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The optical properties of YAG:Ce phosphor were measured by a double-integrating-sphere system and
calculated by Mie theory and Monte Carlo ray tracing to provide precise optical characterizations of
YAG:Ce phosphor for white light-emitting diode (LED) packaging design. Measurement results showed
that the phosphor presents strong absorption for blue light, high reflection for yellow light, and an iso-
tropic emission pattern of converted light. The conversion efficiency and quantum efficiency for the
saturated phosphor are around 70% and 87%, respectively. Based on the measurement results, the ab-
sorption coefficient, scattering coefficient, and anisotropy factor of the phosphor calculated by Mie
theory were compared with those calculated by ray-tracing simulation to modify Mie theory to find
a reasonable method that can easily obtain the optical constants of YAG:Ce phosphor. Comparisons
revealed that Mie theory can predict the variation of the optical constants of phosphor, but the absorp-
tion and scattering cross sections should be multiplied with two fitting parameters. The fitting pa-
rameters have been given in this study and can be obtained by testing packaged LEDs with different

phosphor concentrations.
OCIS codes:

1. Introduction

White light-emitting diodes (LEDs) have been char=
acterized as the future illumination styles to replace
traditional light sources due to their superior fea-
tures, such™as small size, low power consumption,
high efficiency, long life, and variable color [1-4].
Phosphor-converted LED (pcLED) is one of the most
promising technologies to obtain high-quality white
LEDs [5-7]. This promotes the rapid development of
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phosphor materials, including Ce3*-doped gaTnet
materials [8] and Eu?*-activated nitride and silicate
compounds [9-11]. Among these materials, YAG:Ce
phosphor currently presents the highest quantum ef-
ficiency, the best optical-thermal stability [12], and
the widest waveband [9], and is, therefore, chosen
for the generation of natural and cool white LEDs.
The multiphosphor converted warm white LEDs also
prefer YAG:Ce phosphor to be the yellow—green spec-
tra converter to increase the luminous efficiency.
However, the packaging issues caused by phosphor
materials and the further penetration of white
LEDs into general illumination demand a profound
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understanding of the optical properties of phosphor
[13] Previous studies have revealed that phosphor
optical properties have remarkable impacts on LED
packaging performance, such as light extraction [14—
20] ~spatial color distribution [24;22}, and color qual-
ity [7,9k These studies normally apply the Monte
Carlo method for the optical simulation of LED
packaging, in which the phosphor layers were consid-
ered to be Mie scattering materials. The issue is that
the optical definitions of the phosphor in these simu-
lations suffered from lack of precise phosphor optical
constants verified by experiments. Most of studies
about YAG:Ce phosphor focused on the photolumi-
nescence and the excitation and emission spectra,
and lacked a substantial consideration of the light
scattering, which is essential for white LED packa-
ging. Narendran et al. [18], Zhu et al. [23], and Kang
et al. [24] tested the optical properties of YAG:Ce
phosphor and presented improved packaging meth-
ods based on their studies. The issues are that the
phosphor layer in [23] was not a uniform film, in
[24] it was coatedon the chip for test, and the inci-
dent light in [18] was divergent and can result in
high reflection. These issues affected the true perfor-
mance of the phosphor. In addition, the optical con-
stants of The phosphor were not clearly given in
[18,23,24]. This causes the further research of LED
packaging design to be difficult. Therefore, it is im-
portant to develop an improved measurement plat-
form and determine the optical constants of YAG:
Ce phosphor by numerical analysis.

A double-integrating-sphere system has been used
extensively for the measurement of bulk scattering
materials [25,26]. This system collects the trans-
mitted light and reflected light for the tested materi-
als and then obtains the optical constants by
numerical calculations. Mie theory is one of the most
adopted theories. Considering that YAG:Ce phosphor
is a fluorescent material and will present some fea-
tures unlike those of traditional scattering materials,
this paper applied a Monte Carlo ray tracer to exam-
ine the Mie theoretical results and determined the
optical constants by ray-tracing simulation,Section 2
introduces the measurement platform and the ex-
perimental method for YAG:Ce phosphor based on
its photoluminescence preperties. Section 3 presents
the measurement results and a short discussion
about the effects of the phosphor properties on LED
packaging. In Section 4, a detailed Mie theoretical
calculation is given and then modified by Monte Car-
lo ray-tracing simulation. In Section 5, by modifying
the absorption and scattering cross sections of the
phosphor, a revised Mie calculation method of the
optical constant of YAG:Ce phosphor is proposed to
facilitate the optical-design of white LEDs.

