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Phosphor Temperature Overestimation
in High-Power Light-Emitting Diode

by Thermocouple
Qi Chen, Yupu Ma, Xingjian Yu, Run Hu, and Xiaobing Luo, Senior Member, IEEE

Abstract— Phosphor temperature in high-power white
light-emitting diodes can greatly affect the optical proper-
ties, reliability, and lifetime. Accurate estimation of phos-
phor temperature is the first step for enhancing thermal
management inside the package. In this paper, the phos-
phor temperature was measured by a plug-in method with
thermocouple. The thermocouple’s bead was inserted into
the phosphor layer, and then the silicone matrix got cured.
The phosphor temperature was measured under various
input currents. Under 350 mA, the temperature difference
between the measured value and the junction temperature
was about 17 °C higher than those in the references.
The reason for this overestimation was attributed to light
energy absorption and conversion of the bead, which was
confirmed by thermal simulations.

Index Terms— Light-emitting diode (LED), overestima-
tion, phosphor temperature, thermocouple.

I. INTRODUCTION

AS THE power of phosphor-converted light-emitting
diode (pc-LED) package increases, more heat is

generated in the package due to the imperfect combina-
tion of electrons and holes in the quantum well [1]–[3].
Correspondingly, the increasing temperature would weaken the
optical performance and reliability of LED packages. Since
the phosphor conversion efficiency decreases exponentially
with the increase in phosphor temperature, high phosphor
temperature can be a critical problem for pc-LEDs [4], [5].
In addition, it is reported by Yan et al. [6] that the junction
temperature cannot characterize the thermal behavior of LED
packages alone and phosphor temperature must be taken into
account. Therefore, research on phosphor configuration is
essential for LED’s thermal management.

So far, most of the researches involved with phosphor
temperature use simulations to get the phosphor temperatures.
Hu et al. [7] studied the hotspot location shift in pc-LED
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by an optical-thermal simulation method. They found that the
hotspot location in remote phosphor coating packages shifted
with the changes in phosphor concentration. Hwang et al. [8]
investigated the effect of relative position of the phosphor
layer on the lifetime of LED, and found that the phosphor
temperature in die-contact case was lower than the remote
case through thermal simulation. Luo et al. [9] studied the
silicone carbonization of high-power LED, which resulted
from local high temperature caused by the phosphor self-
heating. Extremely high phosphor temperature was obtained
by simulation to verify the explanation. Besides, some
researchers tried to measure phosphor temperature via experi-
mental methods. Fan et al. [10] used an infrared (IR) camera
to detect the surface temperature of the LED’s phosphor layer.
However, what they really measured was the temperature of
the outer surface of the optical lens. In order to directly
detect the phosphor temperature, Shih et al. [11] cut the
entire package along the plane of symmetry in half and
got the temperature distribution of the whole package by
IR camera. But they considered the experimental results as
inaccurate due to the light leak out from the cut surfaces.
Recently, Kim and Shin [12] reported that they made a hole
through the top side encapsulant by using a heated iron wire
and measured the phosphor temperature by thermocouple.
Their results were higher than the junction temperature and
the simulated phosphor temperatures regardless of phosphor-
substrate distance.

In this paper, we plugged the thermocouple’s bead into
the phosphor layer of LED package after the phosphor gel
dispensing process and cured it inside. Then the phosphor
temperatures were measured under various driving currents.
The test mechanism was clearly explained. The light energy
absorbed by the bead was calculated and inputted into the
simulations as a function of the driving currents.

II. EXPERIMENTAL SETUPS AND RESULTS

A. Experimental Setup

The structural schematic of the LED package and exper-
imental setup are shown in Fig. 1. The size of the chip
is 1 mm × 1 mm × 0.1 mm. A heat sink was used for
sufficient heat dissipation. A manual fixture was made for
structural support. The vertical plane of the fixture and the
top surface of the heat sink are perpendicular to each other.
The utilized thermocouple is K-type and the materials of each
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Fig. 1. Schematic of (a) LED package and (b) setup for the experiments.

thermocouple wires are alumel and chromel, respectively. The
diameters of the thermocouple wire and bead are 0.3 and
0.6 mm, respectively.

