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Thermal management of high-power light-emitting diodes (LEDs) plays an important role in determining their optical properties, reliability, and

lifetime. In this paper, we present a method to study the temperature field of phosphor-converted LED packages by combining the Monte Carlo

optical simulation and finite element simulation together. The temperature field, including the heat generation in both LED chip and phosphor

layer, are presented and analyzed. It was found that temperature increased with the increase in phosphor concentration and the hotspot location

in remote phosphor-coating packages shifted with the changes in phosphor concentration, while there was no shift in direct phosphor-coating

packages. It was concluded that the hotspot location in the high-power phosphor-converted white LED packages depended on phosphor

concentrations as well as packaging methods. # 2012 The Japan Society of Applied Physics

1. Introduction

Light-emitting diodes (LEDs) are solid-state light emitters
known for their high energy efficiency, long lifetime, design
flexibility, and robustness.1–3) Considered as a strong
candidate for the next-generation light sources, high-power
LEDs have been developed rapidly in recent years and
widely used in our daily life such as vehicle headlamps,
traffic lights, landscape lighting, and even indoor fix-
tures.4–11) However, the increasing power results in high
heat flux generated in high-power LED packages.12–14) The
corresponding high temperature has an obvious negative
impact on the optical performance and reliability of LED
packages. Firstly, it will weaken the radiative combination
and enhance the nonradiative combination of the electrons
and holes inside the heterostructure of the p–n junction, and
this will reduce internal quantum efficiency and increase
heat generation greatly. As a result, the output luminous
efficacy degrades. Secondly, it will induce the material
property deterioration, local stress, and even delamination,
which results in the degradation of reliability and lifetime
significantly.15) Thirdly, since phosphor efficiency decreases
exponentially with the increase in phosphor temperature,
high temperature is also a critical problem for phos-
phors.16–18) Therefore, much effort has been spent on
investigating the thermal performance of high-power LED
packages as well as phosphors.19–26) Fan et al.25) compared
conventional and thermal-isolated phosphor coatings by both
experiments and finite-element simulations. They found that
the surface temperature of the thermal-isolated phosphor
coating layer was 16.8 �C lower than that of the conventional
packaging. Yan et al.26) demonstrated that the temperature
of phosphor particles, regardless of the phosphor placement,
was always higher than the junction temperature. They
found that the temperature of the remote coating phosphor
layer was higher than that of the conventional phosphor
coating when the phosphor concentration was changed
from 30 to 80wt%. It is discovered that these two results
are contrary to each other with regard to whether the
temperature of remote coating phosphor was higher. For a
blue LED emitter without phosphor coating, the hotspot
must be located close to the chip. Therefore, it is

intuitionistic that the hotspot location depends on the
amount of phosphors.

In this study, we investigated the relationship between the
hotspot location of LED packages with phosphor concentra-
tion. In the Monte Carlo optical simulation, we obtained
the heat generation that was accumulated by the optical
absorption of the LED chip and the phosphor layer,
respectively. The heat was loaded on the finite element
model and then the thermal simulation was conducted by the
finite element method (FEM). By this method, we compared
the hotspot location in the same phosphor-converted white
LED packages with two different kinds of phosphor
coatings, i.e., the direct phosphor coating and the remote
phosphor coating, while varying phosphor concentration.
The hotspot location was observed and the temperature
fields of the LED packages were presented. Detailed
analyses of the temperature fields were presented as well.

2. Simulations

First of all, we must build an accurate GaN-based blue LED
chip model. The typical structure of conventional GaN-
based blue LED chip is shown in Fig. 1. The thickness and
composites of different layers were sketched and the chip
size was 1� 1mm2. Luminescencent multi-quantum wells
(MQWs) were sandwiched by an n-GaN layer and a
heterostructure of p-GaN layer and p-AlGaN layer. A
current spreading layer fabricated by indium tin oxide
(ITO) and a sapphire substrate were also taken into
consideration in the chip model. The top and bottom
surfaces of the MQW were set as luminescent surfaces with

Fig. 1. (Color online) Typical structure of conventional blue LED chip.
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Lambertian light distribution. The absorption coefficients
and refractive indices of p-GaN, MQW, and n-GaN were 5,
8, and 5mm�1 and 2.45, 2.54, and 2.42, respectively.27–29)

The reflection coefficient of the reflecting layer (Ag) was set
as 0.95. By setting the absorption coefficients and refractive
indices of the materials, the optical model of the conven-
tional GaN-based blue LED emitter was successfully
achieved.

