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Abstract: It is well known that the optical properties of multi-particle phosphor are crucial to the
light performance of white light-emitting diodes (LEDs). Note that the optical properties including
scattering or absorption properties for a single particle are easy to be calculated. However, due to
the large computation considering the complicated re-scattering and re-absorption, it is difficult to
calculate the scattering behaviors of the multi-particles. A common method to reduce the computation,
which can cause unknown deviations, is to replace the multi-particle scattering properties by using
the average scattering data of single particles. In this work, a cluster of multi-phosphor particles
are directly simulated by the finite-difference time-domain (FDTD) method. The total scattering
data of the cluster was processed as a bulk scattering parameter and imported to the Monte-Carlo
ray-tracing (RT) method to realize a large-scale multi-particle scattering calculation. A polynomial
mathematical model was built according to the multi-particle scattering data. An experiment was
carried out for verifying the accuracy of the method in this work. The mean absolute percentages of
the previous method are 1.68, 2.06, and 1.22 times larger than the multi-particle method compared
with the experimental curves, respectively.

Keywords: optical simulation; light-emitting diodes (LEDs); finite-difference time-domain (FDTD);
multi-phosphor configuration; Monte-Carlo ray-tracing method (RT)

1. Introduction

A phosphor-converted white light-emitting diode (LED) is the most common setup to obtain
high-quality white light with a high color rendering index, uniform color distribution, and high
lumen [1–3]. It is well known that the optical behaviors of phosphor particles are crucial to the quality
of white light [4,5].

For obtaining accurate and comprehensive optical behavior of the phosphor particle, the ideal
simulation should include all particles. The optical properties, including scattering and absorption, of a
single particle, can be easily calculated. However, for the multi-particle configuration, the re-scattering
and re-absorption among all particles are very complicated [6]. The computation load is often so
large that many computers cannot meet the demand and usually require a workstation with a huge
computation capacity [7]. One method to solve this problem is to reduce the number of particles in the
simulation. For example, Qian et al. [8] studied the scattering characteristics of phosphor particles with
different particle radii. The re-scattering and re-absorption were omitted for reducing the calculation.
They found that the scattering was enhanced with a decreasing phosphor particle radius, thus increasing
the color uniformity. Xu et al. [9] studied the optical behavior of double and triple particles. The results
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show that the scattering was enhanced by decreasing distance between particles. Although they
obtained relatively comprehensive results for the optical behavior of double and triple particles,
the optical behavior of multi-particle phosphor configurations has not yet been studied. Another
solution is to improve the algorithms used to study the optical behavior of multi-particle configurations.
The Monte-Carlo ray-tracing method [10–12] is simple and can get light re-absorption and re-scattering
among the multi-particle phosphor configurations when assuming dependent scattering [13]. However,
in the case of micron particles, whose sizes range to 10 times the incident wavelength, the ray-tracing
(RT) method is invalid because the diffractive effect becomes prominent. The FDTD method [14–18]
(based on wave optics) is used to study the propagation of electromagnetic or light waves by solving
Maxwell’s equations. The finite-difference time-domain (FDTD) approach can be applied to structures
with dimensions of only a few micrometers because of the limitations of computational power. In
our previous work [19], we proposed a convenient method to obtain more comprehensive results
about multi-scale structure by combining the FDTD with RT methods. First, we obtained the scattering
and absorption cross-sections of every single particle by the FDTD method. Then, the total electric
field distribution in space was determined by adding the average of every single particle linearly.
These data were imported to RT to obtain far-field data, such as haze, transmittance, and absorption.
We call this method the average method. The computation of the average method was simple, but
light re-absorption and re-scattering among particles were ignored during the simulation with the
FDTD method. In fact, the distance between particles is usually three times less than their diameter.
The dependent scattering is necessary to ensure the accuracy of the results. In the double-particle
configuration, the scattered field of one particle due to the incident light beam is assumed to be the
incident field on the other particle [20]. This means that the incident-field source of every particle is
different [21]. Therefore, dependent scattering among particles cannot be ignored.