2. Description of Measurement Platform

As shown in Fig. 1, the measurement platform is a
double-integrating-sphere system with a parallel in-
cident light source to excite YAG:Ce phosphor. Before
the measurement, the fluorescence of the phosphor
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(Color online) Measurement platform of YAG:Ce

has been tested by a spectrofluorimeter, FP-6500
from Jasco, as shown in Fig. 2. In white LED packa-
ging, the main concerns are the absorption and scat-
tering properties of YAG:Ce phosphor for blue light
emitted from the chip and converted light emitted
from itself. Therefore, the measurement platform
used two color LEDs with peak wavelengths of 455
and 595nm as the light sources. Diameters of the
two integrating spheres are 150 mm. Diameters of
the apertures are 30 mm. The phosphor slide was
composed of a 2in. (5cm) diameter glass and a thin
phosphor film. The thickness of the glass is 0.9 mm.
To fabricate the phosphor film, the first step was dis-
pensing the mixture of YAG:Ce phosphor powder and
silicone on one glass slide with two spacers. Then, an-
other glass slide precoated with Teflon was pressed
on the mixture, the thickness of which was limited by
the two spacers. This glass was removed after the
curing of the phosphor silicone. The thickness of the
phosphor films was changed from 0.06 to 0.3 mm, and
the concentration was changed from 0.2 to 0.5 g/cm?3.
A spectrophotometer, PMS-50 from Everfine, was
used to test the transmitted light spectra and re-
flected light spectra with the light power converted
by a photomultiplier tube. The benefits of this mea-
surement platform are that the influences of chip
absorption and phosphor shape on the phosphor
properties have been reduced to the minimum and
the parallel incident light can avoid the potential test
errors by divergent incident light [18].

For blue light (455 nm) excitation, the spectra of
transmitted light and reflected light are divided into
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Fig. 2. (Color online) Excitation and emission spectra of YAG:Ce

phosphor, and the spectra of blue LED and yellow LED used in this
study.
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two parts at 490 nm. Light with spectra from 380 to
490nm is defined as unconverted blue light, and
light with spectra from 490 to 780 nm is defined as
converted light. For yellow light (595 nm) excitation,
since no converted light is emitted from the phosphor
film, both the transmitted light and reflected light
are sorted as the yellow light. The total optical power
of the blue light and the yellow light was tested be-
fore the adding of the phosphor slide in the aperture,
and are denoted as Pi,. The optical power of trans-
mitted light and reflected light are denoted as Py
and Pp. This study sets the transmittance and reflec-
tance as the ratios of Py to Piy, and Pr to Piggl,
respectively.

3. Results and Discussions

The experimental results are displayed in Fig. 3. For
simplicity, the reflectance and transmittance for the
unconverted blue light (455 nm) and the yellow light
(595 nm) are denoted as g, #8T, YR, and 77yT, and
the converted light from phosphor are denoted as
ner and ner. -

Comparing Fig. 3(a) with Fig. 3(b), it can be found
that the YAG:Ce phosphor presents remarkable high
absorption for the blue light and causes rapid at-
tenuation of #gy and small reduction of ngg when
the phosphor thickness and the concentration in-
crease. With the increase of the phosphor thickness
and the concentration, 5yt is also reduced, but nyg is
increased quickly. This is mainly because, during the
light propagation, the backward-scattered blue light
is further absorbed by the phosphor particles,
whereas the backward-scattered yellow light can
emit out due to the weak absorption of the phosphor.
Therefore, in white LED packaging, once the blue
light emits out of the chip, the light loss caused by
the chip absorption will be small. Oppositely, since
most of the extracted blue light is absorbed by the

phosphor, the high yg can affect the light extraction
significantly by the multiple reflection of the con-
verted light between the phosphor layer and the chip.
In traditional white LED packaging, with the phos-
phor directly coated on the chip surface, this multiple
reflection can result in high chip absorption for the
converted light. Therefore, the luminous efficiency
will be reduced and the LED color will tend to be high
correlated color temperature (CCT).

