increase of immersion time, the PL intensity of PiG film basically remains unchanged, while the luminescence intensity of PiS has an obvious decaying trend. The moisture resistance properties of the two samples were quantified as shown in Fig. 5(c). The luminescence intensity of PiG remained 96% of the initial value when both were immersed for up to 60 days. In contrast, the luminescence performance of the PiS sample was severely affected, maintaining only 71% of the initial value. This further illustrates the effective protection of the SPOC phosphor by the borotellurite glass matrix, which reduces the environmental erosion of the fluorescent phase. This provides a viable solution to the problems of aging and corrosion caused by organic [image: ]resin encapsulation.
Fig. 6 (a, b) Variation of PL luminescence intensity with immersion time for 335°C-PiG films and PiS. (c) Comparison of relative luminescence intensity between PiG and PiS moisture resistance tests.
3.3 Electroluminescent properties of PiG films
To evaluate the practical applicability of SPOC-PiG (the number of scrape coatings are all 3 layers) and the corresponding PiS, in this study, they are laminated with the light-out surface of a 20mA, 400nm violet chip to observe the electroluminescence characteristic properties. Fig 7(a, b) shows that with the increase of sintering temperature, the CRI of SPOC-PiG film increases first and then decreases. The CRI and luminescence intensity of the PiG films reached the maximum at the sintering temperature of 335°C. The color purity of the 335°C-PiG film is closest to that of the PiS sample. Due to the high sintering temperature, there will be ion exchange at the interface of the fluorescence phase and glass phase, resulting in thermal erosion of phosphor, which is not conducive to the light extraction of PiG film[83]. The optimum sintering temperature of SPOC-PiG was again determined to be 335℃. The electroluminescence spectra of the 335°C-PiG film can be observed with distinct violet and blue bands, producing a bright blue light (Fig. 7(c)). Compare this to the EL spectrum of a conventional 20 mA, 450 nm blue LED chip. It is obvious that the blue wave crest of the blue chip is significantly greater than that of the blue light from 335℃-PiG, that is, the blue light radiation from the traditional blue LED chip is more serious. Then the use of the blue PiG film as the fluorescent conversion layer of the LED, to a certain extent, not only ensures the blue spectrum of excellent color purity but also reduces the blue radiation from the chip, effectively reducing the risk of blue light harm. 
In addition, the EL intensity of 335-PiG and PiS is further quantified in the illustration in Fig 7 (c), and it is obvious that the luminescence performance of PiS is inferior. The CRI of PiS is 35% smaller than that of 335-PiG (Fig 7 (d)), however, although the color purity of PiS is better, the color purity of 335℃ -PiG is only 3.5% different from that of PiS (Fig 7 (e)). With a color purity not far from that of PiS containing organic pastes, 335°C-PiG lays the foundation for the next generation of fully inorganic color conversion materials with its excellent CRI. This is due to the effective protection of the phosphor by the glass matrix in 335°C-PiG. This is different from the damage of the fluorescent phase due to poor heat dissipation of the organic resin in PiS. And the suitable sintering temperature for preparing PiG films reduces the ion exchange and thermal erosion at the interface between the fluorescent phase and the glass phase[84-86]. While PiS does not have such a suitable sintering temperature optimization process, its organic resin is susceptible to aging, yellowing and light degradation as long as it is exposed to high temperatures. Meanwhile 335°C-PiG reduces the loss in light propagation and improves the light extraction rate under the optimal film thickness, which also has a positive effect on enhancing its color rendering index. PiS, on the other hand, has no advantage in thickness control and related performance balance, which affects its color rendering index. In this study, the light aging test was carried out on 335°C-PiG with 20 mA continuous 64 h LED current (Fig 7 (f)). The decomposition of phosphor particles occurred on the photoluminescent surface, and the overall luminous intensity decreased with the increase of current transmission time. But its peak wavelength and FWHM remain essentially the same. After 64h, the EL intensity of 335 °C-PiG still maintained 86% [image: ]of the initial value.
[bookmark: _Hlk192877480]Fig. 7 (a) CIE coordinates of PiG films and PiS samples at different sintering temperatures. (b) Ra of PiG films with their normalized EL intensities at different sintering temperatures. (c) Relative EL intensity of 335°C-PiG and blue LED chip, inset shows the EL normalized intensity of 335°C-PiG and PiS. (d) Ra of 335°C-PiG and PiS. (e)Color purity of 335°C-PiG and PiS. (f) When the operating current of the violet chip is 20 mA, the relative luminous intensity of EL+PL of 335℃-PiG changes with the change in LED illumination time.
To further evaluate the performance of 335°C-PiG in LED applications, this blue PiG film was combined with a 400 nm violet chip. And again, a red-green fluorescent layer was coated on top of the 335°C-PiG film to prepare a sunlight-like LED device, and the schematic diagram of the device is shown in Fig. 8(f). As shown in Fig. 8(a), part of the violet light emitted from the LED chip is absorbed by the 335°C-PiG, which is converted into the blue spectrum. Accompanied by different ratios of green (Sr,Ba)2SiO4: Eu2+ and red (Sr,Ca)AlSiN3: Eu2+ phosphor layers, the spectral ratios of sample 3 are the most harmonized. In Fig. 8(b), it can be observed that the color coordinates of this inorganic color conversion layer can be continuously adjusted along the saddle line as the red phosphor ratio increases. And the color coordinates of sample 3 reached (0.3282,0.3515). The CCT of the samples continued to trend towards warmer light during the adjustment along the saddle line, but the CRI reached an optimum of 96.3 at sample 3, as shown in Fig. 8(c). Table 3 compares this study with the PiG applied to other LED chips, and even more so, it demonstrates a superb CRI, which offers great possibilities for the development of full-spectrum light sources. The color fidelity (Rf) of samples 1-4 is maintained above 90%, and the color saturation (Rg) of sample 3 reaches 100%. This demonstrates that this sunlight-like LED device achieves an extremely high level of color reproduction and color accuracy, providing a high-quality visual experience. Interestingly, when the power of sample 3 is continuously increased, its CRI is basically unchanged, and it is maintained above 95. However, the CCT has a trend of increasing, which is speculated to be due to the high LED junction temperature caused by high power, which affects the color temperature[87, 88]. 
In Fig 8 (g-i) it can be observed that the physical object in the light of sample 3 is the clearest and has the best visual performance. Fig 8(j) normalized comparison of the electroluminescence spectra of traditional W-led and sample 3 shows that this study is more consistent with the sun-like spectra of health lighting. It largely compensates for the concavity of the spectrum and achieves excellent luminescent performance while reducing radiation from blue light chips. This study lays a solid foundation for the development of the next generation of sunlight-like health-lighting LEDs. 
[image: ]Table 3 Comparison of CCT and CRI of PiG applied to different LED chips
	Sample
	LED chip
	PiG
	Composite component
	CCT
	CRI
	Chromaticity coordinates
	Ref