To obtain more accurate and comprehensive results of multi-particle phosphor configurations
with low computation, in this work, we proposed a multi-particle method, in which a cluster of
multi-phosphor particles were directly simulated in the FDTD. Then, the total scattering data of the
cluster was processed as a bulk scattering parameter and imported to the ray tracing method to realize
a large-scale multi-particle scattering calculation. In this way, the deviation of the traditional weighted
average single particle method can be limited. Finally, an experiment was conducted for verifying the
accuracy of the large-scale multi-particle calculation method.

2. Model and Simulation

The FDTD method calculation region can be divided into two parts which are the total field
region and scattered field region. In the total field region, the incident source electromagnetic field
and scattered electromagnetic field are both calculated. However, in scattered field regions, there is
only scattered electromagnetic fields that could be calculated. Therefore, the Psca(λ), Pabs(λ) can be
obtained for Equations (1) and (2):

Psca(λ) =
n∑

i=1

Tscattered(λ)Psource(λ) (1)

Pabs(λ) = (1−
n∑

i=1

Ttotal(λ))Psource(λ) (2)

where Tscattered and Ttotal are the scattered transmission and total transmission, respectively, Psource(λ)
is the power (W) of the incident source and λ is the wavelength of the source.

Scattering cross-section (Csca) and absorption cross-section (Cabs) are important parameters for
evaluating the optical properties. They can be calculated according to Equations (3) and (4):

Csca(λ) =
Psca(λ)

Isource(λ)
(3)
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Cabs(λ) =
Pabs(λ)

Isource(λ)
(4)

where the Isource(λ) is the source irradiance (W/m2).
In this work, the model of the FDTD method is shown in Figure 1. Figure 1a shows the setup

in the FDTD simulation. The sources in this work were a 455 nm blue monochromatic light and
a 525 nm green monochromatic light. The type of source was the total field scattered field source
(TFSF source). The TFSF sources can separate the computation region into two distinct regions, one
of which contains the total field and the other only contains scattered field. It is particularly useful
to study the scattering behavior of optical particles, as the scattered field can be separated from the
incident field [22,23]. The particles were around with a monitors group and three-dimensional FDTD
simulation region whose length, width and height were 15, 15, and 30 µm, respectively. The random
access memory (RAM) of the computer in this work is 896 GB. Therefore, the size of the simulation
region is just suitable for the computational power of the computer. Between the simulation region
boundary and monitors group were the scattering analysis groups and absorption analysis groups
which were around the particles. These monitors were frequency domain field and power monitors
which could obtain the frequency-domain field and power in the simulation region and calculate the
transmittance and reflectance, Csca, and Cabs. The boundary conditions in this study were the perfect
match layer (PML) [24]. The mesh accuracy of this simulation was 2. The minimum mesh step is
0.25 nm, which is smaller than one-twelfth of the wavelength of the light source. The mesh accuracy is
enough. All particles in the model were spherical. Because the main factors affecting the results in this
work are the radius and concentration, it is reasonable to simplify the particles as spheres. The average
radius of these particles was 2.5 µm. The Csca and Cabs were the key indexes in this work, which can
describe the scattering and absorption properties of multi-particle configurations.
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Figure 1. (a) Schematic of the finite-difference time-domain (FDTD) method simulation model.
(b) Schematic of the ray-tracing (RT) method simulation method. (c) Schematic of the data transfer
from the FDTD method to the RT method. (d) The absorption and emission spectra for the phosphor in
the simulation.
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The model of the RT method is shown in Figure 1b. The central wavelengths of simulation source
were 455 and 525 nm, respectively. The type for in the RT model was the grid source. The distribution
for the grids was random. This light source can simulate the source in ultraviolet spectrophotometer
which was used in the experiment in this work. The encapsulation material of the phosphor film
was polydimethylsiloxane (PDMS), whose real and imaginary parts of refractive index were 1.44 and
1.35 × 10−6 in 455 nm, 1.43 and 1.39 × 10−6 in 525 nm, respectively [25]. There was an integrating
sphere whose radius was 25 mm around the model. The integrating sphere could collect all the rays
from the model. The thickness ranged from 0.1 to 0.5 mm. The materials of these particles were
yttrium aluminum garnet:Ce (YAG:Ce), whose real and imaginary parts of refractive index were 1.78
and 7.24 × 10−4 in 455 nm, 1.84 and 2.09 × 10−5 in 525 nm, respectively [26,27]. The absorption and
emission spectra for the phosphor in the simulation are shown in Figure 1d. The absorption and
scattering coefficients of the phosphor film can be calculated according the Equations (5) and (6):

