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Abstract: A high reliability and luminance of color wheel in laser light engine (LLE) 10	
employing novel phosphor-in-inorganic silicone (PiIS) fabricated at low temperature of 180°C 11	
for laser projector applications is presented and demonstrated for the first time. Yellow 12	
(Y3Al5O12:Ce3+) and green (Lu3Al5O12:Ce3+) phosphors were uniformly mixed by inorganic 13	
silicone, organic silicone, and glass to fabricate as a phosphor color wheel. The PiIS based color 14	
wheels showed better thermal stability than the phosphor-in-organic silicone (PiOS) about 3-7 15	
times less lumen loss and 7-8 times less chromaticity shift under accelerated aging at 350°C for 16	
1008 hours. The advantage of the PiIS fabricated at a low temperature of 180oC enabled 17	
achievement of excellent thermal performance, which was similar to the phosphor-in-glass 18	
(PiG) fabricated at a high temperature of 680oC. The good thermal stability of the PiIS can be 19	
attributed to the high glass melting temperature up to 510oC. Low temperature fabrication, 20	
excellent optical performance, and high reliability of the proposed PiIS based color wheels 21	
benefit as promising candidates to replace the current PiOS or PIG based color wheels in the 22	
LLE modules for the next-generation laser projector applications. 23	

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement 24	

1. Introduction 25	

The projection displays usually required strong luminance on the spatial and angular to extend 26	
the beam in their light engines [1]. The laser-based projection system provides brighter light 27	
and efficiency for use in high power illuminating applications within the operating temperature 28	
of 350°C [2]. A common type of phosphor-converted color wheel consists of phosphor-doped 29	
silicone material because of its low cost and easy fabrication. However, the poor thermal 30	
stability of an organic silicone-based color wheel is due to the lower silicone transition 31	
temperature of 150°C. The high heat flux radiating from the high-power laser operation would 32	
make the organic silicone-based color wheel become etiolation, which could affect the optical 33	
performance of color wheel modules, such as luminous efficiency and chromaticity during 34	
usage [3]. Therefore, a novel carrier material of color wheels which has high power operation 35	
and absolute reliability for use in laser projector application is required. 36	

Recently, the laser light engines (LLEs) based color phosphor-converted layers have been 37	
fabricated using organic silicone [4], glass [5-7], ceramic [8-10], and single crystal materials 38	
[11-12]. Table 1 lists the performance comparison of the fabrication temperature, thermal 39	
stability, advantages, and disadvantages of the phosphor-in-organic silicone (PiOS), phosphor-40	
in-glass (PiG), phosphor-in-ceramic (PiC), phosphor-in-single crystal (PiSC), and phosphor-41	
in-inorganic silicone (PiIS). The fabrication temperatures of the PiC and PiSC were over 42	
1200°C and 1500°C, respectively. These high-temperature fabrications were difficult to be 43	
applied to the commercial production. In previous reports, the PiG showed better thermal 44	
stability than the PiOS of color conversion layers [13]. However, the PiG with lower conversion 45	
efficiency was due to the glass (SiO2) and phosphor (Ce3+:YAG) inter-diffusion at the 46	



fabricated temperature of 700oC [14]. In order to achieve high reliability and luminance of high-47	
quality color wheel, it is essential to develop a novel PiIS to combine high emission, strong 48	
thermal stability, and low fabricated temperature.  49	

Table 1. Comparison of phosphor-in organic silicone, glass, ceramic, single crystal, and inorganic silicone. 50	

 Fabrication 
temperature 

Thermal 
stability Advantages Disadvantages 

Phosphor-in-organic 
silicone (PiOS) [4] ~150°C Poor Better conversion efficiency  

Low-cost material 
Poor thermal 
stability 

Phosphor-in-glass  
(PiG) [5-7] ~700°C Good Better thermal stability 

Lower conversion 
efficiency 
High-cost material 

Phosphor-in-ceramic 
(PiC) [8-10] >1200°C Good Better conversion efficiency 

Higher fabrication 
temperature 
High-cost material 

Phosphor-in-single-
crystal (PiSC) [11,12] >1500°C Good Better conversion efficiency 

Higher fabrication 
temperature 
High-cost material 

Phosphor-in-inorganic 
silicone (PiIS) (this 
study) 

