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Abstract: A thermal model was built to estimate the temperature distribution in the hemispherical
packaging volume of a white LED at a steady state. Inherent heat sources appeared in the white
LED when its power was measured. A simplified 3D to 2D space process that improves the model
and solves the heat diffusion equation in a simpler and faster manner is presented. The finite
element method was employed using MATLAB software (version R2017b) to identify the temperature
distribution. The model was applied for different values of injection current, including 50 mA,
200 mA, 350 mA, and 500 mA. The influence of the injection current and thermal conductivity
difference on the temperature distribution of the encapsulant, blue LED die, and substrate region
was clearly observed. The results indicate that white light packaging technology should locate
phosphor far from the LED die, that the thermal conductivity of the silicone–phosphor region should
be improved, that heat should be dissipated for pc-WLEDs when using a high operating power, and
that the injection current should be kept as moderate as possible.

Keywords: YAG:Ce3+ luminescence composites; temperature distribution; steady-state thermal
simulation; white LED; hemispherical packaging structure

1. Introduction

Solid-state lighting (SSL) has gradually been replacing incandescent light bulbs owing
to its advantages, including high energy efficiency, fast response, acceptable color rendering,
long lifetime, and low cost [1,2]. White light can be created in various ways, such as
with dichromatic, trichromatic, and tetrachromatic approaches [3]. Among them, the
dichromatic approach is widely used due to its simplicity and efficiency, in which white
light is created by the combination of a blue LED die and yellow phosphor [3]. The quality
of phosphor-converted white light-emitting diodes (pc-WLEDs) depends on many factors
such as the blue LED die, type of yellow phosphor, packaging technology, packaging
structure, and thermal management [4–11]. For better thermal management, it is not
only necessary to reduce the amount of generated heat accumulated in the packaging
volume, but also to know the temperature distribution characteristics [12–14]. In packaging
technology, there are several main factors that affect the thermal characteristics of pc-
WLEDs, including phosphor loss, geometry loss, weight concentration of yellow phosphor,
Stoke loss, packaging structure, and the efficacy of the blue LED die [15–17]. The phosphor
loss is caused by the limitation of the internal quantum efficiency of yellow phosphor. This
is an inherent property of yellow phosphor and can be reduced by choosing a type of
phosphor with high internal quantum efficiency from the datasheet of phosphor suppliers.
Geometry loss is related to the extraction efficiency of white light as higher extraction
efficiency reduces the absorption rate in the packaging volume and thus reduces the
generated heat. The different weight concentrations of yellow phosphor can have different
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effects on the output power due to the backward scattering problem, thus increasing the
absorption rate, leading to increasing temperature in the packaging volume. The Stoke loss
is related to the wavelength difference between the excitation and reemitted wavelengths [3].
Since the type of blue LED die and phosphor material are usually established by the
manufacturer, the Stoke loss can be minimized by choosing suitable types of LED and
yellow phosphor so that the wavelength difference is minimal. A packaging structure with
different phosphor locations not only affects the optical path length of the photon that
affects the color performance of the pc-WLED, but also the temperature distribution in the
packaging volume of the pc-WLED [18,19]. In the hemispherical phosphor distribution, the
phosphor will is located far from the LED die region, which is a very hot region during
pc-WLED operation. The efficacy of the blue LED die is related to the conversion efficiency
of the injected electron to the emitted blue photon. The conversion efficiency from electrical
power to optical power is 30–40%; thus, 60–70% is transformed into heat [16,17]. This
process is the main factor that increases the temperature of pc-WLEDs. This heating effect
is more serious when using a higher injection current or for high-power pc-WLEDs.