µsca =
cCsca

m
× 1000 (5)

µabs =
cCabs

m
× 1000 (6)

where the Csca and Cabs are the scattering and absorption cross-sections for multi-particle configurations
which can be obtained by the FDTD method. The m is the mass of multi-particle configurations
in the FDTD method model (g). The average radius for the multi-particle configurations is 2.5 µm.
The density is 4.5 g/cm3. The c is concentration of the phosphor film (g/cm3). The concentration in
the RT method ranged from 0 to 0.436 g/cm3. The number of particles in the model varies from 5
to 3000 with the changing of radius and concentration. The µsca and µabs value can be processed to
a bulk scattering parameter and imported to the RT method to realize a large-scale multi-particle
scattering calculation.

To compare with the average method proposed in our previous work [19], the interaction between
the particles was studied and their impact on the scattering properties was shown in the double-particle
situation. The average method calculates the average of scattering and absorption properties for every
calculated particle linearly. Separate simulations are used to obtain the optical properties such as
Csca and Cabs for particles with different radii, difference shapes and materials. Then, these data are
weight averaged to obtain the optical properties of multi-particle phosphor configurations, as shown
in Equations (7) and (8):

−

Cabs(λ) =

∫
Cabs,D(λ)n(D)dD∫

n(D)dD
(7)

−

Csca(λ) =

∫
Csca,D(λ)n(D)dD∫

n(D)dD
(8)

where D is the radius of the particle in the FDTD method model (µm). The n(D) is a concentration of
the phosphor particle size distribution function. The Csca,D and Cabs,D are the scattering and absorption
cross sections of the phosphor particle with radius D (m2).

The method is convenient, without much calculation. However, the dependent scattering is
neglected. The interaction between the particles is an important part of studying the optical properties
of multi-particle phosphor configurations [18].

3. Results and Discussion

3.1. Double Particles

For comparing the multi-particle method and average method, the optical properties of double
particles with different distances and different angles were simulated in this work. The difference with
the multi-particle method is that the average method replaces the multi-particle scattering properties
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by using the average scattering data of single particles. The dependent scattering is not considered in
the average method. Therefore, the results of the average method cannot be influenced by the position
of the particles.

The models are shown in Figure 2. The parameters of the model were introduced in Section 2.
In the case of different distances, the distance between the two particles changes from 2.5 to 25 µm. In
the case of different angles, the distance between two particles is 10 µm. The angle changes from 0◦ to
90◦. The radius of these particles is 0.5 µm.
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Figure 2. Schematic of the simulation model. (a) Double particles with different distance. (b) Double
particles with different angles.

