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ABSTRACT
This study investigated the capability of a mathematical model in estimating the phosphor layer heat transfer of an LED
system. The focus was on determining the temperature distribution based on light propagation in the phosphor layer. The
mathematical model was built upon past work by Kang et al. and solved numerically with heat generation and transfer
incorporated into the model. The model light propagation and heat generation was compared with past research and then
used to simulate an experimental study in order to evaluate the solution from the present model and compare it with the
temperature measurements of the experimental study. The solution to the temperature distribution using the
mathematical model had good agreement with the experimentally measured temperature values using an IR thermal
imaging camera. Then the model was used to predict the temperature distribution in the phosphor layer under different
heat transfer conditions to provide insight that is difficult to observe in experimental studies due to practical limitations.
Keywords: light-emitting diode, heat transfer, mathematical model, phosphor layer temperature, phosphor layer heat
generation, IR thermography

1. INTRODUCTION
In a white light-emitting diode (LED) system, short-wavelength visible radiation emitted by a semiconductor chip is
partially down-converted into broadband, long-wavelength visible radiation using a phosphor material[1]. The
combination radiation is perceived by the human visual system as “white” light[2]. The energy conversion processes
involved in creating this white light have inherent conversion inefficiencies as well as extraction inefficiencies of
generated photons at both the LED chip and the white LED package, leading to the generation of heat. The heat
generated in an LED package or a system therefore can be broadly categorized into two parts, namely the heat generated
in the LED chip and the heat generated in the phosphor layer.
The heat generated in the LED chip is mainly due to the conversion inefficiencies of the semiconductor chip in
converting electrical energy into short-wavelength visible radiation. The LED chip performance and the effect of
temperature have been studied extensively and performance improvements have been reported with adequate heat
dissipation via heat sinks[3].
The heat generated in the phosphor material is due to the losses caused by a deficit in the quantum efficiency of the
phosphor material and the Stokes shift loss. In addition to these losses, photons not extracted from the LED and the
package are absorbed and lead to heat generation. The generated heat and subsequent increase in operating temperature
cause LED system performance to be negatively affected[4]. The heat generation by the phosphor within the binding
medium, hereinafter termed the phosphor layer, has become a focus at present due to research findings reporting
phosphor layer operating temperatures being higher than LED chip junction temperature[5]. Phosphor quenching and
binding medium degradation are both directly related to the phosphor layer temperature.
Due to limitations in experimental methods, devices, and equipment, measuring the temperature distribution within the
phosphor layer has been difficult. The absorption of visible radiation (emitted by the LED chip and the phosphor layer)
at the temperature measuring devices and physical limitations of placing the devices in the phosphor layer (to ensure
light propagation is not obstructed) are some of the limitations in experimentally measuring temperature profiles[6].
Therefore, the objective of the present study was to use a mathematical model to numerically simulate the light
propagation and heat generation in the phosphor layer and thereby predict the phosphor layer temperature profile.
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Figgure 1. Schemattic diagram of thhe 1D light propagation through the phosphor laayer with boundaary conditions
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is the irradiance emitted by the LED chips on the phosphor layer surface closest to the LEDs while is the
Where
yellow light reflectance from the LED and LED mounting surfaces back towards the phosphor layer. Due to the
assumption made with regards to the blue light scattering being negligible, it is also assumed that there is no blue
reflected component off the LED and LED mounting surfaces towards the phosphor layer. In the present study, these
differential equations were solved numerically to satisfy equation (5) using an iterative scheme.
The heat generation was modeled based on the assumption that absorption of light in the phosphor layer caused heat
generation based on the energy balance equation. Therefore, considering the infinitesimally small sub-layer of ∆ in
Figure 1, the heat generation rate in that layer can be written as:
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In order to evaluate the temperature profile in the phosphor layer, a 2D axisymmetric heat transfer model with heat
generation as per the volumetric heat generation described by equation (7) was used. The axisymmetry was used based
on the geometry of the phosphor layer as it will be explained in the subsequent section. The general 2D axisymmetric
heat transfer equation used is listed below.
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In solving the heat equation listed above, four boundary conditions (the axisymmetry of the phosphor layer and
convection boundary conditions on the other three sides) were used based on the geometry and experimental conditions
as explained below.