	1
	Violet chip
	Sr5(PO4)3Cl:Eu2+-PiG
	Green and red phosphor mixture layer 
	5680K
	96.3
	(0.3282,0.3515)
	This work

	2
	Blue chip
	YAG: Ce3+-PiG
	Red-PiS
	4363K
	96.1
	(0.367,0.372)
	[40]

	3
	Blue chip
	YAG: Ce3+-PiG
	CaAlSiN3:Eu2+-PiG
	3764K
	85.2
	-
	[89]

	4
	Blue chip
	(Sr,Ca)AlSiN3:Eu2+-PiG
	YAG ceramic
	-
	81.7
	-
	[90]

	5
	[bookmark: OLE_LINK10]UV chip
	(CaAlSiN3:Eu2+)-
(β-SiAlON: Eu2+)- (Sr5(PO4)3Cl:Eu2+)-PiG
	-
	-
	85
	(0.3306, 0.3297)
	[91]

	6
	n-UV chip
	Ca9Gd(PO4)7:Eu2+,Mn2+-PiG
	-
	3283K
	-
	(0.397,0.352)
	[92]

	7
	n-UV chip
	Ca2NaMg2V3O12: Eu3+-PiG
	-
	4179K
	90
	（0.35,0.38）
	[93]


[bookmark: _Hlk192877399]Fig. 8 (a) Spectra of four different ratios of green-red phosphor layers with 335°C-PiG (samples 1-4). (b) CIE coordinate plots of samples 1-4. (c) CRI and CCT of samples 1-4. (d) Sample 3 was excited by a 400nm chip and continuously transported currents of different intensities (0-400mA), and the variation trend of CRI and CCT was observed. (e) Rg and Rf of samples 1-4. (f) Schematic diagram of a sunlight-like healthy lighting LED device. (g-i) Physical comparisons under different types of light. (j) Spectrogram comparison of sample 3 with traditional white light illumination.
4. Conclusion
In this study, a series of violet-excitable blue Sr5(PO4)3Cl: Eu2+-PiG films were prepared using a low-temperature co-sintering technique. SPOC phosphors were combined with a low melting point, high refractive index tellurite glass, and scrape-coated on top of a quartz glass substrate. The optimum sintering temperature was 335°C and the optimum number of scrape coatings was 3 layers. The internal and external quantum efficiencies of 335°C-PiG can be maintained at 89% and 79% of the initial phosphor, respectively. The thermal activation energy of 335℃-PiG (0.143 eV) is higher than that of PiS (0.085 eV), showing good thermal stability. In the water stability test, its luminous intensity remained smoothly at 96% of the initial state when immersed in deionized water for 60 days. With the increase of the running time of the 20mA 400nm LED current, its luminous intensity at 64h is still maintained at 86% of the initial state. In this study, a violet chip was utilized as an excitation source for LEDs in combination with an all-inorganic color conversion layer 335°C-PiG. It not only reduces the blue light radiation from conventional blue chips but also avoids the problem of heat build-up in organic packages. This blue PiG was recombined with a red-green fluorescent layer to prepare sunlight-like healthy lighting with a CRI of 96.3 and an Rf of 100%. In a word, the w-led adopts a violet chip and prepares the all-inorganic color conversion layer that can make up for the blue depression, and realizes the sunlight-like LED with excellent luminous performance and good stability. The PiG films prepared in this study have significant advantages in the field of sunlight-like healthy lighting, which can not only effectively reduce the harm of blue light, but also extend the service life of the lighting equipment with its excellent stability and luminescence performance, reduce the maintenance cost, and provide a key technical support for the large-scale promotion of sunlight-like healthy lighting
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