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Phosphor heat generation in phosphor-converted light-emitting diodes (pc-LEDs) plays an important role
in affecting the optical and thermal performance of LEDs, but it is hard to measure directly. In this paper,
we developed a method to calculate the phosphor heat generation by modifying the Kubelka–Munk the-
ory. With full consideration of light scattering, absorption and conversion inside the phosphor layer
simultaneously, we calculated the phosphor heat generation and analyzed its trend with changing the
phosphor quantum efficiency and phosphor parameters (concentration, thickness, particle size). Experi-
ments were also conducted to validate the calculations. It was found that with the increase of phosphor
concentration from 0.11 to 0.34 g/cm3, the total energy loss increases by 54.11%. The phosphor concen-
tration and thickness played similar roles in affecting the phosphor heat generation. The maximum phos-
phor heat generation corresponded to the phosphor particle size of around 2 lm, which is denoted as the
critical size.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Benefited by their extraordinary features over traditional light
sources, high power white light-emitting diodes (LEDs) have been
extensively used in many areas from the indoor illumination to the
outdoor lighting and landscaping, from the backlighting in the per-
sonal digital assistant (PDA) to the large-scale TV sets, from the
vehicle headlamp to the airborne or cabin lighting, etc [1–7]. More-
over, the luminous efficiency, robustness, and lifetime of LEDs are
still under rapid development. Therefore, white LEDs have been re-
garded as the fourth generation of light source. According to the
current state-of-the-art white LEDs, there are three frequently-
used approaches to generate white light based on LEDs. The first
one is based on a blue LED chip coated with yellow phosphors.
The second one is based on ultraviolet LED chip coated with blue
and yellow phosphors (or red, blue and yellow phosphors). The
third one is a device that combines red, green and blue LED chips
together [8]. Among these approaches, the former two methods
are involved with phosphor materials. As one kind of the photolu-
minescence materials, phosphors in phosphor-converted LEDs (pc-
LEDs) absorb part of short-wavelength light emitted from LED chip
and convert part of the absorbed short-wavelength light into long-
wavelength light. The energy ratio between the emitted light and
the absorbed light, which is called as the energy conversion effi-
ciency gcon, is determined by the quantum efficiency gQE of phos-
phors, as expressed in Eq. (1).

gcon ¼
Nemitted

Nabsorbed

hc=kemitted

hc=kabsorbed
¼ gQE

kabsorbed

kemitted
ð1Þ

Due to the non-radiative relaxation processes in the 4f- or
5d- energy level of the doping ions in the down-converting phos-
phors, gcon is usually below unit [9]. The rest of the absorbed light
is converted to heat consequently. Moreover, in the pc-LED packag-
ing, the phosphors are usually dispersed in the silicone with low
thermal conductivity, so the heat generated in phosphors is hard
to dissipate [10]. As a result, the phosphor temperature increases
greatly. High phosphor temperature will decrease its quantum effi-
ciency exponentially, induce the local stress and even delamination,
and degrade the reliability and lifetime, etc [11–14]. Therefore, peo-
ple are trying to obtain the phosphor temperature or phosphor heat
generation. It has been reported that the local phosphor tempera-
ture becomes the highest in the LED packages rather than the junc-
tion temperature in some situations [15–18]. In our previous study
[19], we discovered that the hotspot in the LED packages would
shift to the phosphor layer when varying the phosphor coating posi-
tions or concentrations. We even observed the shocking silicone
carbonization phenomenon caused by the effect of phosphor self-
heating in multi-chip array LED packaging [20]. However, since
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Nomenclature

A undetermined coefficient
a absorption coefficient of phosphor, mm�1

B undetermined coefficient
C undetermined coefficient
c light speed, m/s
D undetermined coefficient
d phosphor thickness, lm
E0 incident light energy, W
E(z) forward scattering light energy function, W
e natural base number
F(z) backscattering light energy function, W
h Planck constant, m2kg/s
Nabsorbed number of absorbed photons
Nemitted number of emitted photons
PB optical power of blue LED,W
PW optical power of white LED,W
Qphos(z) phosphor heat generation function, W
Qphos_total total phosphor heat generation, W

Qref reflecting light energy loss, W
Qtotal total energy loss, W
s scattering coefficient of phosphor, mm-1

z invasion depth, lm

Greek Symbols
a a ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aBðaB þ 2sBÞ

p
b b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aB=ðaB þ 2sBÞ

p
c reflection coefficient
gcon energy conversion efficiency
gQE phosphor quantum efficiency
kabsorbed absorbed wavelength, nm
kemitted emitted wavelength, nm
l l ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aY ðaY þ 2sY Þ

p
m m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aY=ðaY þ 2sY Þ

p
Subscript
B blue light
Y yellow light
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the phosphor particles are dispersed in the encapsulants (silicone or
epoxy), it is difficult to measure the phosphor temperature directly.
So, most of the aforementioned work was based on simulations,
including Monte Carlo ray-tracing method and finite element meth-
od. In these simulations, the phosphor heat generations were as-
signed by some simplifications or assumptions. As far as we
know, there are few systematic works on the calculation of phos-
phor heat generation in theory.

