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Abstract: White-light-emitting diodes (WLED) based on yttrium aluminum garnet (YAG) phos-
phors sintered with glass (PiG) and with silicone (PiS) are compared in terms of their light proper-
ties, temperature properties and reliability.The complete YAG phosphor was doped with an encap-
sulant traditional WLED (PiS WLED), and the WLED was covered with PiG (PiG WLED). PiG was 
made by sintering glass powder and YAG phosphor at the ratio of 87:13 (%), and the correlated 
color temperature (CCT) was 5564 K. The CCT of the PiG WLED with the YAG doping concentration 
of 8.5 wt.% approximated 5649 K. The initial light output of the PiG WLED was 6.4% lower than 
that of the PiS WLED. Under 1008 h and 350 mA aging, PiG WLED and PiS WLED' light output, 
CCT and color rendering index variation rates were all within 1%. In the saturated vapor-pressure 
test, no sample exhibited red ink infiltration, light nor peeling between the encapsulant and the lead-
frame. Compared with that of the PiS WLED, the junction temperature of the PiG WLED reduced 
from 88.4 °C to 81.3 °C. Thermal resistance dropped from 37.4 °C/W to 35.6 °C/W. The PiG WLED 
presented a better CIE (Commission Internationale de l'Eclairage)1931 chromaticity coordinate (x,y) 
concentration and thermal properties than the PiS WLED. 

Keywords: yttrium aluminum garnet; junction temperature; case temperature; thermal resistance; 
reliability 

1. Introduction
The application of light-emitting diodes (LEDs) has become widespread, the 

amounts of light and power used have also increased, and the accompanying thermal 
problems have been relatively addressed and studied [1–3]. If the heat generated inside 
LEDs is not effectively dissipated to the external environment, the interface temperature 
will rise, brightness will decrease, the LED life-time will shorten, and the efficiency of 
phosphor excitation will drop. LEDs follow three heat dissipation mechanisms, namely 
heat conduction, heat convection, and heat radiation [4]. Most of the heat generated on 
the p-n side of the LED is transferred by the solid material under the chip, and then the 
heat is conducted out by the metal in the holder to the external heat sink fins or metal 
circuit substrate. Meanwhile, a small portion of the heat is transferred by heat convection 
and heat radiation through the packaging adhesive. This study investigated this part by 
using phosphor in glass (PiG) instead of phosphor in silicone (PiS). Conventional white 
LED (WLED) packaging is made by using yttrium aluminum garnet (YAG) phosphors 
mixed in an encapsulant with blue LED excitation. The higher the concentration of phos-
phor doping in the encapsulant, the easier it is for heat to accumulate inside the LED dur-
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ing operation. The lower the amount of phosphor doping concentration, the less heat ac-
cumulates inside the LED during operation, and the higher the efficiency of external heat 
transfer will be [5]. However, this problem cannot be solved by the adjustment of the 
phosphor concentration because phosphor concentration directly affects the CIE coordi-
nates and correlated color temperature (CCT) of WLEDs. The precipitation problem of 
encapsulant mixed with phosphors [6,7] can be solved by sintering the phosphors in glass. 

YAG phosphor in WLEDs exhibits problems associated with thermal quenching ow-
ing to the high operating current of LEDs [8–12]. With decreased LED efficiency as a func-
tion of higher operating current, the temperature of LEDs increases, and the LED effi-
ciency is lost as heat. A glass-based carrier material has been proposed as a new solution 
for LED and laser-driven solid-state lightings [13–16] because PiG can withstand high 
temperatures. The traditional WLED packaging method involves using blue LED to excite 
YAG phosphor doped in the encapsulant. Previous researchers used chip-on-board pack-
aging and gallium nitride (GaN) blue LED arrays to excite YAG PiGs and compare their 
light output and thermal properties with YAG PiS. The PiG WLED has high reliability and 
color uniformity. Through reliability tests, two different packaging structures, namely PiS 
and PiS, were compared, and the light output flux and thermal properties were discussed 
[17–19]. 

2. Materials and Methods 
2.1. Materials 

The lead-frame used in the experiment was a plastic-leaded chip carrier (PLCC, 5050, 
Chang Kai Tak Electronic Technology Co., Ltd., Dongguan, China) in surface-mount de-
vice (SMD) form with a size of 5050 (5.0 mm × 5.0 mm × 0.95 mm). The die-bonding silver 
paste used transparent silicone with a thermal conductivity of 0.2 W/(m·K). The horizontal 
structure of GaN blue wafer has a size of 45 mil × 45 mil, an optical power of 590 mW (at 
350 mA operating current), and a dominant wavelength of 456 nm. The electrical connec-
tion between the LED chip and lead-frame was completed by gold wire bonding. The en-
capsulant used silicone with a refractive index of 1.54. The phosphor selected in this study 
was YAG phosphor with a peak emission-spectrum wavelength of 551 nm and a particle 
size of 13.5 μm. 