3. EXPERIMENT
An experiment was conducted to measure the temperature distribution on the emitting surface of a phosphor layer.
Figure 2 illustrates the experimental setup used for the temperature measurement. An array of blue LEDs was used in a
reflector cup with a temperature-controlled heat sink. A phosphor layer was deposited onto machined heat sink plates
with high thermal conductivity similar to previous work[11]. A nitride phosphor used in this study generated a large
amount of heat due to higher conversion losses. A thermal imaging camera with a wavelength sensitivity range of 7.5-14
μm was used to measure the phosphor layer surface temperature. An enclosure was used to minimize the IR reflections’
effect on temperature measurement.
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Figure 2. Schematic diagram of the experimental setup (left) and phosphor layer heat sink with LEDs in reflector cup
arrangement and experimental conditions (right)
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The phosphor blue light absorption coefficient and red light absorption coefficient were calculated from the transmission
and reflection components of the light using a double integrating sphere measurement setup. The double integrating
sphere experimental apparatus used was similar to the apparatus used in past research[12],[13] while the calculations of the
absorption coefficients were based on Sardar et al.’s work[13]. The conversion efficiency of the phosphor was calculated
from spectral power distributions recorded using an integrating sphere measurement system. The phosphor
characterization was done for the same phosphor weight fraction as the phosphor layers deposited in the phosphor heat
sink plates. The blue light irradiance on the phosphor layer surface closest to the LEDs was measured in the experimental
setup and used in the light propagation model as one of the boundary conditions.

4. PRELIMINARY MODEL VALIDATION
The phosphor parameters were adopted from Kang et al.’s experimental data and linear approximations were used in
,
, and ∙
on volume fraction of phosphor, as stated by Kang et al. in their
describing the dependence of
study[10].
In order to validate the present model’s numerical solution, Kang et al.’s results from their analytical model were used
and the comparison is illustrated in Figure 3. The blue irradiance and the yellow irradiance exiting the surface at = ℎ is
the total irradiance of the phosphor layer. This total irradiance is normalized using the blue light irradiance on the surface
at = 0 emitted by the blue LED chips. The discrepancy between Kang et al.’s analytic solution and the numerical
solution presented by the present study was due to the linear equations used in describing the relationship of , , and
on volume fraction of phosphor in the phosphor layer. In order to validate this, the analytic model used by Kang et
∙
on volume fraction of phosphor in
al. in the original study was solved using the linear relationship of , , and ∙
the phosphor layer and plotted on the same Figure 3 (○ indicating the analytical model for 30 μm phosphor layer and □
indicating the analytic model for 150 μm phosphor layer). This provided validation of the mathematical model used in
the present study by matching results of Kang et al. for light propagation.
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Figure 3. Dependence of normalized total irradiance of light exiting the phosphor layer on volume fraction of phosphor
particles in the phosphor layer. Kang et al.’s analytical solution compared with present model numerical solution.

In order to validate the heat generation of the present model, Huang et al.’s model[9] was used which was developed in an
identical manner to Kang et al.’s model except Huang et al.’s model incorporates light scattering by phosphor particles.
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(8)