It is well known that temperature is one of the key factors that have a significant effect
on the final output of white light in terms of CCT, CRI, luminous efficiency, lifespans, and
mechanical properties [8–11]. In the field of packaging technology, a clearer understanding
of the temperature distribution in packaging volume is important for better thermal man-
agement of pc-WLEDs as well as a higher quality of lighting products. The temperature
problem in the pc-WLED lamp has attracted the attention of many research works. Baran
et al. presented precise thermal modeling of the LED module using CFD software for
determining the temperature of the junction of semiconductor light sources [12]. Fu et al.
used commercial software based on the finite element method developed by COMSOL to
conduct a 3D simulation of the thermal paths of the LED module to effectively evaluate
its final steady state [13]. Chen et al. developed a 3D finite element model (FEM) using
ANSYS to simulate the thermal performance and temperature distributions of flat-surface
high-power GaN-based flip-chip light-emitting diodes [14]. Tan et al. used ANSYS soft-
ware for the simulation of the temperature distribution of the encapsulated LED structure,
wherein the phosphor is conformally coated onto the blue LED die, which is powered at
0.35 A [20]. Nemitz et al. conducted thermal simulations using the GPL-software packages
GetDP/Gmsh (Finite Element Method, FEM), which allowed the determination of the
temperature distribution in the color conversion elements of a phosphor-converted LED
with good accuracy [21]. Zhang et al. based their study on finite element ICEPAK software
to develop a thermal model of a high-power white LED street light that could simulate
the temperature field distribution of the LED chip [22]. Chatterjee et al. presented a three-
dimensional finite element model of the green LEDs grown on gallium nitride (GaN) and
sapphire substrates placed on heat sinks in order to develop a better understanding of the
heat transport limitations of heat sinks [23].

In this paper, we propose a simple way to simulate the temperature distribution in the
packaging volume of pc-WLEDs with a hemispherical structure at a steady state. A steady-
state thermal model was used to identify the temperature distribution corresponding to
different injection currents. This finite element method using MATLAB software (version
R2017b) is simple, fast, and efficient when estimating the spatial temperature distribution
in the packaging volume of pc-WLEDs. The thermal model can be efficiently applied to the
packaging geometry, which uses a hemispherical structure with a low weight concentration
of yellow phosphor (e.g., <10%).

2. Two Main Heat Sources in pc-WLEDs Using a Hemispherical Silicone–Phosphor
Matrix Distribution

A cross section of the hemispherical packaging structure is illustrated in Figure 1. The
blue LED die is bonded on the aluminum nitride (AlN) substrate, and the gold alloy is
used to connect the anode on the top LED die to the anode part on the substrate. The
mixture of silicone gel and yellow phosphor is shaped as a hemisphere. There are two main
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sources that significantly contribute to the heat generation in the pc-WLED structure when
a pc-WLED is operated.
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The first heat source comes from the phosphor region. As shown in Figure 2, the peak
of the blue excitation wavelength and yellow emission wavelengths are 450 nm and 550 nm,
respectively. Therefore, the wavelength conversion efficiency (the ratio of the excitation
wavelength to re-emission wavelength) is about 82%. Thus, about 18% of the energy from
this process is converted to heat.

1 
 

 
Figure 2. Difference in excitation and converted wavelengths.

The second heat source is the blue LED die when the injected electrical current passes
through it. There are different ways to generate heat; these mechanisms are illustrated in
Figure 3. When the blue LED die is powered, the electrons and holes recombine at the p–n
junction and release the energy under blue photons emission. However, there is a limitation
to internal quantum efficiency, such that not all injected electrons can be converted to blue
photons. About 30–40% of the injected electrons can be converted to blue photons. Thus,
the rest of the injected electrical power (60–70%) is transformed into heat. It can be seen
that this is a significant factor that contributes to the heat generation in the volume of a
pc-WLED when it is turned on. Moreover, during the process, the generated blue photons
escape outside the LED die. Due to the large difference in refractive index between the blue
LED die and the silicone–phosphor mixture, there are some mechanisms of internal total
reflection and Fresnel loss that lead to a decrease in the extraction efficiency of blue photons
outside of the blue LED die [24,25]. The absorption of the junction layer and bottom layer
also contributes to the generated heat.
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3. Thermal Simulation
3.1. Simplify from 3D to 2D Thermal Modeling for Steady State

For the general case of a three-dimensional (3D) structure of a pc-WLED, the spatial
temperature distribution in the 3D packaging volume can be defined by solving the heat
diffusion equation [26]:

k∇2T +
.
q= ρ Cp

∂T
∂t

, (1)

where

∇2 =
∂2

∂x2 +
∂2

∂y2 +
∂2

∂z2 .

∇2 is the Laplace operator, k is the thermal conductivity,
.
q is the heat flux, ρ is the

density, Cp is the specific heat, and T is the temperature, which is a function of a space
and time.

