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Abstract Optical constants, including scattering coeffi-
cient, absorption coefficient, asymmetry parameter and
reduced scattering coefficient, of cerium-doped yttrium
aluminium garnets (YAG:Ce) phosphor blended with SiO,
particle for white light-emitting diode (LED) packages
were calculated based on Mie theory in this study.
Calculation processes were presented in detail. Variations
of the optical constants with the changes of phosphor
weight fraction, dopant weight fraction, phosphor particle
radius and SiO, particle radius, were shown and analyzed
separately. It was found that the asymmetry parameter is
the intrinsic characteristic of the particles, and the increase
of the phosphor weight fraction (or concentration) will lead
to the increase of the optical constants. It was also
discovered that the increase of the dopant weight fraction
will enhance the scattering coefficient, but result in the
decreases of the reduced scattering coefficient and the
absorption coefficient.

Keywords Mie theory, phosphor, optical constant, light-
emitting diode (LED)

1 Introduction

Compared with traditional light sources, white light source
based on light-emitting diodes (LEDs) have a considerable
impact on issues such as energy consumption, environment
protection and even the health of individuals for their
extraordinary features. Owing to the achievements of
semiconductor materials and packaging approaches, there
are three dominant ways to produce white light based on
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LEDs currently, i.e., 1) a blue LED die with yellow
phosphor; 2) an ultraviolet LED die with blue and yellow
phosphors (or red, green and blue phosphors); 3) a device
with red, green and blue LEDs together [1-3]. Among
these methods, the former two methods both are involved
with phosphor materials, which can be stimulated by short-
wavelength light from the LED dies and emit long-
wavelength light. The white light can be obtained by the
mixture of the light from the LED dies and fluorescent light
from the phosphor layer. Cerium-doped yttrium aluminium
garnets (YAG:Ce) phosphor is one kind of the widely used
phosphors due to its high quantum efficiency, good
resolution, good thermal conductivity, wide waveband,
and especially strong yellow emission under the excitation
of blue light (450470 nm) [4—7]. The YAG:Ce phosphors
are usually prepared by solid-state reaction method, which
will cause impurities and defects. It is well known that
these surface defects of phosphors induce low lumines-
cence efficiency and strong absorption of blue light,
therefore coating inorganic materials is a good way to
improve the performance of YAG:Ce phosphors. SiO,
particles are one kind of the suitable coating materials,
which could enhance the light scattering and weaken the
blue light absorption of the YAG:Ce phosphor [5,8].

To characterize the optical properties of YAG:Ce
phosphors, many researchers have performed a lot of
studies by experiments or Monte Carlo simulations. Fujita
et al. [4] revealed the interdependence among the YAG:Ce
particle size, luminous efficacy and the light scattering
coefficient. They also found that the light scattering
coefficient decreased with the increase of the phosphor
particle size. Liaparinos et al. [9] studied X-ray and light
transport within granular phosphor materials by a devel-
oped computational model using Monte Carlo methods.
Waters [10] found the emission intensity of light from the
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phosphor powders exhibited strong dependence on the
optical constants, especially the absorption and scattering
coefficients. Liu et al. [11-13] simulated the phosphor
layer with different concentrations, thicknesses, locations
within the LED packages, and found that variation of the
phosphor layer had a large impact on the optical
performance of LEDs. Zhu et al. [6,14] tested the optical
properties of YAG:Ce phosphor, and based on the
discoveries in the experiments, they proposed a novel
packaging approaches. Nowadays, it is a consensus that
the optical properties of the phosphors play an important
role in determining the optical performance of LEDs, such
as luminous efficiency, correlated color temperature and
spatial color uniformity [15-19]. However, the optical
properties of the phosphors, in the final analysis, depend on
the optical constants, including the scattering coefficient,
absorption coefficient, asymmetry parameter, etc. In
previous studies of the phosphor materials, values of the
light constants were obtained by fitting to the experimental
or simulation data. Due to the differences of the
experimental or simulation techniques and fitting
approaches, the optical constants of specific phosphor
materials were varied within a wide range of values [9].
Therefore, it is of great importance to obtain the precise
optical constants of the phosphor materials [20].

