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Abstract—In this study, a model for calculating the bidirectional
scattering properties of phosphor layer was established by consid-
ering the light absorption and light conversion of phosphor par-
ticle simultaneously. Based on the present model, the light extrac-
tion efficiency was calculated and validated by comparing with the
existing experimental data and models. It is demonstrated that the
present model predicts better. The transmission and reflection in-
tensities of blue light and yellow light were found to be the func-
tions of phosphor thickness. There exists a close critical phosphor
thickness for reflected blue light and transmitted yellow light. The
critical phosphor thickness is relative to the phosphor concentra-
tion.

Index Terms—Bidirectional scattering, light-emitting diodes
(LEDs), phosphor conversion.

I. INTRODUCTION

W HITE light sources based on light-emitting diodes
(LEDs) have been extensively used for their extra-

ordinary characteristics over traditional light sources [1]–[4].
Among the synthesizing mechanisms of white light, the
phosphor-converting scheme is the most general way, which
involves a short-wavelength emitter and long-wavelength
downconversion phosphors [5]. In the phosphor-converted
LEDs (pc-LEDs), the phosphor particles are dispersed in sili-
cone matrix and then directly or indirectly coated on the LED
chip. A fraction of blue light from LED chip is absorbed by the
phosphor layer and the rest fraction can be transmitted through
the layer by the scattering of phosphor particles. Due to the
nonradiative relaxation process in the - or - energy level
of the doping ions in phosphors, the absorbed blue photon is
converted to lower energy yellow photon [6]–[9]. The trans-
mitted blue light and yellow light generates white light by color
mixing.
Reobserving the phosphor silicone matrix in microperspec-

tive, the light is strongly scattered. Every time the blue/yellow
light is scattered by a phosphor particle, light reabsorption and
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light conversion would happen consequently [10]. The phos-
phor parameters, such as particle size, distribution, thickness,
and concentration, influence the light scattering, absorption, and
conversion processes, and finally determine the optical perfor-
mance of phosphor layer [11]–[15]. Because of the complicated
light conversion processes, most researchers prefer to study the
optical properties by measurements. In the measurements, how-
ever, the blue light and yellow light are difficult to distinguish
for quantification because they are mixed with each other. For
modeling these processes, due to the anisotropy of the particle
distribution, it is better to take account of the bidirectional scat-
tering properties of phosphor layer, which include the forward
scattering component and the backscattering component [16].
However, few histories about modeling the bidirectional scat-
tering properties of phosphor can be found in the literature.
Kang et al. developed a 1-D model to describe the light prop-

agating in the phosphor layer in terms of light absorption and
conversion, but they neglected the light scattering effect in their
model [17]. Li et al. proposed a double-layer phosphor package
by developing the 1-D model proposed by Kang et al., but they
also neglected the light scattering effect [18]. Zhu and Naren-
dran analyzed the performance of multiphosphor configuration
in the remote “scattered photon extraction” white LEDs [19].
Ishida et al. developed a model to calculate the light output
of LEDs with consideration of light scattering based on the
Kubelka–Munk method [20]. The authors established the equa-
tions from the view of energy levels for each phosphor species.
In this paper, we developed a model to calculate the bidirec-

tional scattering properties of phosphor layer with consideration
of light reabsorption and light conversion simultaneously. The
light extraction efficiency (LEE) was calculated and compared
with existing experimental data and models. The transmission
and reflection intensities of blue light and yellow light were in-
vestigated by changing the phosphor thickness. The variation
trends were analyzed in detail.

II. MODEL SETUP

As shown in Fig. 1, for a very thin layer with a thickness of
, the forward scattering function and backscattering function

are denoted as and , respectively. Subscripts and
stand for blue light and yellow light, respectively. By employing
the energy balance, we obtain the following equations.
For the blue light

(1)
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Fig. 1. Schematic of light forward scattering and backscattering in a phosphor
layer.

(2)

For the yellow light

(3)

(4)

where and are the absorption coefficients of blue light
and yellow light, respectively. The and are the scattering
coefficients of blue light and yellow light, respectively. is the
energy conversion coefficient from blue light to yellow emis-
sion. is the mean path of light path inside the phosphor layer.
When the incident light is diffuse and scattering inside the par-
ticle layer takes place in all directions, the length of the light
path must be longer than the thickness of phosphor layer [21].
The mean light path could be expressed as [21]

(5)

When vanishes, (1)–(4) could be rewritten as follows with
the substitution of (5):

(6)

(7)

(8)

(9)

For the phosphor layer coated on LED chips, the plane
means the interface between the LED chip and the phosphor
layer. Therefore, the backscattered blue and yellow light pro-
jected at the interface will be reflected back to the phosphor

layer. The boundary conditions for blue light and yellow light
are

(10)

(11)

where is the intensity of incident blue light from LED chip
and is the thickness of the phosphor layer. and are
the reflection coefficients of blue light and yellow light, respec-
tively.
The general solutions to (6) and (7) are

(12)

where and are the undetermined constant coefficients and

(13)

With the boundary conditions in (10), the solutions for the
blue light in (6) and (7) can be obtained. The coefficients and
in (12) are expressed as

(14)

where . By substituting the particular
solutions for the blue light to (8) and (9), we obtain the general
solutions for yellow light as

(15)

where and are the undetermined constant coefficients and

(16)

With the boundary conditions in (11), we obtain the constant
coefficients and and the particular solutions for the yellow
light with the similar method.