The plug-in operating sequence is as follows. First, the
phosphor resin with a concentration of 0.3 g/cm3 was prepared
and dispensed onto the LED chip via the volume-control
method to ensure good consistency [13]. Second, the LED
package was fixed in proper position and the thermocouple
bead was inserted into the phosphor resin. Due to the limited
volume of the phosphor resin, it is hard to place more than
one thermocouple’s bead inside at the same time. Instead,
we adopted repetitive testing in which the thermocouple’s
beads were fixed at different locations in the phosphor resin
to explore the location effect. The optical properties of the
specimen were measured before and after the plug-in operation
by an integrating sphere (ATA-1000, Everfine Inc.). Third, the
phosphor resin was cured with the bead inside. After that, the
packages were operated under various driving currents in room
temperature, while the thermocouples measured the phosphor
temperatures. Also, the junction temperatures of the packages
were measured by forward voltage method using a thermal
transient tester (T3Ster, Mentor Graphics Inc.).

B. Experimental Results

The results of measured phosphor temperature under various
driving currents are shown in Fig. 2. The temperatures increase
with the driving current and gradually stabilize after about
600 s. The phosphor temperature under 350 mA is 58.5 °C.
The results for different locations of thermocouple’s bead
did not show much difference. Fig. 3 shows the phosphor
temperature and junction temperature as a function of current.
It is remarkable that under 350 mA, the phosphor temperature
is 26.5 °C higher than the junction temperature and this value
increased with input current. In [6], [7], and [12], the temper-
ature differences between phosphor and junction are within

Fig. 2. Phosphor temperatures under various currents as a function
of time.

Fig. 3. Phosphor temperatures and junction temperatures as a function
of input current.

Fig. 4. Energy flow of the temperature measuring process.

10 °C even with local heat generation considered under the
same input current of 350 mA. By comparison, it is obvious
that the measured phosphor temperature is much larger than
the junction temperature in our experiment. The deviation is
beyond the scope of measurement error and some factors that
can cause the overestimation must be missing. Note that the
thermocouple’s bead is buried inside the phosphor resin; the
only factor that can affect the temperature besides the heat
flux is light absorption and conversion by the bead. Therefore,
the course of transition and transformation of input electrical
energy was analyzed in detail.

The energy flow of the whole temperature measuring
process was first analyzed. Fig. 4 exhibits the energy flow.
In situation 1, the thermocouple’s bead was not inserted into
the phosphor resin. The input electrical energy splits into
two parts (light and heat) at the chip, where the generated
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Fig. 5. Cross-sectional view of the LED package for thermal simulation.

heat was defined as E j . The light keeps going before exiting
the LED module. It should be noticed that at the phosphor
resin area, part of the light was converted into heat, which
was defined as E p . In situation 2, the thermocouple was
plugged in to measure the phosphor temperature. Compared
with situation 1, part of the light from phosphor resin reaches
the outer surface of the thermocouple’s bead before going out
of the LED package. There, considering the absorptivity of
the thermocouple’s bead, part of the light was absorbed and
converted into heat. The other was scattered and went out of
the package finally.

According to the energy conservation principle, the energy
transformations in situations 1 and 2 could be expressed,
respectively, as follows:

E1
in = E1

optical + E1
j + E1

p (1)

E2
in = E2

optical + E2
j + E2

p + Et (2)

where E1,2
in is the total input electrical energy, E1,2

optical is the

output optical energy, and E1,2
j and E1,2

p are the heat energy
generated at the LED chip and phosphor resin, respectively.
Et is the heat energy absorbed by the thermocouple’s bead.
Here, a reasonable assumption was made that the heat energy
generated at the LED chip and phosphor resin was the same
with each other in both situations. That is to say

E1
j = E2

j , E1
p = E2

p. (3)

In the experiments, both E1,2
in and E1,2

optical were measured by
the integrated sphere. According to the test results, Et under
350 mA is 55mW, which accounts for 20.1% of the E1

optical.
So much light energy was absorbed by the thermocouple’s
bead and converted into heat. It would increase the measured
phosphor temperature. To better illustrate the effect of light
energy absorption and conversion, thermal simulations were
carried out in Section III.