In this study, we built the same models as those in ref. 26.
As shown in Fig. 2, the LED module is mounted on a metal-
core-printed circuit board (PCB) for electrical connection
and heat dissipation. Inside the LED module, a 1� 1mm2

blue LED chip is mounted onto a copper slug via die attach
adhesive. The copper slug is embedded in a polyphthalamide
reflector cup (PPA cup) and bonded onto the PCB via solder.
Conventional hemispherical lens and silicone encapsulant
are also considered. Figure 2(a) shows the half-3D view of
a LED package with direct phosphor coating, where the
phosphor layer is coated onto the top of the chip directly;
while Fig. 2(b) shows that with remote phosphor coating,
where the phosphor layer is separated from the chip by
silicone encapsulant. The phosphor layers in both direct
coating and remote coating packages are composed of
yellow phosphors embedded in a silicone matrix whose
thickness was 80 �m and the efficiency was assumed as 70%.
The whole simulations consisted of two steps: in the first
step, we conducted optical simulation and calculated the
heat flux accumulated by the light absorption of both the
chip and phosphor layer; in the second step, a FEM model
was set up to simulate the temperature field of the LED
packages. As for the optical simulation, the color conversion
process was achieved by taking account of the absorption of
the blue light by the yellow phosphor particles, the re-
emission of yellow light, and the scattering of all the light
within the phosphor particles and the LED chip multilayer
structure. In the simulation, two wavelengths were ray-
traced separately, namely 465 and 555 nm, which could
represent the blue LED light and the phosphor-converted
yellow light, respectively.27) The wavelength-dependent
refractive indices, absorption, and scattering coefficients,
which varied with the changes in phosphor concentra-
tion,29,30) played an important role in determining the optical
performance of the LED packages and influencing the heat
flux accumulated by the chip and phosphor layer. Further-
more, the refractive indices of the silicone encapsulant and
polymethylmethacrylate lens were 1.6 and 1.4935 for both
wavelengths, respectively. The three-dimensional Monte

Carlo ray-tracing simulations were implemented with the
commercial software package Tracepro. After finishing the
optical simulations, the light flux absorbed by the chip and
the phosphor layer was obtained and assumed as the heat
load on the FEM model.

In the FEM simulation, only the one-quarter finite element
model was considered to simulate the temperature field
because of its symmetry. The thermal conductivities of
all the material including the phosphor layer were given
according to ref. 26. The boundary conditions of the FEM
model were also the same as those in ref. 26: forced
convection at the bottom surface of the PCB with a heat
transfer coefficient of 30W/(m2��C), and nature convection
on all other surfaces of the LED packages with a heat
transfer coefficient of 10W/(m2��C). The ambient and initial
temperatures were kept at 25 �C.

3. Results and Discussions

The heat generation of the chip and the phosphor layer was
accumulated from the absorption loss of the light. Since the
phosphor efficiency was assumed as 70%, only 70% of the
absorbed blue light was converted into yellow light emission
and the remaining 30% was converted to heat. As shown in
Fig. 3, it is evident that with the increase in phosphor
concentration, the heat generation of both LED packages
with two kinds of phosphor coatings increased greatly. The
heat generation of the LED chip with direct phosphor
coating increased, but the heat generation of the LED chip

(a) (b)

Fig. 2. Half-3D view of white LED packages with (a) direct phosphor coating and (b) remote phosphor coating.

Fig. 3. (Color online) Heat generation of the chip and the phosphor layer

with different phosphor coatings.
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with remote phosphor coating almost remained the same.
The reasons may be as follows: (1) the larger the phosphor
concentration was, the more light would be absorbed by the
phosphor; therefore, the heat generation of the phosphors
increased greatly; (2) since the phosphor layer was directly
coated on the top surface of the chip in the direct coating
package, more blue light emanated from the chip would
be back-scattered to the chip, which enhanced the heat
generation of the chip. Therefore, the heat generation of the
chip with direct phosphor coating was larger than that with
remote phosphor coating.