Glass powder alkaline earth boro-aluminosilicate (Eagle 2000, Corning Incorporated, 
New York, NY, USA) was sintered together with phosphor. Alkaline earth boro-alumino-
silicate has high light transmission and excellent thermal conductivity and thermostabil-
ity. The refractive index, which affects the luminous efficiency, is about 1.5. The PiG was 
sintered with glass powder and YAG phosphor powder at the ratio of 87:13 (%); this phos-
phor was the same type as the YAG phosphor doped in silicone encapsulant. The PiG was 
produced by uniform mixing of phosphor and glass powders followed by extrusion mold-
ing with a machine before sending the glass to a high-temperature furnace for sintering. 
Afterwards, a massive phosphor ingot was obtained. After slicing to an appropriate thick-
ness, the surface of the sliced phosphor was ground and polished. Finally, we used laser 
cutting to cut the phosphor into the required shape and thickness. The thickness of the 
PiG was 150 μm. With regard to the material properties, PiG has a higher glass transition 
temperature than PiS, and it is suitable for high-power lighting applications. Inorganic 
phosphors are produced using high-temperature and high-pressure processes, and they 
exhibit a low probability of cracking, increased mechanical strength of glass phosphors, 
and improved luminous efficiency. Compared with the PiS, the PiG is water absorbing 
and prone to oxidation of a silver-plated layer in a high-humidity environment, resulting 
in a significant change in the CCT of the WLED. At the same time, the PiG had high chem-
ical stability, which reduced the oxidation problem of the silver-plating layer and im-
proved the phosphor-aging problem to avoid the color shift of the lighting source and 
prolong the service life [20–22]. 
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2.2. Experimental Procedure 
Two structural samples were produced and compared in this study. Figure 1 shows 

the structure of the PiS WLED and the PiG WLED. We used PiG to cover the SMD and 
further studied its influence on light output, thermal properties, and reliability. 

 
Figure 1. Schematic and top view of (a) phosphor in silicone white-light-emitting diode (PiS 
WLED) and (b) phosphor in glass (PiG) WLED. 

For chip bonding, the PLCC lead-frame was placed under the microscope, and the 
die-bonding silver paste was dotted onto the lead-frame center. The LED chip was placed 
on the silver paste to complete the bonding, and the LED with the chip was placed in an 
oven for curing. The curing parameter was to raise the temperature to 160 °C at room 
temperature, and the constant-temperature time was 120 min. 

The phosphor ratio was adjusted. Under the operating current of 350 mA, the light 
properties of the integrating-sphere measurement system (ISP-500, Optimum Optoelec-
tronics Co., Hsinchu County, Taiwan) were determined, and the ratio required for the 
experiment was adjusted based on the CCT of the measurement result. This study used a 
silicone encapsulant with a refractive index of 1.54. The silicone encapsulant has light-
transmission properties. The ratio of the two-part silicone of AB was 1:2 by weight ratio. 
Part A is the main glue and Part B is the hardener. Vacuum and deaeration mixings were 
performed with a vacuum-deaeration mixer (KK-50S, KURABO, Osaka, Japan). A dis-
penser was used to pour the packaging gel into the holder bowl, and it was placed in the 
oven (RHD-452, CHEN CHENG INDUSTRIAL Co., Ltd, New Taipei City, Taiwan) for 
curing. The curing parameters were as follows: in the first stage, room temperature was 
raised to 60 °C, and it was kept constant for 30 min; the temperature was raised to 90 °C 
in the second stage, then kept constant for 1 min; it was raised to 120 °C in the third stage, 
and kept constant for 10 min; and it was raised to 150 °C in the fourth stage and kept 
constant for 120 min. 

The CCT of the PiG WLED and the PiS WLED was controlled at 5649 ± 250 K to fa-
cilitate the measurement of optical and thermal properties and reliability analysis between 
the two types of WLEDs. The forward voltage method was used to measure the junction 
temperature (Tj) and convert the thermal resistance (Rth) [23,24]. The surface temperature 
(Ts) of the second layer of silicone encapsulant was measured with an infrared thermal 
imaging camera (TiR125, Fluke Co., Everett, Washington,, USA). We used a multi-channel 
temperature inspection recorder (GL-840M, GRAPHTEC Co., Yokohama, Japan) to record 
the LED case temperature (Tc) in real time. The light output of WLEDs was measured by 
an integrating sphere system (ISP-500, Optimum Optoelectronics Co., Hsinchu County, 
Taiwan). 
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3. Results and Discussion 
3.1. Light Properties 

With the PiG WLED CCT of 5564 K as the standard, the PiS WLED was produced. 
As shown in Figure 2, the YAG phosphors were doped with the encapsulant at concen-
trations of 8.5 and 9 wt.%, and the CCTs were 5649 and 5311 K. The CCT of YAG phosphor 
doped at 8.5 wt.% concentration was close to that of the PiG WLED. Therefore, the YAG 
doping concentration ratio of 8.5 wt.% in the encapsulant was used for PiS WLEDs in this 
study. 