It can be observed from Figure 3a that Csca first increases and then decreases with increasing
distance. Csca is highest when the distance is 10 µm. In Figure 3b, it can be observed that the Csca is
highest when the angle is 0◦. The Csca value decreases quickly when the angle increases from 0◦ to 7.5◦

and Csca is lowest when the angle is 7.5◦. Then, Csca increases from 7.5◦ to 15◦. After 15◦, the curve
tends to be smooth. The reason for these phenomena is the diffracted light from other particles. It can
be observed that there is a central light fringe behind the bottom particle. With increasing distance,
the central light fringe becomes sparse, and the power of light incident on the top particle decreases.
Additionally, at 7.5◦, the incident-light source of the upper left particle is in the middle of the largest
dark fringe of the diffracted light, so the incident-light source of this particle is the lowest. The largest
dark fringe can be seen from Figure 3a. These results mean that the position of the particles can
influence the scattering and absorption properties in a double-particle situation. The scattering of these
particles is not independent.
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(b) Resulting curves for the case of different angles.

As shown in Figure 4a,b, the change of Csca and Cabs in the average method is lower than
the multi-particles method. This is because the average of scattering and absorption properties are
added for every calculated particle linearly in the average method. The interaction between particles
is neglected. The influence of particle position is not obvious in the average method. However,
the interaction between the particles is an important part of studying the optical properties which
cannot be ignored in the simulation. The diffraction and scattering light from a particle can be seen as



Photonics 2020, 7, 126 6 of 12

the incident-field source on the other particle [28]. The incident-field source of particles in different
positions is different [21]. This is the limitation of the average method.
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3.2. Multi-Particle Phosphor Configurations

In addition to double particle cases, the optical properties of multi-particle phosphor configurations
were also studied in this work. Multi-particle phosphor configurations with three radii, 0.5, 1.5,
and 2.5 µm, were studied under incident lights of 445 and 525 nm. The simulation region was
described earlier in Section 2. The concentration of multi-particle phosphor configuration ranges
from 0.14 to 1.3 g/cm3. It can be seen from Figure 5 that both Csca and Cabs increase with increasing
concentration. The Csca value of the 0.5 µm radius multi-particle phosphor configurations is the highest,
which means that scattering is enhanced by small particles. This phenomenon can be explained by the
Mie theory [8,13,27]. The scattering is negatively correlated with the radius of particle when the particle
radius is greater than the wavelength and less than 50 times the wavelength. The optical difference of
multi-particle phosphor configurations between the 1.5 µm radius and the 2.5 µm radius is not evident.
The impact of wavelength on Csca is not obvious; in contrast, its impact on Cabs is significant. It can be
observed from Figure 5a that the Cabs values obtained under the 455 nm incident light are higher than
those derived for the 525 nm incident light. The Cabs values of the 2.5 µm multi-particle phosphor
configurations under the incident light of 455 nm are the highest.
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Figure 5. Cabs and Csca for every multi-particle phosphor configuration. (a) Cabs for different particle
radii, concentrations, and source wavelengths. (b) Csca for different particle radii, concentrations, and
source wavelengths.

For researching the trend for the Csca, Cabs curves, the relationship between the Csca, Cabs value
and concentration was built by polynomial fitting. When the radius of particles is 2.5 µm, the source
wavelength is 455 nm. The mathematical models are shown as the Equations (9) and (10):

Cabs(c) = −2× 10−10c2 + 5× 10−10c + 6× 10−11 (9)

Csca(c) = −1× 10−11c2 + 3× 10−11c + 3× 10−13 (10)
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where the c is the concentrations
(
g/cm3

)
of phosphor particles.