In this study, a numerical model was demonstrated to
calculate the optical constants of YAG:Ce phosphors
blended with SiO, particles based on Mie scattering theory.
The interdependence among the phosphor particle radius,
scattering coefficient, absorption coefficient, asymmetry
parameter, weight fraction of phosphor and the SiO,
dopant weight fraction were investigated. The detailed
analyses and predictions were presented.

2 Calculation of optical constants

When a particle is illuminated by a beam of light, the
amount and angular distribution of the light scattered by
the particle, as well as the absorbed amount, depend on the
intrinsic characteristics of the particle. In this study, the
Mie theory was applied to calculate the amount of the
energy of scattering and absorption light for it is valid for
all possible ratios of particle radius to the wavelength.
According to Mie theory, extinction efficiency Qex,
scattering efficiency Qs.,, absorption efficiency Q,,, and
asymmetry parameter g are normally calculated by the
following equations [21-23]:
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where a,, and b,, are the expansion coefficients with even
symmetry and odd symmetry, respectively, which can be
determined by
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where j,(x) and hg,l)(x) are the Bessel function and first
kind of Hankel function, respectively; x is the size
parameter, which is calculated by Eq. (7); m is the
complex refractive index of the particle relative to the
ambient medium. In this study, the ambient medium is
silicone gel, thus the complex refractive index of phosphor
(my) and SiO, (my) are calculated by Eq. (8).
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where k is wave number, 7 is sphere radius, and A is the
wavelength. n,, ny and ng are the refractive indices of
phosphor, SiO,, and silicone gel, respectively. The radii of
phosphor range from 0.7 to 15 pm, and the radii of the
dopant SiO, usually range from 0.5 to 1 um. The refractive
index of Si0, is 1.44, while it is 1.53 for the silicone gel. In
this study, it’s assumed that the SiO, particles had no
absorption thus the imaginary part of the refractive index
was ignored. Since the YAG:Ce phosphor has properties of
scattering and absorption, the refractive index of phosphor
has a complex form as shown in Eq. (9) [7]

ny, = n; fn'];, 9)

where n;, and ny are the real and imaginary part of the
refractive indices of the phosphor particle. For phosphor
particles, nj, and n}) can be calculated as Egs. (10) and (11),
respectively [7].
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where a is the absorption coefficient of phosphor crystal.

In the LED packages, the YAG:Ce phosphor and SiO,
particles are mixed uniformly before being embedded into
the silicone gel to obtain the phosphor layer. In the
previous studies, the phosphor concentration was found
important and usually shared the same unit with density,
i.e., g/lem’. Since the volume of the phosphor mixture is
difficult to measure, the phosphor concentration, however,
is not easy to obtain in the packaging industry. Therefore,
we choose the weight fraction instead of the concentration
to benefit the industry. Assume that the weight of the
YAG: Ce phosphor, SiO, particle, and the silicone gel are
my,, ms and my;, respectively, and then the phosphor weight
fraction wf; and the dopant weight fraction wf; are defined

ny = a/(2k),

as
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Therefore, the volume fractions of the phosphor and
Si0O, are calculated by
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where p,,, ps and py; are the density of phosphor, SiO, and
silicone gel, respectively. In this study, p,, ps and pg; are
4.6, 2.2, and 1.1 g/em?, respectively. Assume that the
particle is sphere with a radius of 7, its volume V" therefore
is 4m°/3. The optical constants of phosphor, including the
scattering coefficient u., , and the absorption coefficient
Uabs p can be calculated by

Hsca p = QscaA‘.}fl/V = 3Qsca‘.}f1/(4r)’ (16)

Habs p = QabsAvfl/V = 3Qabsvfi/(4r)’ (17)

where A4 is the cross area of the particle (=m~). The
scattering coefficient u., ¢ and the absorption coefficient
Uaps s of Si0, particle can also be calculated by replacing
the volume fraction vf; with vf.