Figure 2 shows the distribution of PiG WLED and PiS WLED samples in the CIE 1931 
coordinate graph. PiG WLEDs had a lower CIE chromaticity coordinate shifting ratio and 
smaller CCT differences than the PiS WLEDs. Table 1 summarizes the deviations of CIE 
1931 x and y coordinates and CCT for the PiS WLED (8.5 wt.%), the PiS WLED (9.0 wt.%), 
and PiG. The proportion of deviations of CIE1931 x and y coordinates on the same axis 
was discussed. The deviation values of CIE1931 x and y coordinates were 0.4% and 0.7% 
for the PiS WLED (8.5 wt.%), respectively, and the values were 1.4% (x) and 2.7% (y) for 
the PiG WLED. The light output flux of PiS WLEDs and PiG WLEDs were measured and 
compared by using an integrating sphere at an operating current of 350 mA. Table 2 shows 
the light output flux and light output flux efficiency of PiS WLEDs and PiG WLEDs. The 
light output flux of the PiS WLED and the PiG WLED was 142.4 and 133.2 lm, respectively. 
Meanwhile, the light output flux efficiencies were 118 (PiS WLED) and 110 (PiG WLED) 
lm/W. 

 
Figure 2. PiS WLED doped with 8.5 and 9 wt.% yttrium aluminum garnet (YAG) phosphors and 
the PiG WLED CIE coordinate distribution of the covered PiG. 

Table 1. Light properties of PiS WLED doped with 8.5 and 9 wt.% YAG phosphors and PiG WLED 
covered with phosphor glass. 

Sample CCT (K) CCT Difference Range (K) CIE 1931 x,y 
PiG 5564 −44–+21 (0.3306, 0.3750) 

PiS 8.5 wt.%  5469 −69–+113 (0.3278, 0.3746) 
PiS 9.0 wt.%  5311 −39–+61 (0.3382, 0.3937) 
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Table 2. Light output flux of PiS WLED and PiG WLED. 

Sample Light Output Flux (lm)  Light Output Flux Efficiency (lm/W) 
PiS 142.4 lm 118 lm/W 
PiG 133.2 lm 110 lm/W 

Figure 3 shows the light-emitting path of the PiS WLED and the PiG WLED. We ob-
served that in the yellow light emitted by the phosphor of the PiS WLED, blue light was 
emitted in all directions, and a small part of the light was refracted back to the interior 
and then reflected through the cavity of the lead-frame. The white light emitted by the 
PiG WLED blue excitation phosphor was also emitted in all directions. However, a part 
of the light was completely reflected or refracted back to the interior owing to the interface 
between the phosphor and the encapsulant, and it was reflected again through the light-
receiving cavity of the lead-frame. Another part of the light was refracted back to the 
phosphor glass, and the light loss of repeated reflections resulted in the lower light output 
of the PiG WLED than that of the PiS WLED. 

 
Figure 3. Schematic of PiS WLED and PiG WLED light path. 

3.2. Dynamic Aging at Room Temperature 
Dynamic aging was performed at room temperature at the operating current of 350 

mA for 1008 h to the capture light output flux, CCT, and color rendering index (CRI). 
Figure 4 shows that the normalized light output flux drift of the PiG WLED and the PiS 
WLED for 1008 h reached 110% and 111% of the initial value, respectively. Figure 5 shows 
the CCT drifts of the PiG WLED (+0.5%) and the PiS WLED (+0.2%). Figure 6 shows the 
CRI drifts of the PiG WLED and the PiS WLED at 0.8% and 0.7%, respectively. Table 3 
summarizes the above measurement results. The light output flux, CCT, and CRI of PiG 
WLEDs and PiS WLEDs were consistent and showed almost no variation before and after 
aging. 

 
Figure 4. Normalized light output flux drift of PiS WLED and PiG WLED at 350 mA for 1008 h. 



Coatings 2021, 11, 239 6 of 9 
 

 

 
Figure 5. CCT drift of PiS WLED and PiG WLED at 350 mA for 1008 h. 