The emission performance of the converted light of
YAG:Ce phosphor in Fig:3(c) is another reason af-
fecting LED packaging performance. It can be found
that ncop and 5cg present similar values and tenden-
cies as the phosphor thickness and the concentration
increase. This indicates that the emission pattern of
a phosphor particle may be isotropic. To better un-
derstand the conversion and emission behaviors of
the phosphor, the conversion efficiency 5cg and the
ratio of 7ot to 5cg are shown in Fig. 4. Results reveal
that o of the saturated phosphor is slightly higher
than 70% ard ncr/ncr is approximately 1.05-1.15.
According to [15], the conversion efficiency is a multi-
plication of the Stokes efficiency and the quantum ef-
ficiency of the phosphor. The dominant wavelength of
the converted light is approximately 562 nm. There-
fore, the Stokes efficiency is around 81% and the
quantum efficiency is around 87%. For cases with low
concentration and thin thickness, the unsaturated
phosphor demonstrates lower ncg. If the thickness
is too thick or the concentration is too high, the over-
saturated phosphor causes more converted light to
be backreflected. In white LED packaging, the low
nce is the intrinsic property of the phosphor and
can only be improved by the quantum efficiency.
However, the isotropic emission pattern of the con-
verted light means that approximately half of the
converted light must suffer the multiple reflection
between the phosphor layer and the chip. A rough
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(Color online) Measurement results of the reflectance and transmittance of YAG:Ce phosphor samples for (a) blue light from blue

LED, (b) yellow light from yellow LED, and (c) converted light from the phosphor.
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Fig. 4. (Color online) Emission and conversion properties of YAG:
Ce phosphor.

estimation of 25% of the converted light will be lost
due to the chip absorption during the multiple reflec-
tion for the traditional white LEDs.

Therefore, the traditional packaging method is not
an ideal packaging configuration for light extraction.
If the reflected portion of the converted light can be
totally extracted by reducing the light loss caused by
the chip absorption and other factors to obtain an
ideally packaged white LEDs, for example, the pla-
nar remote phosphor packaging [14], the hemisphe-
rical remote phosphor packaging [17], and the LED
coated with a photonic crystal layer [20], a theoreti-
cal estimation for the improvement of light extrac-
tion can be as high as 10% [17].

4. Calculation of Optical Constants

The scanning electron microscope (SEM) photograph
of the measured YAG:Ce phosphor and the particle
size distribution data are displayed in Fig. 5. It can
be found that the shapes of phosphor particles are
nonspherical and vary significantly. SiO, particles
are added into the phosphor to enhance the light
scattering for stronger phosphor absorption of the
blue light. The sizes of SiO, are normally distributed
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Fig. 5. (Color online) Particle size distribution data and the fitted
curves of YAG:Ce phosphor. Inset is a SEM photograph of YAG:Ce
phosphor.
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from 0.5 to 1 um and the sizes of phosphor particles
are normally distributed from 0.7 to 6 um. To fa-
cilitate the following calculation of the optical
constants of the phosphor, the size distribution
data are approximated by normal and lognormal
functions {2'A28].

The size distribution data of SiO, are approxi-
mated by a normal function f(r):

_ Es _(rs_ﬂl)z
fi) - e (-20)

where the mean radius p; is 0.55, the standard devia-
tion o, is 0.15, and ¢, is a fitting parameter. Radius r,
is in the range of 0.5—1 ym. The size distribution data
of phosphor particles are approximated by a lognor-
mal function fphes(r):

fphos(r) =

Ephos exp (_ (ln Tphos —2111/,42)2) ’ (2)
T'phosO2V 27 205

where the mean radius uy is 2.3, the standard devia-
tion oy is 0.3, and e, is a fitting coefficient. Radius
T'shos 18 in the range of 0.7—6 um. Therefore, the size
distribution function f(r) of the phosphor is ex-
pressed as

f(r):fs(r)+fphos(r)~ (3)

The cumulative function F(r) is an integration of

f(r):

F(r) = / F(r)dr. (4)

F(r) is approximately 1 when r is integrated from 0.5
to 6 um. Therefore, the particle size distribution has a
good description by these approximation functions. It
should be noticed that the particle size distribution
data for nonspherical particles, such as the phosphor,
can be varied by different measurement equipment,
test methods, and material samples. Therefore, the
approximation functions here are not suitable for
all cases.