The heat generation in Huang et al.’s model used equation (8), which gives the normalized volumetric heat power on the
left side of the equation as a function of the phosphor conversion efficiency
, blue to yellow light radiant flux density
⁄ _
, reflectance of yellow light off the LEDs and
ratio exiting the phosphor layer furthest from the LEDs
_
LED mounting surface
, the blue light irradiance on the surface closest to the LEDs
, and the thickness of the
_
phosphor layer ℎ in the z-direction[9].
Figure 4 shows the normalized volumetric heat generation calculated from Huang et al.’s analytical model and the
present model. The figure below shows for two blue to yellow irradiance ratios (IB/IY=0.12 and 0.37) the normalized
volumetric heat generation for the two models as the normalized distance through the phosphor layer is increased. The
present model over-predicts the normalized heat generation compared with Huang et al.’s model as the distance increases
from the surface at = 0 closest to the LEDs by a maximum of ~10% at the surface = ℎ. We believe this is because
the light propagation model used in the present study did not take into account light scattering by the phosphor particles,
while Huang’s analytical model incorporates scattering of the blue and the yellow light off phosphor particles.
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Figure 4. Normalized volumetric heat generation against normalized distance in the z-direction through the phosphor layer
using Huang et al.’s analytical model and the present model.

Since Huang et al.’s study did not have experimental validation of the heat generation model, the present study used the
temperature profile measured in the experimental setup that was described earlier in order to validate the present model’s
heat generation. The phosphor layer embedded in the heat sink was modeled as described in the previous section with
surface boundary conditions emulating the experimental conditions.

5. RESULTS AND DISCUSSION
The measured temperature profile on the phosphor layer emitting surface is shown below in Figure 5.
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Figure 5. Experimental measured temperature profile on the phosphor layer surface with numerical solution temperature
profile using the present model.

The vertical discontinuous line indicates the interface between the phosphor layer and the heat sink material. The
temperature decreased as the distance from the geometric center increased in the phosphor layer due to the axisymmetric
boundary condition on the left and the convective boundary conditions on the right. The error bars on the experimental
data points indicate the standard deviation of multiple measurements in different radial directions. The two simulation
results plotted on the same figure illustrate two different boundary conditions used at the phosphor layer surface closest
to the LEDs. The blue continuous line is for the insulated boundary condition while the green discontinuous line is for a
convective coefficient of 10 W/(m²·K), which is a reasonable number for the reflective cavity dimensions. The
simulation results agreed with the experimental results to within ~5-10°C.
A number of simulations were conducted to understand the temperature dependence on the heat transfer in the problem
explained above. The effect of thermal conductivity of the phosphor layer heat sink was evaluated using the model and
the results are shown in Figure 6 by fixing the convective heat transfer to be driven by natural convection on top of the
phosphor layer and insulated at the bottom surface. The phosphor layer thermal conductivity and other parameters were
held constant. The increase in thermal conductivity of the heat sink material reduced the phosphor layer temperature
provided the thermal conductivity was higher than 10 W/(m·K) and any further increase reduces the temperature
marginally in both radial and axial directions.
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Figure 6. Phosphor layer temperature profile: in the radial direction on the surface farthest from the LEDs (left) and in the
axial direction through the phosphor layer at r=0 (right).
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Similarly, simulations were conducted with varying the heat convection on the two phosphor layer surfaces closest and
farthest from the LEDs, with increasing convection on either surface reducing the temperature in the radial direction
while the temperature gradient further reduced in the axial direction, as seen in previous experimental work[14]. In a
couple of simulations, where the convective coefficient was relatively high (e.g., 20 W/(m²·K)), the center of the
phosphor layer exhibited the highest temperature. This temperature was only a marginal increase (e.g., by ~1-2°C ) over
the temperatures at = 0 and = ℎ surfaces.

6. SUMMARY
The mathematical model was able to predict the trend of the temperature profile in the phosphor layer, although there
were absolute temperature discrepancies. The numerical results illustrated that temperature gradient though the phosphor
layer was minimal (~5°C), even with low thermal conductivity of the phosphor layer binding material. Incorporation of
light scattering to the present model is an important step in the future work, which will enable the model to predict the
absolute temperature distribution in the phosphor layer more accurately. In order to predict the light propagation and
subsequent heat generation using mathematical models, the phosphor characterization and model assumptions are of
paramount importance.
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