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a b s t r a c t

Silicone carbonizations were observed in the multiple high power LEDs modules. This phenomenon was
explained to be caused by the effect of phosphor self-heating. Comparative experiments were conducted,
and the results validated the existence of phosphor self-heating, which caused the local high tempera-
ture. A thermal model of LED packaging based on phosphor particles under stair-like thermal load was
built, and simulations were carried out to analyze the thermal performance of the phosphor layer. It is
found that the highest temperature of the phosphor particles can reach 315.9 �C, which would result
in the phosphor quenching. As the phosphor quenching happens, the temperature can gradually increase
to 540.16 �C, which is highly enough to cause the silicone carbonization. One method to decrease temper-
ature of the phosphor layer was proposed in the final part of this paper.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Light emitting diode (LED), with a series of advantages, is con-
sidered as the next generational light source [1–5]. To realize the
white light emission, blue light from a blue LED are needed to emit
through a yellow phosphor layer [6–12]. Such a blue LED covered
with a phosphor layer is called as phosphor converted LED (pcLED).
For the pcLED, part of the blue light is captured by the phosphor
particles, which are filled in the encapsulant, and then converted
to yellow light. Since only a part of the captured blue light is trans-
ferred into yellow light, there exists an optical energy loss during
the color conversion process, and the lost optical energy is trans-
formed into heat. Because of the low thermal conductivity of the
encapsulant, local high temperature may appear in the phosphor
layer, which would bring many disadvantages, such as peak shift
of emitting spectrum, decrement of quantum efficiency, phosphor
degradation and so on [13,14].

Some researchers paid attentions to the phenomenon of phos-
phor self-heating. Hwang et al. [15] studied the effect of the rela-
tive position of the phosphor layer in the LED packaging on the
lifetime of high power LED, and found that the phosphor in the
die – contact case had a lower temperature than the remote phos-
phor case. Yan et al. [16] investigated thermal performance of
phosphor-based white LEDs by simulation with considering the
thermal and optical interaction. They found that the temperature
of the phosphor is higher than the junction temperature of LED
regardless the phosphor placement. Hu et al. [17] studied the hot-
spot location shift in the high power phosphor-converted white

light-emitting diode packages by combining the Monte Carlo opti-
cal simulation and finite element simulation together. Both of
them treated the phosphor layer, which is the mixture of phosphor
particles and silicone, as a whole with uniform thermal conductiv-
ity obtained by the percolation theory [18], and gave the phosphor
layer a volume thermal load. Arik et al. [19] studied the effects of
localized heat generation caused by the color conversion in phos-
phor particles and different layers of high brightness LEDs. They
found that there was significant light output reduction because
of the localized heating of the phosphor particles in the experi-
ments and excessive temperatures appeared when a 3 mW heat
was loaded on a 20 um diameter spherical phosphor particle in
the simulation.

In this work, based on the comparison experiments, we vali-
dated that the silicone carbonizations observed in our experiments
are caused by local high temperature, which results from the phos-
phor self-heating. A thermal model of the LED packaging based on
the phosphor particles under stair-like thermal load was built.
Simulations were carried out to investigate the temperature field
of the phosphor layer, as well as to explore methods to decrease
the temperature of the phosphor particles.

2. Experiments and phenomenon description

The LED modules used in our experiment are shown in Fig. 1(a).
Twelve LED chips are mounted on a substrate as an array of 2 � 6,
in which six LED chips are electronically connected in series and
two rows of six chips parallelly connected. The drive current of
the module is 1.4 A and the total voltage is about 22 V. Therefore,
the drive current for each LED chip is 700 mA, and the electric
power for one chip is about 2.57 W. The phosphor layer, which is
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a mixture of silicone and YAG:Ce3+ phosphor particles, is confor-
mally coated on the chip. The height of the phosphor layer is
0.8 mm and the concentration of the phosphor layer is 0.087 g/g.

The cooling system of the multiple LEDs module is indicated in
Fig. 2(b). The module is mounted on a heatsink, which is cooled by
a fan. The ambient temperature is 19.0 �C, and the average temper-
ature of the four corners of the top surface of the substrate is
29.2 �C when the module is light up. Based on tested temperature
of the substrate, the dimensions and the materials of the substrate
and solder, it can be inferred that the maximum junction temper-
ature of the LEDs is less than 80 �C based on the basic thermal
resistance model [20–22]. However, it was found that a black spot
appeared in the phosphor layer after the module lighting up for a
while, and then the silicone around the black spot was carbonized.
Fig. 2 shows three phosphor carbonized modules, whose carbon-
ization degrees are different because of different lighting time.
For module (a) shown in Fig. 2(a), the phosphor layer is just begin-
ning to soften and make transformation, but a small black point ap-
pears in module (b). In module (c), most of the silicone is
carbonized. In addition, it is noted that the carbonization point
usually firstly appears in the middle part of the phosphor layer.