At steady state ∂T
∂t = 0, the heat diffusion can be reduced as follows:

k∇2T +
.
q = 0. (2)

Generally, a 3D thermal model is built to determine the temperature distribution inside
the considered volume. The model can be transient or steady-state thermal in type. The
main steps vary depending on the software; however, they can include selection of the type
of thermal model, building the geometrical shape, and setting the values of the thermal
parameters. Finally, verification with experiments, other simulations, or computation is
performed to ensure the accuracy of the built model. It is difficult to build the geometrical
structure given the multiple components or a complex structure and special shape. This can
be time-consuming and reduce the simulation’s efficiency. Thus, it is necessary to develop
a fast and accurate simulation for these cases.

The packaging structure of pcW-LEDs can be remote packaging, conformal coating,
or a phosphor dome. As illustrated in Figure 4a, the 3D structure of a phosphor dome
includes the substrate, blue LED die and phosphor dome, which is a mixture of silicone gel
with yellow phosphor at a certain weight concentration. To simulate the temperature in a
phosphor dome containing yellow phosphor, it is necessary to create a 3D model of the sub-
strate, blue LED die, and phosphor dome; the thermal parameters are set correspondingly
before running the simulation and analyzing the results.



J. Compos. Sci. 2023, 7, 301 5 of 15

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 5 of 15 
 

 

the substrate, blue LED die, and phosphor dome; the thermal parameters are set corre-

spondingly before running the simulation and analyzing the results.  

 

 

Figure 4. Graphical illustration of the simplified process (3D to 2D) of building the thermal modeling 

process: (a) 3D view of pcW-LED phosphor dome packaged structure; (b) cross section at plane (x–

z) and (y–z); (c,d) indicate the similarity between the cross sections at plane (x–z) and (y–z). 

It is interesting that when we analyze the characteristics of the structure of the phos-

phor dome, the packaging structure in the hemispherical package volume is highly sym-

metrical around the z-axis. As shown in Figure 4b–d, along the rotation direction in the z 

direction, we can see the similarity in shape at different cross sections. Based on this char-

acteristic of the phosphor dome structure, a more convenient and simpler 2D model can 

be obtained from the 3D model. The temperature distribution in the cross-section planes 

around the z-axis is highly uniform. Since the volume of the blue LED die is lower than 

the encapsulant volume, the temperature distribution in other planes around the z-axis 

can be assumed to be the same as the temperature distribution in the plane (x–z). For 

example, the temperature distribution in the plane (x,z) is the same as that in the plane 

(y,z). If we know the temperature in the cross section in the plane (x,z), we can deduce the 

temperature distribution in the hemispherical package volume. This is an innovative way 

of simulating the temperature distribution in the region of the phosphor dome structure 

containing yellow phosphor material. 

With the above argumentation and assumptions, the heat transfer equation in 3D 

space can be reduced to 2D space. We then find the temperature distribution in the 2D 

space of the plane (x–z). The heat transfer equation at the steady state for (x–z) is 

Figure 4. Graphical illustration of the simplified process (3D to 2D) of building the thermal modeling
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It is interesting that when we analyze the characteristics of the structure of the phos-
phor dome, the packaging structure in the hemispherical package volume is highly sym-
metrical around the z-axis. As shown in Figure 4b–d, along the rotation direction in the
z direction, we can see the similarity in shape at different cross sections. Based on this
characteristic of the phosphor dome structure, a more convenient and simpler 2D model
can be obtained from the 3D model. The temperature distribution in the cross-section
planes around the z-axis is highly uniform. Since the volume of the blue LED die is lower
than the encapsulant volume, the temperature distribution in other planes around the
z-axis can be assumed to be the same as the temperature distribution in the plane (x–z). For
example, the temperature distribution in the plane (x,z) is the same as that in the plane
(y,z). If we know the temperature in the cross section in the plane (x,z), we can deduce the
temperature distribution in the hemispherical package volume. This is an innovative way
of simulating the temperature distribution in the region of the phosphor dome structure
containing yellow phosphor material.

