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ABSTRACT 

Even though CaAlSiN3:Eu2+ (CASN) is, in many regards, a highly suitable red phosphor that can 

be used in white light-emitting diodes, it can hardly be used in high-power laser-lighting because of 

its low saturation-threshold. By using CASN-based composite ceramics, it is possible to increase 

the threshold but new difficulties appear. These include complex and expensive synthesis, while the 

saturation-threshold still has room for improvement. In this study, we prepare a CASN/glass 

composite film, using an industry-friendly blade-coating method. The film has a high internal 

quantum efficiency of 79%, which suggests low conversion loss. Under 1.17 W blue laser excitation, 

a high luminous efficacy of 21.0 lm/W can be obtained. More importantly, the composite film shows 

a record-high saturation-threshold of more than 12.7 W (~320 W/cm2) blue laser excitation. With 

these outstanding properties, CASN/Glass composite films may open doors towards commercially 

viable red color converters for high-power laser-lighting applications. 
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1. Introduction 

Solid-state laser lighting has become an important research area in the lighting industry [1-4]. 

With regard to high-luminance and high-brightness applications, solid-state laser lighting has 

several distinct advantages over the conventional white light-emitting diodes (wLEDs) because the 

laser diodes (LDs) do not suffer from the notorious “efficiency droop” problem in LEDs, limiting 

their high wall-plug efficiency at high current density [2, 4]. Furthermore, the highly directional 

(light) emission (low beam divergence) of LDs enables laser lighting devices to be suitable for small 

luminaire designs [5, 6]. Like in wLEDs, phosphors are commonly used as color converters to 

generate white light in laser lighting devices [1, 6-8]. The conventional phosphor packaging method 

for wLEDs is based on dispersing phosphor powder(s) in resin and coating on the surface of LED 

wafers. However, this approach is not suitable for laser-lighting applications because of the poor 

stability of the resin when exposed to laser irradiation. Several all-inorganic converters (e.g. 

phosphor-in-glass, ceramic and single crystal) were developed to address these problems [1, 5, 9-

14]. Currently, most of the all-inorganic converters are based on green/yellow phosphor materials 

(e.g. β-SiAlON:Eu, Lu3Al5O12:Ce and Y3Al5O12:Ce) because their emissions are close to the 

wavelength of ~555 nm at which the human eye is the most sensitive [15-20]. This means combining 

the green/yellow converters with a blue laser allows the light source to reach high luminous 

flux/efficacy. 

As one of the three primary colors, red light is essential for achieving a suitable color rendering 



index (CRI), wide color gamut, and proper correlated color temperature (CCT). CaAlSiN3:Eu2+ 

(CASN) is one of the most widely used red phosphors in wLEDs because of its deep red-emission 

band, high quantum efficacy (QE), and low thermal quenching [7, 21, 22]. Therefore, researchers 

have studied the use of CASN-based all-inorganic phosphors for laser lighting. Zhu et al. reported 

a CASN-based phosphor-in-glass (PiG) and successfully avoided the use of organic binding 

materials [23]. However, the studied PiG saturated at 50 W/cm2, and the obtained maximum 

luminous flux was only 39 lm. Substantial progress was made by Li et al., who developed a CASN-

based composite ceramic with a core-shell structure. It showed a considerably higher luminous 

efficacy (42.2 lm/W) and a very good saturation-threshold (~200 W/cm2) [24, 25]. However, the 

synthesis requires spark plasma sintering, which is a time-consuming, complex, and costly process. 

In addition, the saturation-threshold could still be improved further. Thus, it remains a challenge to 

synthesize CASN-based all-inorganic phosphors with high saturation-threshold through a 

convenient route. 

The reasons why it is hard to improve the saturation-threshold for CASN-based phosphors can 

be summarized as follows: (ⅰ) the Stokes loss is relatively large for the conversion of blue light 

(~450 nm) to red light (~620 nm) increasing the generation of heat; (ⅱ) the heating process could 

oxidize the Eu2+ to Eu3+ which acts as luminescence killer and thus reduce the IQE; (ⅲ) the binding 

materials (e.g., low-melting-point glass) could be chemically aggressive to the CASN and thus 

impair the luminescence; (ⅳ) the poor thermal dissipation of CASN-based phosphors. All four 

factors can aggravate the self-heating and lead to massive heat accumulation in CASN, which 

consequently cause the problematic luminescence saturation. Considering the Stokes loss for a 

certain phosphor compound is intrinsic and unavoidable, methods to improve the saturation-



threshold can be based on the mitigation of IQE-decline, the employing of a moderate heating 

strategy, and the improvement of thermal dissipation. 