~180°C Good Better conversion efficiency 
and thermal stability 

Medium-cost 
material 

 51	
In this study, a new scheme of high-reliable PiIS-based color wheel in the LLE for high-52	

power laser operation and long-time laser operation is experimentally presented and 53	
demonstrated. The color temperatures of the yellow and green PiIS are controlled between 54	
4400K±100K, and 6300K±100K, respectively. We investigated the comparison of the optical 55	
performance for the PiIS- with the PiOS- and PiG-based color wheels and then conducted 56	
reliability tests at 150°C, 250°C and 350°C high temperature accelerated aging experiments for 57	
1008 hours. The results show that the PiIS-based color wheel exhibited better thermal stability 58	
than the PiOS-based color wheel in lumen loss and chromaticity shifts. Furthermore, the 59	
luminous flux of the PiIS exhibited almost the same intensity with PiOS and higher than PiG. 60	
The advantage of the PiIS fabricated at low temperature of 180 oC enabled achievement of good 61	
thermal performance, which was similar to the PiG fabricated at high of 680oC. The unique 62	
PiIS-based color wheel with high power operation and absolute reliability is essentially critical 63	
to replace commercially available PiOS [4] or PiG [5-7], and hence to provide a next-generation 64	
LLE module for use in laser projector applications. 65	

2. Experimental methodology 66	

Three phosphor-converter layers of the PiIS, PiOS, and PiG were analyzed and experimentally 67	
measured. In these phosphor color wheels, yellow phosphors (Y3Al5O12:Ce3+) and green 68	
phosphors (Lu3Al5O12:Ce3+) were uniformly mixed by inorganic silicone, organic silicone, and 69	
glass to fabricate as a phosphor converter layer for use in color wheels. The experiment 70	
comparison of the thermal stability and optical characteristics for the PiIS-, PiOS-, and PiG-71	
based color wheel was investigated. 72	

2.1 Fabrication of the phosphor-in-inorganic and organic silicone 73	

The synthesis and characterization of the PiIS was explored, as shown in Fig. 1. There are four 74	
steps of sol-gel, powdering and mixing, dip-coating and sintering. Firstly, we mixed A-glue 75	
(colloidal anhydrous silica) and B-glue (hardening agent) evenly to complete the inorganic 76	
silicone in mass proportion as 1:1, and then joined the different proportions of the yellow 77	
phosphor and the green phosphor. The concentrations of the yellow and green phosphors were 78	
77.5 wt% and 82.5 wt%, respectively. The volume of the glass substrate was 80 × 88 × 0.55-79	
mm3, the pattern of the mask was a square of 20 × 20-mm2, the coating thickness was controlled 80	
at 0.13-mm, and the mesh number was 60 with 0.25-mm aperture size, as shown at Fig. 2(a). 81	



Finally, all mixed inorganic silicones with glass substrate was eliminated moisture at 85°C for 82	
30 minutes, and then sintered at 180°C for 100 minutes. The PiISs were slowly cooled to room 83	
temperature and the internal stress of PiIS was reduced during this process. Figure 2 (b) and (c) 84	
showed the PiIS samples. The PiOS of the phosphor concentration, sample size, and fabricated 85	
process were similar to the PiIS. The AB glue of PiOS was used and formed by epoxy resin 86	
(component A) and polyfunctional hardener (component B) to get crosslinked and cured. Figure 87	
2(d) and (e) showed the PiOS samples. 88	

 89	
 90	

 91	

 92	

 93	

 94	

 95	

 96	

 97	

 Fig. 1. Flow chart for phosphor-in-inorganic silicone.     Fig. 2. (a) Screen printing process, (b) yellow PiIS, (c) green 98	
                                                                                            PiIS, (d) yellow PiOS, and (e) green PiOS. 99	

 100	

2.2 Fabrication of the glass-based phosphor 101	

The compositions of the glass matrix were B2O3, Sb2O3, SiO2, and Ta2O5. These mixed raw 102	
materials were melted at 1080°C. After cooling, the glass matrix of the B2O3-Sb2O3-SiO2-Ta2O5 103	
was ground into glass powders with a size of about 10-µm. Then, two different phosphors 104	
Lu3Al5O12:Ce3+ and Y3Al5O12:Ce3+ with a size of about 15 µm were uniformly spread out with 105	
different proportions and weight ratios of the 65wt% and 70wt% into the boron mother glass 106	
powder. These materials were uniformly mixed for 4 hours at 450 rpm by using a tubular 107	
vibration mixer. Then, the mixture powder was pressed uniaxially to form a precursor of the 108	
PiG and a precursor was sintered at temperature of 680°C for 30 minutes and annealed at 350°C 109	
for 120 minutes below the glass transition temperature. The thickness and diameter of the PiG 110	
was controlled to be 0.17-mm and 10-mm through a cutting and grinding process, respectively, 111	
as shown in Fig. 3. Table 2 lists the fabricated conditions of the PiIS, PiOS, and PiG samples. 112	