III. SIMULATION SETUP AND RESULTS

A. Simulation Setup

To estimate the effect of light energy absorption on the mea-
surement accuracy, a simplified thermal model was established
based on the actual package and the thermal simulation was
conducted by using the finite-element method. Two assump-
tions were made that the heat energy generated at the LED
chip and phosphor resin were unchanged before and after the
thermocouple’s bead was inserted, i.e., E1

j = E2
j , E1

p = E2
p.

Fig. 5 shows the cross-sectional view of the simulation model.
A metal ball representing the thermocouple’s bead was added
into the phosphor resin. For modeling simplification, the wires

TABLE I

Boundary Conditions for the Thermal Simulation

TABLE II

Input Variables for the Thermal Simulation

that were linked with the bead were neglected. Thermal mass
effect of the thermocouple was taken into account in the result
discussion part. The boundary conditions were summarized
in Table I. The ambient temperature is the same with the
temperature on the spot, which is 20 °C. The boundary
conditions of package’s surfaces except the bottom surface
are typical natural convections with a heat transfer coefficient
of h = 3 W/m2 ·K. For the bottom surface of the package, the
equivalent convection heat transfer coefficient was calculated
based on the dimensions of the heat sink and the value is
heq = 228 W/m2 · K [14].

With this model, the temperature distribution could be calcu-
lated. The implemented parameters, including input power and
heat generations at each component, were collected according
to calculation results based on (1)–(3). E1,2

in and E1,2
optical were

experimental values measured by the integrated sphere. The
heat generated at the phosphor resin E p was assumed to be 5%
of the input power [8], [15]. The corresponding variables and
their values used in the calculations are listed in Table II.

B. Simulation Results

Fig. 6 shows the calculated temperature fields of the
package under various currents from 350 to 700 mA. With
the increase of input current, the temperatures of the LED
packages increased and the highest temperature point was in
the metal ball due to the light energy absorption regardless of
the increase in current. The simulated junction and phosphor
temperatures can be obtained from the temperature distribution
and they were compared with those obtained by experiments.
Fig. 7 shows the simulated and experimental results of Tj

and Tp as a function of driving current for the LED package.
The simulation results are higher than the experimental results.
This is because in the experiments, the thermocouple’s wires
would act as heat sink and take away part of the heat. This
effect can decrease the temperature a little bit. In the simu-
lation, the thermocouple’s wires were neglected for modeling
simplification, thus leading to the fact that simulation values
are higher than the experimental ones. Besides, the simulated
values of Tj and Tp are both in good agreement with the
experimental data, which confirms the existence of the light
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Fig. 6. Calculated temperature fields of the LED package under different currents (a) 350 mA (b) 500 mA (c) 700 mA.

Fig. 7. Phosphor temperature (Tp) and junction temperature (Tj) from
the experimental data and thermal simulation of the LED package as a
function of current.

energy absorption. Besides, as the driving current increases,
more light emits from the LED chip and gets absorbed by
the thermocouple’s bead. Thus, the effect of light energy
absorption on the temperature overestimation is enhanced.
This is also verified by the results in Fig. 7.

From the above analysis, it can be concluded that the
overestimation by thermocouple measurement results from the
light energy absorption. And this influence must be considered
when using thermocouple to measure phosphor temperature of
the LED package. One possible approach to weaken the devi-
ation is to reduce the area for light absorption by decreasing
the diameter of the thermocouple’s bead.

IV. CONCLUSION

In this paper, phosphor temperature of the LED package
was measured by a plug-in testing method with thermocouple.
The thermocouple’s bead was cured inside the phosphor resin
during the phosphor dispensing process. The tested values
were considered to be overestimated compared with the results
from previous researches. A thermal simulation considering
light absorption was conducted and the simulated results
exhibited good coherence with the experimental data. The fac-
tor accounting for the overestimation of phosphor temperature
was concluded to be the light energy absorption. It needs to
be considered when using thermocouple to measure phosphor
temperature of the LED package.
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