In this study, we developed a method to calculate the phosphor
heat generation by revising the Kubelka–Munk theory. Light scat-
tering, absorption and conversion were considered simultaneously
to close to the real light propagation. The phosphor heat genera-
tions were calculated with changing the quantum efficiency based
on our method. The influences of the phosphor parameters (thick-
ness, concentration, particle size distribution) were analyzed.
Experiments were also conducted to validate the calculations.
2. Calculation method

In our previous study, we modified the Kubelka–Munk theory
by considering the light conversion process in light propagation
in phosphor-embedded silicone matrix [21]. As shown in Fig. 1,
for a thin phosphor layer, the forward scattering light energy E(z)
Fig. 1. Forward scattering and backscattering functions with invasion depth z in a
phosphor layer.
and backscattering light energy F(z) for both blue light and yellow
light can be expressed as

dEBðzÞ=dz ¼ �2ðaB þ sBÞEBðzÞ þ 2sBFBðzÞ ð2Þ

dFBðzÞ=dz ¼ 2ðaB þ sBÞFBðzÞ � 2sBEBðzÞ ð3Þ

dEY ðzÞ=dz ¼ �2ðaY þ sYÞEYðzÞ þ 2sY FYðzÞ þ gconaB½EBðzÞ
þ FBðzÞ� ð4Þ

dFYðzÞ=dz ¼ 2ðaY þ sY ÞFY ðzÞ � 2sY EY ðzÞ � gconaB½EBðzÞ þ FBðzÞ� ð5Þ

The appearance of coefficient 2 in these equations is because that
the mean path of light inside the isotropic phosphor layer is double
of the thickness [22]. The necessary scattering and absorption coef-
ficients of phosphors, which vary with the change of phosphor con-
centration and particle size, are calculated in advance according to
Mie–Lorenz theory [23]. By solving Eqs. (2)–(5), we could obtain the
general forms of forward scattering light energy E(z) and backscat-
tering light energy F(z) as Eqs. (6) and (7) for both blue light and yel-
low light, respectively.

For blue light:

EBðzÞ ¼ Að1� bÞeaz þ Bð1þ bÞe�az

FBðzÞ ¼ Að1þ bÞeaz þ Bð1� bÞe�az ð6Þ

For yellow light:

EY ðzÞ ¼ Cð1� mÞelz þ Dð1þ mÞe�lz

þ 2gconaB
mðl2�a2Þ ½Aðl� maÞeaz þ Bðlþ maÞe�az�

FYðzÞ ¼ Cð1þ mÞelz þ Dð1� mÞe�lz

þ 2gconaB
mðl2�a2Þ ½Aðlþ maÞeaz þ Bðl� maÞe�az�

ð7Þ

where A, B, C, and D are the coefficients. To solve these coefficients,
we have to balance the numbers of unknowns and equations with
proper boundary conditions. For the phosphor layer coated on
LED chips, the plane z = 0 means the interface between the LED chip
and the phosphor layer. Therefore, the backscattered blue and yel-
low light projected at the interface will be reflected back to the
phosphor layer. The boundary conditions for blue light and yellow
light are:

EBð0Þ ¼ E0 þ cBFBð0Þ; FBðdÞ ¼ 0 ð8Þ

EY ð0Þ ¼ cY FYð0Þ; FY ðdÞ ¼ 0 ð9Þ



Fig. 2. Normalized phosphor heat generation function with changing quantum
efficiencies.
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Until now, we can obtain the forward scattering and backscat-
tering light energy along with the invasion depth z. The phosphor
heat generation Qphos(z) could be calculated as

Q phosðzÞ ¼ ð1� gconÞaB EBðzÞ þ FBðzÞ½ � þ aY EY ðzÞ þ FYðzÞ½ � ð10Þ

Substituting with Eqs. (6) and (7) into Eq. (10), we can obtain the
phosphor heat generation as the function of the invasion depth z,
as expressed in Eq. (11).