 113	

 114	
Fig. 3. Schematic diagram of PiG cutting and grinding process. 115	

Table 2. The fabricated conditions of PiIS, PiOS, and PiG samples. 116	

Mix A glue + B glue (A glue:B glue =1:1) 
for 3 hours to complete the sample 

Mix inorganic silicone with the different 
phosphor ratios, respectively 

Eliminating moisture and Sintering 
85℃85℃ / 30 min → 180℃ / 100 min 

Coating on glass substrate 
(thickness = 0.13 ± 0.03-mm) 

Optical characteristics measurement 

(a) (b)

(c)

(d)

(e)



Sample index Yellow (Y3Al5O12:Ce3+) Green (Lu3Al5O12:Ce3+) 

Phosphor-in-inorganic 
silicone (PiIS) 

 

Size: 20 x 20-mm2 
Thickness: 0.13-mm 

Concentration: 77.5wt%  

Size: 20 x 20-mm2 
Thickness: 0.13-mm 

Concentration: 82.5wt% 

Phosphor-in-organic silicone 
(PiOS) [4] 

 

Size: 20 x 20-mm2 
Thickness: 0.13-mm 

Concentration: 77.5wt%  

Size: 20 x 20-mm2 
Thickness: 0.13-mm 

Concentration: 82.5wt% 

Phosphor-in-glass 
(PiG) [5-7] 

 

Diameter size: 10-mm 
Thickness: 0.17-mm 

Concentration: 65wt%  

Diameter size: 10-mm 
Thickness: 0.17-mm 

Concentration: 70wt% 
 117	

3. Measurement and Results 118	

Thermal stability was defined as the ability of the phosphor-in encapsulant to resist the action 119	
of heat and to maintain its optical properties, such as luminous flux, international commission 120	
on illumination (CIE), or correlated color temperature (CCT) at a limited temperature range [4-121	
7, 15]. In order to realize the thermal analysis of the PiIS, PiOS, and PiG, the thermogravimetric 122	
analysis (TGA) was investigated. The mass of a sample was measured over time as the 123	
temperature changed. The analysis conditions included the reactant gas of 100 mL/min and the 124	
heating reactant rate of 5°C/min from 25°C to 950°C. This measurement provides information 125	
about physical phenomena, such as phase transitions, absorption, adsorption, and thermal 126	
decomposition [16]. Within a glass melting temperature, if the sample was thermally stable, 127	
there would be no observed mass change in the weight loss curve. Beyond the glass melting 128	
temperature the sample would begin to melt or degrade, which also showed that the heat flow 129	
curve was significantly decreased. In pervious study [15], the TGA result of PiG showed that 130	
the glass melting temperature is 519°C. Figure 4(a) showed that the first peak of the blue curve 131	
showed an endothermic peak at the around of 510°C, which was the glass melting temperature 132	
of PiIS. And the weight loss of the PiIS was a red curve and changed from 98% to 92%. 133	
Compared with PiIS and PiG, the PiOS of weight loss was changed from 98% to 63% at 320°C, 134	
as showed in Fig. 4 (b). The glass melting temperature of PiG and PiIS were higher than PiOS. 135	
It indicated that the PiG and PiIS could withstand higher temperatures and longer periods of 136	
operation, and demonstrated a good thermal stability.  137	

In the scanning electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS) 138	
experiment, the inorganic silicone phosphor material was analyzed. The detected C-, O- and 139	
Si-ions were verified that the PiIS samples were inorganic, as showed as in Fig. 5. The PiG 140	
samples were fabricated by glass matrix and phosphor, which were the inorganic. Compared 141	
with PiIS and PiG, the PiOS contained carbon-hydrogen or C-H bond, which were the organic 142	
[4]. 143	

 144	

 145	
Fig. 4. The thermal analysis of (a) PiIS and (b) PiOS samples. 146	

(a) (b)