With the above argumentation and assumptions, the heat transfer equation in 3D
space can be reduced to 2D space. We then find the temperature distribution in the 2D
space of the plane (x–z). The heat transfer equation at the steady state for (x–z) is

k
(

∂2T
∂x2 +

∂2T
∂z2

)
+

.
q = 0. (3)
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At the steady state, the heat flux is constant over time so that
.
q = 0. Thus, the

remaining step for solving the problem of the 2D temperature distribution is defining the
boundary conditions.

3.2. The Boundary Conditions

The boundary conditions for solving the problem of 2D space temperature distribution
include the temperature of the substrate, the temperature of the LED die boundary, and
the temperature of the outer surface of the hemispherical encapsulant. The process for
boundary condition determination is shown in Figure 5.
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The temperature of the substrate was defined using the thermal couple located at the
bottom surface of the substrate. The thermal conductivity gel was used at the interface of
the thermocouple and substrate. The working mode of the thermocouple was set with a
time interval small enough that it could detect the temperature change from the initial state
to the steady state in real time. Next, an electrical current for pc-LEDs was injected and the
thermal couple was turned on. Finally, we obtained the temperature of the substrate at a
steady state that corresponded to different injection electrical currents.

The temperature of the LED die boundary was assumed to be the same as the temper-
ature of the junction region. The temperature of the junction region was calculated using
the following equation [27,28]:

Tj = Ta +Rth ·U · I · (1− η), (4)

where Tj is the LED junction temperature, Ta is the ambient temperature, Rth is the thermal
resistance (K/W) or (◦C/W), U is the forward voltage for LED (V), I is the injection electrical
current for the pc-WLED (A), and η is the radiant optical efficiency of pc-WLEDs.

The temperature of the outer surface of the hemispherical encapsulant was defined by
using a thermal camera to detect the temperature at a point on the surface of hemisphere
after powering the pc-WLED and waiting for the temperature to reach the steady state.
The temperature of the outer surface at different points on the surface of the hemispherical
encapsulant was assumed to be uniform.

3.3. Simulation Flowchart

The simulation flowchart is shown in Figure 6. A thermal model for a steady-state pc-
WLED was built by using MATLAB software (version R2017b) [29,30]. The main steps were
as follows. Firstly, the type of model in MATLAB programming was defined as a steady-
state thermal model. Secondly, the 2D structure of the pc-LED was programmed to have the
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same parameters as the side view of the real sample. The geometrical parameters are listed
in Table 1. The third step was applying the finite element method to the 2D structure of
the pc-LED. The block of the 2D structure of the pc-LED meshed with finite elements. The
fourth step was setting up the boundary conditions of the block of the 2D structure of the pc-
LED. The values of the temperature of the substrate, blue LED die boundary, and the outer
surface of the hemispherical encapsulant were inserted. The temperature for the boundary
condition in the simulation is shown in Table 2. For convenience, the temperature was set
to 35 ◦C for the outer surface of the hemispherical encapsulant. The fifth step was to input
the material parameters. The thermal parameters of the material included the substrate
thermal conductivity, blue LED chip thermal conductivity, and silicone–phosphor matrix
radius thermal conductivity. The thermal parameters of the material in the simulation are
shown in Table 3. The final step was solving the heat diffusion equation. After running the
program of the thermal model in MATLAB, the corresponding temperature distribution
was obtained for further analysis.
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Table 1. Geometrical parameters used in the simulation.

Name Value Unit

Substrate thickness 1 mm
Blue LED die thickness 0.5 mm

Blue LED die width 0.7 mm
Silicone–phosphor matrix radius 3.0 mm

Table 2. The temperature inputs for the boundary conditions in the simulation.

Driven Current
(mA)

Temperature of pc-WLED Substrate
(◦C)

Temperature of LED Die
(◦C)

50 36 37
200 69 71
350 103 108
500 142 149
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Table 3. Thermal parameters of the material in the simulation.

Name Value Unit

Substrate thermal conductivity 400 W/(m·K)
Blue LED die thermal conductivity 130 W/(m·K)

Silicone–phosphor matrix thermal conductivity 0.2 W/(m·K)

4. Simulation Results and Discussion

Figure 7 shows the 2D structure of the pc-WLED in the simulation. The block includes
the three main regions of the substrate, a blue LED die, and a matrix of silicone–yellow
phosphor. Each edge is labeled to help with setting boundary conditions. The block of the
2D structure of the pc-LED meshed with finite elements. The corresponding results are
shown in Figure 8.
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Figure 7. The 2D structure of the pc-WLED.