Since our measurement platform used two color
LEDs as the light sources and the true optical con-
stants of the phosphor cannot be directly determined
by the measurement results using the many-flux the-
ory, this study applies two steps to obtain precise op-
tical constants of the phosphor. The first step is a Mie
theoretical calculation that considers SiOy and phos-
phor particles as spheres and obtains the initial op-
tical constants according to Mie theory. The second
step is a Monte Carlo ray-tracing simulation,_which
constructs the optical model of the measurement
platform and approximates the simulation results
to the measurement results by adjusting the optical
constants based on the Mie theoretical results [27].
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A. Mie Theoretical Calculation

According to Mie theory [27,29=35], the optical con-
stants of the phosphor, which are the absorption coef-
ficient pas(1), scattering coefficient pg,(4), and
anisotropy factor g(1), can be calculated by

abs (1) = / N(r)Cops(,r)dr, (5)
scald) = / N()Coa(2,r)dlr, (6)

g(A) =2=n //1p(07/17r)f(r) cosfdcosodr, (7)
-1

where N(r) is the number density distribution of par-
ticles (per cubic millimeter), Cys(4,7) and Cge,(4,7)
are the absorption and scattering cross sections
(per square millimeter), p(0, 4,r) is the phase func-
tion, 4 is the wavelength of the incident light (nano-
meters), and 6 is the scattering angle.

N (r) is composed of the SiO, number density N(r)
and the phosphor particle number density Npp.s(7).
Theoretically, N (r) has the same curve as f(r), which
describes the number density distribution of the unit
phosphor. Therefore, for one specific phosphor con-
centration, N(r) can be calculated by multiplying
f(r) with the number density coefficient Ky:

N(r) = Ny(r) + Npnos (r) = Knf (r). (8)

K, denotes the number of the unit phosphor for one
phosphor concentration. To obtain K, we should
first know the mass distribution M(r) (milligrams)
of the unit phosphor. M(r) can be expressed by

M(T’) :pV(r)f(r) = gﬂrs[psfs(r) +pphosfphos(r)]’ (9)

where V is the volume of single particle, p, is the den-
sity of SiOg,-and pphes is the density of the YAG:Ce
crystal. In this calculation, p; and pyp,s are 2.2 and
4.6 mg/mm3, respectively.

Figure 6 is the calculated curve of M(r). Integrat-
ing M(r) can obtain the total mass of the unit phos-
phor. If the phosphor concentration ¢ (milligrams per
cubic millimeter) of the mixture is known, K can be
obtained by

Ky=—1 (10)

S M(r)dr - _

According to Eq. (10), we find that K, has a linear
relationship with c. This means that N(r) is linearly
increased with the increase of c. In Egs. (5) and (6),
theoretically, Cyps(4,7) and Cye,(4,r) are independent

—_
(=1
(=}

Mass Distribution (10->mg)
=

—

P | " " . N
0.5 1 2 3 4 56
Phosphor Radius (um)

Fig. 6. Mass distribution curve of unit YAG:Ce phosphor.

of c. Therefore, as the expected betravroraccording to
the general Kubelka—Munk theory [28,36,37], piaps(4)
and jig,(4) should also have a linear relation-
ship with ¢. This will be verified in the following
calculations.

In Mie theory, Cys(4,7) and Cye, (4, 7) are normally
calculated by the following relations:

277
Csca = EZ(ZTL + 1)(|an‘2 + |bn‘2)7 (11)
0

2
Cot = ﬁ;(zn + 1)Re(a, + b,), (12)

Cabs = Cext - Cscav (13)
where Cqy is the extinction cross section, % is the
wavenumber (=27/1), and «a,, and b, are the expan-
sion coefficients with even symmetry and odd sym-
metry, respectively. a,, and b, are calculated by

)y () =y () ()
" I () @) = i (g @)

(14)

— Yn (mx)ll/n/(x) - ml/’n/(mx)l/’n (x)
W (max)&,' () = myry' (max) &, (x)

(15)

n

where x is the size parameter (=kr), m is the relative
refractive index of particles, and vy, (x) and &,(x) are
the Riccati—Bessel functions.