 147	
Fig. 5. The SEM-EDS result of PiIS sample. 148	

 149	

 150	
Fig. 6. The excitation and emission spectra of PiIS samples. 151	

 152	
The light extraction efficiency of LLE referred to the amount of light that was emitted from 153	

light source and exited the color phosphor-converted layer, as a percentage of the total light 154	
generated within the LLE. This efficiency was an important factor to consider when designing 155	
LLE, as it affected the overall brightness and performance. Light extraction efficiency was 156	
influenced by a number of factors, minimizing Fresnel loss between phosphor/encapsulant 157	
interface was most important. Fresnel loss was proportional to the square of the difference 158	
between the refractive indices of the material interface and the cosine of the angle of incidence. 159	
Therefore, we used a prism coupler (Metricon 2010/M) with a 632nm He-Ne laser to calculate 160	
the refractive index of the PiOS, PiIS, PiG, and the phosphor. The He-Ne laser beam was 161	
directed through the prism into the testing sample and then reflected back out to the other side 162	
of the prism with a photo detector. However, the laser beam did not directly reflect back. We 163	
needed to control the rotary table to vary the incident angle of the laser, which would reflect 164	
back to the photo detector. The incident angle of laser could calculate the refractive index of 165	
testing sample from Snell's law [17]. The result showed that the refractive index of 1.40, 1.43, 166	
1.41, and 1.80 were measured for the PiOS, PiIS, PiG, and phosphor, respectively. The index 167	
difference of the PiIS was lower than the PiOS and PiG. This indicated that light extraction 168	
efficiency of the PiIS was better than the PiOS and PiG 169	

(a) (b)(a) (b)



Photoluminescence (PL) excitation and emission spectra of the PiIS were collected at room 170	
temperature using a HITACHI U-4100 UV-VIS spectrometer and HITACHI F-4500 171	
fluorescence spectrometer, respectively. The PL excitation (red curve) and emission (black 172	
curve) spectra of PiIS with two different phosphors (Y3Al5O12:Ce3+ and Lu3Al5O12:Ce3+) are 173	
shown in Fig. 6(a) and (b), respectively. The absorption band of Y3Al5O12:Ce3+ was between 174	
400- to 520-nm and excited the emission from 500- to 620-nm with center wavelength of 534-175	
nm. The absorption band of Lu3Al5O12:Ce3+ was between 400- to 500-nm and excited the 176	
emission from 480- to 600-nm with center wavelength of 513-nm.  177	

The integrating sphere measurement system (Isuzu OPTICS ISM-360 series) was used to 178	
measure the light emission spectrum, chromaticity coordinates of the CIE, the CCT, and the 179	
luminous flux of PiIS, PiOS, and PiG samples. We used a 1.2-Wopt blue laser as light source of 180	
the wavelength of 442-nm. The operating voltage and current were 12V and 0.3mA, 181	
respectively. In the reflective measurement structure, a blue laser excitation light source needed 182	
to be attached to the integrating sphere, and an aluminum substrate was placed behind the 183	
different samples for measurement. Table 2 lists the results of optical performance of the PiIS, 184	
PiOS, and PiG samples. In order to compare with different materials between the PiIS, PiOS, 185	
and PiG, the color temperature of the yellow phosphors (Y3Al5O12:Ce3+) and the green 186	
phosphors (Lu3Al5O12) were controlled within 4360K±40K and 6300K±40K, respectively.  187	

In the thermal stability study, the PiIS, PiOS, and PiG samples were tested at the operating 188	
laser power of 1.2Wopt with aging temperature of 150°C, 250°C, and 350°C after 1008 hours. 189	
In this study, the batches of the PiIS, PiOS, and PiG samples of the yellow and green phosphors 190	
with high-power operation tests were investigated. The lumen loss and chromaticity shift were 191	
measured at each aging temperature to examine the degradation of three types of samples. 192	
Lumen loss referred to the reduction in the amount of luminous flux over operating time and 193	
was defined by %, LL = (Lm2 – Lm1) / Lm1, where the Lm1 and Lm2 were the beginning and 194	
after operating time of luminous flux, respectively. Figure 7 showed the lumen loss as a 195	
function of test time of the PiIS, PiOS, and PiG samples of the yellow and green phosphor with 196	
high-power operation of 1.2 Wopt at aging temperature of 150°C, 250°C, and 350°C after 1008 197	
hours. The lumen loss of the PiIS, PiOS, and PiG samples of the yellow and green phosphor 198	
were less than 1.89, 0.93, 5.99, 6.67, 1.89, and 1.33% at 350°C after 1008 hours, respectively. 199	
Figure 8 showed the CIE shift as a function of test time of the PiIS, PiOS, and PiG samples of 200	
the yellow and green phosphor with high-power operation of 1.2 Wopt at aging temperature of 201	
150°C, 250°C, and 350°C after 1008 hours. The CIE shift of the PiIS, PiOS, and PiG samples 202	
of the yellow and green phosphor were about 4.0×10-3, 4.0×10-3, 40.5×10-3, 30.9×10-3, 5.4×10-203	
3, and 2.9×10-3, at 350°C after 1008 hours, respectively, as shown in Table 3. In terms of 204	
appearance, the yellow and green phosphors of the PiIS indicated no cracks and PiOS indicated 205	
obvious cracks, respectively, as showed in Fig. 9(a) and (b). The inorganic material of the PiIS 206	
showed no other abnormality. Compared with the silicone-based samples of the yellow and 207	
green phosphors, the results indicated that the inorganic- and glass-based samples of the yellow 208	
and green phosphors shown lower lumen loss over test time. This indicated that the lumen loss 209	
of the silicone-based samples of the yellow and green phosphors were about 3.17 and 7.17 210	
times higher than the inorganic- and glass -based samples of the yellow and green phosphors 211	
after 1008 hours at aging temperature of 350°C. 212	