The heat generation obtained from the Monte Carlo
simulations was loaded on the FEM models and the
temperature fields of these two models are shown in Figs. 4
and 5, respectively. The temperature fields were close to the
temperature fields in ref. 25, which validated the FEM
model used in this study. It was obvious that with the
increase in phosphor concentration from 0.05 to 0.35 g/cm3,
the temperatures of the LED packages increased and the
hotspot became increasingly obvious. The hotspot location
was close to the phosphor layer in Fig. 4 regardless of the
increase in phosphor concentration. As shown in Fig. 5,
however, there existed a shift of the hotspot location. When
the phosphor concentration was low (e.g., 0.05 g/cm3), the
hotspot was located at the chip; when the phosphor
concentration increased, the hotspot location shifted to
the phosphor layer in the end. The reasons behind this

phenomenon may be as follows. (1) The phosphor layer with
high concentration generated more heat, as shown in Fig. 3;
(2) Since the phosphor layer was separated by the silicone
encapsulant, and the thermal conductivity of the silicone
encapsulant was very low, the heat generated inside the
phosphor layer could hardly be transferred to the ambient
air. Therefore, heat was accumulated and the temperature
increased greatly as a result.

To quantitatively analyze the above phenomenon, the chip
temperature, phosphor temperature, and maximum tempera-
ture of the two packages were taken out and shown in Fig. 6.
It was demonstrated that with the increase in phosphor
concentration, the three temperatures increased regardless
of the phosphor coating methods. From Fig. 6(a), it is seen
that the chip temperature is lower than phosphor temperature
and the maximum temperature curve overlapped with the
phosphor temperature curve. It indicated that for the direct
phosphor coating, the phosphor layer was the hotspot
location despite the changes in phosphor concentration.
For the remote phosphor coating, as shown in Fig. 6(b), it is
seen that when the phosphor concentration is lower than
0.2 g/cm3, the chip temperature is higher than the phosphor
temperature and the maximum temperature is located close
to the chip; when the phosphor concentration exceeds 0.2
g/cm3, the phosphor temperature is higher than the chip
temperature and the maximum temperature is located at the
phosphor layer. Therefore, for the remote phosphor coating,

(a) (b) (c)

Fig. 4. (Color online) Temperature distribution of the LED package with direct phosphor coating with different phosphor concentrations: (a) 0.05, (b) 0.2,

and (c) 0.35 g/cm3.

(a) (b) (c)

Fig. 5. (Color online) Temperature distribution of the LED package with remote phosphor coating with different phosphor concentrations: (a) 0.05,

(b) 0.2, and (c) 0.35 g/cm3.
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there existed an obvious hotspot location shift. These results
agreed with those shown in Figs. 4 and 5.

It is also noted from Fig. 6(b) that the maximum
temperature curve did not exactly overlap with the chip
temperature curve when the phosphor concentration is lower
than 0.2 g/cm3. This is because the actual maximum
temperature was at the silicone encapsulant close to the
chip, but not located at the chip exactly owing to the high
thermal conductivities of the chip and the PCB.

From Fig. 6, it can also be seen that the temperature of
direct phosphor coating package was higher than that of
remote phosphor coating. There may be two reasons. The
one is that the chip with direct phosphor coating generated
more heat, as shown in Fig. 3; The other is that more heat
would transfer from the chip to the direct coating phosphor
layer since the layer was directly coated on the chip.
Therefore, the direct phosphor coating package had higher
temperature.

4. Conclusions

In summary, this paper deals with the hotspot location shift
in the high-power phosphor-converted white LEDs. By
combining optical simulation with FEM simulation, the
temperature fields of the LED packages were presented and

analyzed. It was found that the hotspot location in the remote
phosphor coating packages shifted with the changes in
phosphor concentration, while there was no shift in the direct
phosphor coating packages. In summary, the hotspot
location depended on phosphor concentration as well as
packaging methods.
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