For the phosphors, reduced scattering coefficient d, is
an important parameter and frequently used, which is a
lumped property incorporating the scattering coefficient
and the asymmetry parameter as Eq. (18) [7,21]

(18)

where g, is the average cosine of the scattering angle that

5sca_p = Nsca_p(l _gp):

characterizes the asymmetry of the scattering function, and
it can be calculated by Eq. (4). The reduced scattering
coefficient dy, ¢ of the SiO, particles can also be obtained
similarly. For the mixture media of phosphors and silicone
gel, the total scattering coefficient p.,, total absorption
coefficient s, and total reduced scattering coefficient dg.,
can be calculated as

Hsca = Hsca p + Hsca s> (19)
Habs = Habs p T Habs s> (20)
5sca = éscaip + 55ca7s~ (21)

3 Results and discussion

When the phosphor weight fraction wf; was 0.2 without
SiO, dopant, the scattering coefficient e, ,, the asym-
metry parameter g,, the reduced scattering coefficient
Osca_p and the absorption coefficient s,y , for blue light (4
= 465 nm) and yellow light (A = 550 nm) were shown in
Figs. 1 and 2, respectively. For the blue light, the
absorption coefficient a of phosphor crystals varied from
8 to 20 mm !, while « varied from 0.1 to 0.5 mm ' for the
yellow light [7]. It is seen that for the blue light, with the
increase of phosphor particle radius, the s, , and dgca p
decreased rapidly, the g, increased slightly, and the zaps
decreased a little. For the yellow light, the scq p, dsca p and
gp showed similar trend of change, while the s, , were
almost kept the same. It is also noticed that the crystal
absorption coefficient a had a large impact on the
absorption coefficient s, p, and also influenced the g,
when the phosphor particle radius was big, but it had no
impact on the scattering coefficients. The reasons may
include: 1) when the phosphor particle radius was small,
the number of the particle in unit volume was much large,
and the probability that light was scattered by the particle
was therefore enhanced greatly; on the contrary, when the
phosphor particle radius increased, the light scattered effect
was weakened; 2) when the phosphor radius increased, the
effect of particle size was gradually enhanced and the
scattered light gradually became non-uniform, thus the
asymmetry parameter increased. Since light is a kind of
electromagnetic wave, we can understand these phenom-
ena by electromagnetic field theory [21,23]. When the
particle is illuminated by light, the total scattered field is
obtained by superposing the scattered wavelets on the
incident wave. When the particle radius is small, all the
secondary wavelets are approximately in phase and there
were no much variation of scattering with direction. As the
particle radius increases, the number of possibilities for
enhancement and cancellation of the scattered wavelets
increase correspondingly. The larger the particle is, the
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Fig. 1 Variation of optical constants of YAG:Ce phosphor without SiO, dopant for blue light with the increase of absorption coefficient
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Fig. 2 Variation of optical constants of YAG:Ce phosphor without SiO, dopant for yellow light with the increase of absorption

coefficient of phosphor crystal a
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more peaks and valleys of the superposing wave in the
scattering pattern are. Therefore the larger the variation of
scattering in directions is and the larger asymmetry
parameter is. Large asymmetry parameter means strong
forward scattering [24,25]. We can predict that small
phosphor particle can enhance the isotropy of the light
performance, while large phosphor particle can alleviate
the back-scattering but reduce the scattering coefficient.
Thus, the asymmetry parameter and the scattering
coefficient are a pair of paradox, which are dependent on
the phosphor radius, and these will determine the final
optical performance of phosphor layer.

The variation of the optical constants of phosphor
without SiO, dopant with the increase of phosphor weight
fraction wf; for the blue light (A =465 nm) are illustrated in
Fig. 3. It is observed that when the phosphor particle radius
was less than 4 um, the pigc, , and dc,  increased with the
increase of wf;. However, the fs, , and dyca , almost kept
the same when the phosphor particle radius was large. It is
also found that with the increase of wfi, the paps
increased. The wf; had no impact on the asymmetry
parameter g,. There are three reasons for these results,
which are described as follows: 1) when the radius of
phosphor particle increased, the scattering effect was
weakened from Fig. 1(a); 2) when the weight fraction of
phosphor wf; increased, the phosphor concentration
increased proportionally, thus the number of phosphor

particles in unit volume increased and the scattering effect
was enhanced; 3) when the number of phosphor particles
in unit volume increased, the probability of light collided
with the particles increased and the absorption effect was
strengthened dominantly.