Q phosðzÞ ¼ 2ð1� gconÞaB½Aeaz þ Be�az�

þ 2aY Celz þ De�lz þ 2gconaBl
mðl2 � a2Þ ðAeaz þ Be�azÞ

� �
ð11Þ

In the right side of Eq. (11), the first term is the absorption of blue
light, and the second term is the absorption of yellow light. The en-
ergy losses in white LED include two parts: one is the phosphor heat
generation, and the other one is the light reflection loss by the LED
chips or substrate. The total heat generated in phosphors could be
calculated by integrating the heat generation function Qphos(z) along
the phosphor thickness, as shown in Eq. (12). The light reflection
loss can be calculated by Eq. (13).

Q phos total ¼
Z d

0
Q phosðzÞdz ð12Þ

Q ref ¼ ð1� cBÞFBð0Þ þ ð1� cY ÞFYð0Þ ð13Þ

The phosphor heat generation function Qphos(z), the total heat gen-
eration Qphos_total, and the reflection loss Qref can be normalized by
dividing the input light energy E0. Therefore, the total energy loss
in white LEDs can be determined as

Q total ¼ Qphos total þ Q ref ð14Þ
3. Experiment

To validate the calculations of phosphor heat generation in
white LEDs, experiments were also conducted. Three white LEDs
with different phosphor concentrations and one blue LED without
phosphors were tested. All the LED chips are the same except the
phosphor concentration. The input current was kept as 350 mA.
The correlated color temperature (CCT) and optical power of the
LEDs were measured by an integrated sphere. Obviously, the opti-
cal power of blue LED without phosphors is the biggest. Assuming
that the light extraction efficiencies (LEEs) of blue LED and white
LEDs are the same and neglecting the light absorption in encapsu-
lants and optical lens, the total energy losses, which include the
phosphor heat generation and light reflection loss, can be calcu-
lated as the optical power difference between the optical power
of blue LED and white LEDs, as shown in Eq. (15).

Q total ¼ PB � PW ð15Þ
Table 1
Experimental results.

Blue LED LED 1 LED 2 LED 3

Concentration [g/cm3] 0 0.11 0.21 0.34
CCT [K] – 8816 4360 3735
Optical Power [mW] 467 321 286 242
4. Results and discussions

4.1. Phosphor heat generation function

According to Eq. (11), we obtained the phosphor heat genera-
tion function Qphos(z), which was normalized and plotted along
the invasion depth z in Fig. 2. The area below the phosphor heat
generation curve is the normalized total phosphor heat generation.
It is seen that phosphor heat generation decreases prominently
with the increase of invasion depth. It implies that when the phos-
phors are close to the LED chip (invasion depth is small), the
phosphors generate more heat; when the phosphors are far away
from the LED chip (invasion depth is large), the phosphors generate
less heat. This phenomenon is due to that more light scattering,
absorption and conversion events happen when the phosphors
are close to the chip. From Fig. 2, we also can see that when the
quantum efficiency increases from 0.7 to 0.9, the phosphor heat
generation decreases. According to Eq. (11), we can conclude that
when the quantum efficiency increases, the deduction of heat gen-
eration caused by blue light absorption overwhelms the enhance-
ment of heat generation caused by yellow light absorption. In the
phosphor heat generation, the heat generation caused by blue light
absorption accounts for larger margin. The phenomenon is easy to
understand: when the quantum efficiency increases, more ab-
sorbed blue light is converted to yellow emission, thus less heat
is generated. Therefore, for the phosphors in LED packaging, people
try to enhance the quantum efficiency by different approaches,
such as surface treatment, post-synthesis annealing, etc [24,25].

4.2. Comparisons with experiments

The experimental results of the four LEDs were listed in Table 1.
From the data in Table 1, we can see that with the increase of phos-
phor concentration, the CCT and optical power decrease greatly.
The decrease denote as the transition from cool white light to
warm white light. According to Eq. (15), the total energy loss
was calculated. To validate the present method, we plotted the cal-
culations and experimental results together. As shown in Fig. 3, the
experimental results agreed with our calculations. With the in-
crease of phosphor concentration, the total heat generation be-
comes larger both in the experimental and calculation results.
The reasons behind the deviations between the experimental re-
sults and model predictions are: (1) in the model, the incident rays
are vertical up while it isn’t exactly so in the experiments; (2) the
reflection coefficients of blue light and yellow light may be differ-
ent in the experiments; (3) the light energy losses absorbed by the
encapsulants and optical lens were neglected in the experiments. It
is seen in the experiments that with the increase of phosphor con-