The phosphor used in our experiment is extremely thermally
stable, it keeps stable even when it is sintered in the oven with a
temperature of 1000 �C. As to the silicone, the thermal perfor-
mance is totally different. Experiments were carried out to mea-
sure the carbonization temperature. Small cured pure silicone
cuboid, as shown in Fig. 3(a), was put in the oven with a tempera-
ture range from 300 to 550 �C, and the temperature was main-
tained for a quarter of an hour with each increment of 50 �C. It
was observed the transparent silicone cuboid turned to yellow
and cracks appeared at the temperature of 450 �C, as indicated in
Fig. 3(b).1 The silicone cuboid was totally carbonized at the temper-
ature of 500 �C, as shown in Fig. 3(c). It was found the silicone cuboid
started to carbonize at the temperature of 480 �C, so we can know
the carbonization temperature of the present silicone is around
480 �C.

To sum up the above experiments, the carbonization tempera-
ture of the silicone used is about 480 �C, the junction temperatures
of the LEDs are inferred to be less than 80 �C. So the carbonization

Fig. 1. (a) Schematic of multiple LEDs module. (b) Cooling system of the LEDs module.

Fig. 2. Silicone carbonized modules.

Fig. 3. Images of cured pure silicone cuboid in different temperature (a) Ambient temperature, (b) 450 �C and (c) 500 �C.

1 For interpretation of color in Figs. 3, 5 and 6, the reader is referred to the web
version of this article.
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phenomenon could not be caused by the high temperature of the
LED chip. The other heat source in the LED packaging is the phos-
phor particles, we may think that phosphor self heating results in
the silicone carbonization. To validate the supposition, compara-
tive experiment was conducted. In the experiment, a pure silicone
layer replaced the phosphor layer while all of the other parameters
remained the same with the modules shown in Fig. 2. The results
are shown in Fig. 4, it was found that no black spot appeared and
no silicone was carbonized in the module with pure silicone layer,
which proves that the phosphor carbonization is caused by the lo-
cal high temperature due to the phosphor self-heating.

3. Thermal modeling and discussion

To study the phenomenon of phosphor self-heating further, a
thermal model of LED packaging based on the phosphor particles
instead of a uniform phosphor layer was built. As shown in
Fig. 5(a), phosphor layer which consists of phosphor particles and
silicone is mounted on the LED chip. The chip is bonded on a sub-
strate, which is cooled by a heatsink. To simplify the thermal mod-
el, the substrate and the heatsink are leaved out and an equivalent
convective coefficient hbequ is given at the bottom surface of the
LED chip. The equivalent convective coefficient hbequ is approxi-
mately calculated based on the temperature of the heatsink, the
ambient air, and the dimensions of heatsink, substrate and LED
chips. The top surface of the phosphor layer is convective cooled
by giving a convective coefficient ht. The phosphor particles are
evenly distributed in the silicone with a stack way as shown in

Fig. 5(a), and the space is decided by the phosphor concentration.
The phosphor particles are assumed to be spheres with a uniform
size. The blue light emitting from the top surface of the LED chip is
absorbed by the phosphor particles in a stair-like way, which will
be interpreted later.

We define the phosphor section as the transaction across the
equatorial circle of the phosphor particles on the same height, as
shown in Fig. 5(b). Considering the angle between the light and
the spherical surface, the light absorption can be treated as only
happening on the phosphor section. When the blue light reaches
the ith phosphor section, part of blue light is absorbed by the phos-
phor particles. The absorbed optical power of the ith phosphor sec-
tion Qai can be calculated by the equation as following,

Qai ¼ Q ini �
Api

Ati
ð1Þ

where Qini is the optical power of blue light before it passes ith
phosphor section. For the first phosphor section, Qin1 is equal to
the optical power emitting form the LED chip. Api is the total area
of the phosphor particles in the ith section, and Ati is the area of
the ith section. Because of the uniform distribution of the phosphor
particles, Api and Ati are constants in all the sections.

Qini can be obtained by the equation as following,

Qini ¼ Qinði�1Þ � Q aði�1Þ ð2Þ

where Qin(i�1) is the optical power of blue light before it passes
(i � 1)th phosphor section, and the Qa(i�1) is the optical power ab-
sorbed by the (i � 1)th phosphor section.

Fig. 4. Comparative modules at the same input conditions.

Fig. 5. (a) Thermal model of LED packaging based on phosphor particles. (b) Phosphor section.
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The blue light absorbed by the phosphor particles is partly con-
verted to yellow light and the other is transformed to heat. The
generated heat of the phosphor particles across the ith phosphor
section Qhi can be obtained by the equation below,

Q hi ¼ Q ai � ð1� gcÞ ð3Þ

where gc is the color conversion efficiency of the phosphor.
Assuming the absorbed optical power of each phosphor particle

across the same phosphor section is the same, the heat generated
by each phosphor particle across the ith phosphor layer Qhis can
be obtained as following,

Q his ¼
Q hi

Ni
ð4Þ

where Ni is the number of phosphor particles across the ith phos-
phor section.

In order to obtain Ni, the total amount of the phosphor particles
in the phosphor layer N should be gotten firstly, which can be cal-
culated by the equation below,

N ¼ Vpg �
x� qs

x� qs þ qp

,
4
3
� p� r3

� �
ð5Þ

where Vpg is the volume of the phosphor layer, x is the phosphor
concentration which is usually the mass ratio of phosphor and sili-
cone, qs and qp are the density of the phosphor and silicone, respec-
tively, r is the radius of the phosphor sphere.