In this study, we developed a CASN/Glass composite film for high-power laser lighting. It was 

synthesized using a facile and industry-friendly synthetic route. When pumped by a 1.17 W blue 

laser, a high luminous efficacy, 21.0 lm/W, was obtained. More importantly, a record saturation-

threshold for CASN-based phosphors was observed and it could tolerate a high laser power of 12.7 

W (~320 W/cm2). These excellent properties suggest that the red-emitting CASN/Glass composite 

film is a promising color converter candidate for high-power laser-lighting applications. 

 

2. Experimental 

The ink (or precursor) was prepared by mixing 0.25 g of glass powder (SiO2-Al2O3-Ba2O3-

CaO, Tg ≈ 425 °C, Ts ≈ 500 °C), 0.5 g of the CASN (Yantai Shield, SDR-630), 5 ml of ethyl acetate 

(Aladdin, CAS 141-78-6), 2 ml of terpineol (Aladdin, CAS 8000-41-7), and 0.2 g of ethyl cellulose 

(Aladdin, CAS 9004-57-3). The ink was then printed on a sapphire substrate (10 × 10 × 0.4 mm) 

using the blade-coating method (see Figure 1a). The printed layer was annealed at 120 °C for 2 h to 

remove all organic components, and subsequently heated to 510 °C and started to cool (the soaking 

time is zero). The laser-pumped lighting properties were measured with a sphere-spectroradiometer 

system that consists of a fiber-coupled integrating sphere (Melles Griot, diameter = 15 cm) and an 

array spectrometer (Instrument Systems, CAS-140-CT-151). A high-power laser module (Osram, 4 

× 5 LD array, PLPM4-450) was used as pumping source. The laser power was measured using a 

power meter (Ophir NOVA II with 30-150-A-BB-18 detector). The laser beams were collimated by 

a lens array and focused to a spot size of approximately 4 mm2 by an achromatic lens (diameter = 



40 mm, focal length = 150 mm). The morphologies were investigated using a scanning electron 

microscope (SEM) (Hitachi, TM-3030 plus). The photoluminescence spectra and the QE were 

measured using a sphere-spectroradiometer (HORIBA, Fluorolog-3) equipped with an integrating 

sphere (Labsphere, diameter = 30 cm). 

 

3. Results 

 

Figure. 1 Schematic showing the fabrication of the composite films (a). Insets are a photograph of the film in day-light and UV 

light (365 nm), respectively. (b-e) are the SEM images of the glass powder, CASN powder, cross section of the film, and the 

surface of the film. 

(For double column) 

A schematic of the fabrication of the composite film is shown in Figure 1a. The glass powder 

has a uniform particle size with an average diameter of about 20 µm (see Figure 1b). The CASN 

has a rod-like morphology (see Figure 1c), which originates from its orthorhombic (Cmc21 space 

group) crystal structure. Figure 1d shows the cross section of the CASN/Glass composite film 



suggesting its thickness is about 20 µm. A considerable number of pores are present in the film, 

which is probably due to the poor wettability of the glass (on the substrate) as well as the relatively 

low heating temperature (510 °C). The glass had been proven chemically aggressive to CASN, 

which means a high annealing temperature and long soaking time can cause serious corrosion-

damage to CASN, which would significantly decrease the QE of the phosphor. At 510 °C, the glass 

did not melt completely. However, it still can act as bonding material for CASN (see Figure 1e). 

 

 

Figure. 2 (a) Emission spectra of the composite film and pristine powder; in-line transmittance (b) and laser-pumped (1.17 

emission spectrum (c) of the composite film. The inset shows the laser-pumped lighting effect. 

(For 1.5 column) 

Using the moderate annealing strategy, the composite film has an adequate IQE of ~79%, 

which maintains ~89% of the pristine CASN powder (IQEpowder ≈ 89%). The photoluminescence 



(emission) spectra of the composite film and pristine powder are shown in Figure 2a. Both spectra 

exhibit a broad, red emission-band (550-750 nm), which is attributed to the electric dipole transition 

from the excited 4f65d1 state to the 4f7 ground state of Eu2+. Compared to the pristine powder, the 

emission spectrum of the composite film reveals a distinct blue-shift (626 nm → 620 nm) because 

the glass-bonding material can mitigate the self-absorption effect between CASN particles [15, 26, 

27]. Figure 2b shows the in-line transmittance of the composite film. For the entire visible light 

range, the in-line transmittance is below 2 %, which is due to the porous structure and the 

mismatched refractive indices between the glass and CASN [14-17]. Many previous studies have 

confirmed that this highly-scattering architecture can increase the QE of a phosphor by facilitating 

the extraction of (blue) light [1, 14-16]. A laser-pumped (1.17 W) emission spectrum of the 

composite film is shown in Figure 2c. The film shows strong red emission and yields a luminous 

efficacy of 21.0 lm/W (24.6 lm). The inset in Figure 2c shows intense pink emission, which is due 

to mixing the red emission with transmitted blue laser light. 