The coefficients of determination of Equations (9) and (10) are R2 = 0.9986 and R2 = 0.9656,
respectively. These show that the polynomial fitting is reliable. The Csca, Cabs value can be obtained by
the fitting model conveniently when the concentration is within the above range. The fitting curves are
shown in Figure 6.
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It can be observed from Figure 7 that theµsca andµabs values increase with increasing concentration.
The trend agrees well with the actual situation. The µsca and µabs values of the average method are
higher than the multi-particle method in a high concentration. The reason of this phenomenon is that
the dependent scattering is neglected in the average method. The results of the average method are
linear. However, in the actual situation, the dependent scattering cannot be neglected in the simulation.
The growth rate will decrease with the increasing concentration because of the re-scattering and
re-absorption. The incident of every particle will be occluded by other particles.
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Through the multi-particle method, not only data in micro scale can be obtained, but also data
in macro scale can be obtained, too. It can be observed from Figure 8a that the transmittance occurs
with different concentrations and thickness films. It can be found that the transmittance decreases
with the increasing concentrations and the thickness of phosphor films. In Figure 8b, it can be found
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that the change law of absorption is opposite to the change law of transmittance. The trend of
simulation agrees well with the actual situation. These results can qualitatively test the accuracy of the
multi-particle method.
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In this work, an experiment was carried out for verifying the accuracy of the multi-particle method.
In this experiment, 24 phosphor films were fabricated and were divided into three groups of different
thicknesses. Additionally, every group included phosphor films of eight different concentrations.
The thickness of phosphor films was measured by spiral micrometer. When measuring, the pressure
was very small. The deformation of phosphor films under compression was small. Measurement
error was within 0.01 mm. The purpose of doing this is studying the consistency between the trend
of simulation and actual situation. The flow chart for manufacturing phosphor films is shown in
Figure 9. The encapsulant in Figure 9a was the mixture with a 10:1 ratio of PDMS and curing agent.
Firstly, phosphor and encapsulating PDMS were fully mixed. Secondly, the mixture was coated
on the glass and put into the oven for curing. Finally, phosphor films were peeled off from the
glass. Several phosphor films are shown in Figure 10e. The concentration of these films is 0.1 g/cm3.
The measurement equipment of this experiment is shown in Figure 10b, which is an ultraviolet
spectrophotometer. The phosphor films were tested in the ultraviolet spectrophotometer in the
wavelength range 300–800 nm. In this experiment, the haze values of these phosphor films were
tested with a source wavelength of 455 nm. The radius distribution for phosphor particles is shown
in Figure 10f. The haze is a physical quantity to describe the source scattering strength. They can be
calculated according to the Equation (11):

Haze =
1− Psca2.5◦

Ptransmission
(11)

where the Ptransmission is the transmitted light. The Psca2.5◦ is the transmission light in the space angle
in 2.5◦ in the direction of the incident light.
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Figure 10. (a) Comparison of multi-particle method simulated and experimental results for the haze.
(b) Equipment used in this experiment. (c) Re-scattering and re-absorption when the concentration is
0.218 g/cm3. (d) Re-scattering and re-absorption when the concentration is 1.583 g/cm3. (e) Comparison
of 0.1 g/cm3 phosphor films when the thickness is 0.1, 0.2, and 0.5 mm. (f) The radius distribution for
the phosphor particles.
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These experimental results were compared with the results of the multi-particle method in
this work.

The comparison results are shown in Figure 10a. The experimental curves are close to the
simulation curves. The simulation curve of 0.5 mm thickness films is higher than the simulation
curves of 0.1 and 0.2 mm thickness films. It means that the trend of simulation still agrees well with
the actual situation. Although, the FDTD simulation region is smaller than actual phosphor films.
The results can be combined with the RT method. The far-field data can be obtained conveniently by
this method. This is the biggest advantage of the multi-particle method. The importance of dependent
scattering was mentioned in Section 3.1, which is too strong to be neglected in the multi-particle
configurations. The re-scattering and re-absorption are shown in Figure 10c,d for multi-particle
configuration concentrations of 0.218 g/cm3 and 1.583 g/cm3, respectively. The re-scattering and
re-absorption in Figure 10c,d can be classified as typical double particle cases shown in Section 3.1.
In Figure 10c, diffraction stripes are clear and complete and there are obvious fluctuations in energy
distribution. In Figure 10d, diffraction stripes intertwined, which are complicated and fragmented.
Compared with Figure 10c, energy distribution fluctuation is not obvious and the scattering field is
more uniform, indicating that the scattering is enhanced when there are more particles.