Ni can be obtained by the equation as following,

Ni ¼ N �
ffiffiffiffiffiffiffiffi
Vpg

N
3

r" ,
H

#
ð6Þ

where H is the height of the phosphor layer.
The model is based on the phosphor particles, whose amount is

about hundreds of thousands in the phosphor layer. Restricted by
the computer hardware, it is hard to conduct full simulations for
the whole LED packaging. Also, we concern much more about the
temperature variety in the height direction, here we conducted
thermal simulations on a small cuboid, whose length and width
were 120 um and the height was the same as the real LED packag-
ing. The electric power of the small cuboid was in proportion with
the whole LED chip. The constant parameters used in our simula-
tions are listed in Tables 1 and 2.

The temperature field of the LED module used in the experi-
ments was firstly simulated. In the module, the height of the phos-
phor was 800 um and the phosphor concentration was 0.087 g/g.
The temperature field of the phosphor layer is indicated in
Fig. 6(a). It can be seen that the phosphor temperature increases
with the elevation of the height of the phosphor layer, and the
highest temperature reaches 315.0 �C, which is much higher than
the junction temperature of the LED chip. When the phosphor tem-
perature increases, the color conversion efficiency decreases, and it
means that more heat would be generated in the phosphor parti-
cles. When the phosphor temperature is high, the thermal quench-
ing of phosphor is very remarkable, and the phosphor color
conversion efficiency quickly reduces [23]. When the phosphor
temperature reaches a certain value, like 300 �C, the color conver-
sion efficiency decreases to 14%, much less yellow light will emit
from the phosphor. This process agrees with what we observed
in the experiments, in which a black spot appeared in the phosphor
layer before the silicone carbonization.

When the phosphor quenching occurs, almost all the optical
power of blue light captured by the phosphor particles in the
quenching layers is transformed into heat. Therefore, we need to

Table 1
Material parameters of phosphor and silicone.

Density (kg/
m3)

Specific heat (J/
(kg K))

Thermal conductivity (W/
(m K))

Phosphor 4300 620 13
Silicone 1140 1300 0.16

Table 2
Other constant parameters used in simulations.

Height of LED chip (um) 150 Thermal conductivity of LED
chip (W/(m K))

48.12

Electrical power of LED
cuboid (mW)

46.72 LED wall-plug efficiency 20%

Phosphor color
conversion efficiency

70% Radius of phosphor sphere
(um)

7

hbequ (W/(m2 K)) 90000 ht (W/(m2 K)) 10

Fig. 6. (a) Temperature field of original packaging model. (b) Temperature variation with the height of the middle line of the model. (c) Temperature field of packaging model
considering the phosphor quenching.
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change the thermal loads of the phosphor particles whose temper-
atures are higher than 300 �C. The new thermal loads were given
based on the temperature distribution shown in Fig. 6(b), in which
the temperature variation with the height of the middle line of the
model is indicated. The new temperature field under the refreshed
thermal loads is indicated in Fig. 6(c), which shows that the max-
imum temperature of the phosphor particles is as high as
540.16 �C. Silicone around this phosphor particle is easily carbon-
ized by such a high temperature. Once the silicone is carbonized,
it becomes less transparent for the light and more heat will gener-
ate, leading to more silicone being quickly carbonized.

In the aforementioned simulations, we focused on a small part
of a single chip and assumed that the optical power and heat trans-
fer condition are uniformly distributed. However, the optical flux
at the middle part of the module is actually the biggest and the
heat transfer condition at that location is usually the worst. Both
these unfavorable factors will lead to the carbonization firstly oc-
curs in the middle, and this accounts for why the carbonization al-
ways appears at the middle part of the phosphor layer, as shown in
Fig. 2.

As the bottom cooling of the thermal model is stronger than the
top cooling, thinning the phosphor layer is able to decrease the
maximum temperature of the phosphor particles. To prove this,
we conducted simulations. Fig. 7 shows the temperature fields
the model after thinning the phosphor layer. For models (a)–(c)
shown in Fig. 7, the height of phosphor layer is reduced to
400 um, 200 um and 120 um, respectively, while the phosphor
concentration maintains the same as the one in the original simu-
lation. From Fig. 7, it is seen that the highest temperature signifi-
cantly decreases with the reduction of the height of the
phosphor layer. So thinning the phosphor layer will greatly de-
crease the temperature and enhance the reliability of LED modules.

4. Conclusions

It was observed that silicone was carbonized in the experi-
ments, which results from local high temperature caused by the

phosphor self-heating. Comparative experiments were conducted
and validated the effect existence of phosphor self-heating. A ther-
mal model of the LED packaging based on phosphor particles under
stair-like thermal load was built and simulations were carried out.
It is found the highest temperature of the phosphor particles can
reach 315.9 �C, which would lead to the phosphor quenching and
final silicone carbonization. Simulation also proves that thinning
the phosphor layer can reduce the phosphor temperature
effectively.
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