Fig. 3. Comparison of total energy losses obtained by experiments and calculations.
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centration from 0.11 to 0.34 g/cm3, the total energy loss increases
by 54.11%. The enhancement of reflection coefficient results in the
decrease of total energy loss, which is easy to understand accord-
ing to Eq. (13). When the reflection coefficient is small, more light
would be absorbed directly by the surface. When the reflection
coefficient is large, more light energy would be reflected into the
phosphor layer, and more light energy would be transmitted
through the layer. Surface treatment, like coating silver, therefore,
is a good way to enhance the reflection coefficient and decrease the
energy loss. We also can notice that in warm light LED, more en-
ergy would be lost and more heat would be generated inside the
package.
4.3. Effect of phosphor parameters

According to Mie–Lorenz theory, the phosphor parameters
(concentration, thickness, and particle size) play significant roles
in determining the scattering and absorption coefficients of phos-
phors [23,26–28]. And these two coefficients are key parameters
in the present method. Hence, it is necessary to study the effect
of phosphor parameters on the phosphor heat generation.

The influences of phosphor concentration and thickness on the
normalized total phosphor heat generation were illustrated in
Fig. 4. In our calculations, the phosphor concentration varies from
0.05 to 1.0 g/cm3, and phosphor thickness varies from 0.1 to
0.3 mm. It is seen that the total phosphor heat generation increases
Fig. 4. Total phosphor heat generation with different concentrations and
thicknesses.
with the increase of phosphor concentration or thickness. When
the phosphor concentration varies from 0.05 to 1.0 g/cm3, the nor-
malized total phosphor heat generations increase by 861.3%,
424.7%, and 275.9% under the phosphor thickness of 0.1, 0.2, and
0.3 mm, respectively. It also can be seen that with the increase of
phosphor concentration, the slopes of the curves decreases gradu-
ally and the initial slopes are the largest. It implies that the when
phosphor concentration is low, the effect of concentration is large;
when the concentration is large, the effect is small. When the
thickness increases, the initial slope increases, because for larger
thickness, a small increase in concentration leads to considerable
enhancement of phosphor amount, resulting in larger phosphor
heat generation. It is concluded that the phosphor concentration
and thickness play a similar role in affecting the phosphor heat
generation. This can be understood that the both phosphor concen-
tration and thickness determine the phosphor amount. The larger
phosphor amount is, the more light scattering, absorption and con-
version events happen, and the more heat would be generated.

The effects of phosphor particle size and quantum efficiency on
the normalized total phosphor heat generation were investigated
and the trends were plotted in Fig. 5. It is seen that with the in-
crease of quantum efficiency, the total phosphor heat generation
decreases. According to definition of quantum efficiency in Eq.
(1), the larger quantum efficiency, the more converted photons
can be emitted, thus less photons are trapped and converted to
heat. From Fig. 5, we can see that the total phosphor heat genera-
tion increases in the initial stage. The peaks in the curves corre-
spond to the critical sizes, which are about 2 lm. When the
particle size becomes larger than the critical size, the total phos-
phor heat generation decreases. The reasons behind these phe-
nomena lie in the change of scattering coefficient with the
phosphor particle size. Park et al. [29] has pointed out that the
scattering coefficient increases at first and decreases subsequently.
When the particles are small, most of the incident light would pen-
etrate the phosphor layer without scattering, absorption and con-
version, thus the heat generation is small. When the particles
approach the critical size, the light would be scattered in all the
directions homogeneously and the scattering events grow in num-
ber, and the heat generation increases. Therefore, when the particle
size is smaller than the critical size, the total phosphor heat gener-
ation increases with the increase of particle size. When the parti-
cles become larger than the critical size, most of the incident
light would be forwardly scattered, thus the number of light scat-
tering events decreases. Therefore, the total phosphor heat gener-
ation decreases with the increase of particle size when the particle
size becomes larger than the critical size.
Fig. 5. Total phosphor heat generation with different phosphor particle sizes and
quantum efficiencies.
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5. Conclusions

In this paper, we presented a method to calculate the phosphor
heat generation in white light-emitting diode (LED) packages. The
present method was developed by modifying the Kubelka–Munk
theory with full consideration of light scattering, absorption, and
conversion simultaneously. Experiments were conducted to
validate the method and the experimental results agreed well with
the theoretical predictions. It was found in the experiments that
with the increase of phosphor concentration from 0.11 to
0.34 g/cm3, the total energy loss increases by 54.11%. Based on
the method, the effects of phosphor parameters (concentration,
thickness, particle size, and quantum efficiency) on the total phos-
phor heat generation were obtained. The phosphor concentration
and thickness played similar roles in affecting the phosphor heat
generation. The maximum phosphor heat generation corresponded
to the phosphor particle size of around 2 lm, which is denoted as
the critical size.
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