III. MODEL VALIDATION

When the thickness of the phosphor layer is , the intensities
of the transmitted blue and yellow light are the forward scat-
tering intensities at the exit surface , i.e., and .
Thus, and determine the LEE , which is nor-
malized as [17], [22], [23]

(17)
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Fig. 2. Variation of normalized LEE with phosphor concentration. For com-
parison, the experimental results and Kang’s model were also plotted [17]. d is
denoted as the thickness of the phosphor layer.

To calculate the LEE, we have to quantify the necessary pa-
rameters of the phosphor layer first. The detailed parameters, es-
pecially the absorption coefficients and scattering coefficients,
were obtained from Mie–Lorenz theory [11]–[13]. The wave-
length-dependent absorption coefficients and scattering coef-
ficients, which varied with the changes of phosphor concen-
tration, can be referred to our previous work [4], [11]–[13],
[22], [23]. Other parameters can be referred to Kang et al. [17].
The calculation results of normalized with the changes
of phosphor concentration were plotted in Fig. 2. Along with
our calculations, the experimental results of Kang et al. and
their model predictions were also plotted for comparison. It is
seen that for both phosphor thicknesses, with the increase of
phosphor concentration, obtained by Kang’s experiments
and model, and the present model all have similar decreasing
trends. But when compared to Kang’s model, the present model
is closer to the experimental data.

IV. TRANSMITTED AND REFLECTED LIGHT

For a phosphor layer, the transmission and reflection intensi-
ties of blue light and yellow light are most concerned. When the
thickness of the phosphor layer is , the transmission intensities
of blue light and yellow light are and , respectively;
the reflection intensities of blue light and yellow light are
and , respectively. To observe the interactions among the
light scattering, reabsorption, and conversion inside phosphor
layer, the variations of , and with the
change of phosphor thickness are shown in Figs. 3 and 4. The
phosphor concentration was chosen as 0.35 g/cm . In Fig. 3, it
can be seen that with the increase of from 0.05 to 0.5 mm,

decreases greatly. has a rapid rise when is less
than 0.2 mm and tends to be flat gradually afterward. In Fig. 4,
the increase of leads to a trend of gradual increase of ,
but witnesses a rapid rise at first and a trend of decrease
in the end.
These phenomena may be caused due to following cases: 1)

when rises, more blue light is absorbed and scattered, it be-
comes harder for blue light to penetrate the phosphor layer, thus

Fig. 3. Variation of normalized transmitted and reflected blue light with phos-
phor thickness.

Fig. 4. Variation of normalized transmitted and reflected yellow light with
phosphor thickness.

decreases extraordinarily, which implies a continuous re-
duction of transmitted blue light. 2)With the increase of , more
blue light is backscattered, thus the reflected blue light
increases. Since the blue light is backscattered into all the di-
rections, the further increase of does not contribute to the en-
hancement of at the incident surface, and tends
to be a stable value. Therefore, there exists a critical phosphor
thickness for the reflected blue light. It is predicted that the crit-
ical phosphor thickness is dependent on the phosphor concen-
tration, geometry, and particle size because the necessary ab-
sorption coefficients and scattering coefficients are determined
by these phosphor parameters. 3) When rises, more yellow
light is converted, thus rises at first. When increases
further, the effects of yellow light absorption and backscattering
overweigh the yellow light conversion, thus drops after a
critical phosphor thickness. By comparing Figs. 3 and 4, we can
find that the drop of is much larger than the increase of

; therefore, decreases when the thickness increases
from 30 to 150 m as shown in Fig. 2. A close critical phos-
phor thickness value from the comparison between the curves
of and in Figs. 3 and 4 can also be found. 4) With
the increase of , more yellow light is converted and backscat-
tered, thus witnesses a trend of increase, which indicates
a continuous enhancement of yellow reflected light.



HU AND LUO: MODEL FOR CALCULATING THE BIDIRECTIONAL SCATTERING PROPERTIES 3379

Fig. 5. Variation of normalized reflected blue light with phosphor thickness
and concentration.

Fig. 6. Variation of normalized transmitted yellow light with phosphor thick-
ness and concentration.

To examine the critical phosphor thickness, the effect of
phosphor thickness and concentration on the reflected blue
light and transmitted yellow light was studied.
The calculation results are shown in Figs. 5 and 6. It is seen that
the phosphor concentration plays an important role in affecting

and . The increase of phosphor concentration leads
to the decrease of critical phosphor thicknesses for both
and . In fact, the increase of phosphor concentration
means more phosphor particles in unit volume of phosphor
layer, so the light scattering is enhanced. For larger phosphor
concentration, and are easier to reach their peak
values; therefore, the critical phosphor thickness is thinned.
By comparing Figs. 5 with 6, we can see that the two critical
phosphor thicknesses are close to each other for different
phosphor concentrations and the reason lies in the interactions
of blue light and yellow light, as governed by (8) and (9).

V. CONCLUSION

In this study, a model for calculating the bidirectional scat-
tering properties of phosphor layer was established by taking
into account of light absorption and light conversion simulta-
neously. The LEE was calculated and validated with changing
phosphor concentration and thickness. It was demonstrated that
the present model can predict better than Kang’s model. Based
on the present model, the transmission and reflection intensities
of blue light and yellow light were found to be the functions
of phosphor thickness, respectively. There exists a close critical
phosphor thickness for the reflection blue light and transmis-
sion yellow light. The increase of phosphor concentration con-
tributes to the decrease of the critical phosphor thicknesses for
both reflected blue light and transmitted yellow light.
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