 
Figure 6. Color rendering index (CRI) drift of PiS WLED and PiG WLED at 350 mA for 1008 h. 

Table 3. Normalized light output flux, CCT, and CRI of PiS WLED and PiG WLED, and measured 
data before and after 350 mA lighting for 1008 h. 

Sample 
Normalized 

Light Output 
Flux (%) 

CCT (K) CRI (Ra) 

0 h 1008 h ΔAverage (%) 0 h 1008 h ΔAverage (%) 

PiS 111% 5652 5664 +0.2 67.9 68.4 +0.7 
PiG 110% 5738 5771 +0.5 71.8 72.4 +0.8 

3.3. Thermal Properties 
Figure 7 shows the Tj of the PiG WLED and the PiS WLED measured by the forward 

voltage method at a 350 mA operating current [24]. In accordance with JEDEC (Joint Elec-
tron Device Engineering Council) Standard No. 51-1, the Rth of a single semiconductor 
device was converted [24,25]. The y-axis on the left of Figure 7 is the Tj of the PiS WLED 
and the PiG WLED, and the y-axis on the right is the Rth of the PiS WLED and the PiG 
WLED obtained using the Rth formula. The Rth of a single semiconductor device is defined 
in Equation (1): 
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Rth = (Tj − Tx)/P (1) 

where Rth is the thermal resistance between the device junction and a specific environment, 
Tj is the junction temperature of the device in a steady state condition, Tx is the reference 
temperature for the specific environment, and P is power dissipation in the device. In this 
study, the reference temperature was the Tc. A multi-channel temperature inspection re-
corder was used to record the LED Tc instantaneously. 

The Tj of the PiG WLED and the PiS WLED was 81.3 °C and 88.4 °C, respectively, and 
the Rth was 35.6 °C/W (PiG WLED) and 37.4 °C/W (PiS WLED). Table 4 summarizes the 
measurement results of the thermal properties of the PiG WLED and the PiS WLED. 

 
Figure 7. Tj and Rth of PiS WLED and PiG WLED. 

Table 4. Thermal properties of PiS WLED and PiG WLED. 

Sample Tj (°C) Tc (°C) Tj − Tc (°C) Rth (°C/W)  ΔRth (%) 
PiS 88.4 56.8 31.6 37.4 NA 
PiG 81.3 51.0 30.3 35.6 −4.0 

3.4. Saturated Vapor-Pressure Test 
Samples were heated at 121 °C, with the cavity pressure greater than 1 atmosphere 

and the impact duration lasting for 120 h. During the test, two samples were retrieved 
every 24 h to light up and were soaked in red ink, and the absence of brightening or peel-
ing of the glue from the lead-frame was observed. Two samples of 25 pieces each did not 
show the phenomenon of non-brightness, and no infiltration of red ink was recorded after 
dipping. Figure 8 shows the external photo of the PiG WLED after the impact duration of 
saturated vapor-pressure test and the completion of red ink immersion. 
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Figure 8. Saturated vapor-pressure test of PiG: appearance of red ink in samples soaked every 24 
h. 

4. Conclusions 
The CIE 1931 (x,y) distribution of PiG WLEDs was more concentrated than that of PiS 

WLEDs. The CIE 1931 x and y coordinate deviations for the PiG WLED were 0.4% and 
0.7%, respectively. Meanwhile, the values for the PiS WLED reached 1.4% (x) and 2.7% 
(y). The PiG WLED exhibited a more concentrated distribution of CIE 1931 (x,y) and CCT. 
The drift range of the PiG WLED CCT was from −44 to +21 K, which indicates a better 
concentration compared with that of the PiS WLED CCT at –69 to +113 K. No significant 
difference was observed in the light output, CCT, and CRI drift between the PiG WLED 
and the PiS WLED at an operating current of 350 mA during 1008 h of aging at room 
temperature. As for the thermal properties, the PiG WLED Tj decreased from 88.4 to 81.3 
°C, and the Rth decreased from 37.4 to 35.6 °C/W compared with those of the PiS WLED. 
In the saturated vapor pressure test, the PiG WLED showed the same excellent material 
bonding strength as the PiS WLED, and no unlit or red ink infiltration samples were 
found.  

Therefore, PiG WLEDs had better color temperature and concentration of color coor-
dinates, but a slightly lower light output flux than PiS WLEDs. Compared with PiS 
WLEDs, the PiG WLEDs showed a better performance in terms of the thermal properties 
(Tj and Rth). PiG WLEDs can also attain similar results to PiS WLEDs under normal-tem-
perature aging and saturated vapor-pressure test conditions. 
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