The laser-pumped optical properties of the composite film were systematically evaluated using 

the sphere-spectroradiometer system, which was operated in a transmissive configuration – see 

Figure 3a. The emission spectra of the composite film with increasing laser power are shown in 

Figure 3b. The intensity of the red emission from CASN increases monotonously with the laser 

power increasing from 1.17 W to 12.7 W but decreases slightly near 14.9 W. This can be attributed 

to luminescence saturation resulting from a thermal-quenching-induced thermal runaway effect. 

Consequently, the luminous flux for the composite film initially increases linearly with laser power 

before a gradual decline starts at 12.7 W (see Figure 3c). The highest luminous efficacy (21.0 lm/W) 

is reached at the initial (lowest) laser power (1.17 W) and then decreases gradually with increasing 



laser power. A clear blue-shift (620 nm → 612 nm) of the red emission can also be observed. This 

is because the elevated temperature causes thermal expansion of the CASN lattice, which decreases 

the crystal field splitting of Eu2+ d-orbitals and elevate the 5d emitting level [28]. Consequently, 

both factors contribute to a blue shift of the emission spectrum. 

 

 

Figure. 3 (a) Schematic of the high-power laser module and the sphere-spectroradiometer system in the transmissive 

configuration; (b) emission spectra of the composite film, with the laser power increasing from 1.17 W to 20W; (c) luminous flux 

and luminous efficacy of the composite film, as a function of the laser power. 

(For 1.5 column) 

 

 

 



4. Discussion 

 

Figure. 4 Radar graphs highlighting the properties of the CASN/Glass composite film, with regard to saturation-threshold, 

luminous efficacy (LE), quantum efficiency (QE), thermal conduction, and production difficulty. 

(For single column) 

By combining the previously published data with the above results, a comprehensive 

comparison between the three main-types of CASN-based phosphors (composite film, PiG, and 

ceramic) is possible [1, 9, 21-24]. Five important properties (saturation-threshold, luminous efficacy, 

quantum efficiency, thermal conduction, and fabrication costs) are summarized in Figure 4. Despite 

the simple and economical synthetic route, CASN-based PiGs are not suitable for high-power laser 

lighting because of their very low saturation-thresholds. This is due to the low thermal conductivity 

(~1 W/m·K) of the glass matrix. The CASN-based ceramic has a better saturation-threshold than 

the PiGs, and it exhibits a very high luminous efficacy of 42.2 lm/W. However, the synthetic route 

for the CASN ceramic requires spark plasma sintering, which is complex, expensive, and time-

consuming. Furthermore, the graphite die used in spark plasma sintering can cause considerable 

carbon contamination, which results in a reduction of QE of the phosphor. These features 

significantly hinder the commercialization of the CASN ceramic for the laser lighting industry. The 



composite film, however, shows the best overall performance among all three candidates. 

Theoretically, its thermal conductivity coefficient is lower than that of the ceramic and the PiG - 

due to its porous structure. However, it is much thinner (~20 µm) than both the ceramic and the PiG 

(> 150 µm) [23-25]. This can facilitate thermal dissipation thanks to the shorter distance to the 

heatsink. In other words, the composite film has better heat dissipation than the PiG and the ceramic. 

The luminous efficacy of the composite film is 21.0 lm/W, which is lower than the ceramic (42.2 

lm/W). This is probably because the ceramic was measured using a reflective configuration [24, 25]. 

The composite film, on the other hand, was measured using a transmissive configuration, which 

cannot fully collect all optical signals due to surface reflection of the blue laser and the spontaneous 

emission characteristics of phosphor particles (both forward and backward emission for the film). 

Hence, the luminous efficacy can be improved even further by using a blue-pass red-reflection 

(BPRR) filter. 

 

Conclusion 

A thermally robust and efficient all-inorganic red-emitting color converter was fabricated 

using a simple and economical blade-coating route. By employing a composite film architecture 

and moderate annealing strategy, the CASN/Glass film showed a high IQE (79%). When irradiated 

by a 1.17 W blue laser, a luminous efficacy of 21.0 lm/W was achieved in the transmission mode. 

More importantly, it possesses a remarkably high saturation-threshold and it can tolerate laser power 

up to 12.7 W (~320 W/cm2). Thus, an excellent balance between the fabrication costs and optical 

properties was successfully achieved. The above results indicate that the CASN/Glass composite 

film has a promising potential to improve red-emitting color converters for high-power laser-



lighting. 
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