When the YAG:Ce phosphor was blended with SiO,
particles, the optical constants of YAG:Ce phosphor and
Si0, for blue light (A = 465 nm) with a constant wf; (= 0.3)
and the increase of the dopant weight fraction wf, are
pictured in Figs. 4 and 5, respectively. According to
Eq. (13), the SiO, weight fraction increased with the
increase of wf,, thus the weight fraction of YAG:Ce
phosphor decreased and the fgca p, Osca p @A faps p
reduced, while the uy, s and Jy, ¢ raised. It can be
found that the asymmetry parameter gp and g did not
change with the variation of wf,, and the g, was much
larger than that of the phosphor. It is also noticed in Fig. 5
that with the increase of the SiO, particle radius, the g, ¢
and g, increased, but the Jy., ¢ decreased slightly. The
asymmetry parameter g, of SiO, was almost approximated
to 1, which means the dopant SiO, particle can enhance the
forward scattering effect greatly. Finally, it’s found that the
absorption coefficient s s was kept zero, which agreed
with our assumption of the SiO, particle.

Figure 6 shows the variation of the ft.a, dgca and s Of
the phosphor layer, where the phosphor weight fraction wf;
was 0.3, the SiO, particle radius was 0.5 pm, and the
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Fig. 3 Variation of the optical constants of YAG:Ce phosphor without SiO, dopant with the increase of phosphor weight fraction wf; for

blue light
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Fig. 4 Variation of the optical constants of YAG:Ce phosphor with the increase of dopant weight fraction wf; for blue light
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Fig. 6 Variation of the optical constants of phosphor layer with the increase of dopant weight fraction wf; and phosphor particle radius
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Fig. 8 Variation of the optical constants of phosphor layer with the increase of dopant SiO, particle radius for blue light

absorption coefficient of phosphor crystal « was 10 mm™'.
It is seen that with the increase of wf>, the z., increased,
while dy., and .y, decreased. The variation of the ggeq, dsca
and s of the phosphor layer with a constant phosphor
particle radius (= 2 pm), a constant SiO, particle radius (=
0.5 um), and a constant absorption coefficient of phosphor
crystal a (= 10 mm™") for blue light (A = 465 nm) were
shown in Fig. 7. It is seen that with the increase of wfi, the
Uscas Osca aNd aps Of the phosphor layer increased; with the
increase of wp, the ug., increased while g, and s
decreased. The reasons behind Figs. 6 and 7 may be found
from Figs. 4 and 5. From Fig. 4, it’s known that the optical
constants of YAG:Ce phosphor were inversely propor-
tional to the wf,, while the optical constants of SiO,
particle were proportional to the wf;. By consideration of
the order of these optical constants, the phenomena in Figs.
6 and 7 can be understood.

We also figured out the relationship between the optical
constants of phosphor layer with the radii of SiO, and
YAG:Ce phosphor particle. The weight fraction wf; and
wf, were 0.3 and 0.2, respectively. The absorption
coefficient of phosphor crystal o for blue light (A =
465 nm) was 10 mm '. As shown in Fig. 8, the increase of
SiO, particle radius led to the enhancement of the g,
while it had little influence on the dg., and z¢,ps.

4 Conclusions

In this study, a numerical model of YAG:Ce phosphor
blended with SiO, particles was developed based on Mie
theory. The optical constants of the YAG:Ce phosphor,
Si0, particle and the mixed phosphor layer, including the
scattering coefficient, the absorption coefficient, the
asymmetry parameter and the reduced scattering coeffi-
cient, were presented and discussed. It is found that: 1) the
absorption coefficient of phosphor crystal mainly influ-
ences the absorption coefficient, and it has little impact on
the scattering coefficient; 2) the asymmetry parameter is
the intrinsic characteristic of the particles, and had nothing
with the weight fraction; 3) the increase of the phosphor
weight fraction (or concentration) will lead to the increase
of the optical constants; 4) the increase of the dopant
weight fraction will enhance the scattering coefficient, but
lead to the decrease of the reduced scattering coefficient
and the absorption coefficient. It is worthy to figure out the
precise values of these optical constants, which are
significant for the analyses of the optical properties of
the materials or the optical performance for the devices.
According to the optical constants, the specific phosphor
materials for better optical performance of LED packages
can be synthesized.
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