Figure 9 shows the results of the heat transfer equation at the steady state, correspond-
ing to different injection currents. The injection currents used range from low to high,
including 50 mA, 200 mA, 350 mA, and 500 mA. For each injection current, we used a set
of corresponding boundary conditions.

The simulation results of applying the thermal model at a steady state for injection
currents of 50 mA, 200 mA, and 350 mA are shown in Figure 9a–c, respectively. At a
low injection current of 50 mA, the temperature distribution was more uniform than with
200 mA or 350 mA. Also, as higher injection currents were used, a higher temperature was
seen in the total package region of the pc-WLED.
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The simulation results of applying the thermal model at a steady state for a high
injection current of 500 mA are shown in Figure 9d. The results show that when using
a higher injection current, the temperature distribution showed a clear difference in the
substrate region, in the region surrounding the LED die, and in the encapsulant region. In
detail, the temperature decreased gradually from the LED die to the outer surface, which is
the interface between the encapsulant and the ambient air. The temperature distribution
showed that the farther the region was from the LED die, the lower the temperature. This
distance-dependent temperature behavior is significant for packaging technology in that
it indicates that one should locate the phosphor far from the blue LED die to avoid the
temperature affecting the phosphor’s functions. It is also especially helpful for thermal
management when operating the pc-WLED at a high injection current.

There was a large range in the temperature distribution. The temperature at the
substrate and LED die was always higher than at the silicone–phosphor region. This
difference is related to the thermal conductivity of each region. The thermal conductivity
of the substrate was higher than that of the silicone–phosphor region. In other words, the
thermal resistance of the silicone–phosphor region was higher than that of the substrate,
so the heat from the blue LED region conducts toward the substrate region more easily
than toward the silicone–phosphor region, where the thermal resistance is higher. Thus,
we expect to see a higher temperature in the substrate region.

The results also indicated that it would improve the thermal conductivity of the mix-
ture of silicone–phosphor if we conducted the heat from the LED die region to the outer
surface air. Once the thermal conductivity is enhanced, it helps reduce the heat that accu-
mulates in the packaging volume. Therefore, it reduces the effect of heat on the quality of
the pc-WLED by, e.g., reducing thermal quenching and reducing the junction temperature,
thus increasing the lifespan and ensuring the chromaticity is stable for output light.

A higher injection current causes the temperature of the LED and substrate region
to become very high. Thus, it is important to operate pc-WLEDs at a moderate value
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or consider a suitable heat dissipation method to remove the heat from the LED and
surrounding region.
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5. Experiments for the Determination of the Temperature Distribution of the Phosphor
Region in the Hemispherical Packaging Structure

To confirm the similarity between the simulation results, we conducted an experi-
ment. The utilized pcW-LED samples and the experimental setup for the determination
of the temperature distribution using a thermal camera are shown in Figures 10 and 11,
respectively. Figure 10a shows the sample of the hemispherical packaged phosphor dome
structure, which was prepared through a packaging processing using a submount substrate,
blue LED die, gold alloy wire for electrode bonding, yellow phosphor (YAG: Ce), and
silicone gel. According to the purpose of this experiment, a pc-WLED in the hemispherical
packaged structure was prepared using the parameters in Table 1. The concentration of
yellow phosphor used in the hemispherical packaged region was 7.5 wt %. The average
correlated color temperature (CCT) of this pcW-LED was 5500 K when operated at an
injection current of 50 mA. To the best of our knowledge, the temperature distribution
within a pc-WLED has not been measured directly in any practical way yet. Furthermore, it
is not easy to use a thermocouple to detect the temperature distribution inside a packaged
volume that contains yellow phosphor (YAG: Ce) and silicone gel. In this case, if a thermal
camera is used to record the temperature, we can obtain spatial thermal imaging of the
temperature distribution of a hot surface emitting infrared radiation. It is important to
note that, when using a thermal camera to record the temperature, the recorded result is
only the temperature distribution of the outer side of the packaged volume rather than the
temperature inside the packaged volume of the pcW-LED. To overcome this difficulty, the
sample of the hemispherical packaged phosphor dome structure was cut in half to show
a cross section, as shown in Figure 10b. Next, the temperature distribution in this cross
section of the pcW-LED was detected by a thermal imaging camera. Then, the temperature
distribution in the packed structure was deduced from that of the cross section.