In general, the LLE module includes optical mirrors, diffuser glasses, blue laser diode, and 213	
color wheel. The color wheel is a key component for generating white light in the LLE. In this 214	
study, the PiIS-based color wheel can be divided into two segments based on the color of the 215	
doped phosphors, Y-segment (yellow) and G-segment (green), as shown in Fig. 10(a). A laser 216	
array was used as the light source to excite the color wheel to generate white light. The Y-217	
segment and G-segment bonded on an aluminum substrate and then fixed on a micro-motor 218	
and then put into the LLE module for the laser projector, as shown in Fig. 10(b).  219	

 220	
 221	



Table 3. Optical performances of the PiIS, PiOS, and PiG samples. 222	

Sample index Color CIE 
(x, y) 

CCT 
(K) 

Luminous flux 
(lm) 

Lumen loss 
(%) 

CIE shift 
(10-3) 

Phosphor-in-
inorganic silicone 

(PiIS) 

Yellow (0.3863, 0.4632) 4338 40.57 1.89 4.0 

Green (0.3013, 0.4699) 6287 42.95 0.93 4.0 

Phosphor-in-organic 
silicone (PiOS) [4] 

Yellow (0.3810, 0.4495) 4391 40.03 5.99 40.5 
Green (0.3004, 0.4685) 6313 42.80 6.67 30.9 

Phosphor-in-glass 
(PiG) [5-7] 

Yellow (0.3803, 0.4408) 4370 36.18 1.89 5.4 
Green (0.3010, 0.4588) 6328 37.20 1.33 2.9 

 223	

 224	
Fig. 7. Lumen loss of yellow and green phosphors time after 1008 hours of high temperature accelerated aging. 225	

 226	

 227	
Fig. 8. CIE shift of yellow and green phosphors time after 1008 hours of high temperature accelerated aging. 228	

 229	

 230	
Fig. 9. Appearance of yellow and green phosphor of (a) PiIS and (b) PiOS samples after 1008 hours at 350°C. 231	

 232	

(a) (b)

(a) (b)

(a) (b)

(a) (b)



 233	
Fig. 10. (a) The PiIS-based color wheel with Y- and G-segment. (b) The LLE module with PiIS-based color wheel. 234	

4. Discussion and conclusion 235	

In summary, three phosphor-converter layers of the PiIS, PiOS, and PiG-based color wheels in 236	
the LLE for high-power laser operation and long-term reliability were experimentally 237	
investigated and their performance compared. The PiIS based color wheel showed better 238	
thermal stability than the PiOS based color wheel about 3-7 times less lumen loss and 7-8 times 239	
less chromaticity shift under accelerated aging at 350°C for 1008 hours. The advantages of the 240	
PiIS fabricated at low temperature of 180°C showed good thermal performance which was 241	
similar to the PiG fabricated a high temperature of 680°C. In this study, the proposed new 242	
scheme of high-reliable PiIS-based color wheel in the LLE exhibited low temperature 243	
fabrication of 180°C, better thermal stability, low-cost fabrication, and easy uniform phosphor 244	
coating with large-area processing. Therefore, this novel PiIS based color wheels benefit as 245	
promising candidates to replace the current PiOS or PiG based color wheels in the LLE modules 246	
for the next-generation laser projector applications. 247	
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