It can also be seen that the curves of the multi-particle method match better with the experiment
than the average method. The haze results of the average method are lower than the results of
the multi-particle method when the concentration is low and are higher in the high concentration.
The phenomenon can be explained by the results in Figure 7. The µabs values of the average method
is higher than multi-particle method in low concentration. Additionally, the µsca is higher than the
multi-particle method in a high concentration. Additionally, there is an interesting phenomenon.
The curves in the experiment for the average method are not linear, while the curves for µsca and
µabs are linear. In fact, the relationship between the haze and µsca is not linear. As mentioned above,
the haze is the ratio of transmission light outside the space angle 2.5◦ to the total transmission light.
It can be observed from Figure 8a that the transmission will decrease with increasing concentration.
The absolute value for the slope gradually decreases. Additionally, the transmission light outside
the space angle 2.5◦ will increase with increasing concentration and eventually tend to be saturated.
Finally, the transmission light outside the space angle 2.5◦ will approach the total transmission light
infinitely. So, the haze curve is not linear and the upper limit is 1.

The curve for the multi-particle method is closer to the experiment curve when the thickness is
0.5 mm. This can be explained by the elastic deformation for the phosphor films. As mention above,
the thickness was measured by spiral micrometer. The film was sandwiched and its thickness was
measured. Under the same pressure, the deformation is the same. The same amount of deformation
has a greater effect on a thin film than a thick film. So, the curve for the simulation is closer to the
experiment when the film is thick. In addition to the above reasons, the hole size of the ultraviolet
spectrophotometer which was used to measure haze in the experiment is not is not strictly 2.5◦.
The spectral data in the RT model is not continuous. Comparing the spectra of reality phosphor,
some spectral data points are missing in simulation. Therefore, the molar extinction coefficient for
the reality phosphor films is higher than the films in the simulation. These reasons may cause errors.
The mean absolute percentage errors between the 0.1-mm-thickness, 0.2-mm-thickness and 0.5-mm-
thickness experimental curves and the multi-particle method curves are 8.52%, 5.20%, and 5.73%,
respectively. The mean absolute percentage errors between the experimental curve and average method
are 14.28%, 10.70%, and 6.97%, respectively. The mean absolute percentage deviations of the average
method are 1.68, 2.06, and 1.22 times larger than the multi-particle method, respectively. These results
show that the multi-particle method is an accurate method to simulation the optical behaviors of
multi-particle configuration.
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4. Conclusions

Considering the interaction between the phosphor particles, the optical properties of multi-particle
phosphor configurations were studied by the multi-particle method in this work. The results
show that the change of Csca and Cabs in the average method is lower than the multi-particles
method. The location of the particles in the double-particle situation can influence the scattering and
absorption obviously. It means that re-scattering and re-absorption are important in the simulation
of multi-particle configurations. In a multi-particle situation, both of the Csca and Cabs increase with
increasing concentration. Compared with the double-particle situation, Cabs can be significantly
influenced by the concentration, radius, and source wavelength. The radius of the particles is not a key
parameter for Csca. The experimental curves are close to the simulation results. The mean absolute
percentage errors between the 0.1-mm-thickness, 0.2-mm-thickness and 0.5-mm-thickness experimental
curves and the multi-particle method curves are 8.52%, 5.20%, and 5.73%, respectively. Additionally,
the mean absolute percentage of the average method is 1.68, 2.06, and 1.22 times larger than the
multi-particle method, respectively. These results show that the multi-particle method agrees with
the actual situation. The mathematical model of this work was built based on FDTD and polynomial
fitting. The scattering and absorption of multi-particle configuration can be obtained by this model
without complex computation. The coefficient of determination of scattering and absorption equations
are R2 = 0.9975 and R2 = 0.9994, respectively. Overall, it is expected that our work can deepen the
understanding of phosphor scattering simulation and help promote the development of pc-LEDs.
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