Figure 11 shows the experimental setup for determining the temperature distribution
of the cross section of a sample of the phosphor dome packaged structure. The sample
pcW-LEDsA was operated in a constant-current mode and supplied from the power supply.
The temperature was recorded by a thermal imaging camera placed opposite the pcW-
LED sample. After the pcW-LED sample was powered, a state of thermal equivalence was
reached after 15 min. Then, the temperature of the cross section of the sample pcW-LED was
recorded by a thermal imaging camera (HT-02, Hti Thermal Imaging Camera, Dongguan
Xintai Instrument Co., Ltd., Dongguan City, China), which has a spatial resolution of
3600 pixels. The emissivity was set to 0.90, according to the recommendations in the
manual for the plastic material.
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Figure 11. Experimental setup for determination of the temperature distribution of a sample of
phosphor dome packaged structure cut in half (left), and enlarged area (right).

The sample was operated at low injection electrical currents of 50 mA and 200 mA
to avoid thermal damage to the sample pcW-LED. Then, the temperature distribution
at the cross section of the sample pcW-LED at each corresponding injection current was
detected. The corresponding results are shown in Figure 12. As shown in Figure 12a,b,
the ranges of the minimum and maximum temperatures for the two levels of injection
currents of 50 mA and 200 mA were 28.8–38.5 ◦C, and 34.7–71.4 ◦C, respectively. The
temperatures of the hotspot of the injection current with 50 mA and 200 mA were 38.5 ◦C
and 71.1 ◦C, respectively. These results show that when using a higher injection current,
the temperature of the hotspot is higher. On the other hand, the difference in color in the
detected temperature distribution indicates a clear difference in the LED die surrounding
region, and the encapsulant region. In detail, the temperature decreased gradually from
the LED die region to the outer surface, which is the interface between the encapsulant
and the ambient air. These temperature distribution results show an inversely proportional
relationship between the temperature value and the distance to the region containing the
blue LED die. However, it can be seen that the behavior of temperature at the cross section
shows a close match between the simulation and the experimental results.
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6. Conclusions

The packaging structure of pc-WLEDs in which the matrix of silicone–yellow phos-
phor is shaped as a hemisphere was studied in terms of the temperature characteristics
corresponding to different injection currents. Based on the finite element method and
using MATLAB software (version R2017b), a numerical thermal model was constructed
to estimate the temperature distribution in the hemispherical packaging volume of white
LED at a steady state.

To create the model, we began by simplifying from 3D space to 2D space, building the
2D structure of the pc-WLED, defining the boundary conditions at steady state, and setting
the thermal parameters for the materials. Finally, we solved a heat diffusion equation to
find the spatial temperature distribution in the packaging volume.

This model was applied for the simulation of the temperature distribution of hemi-
spherical pc-WLEDs; we injected different injection currents, including 50 mA, 200 mA,
350 mA, and 500 mA.

The simulation results clearly show the influence of the injection current and thermal
conductivity difference on the temperature in different regions of the packaged part. The
higher the injection current, the higher the temperature of the pc-WLED. The hottest region
was the region close to the LED die, while the temperature gradually decreased from the
LED die to the outer surface. These results indicate that phosphor should be located far
from the LED die to avoid the heat having an effect on the phosphor’s efficiency.

The temperature distribution when using 500 mA showed that the hottest regions are
located at the LED die and substrate. Thus, we need to carefully consider heat dissipation
solutions when using a high operating power mode. The results also indicate that the
injection current should be as moderate as possible to avoid possible overheating.

The sample of the hemispherical packaged structure was prepared and cut in half
to show the cross-sectional surface. A thermal imaging camera was utilized to detect
the temperature distribution in the cross section of the sample pcW-LEDs. The similarity
between the experimental and simulation results was confirmed. The detected temperature
distribution showed an inversely proportional relationship between the temperature and
the distance from the region containing the blue LED die.
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Methods to improve the thermal conductivity of the encapsulant region should be
studied further to reduce the accumulated heat in the LED die region. This improvement
will be meaningful for high-power pc-WLEDs packaging technology in terms of thermal
management efficiency.
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