In the mixture of phosphor and silicone, the refrac-
tive index of embedded silicone (ny;) is 1.53, and the
refractive index of SiOy (1) is 1.44. Silicone and SiO,
both are considered to be transparent for the blue
light and the yellow light. The refractive index of
the phosphor particle np,,s has a complex form:
(16)

! oI
Nphos = M phos ~ U phos
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where n',p,s and n”fl’h"s are the real and imaginary

refractive indices of the phosphor particle, respec-
tively. Therefore, the relative refractive indices of
Si0, (m) and phosphor (mpy.s) in the silicone are

ms = ns/nsih Mphos = nphos/nsil~ (17)

The cross sections of SiOy and phosphor particles
are separately calculated. Since there is no absorp-
tion for the incident light by SiO,, Cqy of SiOy will
be equal to Cy.,, and C,, will be zero. For phosphor
particles, ', is obtained by the following equation:

1000 Phosphor

—_
(=3
(=]

)
T

—_
(=]

Phosphor (a: 20 — 8 mm™)

Scattering cross section (10-7mm?2)

(zuur,0]) uonoas sso1d uondiosqy

o

3 4 5

o
n
=N

1 2
Phosphor radius («m)
Fig. 7. (Color online) Absorption and scattering cross sections of
YAG:Ce phosphor for blue light by Mie theoretical calculation.

n = \/2.08745 +1.208142/(42 — 0.02119) + 17.20492 /(A2 — 1404.45).

(18)

n” bhos 1S obtained by

n' = a/2k, (19)

where «a is the absorption coefficient of the phosphor
crystal.

Although the optical properties of YAG:Ce crystal
have been studied extensively, a varies in a wide
range due-to the different Ce doping concentrations,
crystal growth methods, and measurement equip-
ment [38—42]. The variation of « is normally in the
range of 3-8 mm~™! for the blue light. But for YAG:
Ce optical ceramics, which is composed of small crys-
tal grains, light absorption is significantly enhanced
and a can be higher than 15 mm-™! [40]. This is due to
the multiple internal reflections in the grain, which
increases the total light absorption. Considering
that the tested phosphor is crystalline powder and
can also present high «, this study sets a varied
from 8 to 20mm™! to investigate the variations -of
Caps455 nmy—and Cg.,(455nm) for the blue light.
Figure 7 shows the calculated results of
Cas(455nm) and C, (455 nm). According to Egs. (5),
(6), and (10), paps(455nm) and pe, (455 nm) are cal-
culated and shown in Fig. 8.

From Fig. 7, it can be found that the scattering
cross section is one magnitude larger than the ab-
sorption cross section, meaning that the phosphor
presents strong scattering effect and thereby results
in high absorption for the blue light. In Fig. 8, the
absorption and scattering coefficients are linearly
increased with the increase of the phosphor concen-
tration, indicating that changing the phosphor con-
centration is a direct approach to control the color
of white LEDs. According to the Lambert-Beer law
[28,43,44],

252 APPLIED OPTICS / Vol. 49, No. 2 / 10 January 2010

I=1I, eXp(_.uextz)v (20)

where I is the transmitted light power, I, is the in-
cident light power, pq; is the_extinction coefficient,
and z is the phosphor thickness. y.y normally has
a relation with p,, and pg, as [44]

Hext = Habs +ﬂsca(1 _g)- (21)

Therefore, both the increases of the phosphor thick-
ness and the concentration will cause an exponential
decrease of I, which is also found in our results
in Fig. 3. To make the color of white LED products
the same when the phosphor thickness or the
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Fig. 8. (Color online) Absorption and scattering coefficients of

YAG:Ce phosphor for blue light by Mie theoretical calculation
and ray-tracing simulation.
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concentration varies, the phosphor concentration or
the thickness should be oppositely changed to gener-
ate the same I. This will be difficult for white LEDs
with very high phosphor concentration, since the
phosphor layer may be too thin and may be damaged
during the handling.

For the yellow light, a is normally lower than
0.5mm™! [38=#2}Like the calculations for the blue
light, Cgs(595nm), C,,(595nm), paps(595nm), and
Usca (D95 NM) are obtained by changing a from
0.1-0.5mm™!. The theoretical results are shown in
Figs. 9 and 10

In Figs. 9 and 10, Cyps(595nm) and (595 nm)
are almost 3 magnitudes smaller than Cj.,(595nm)
and uy, (595 nm), meaning that the phosphor absorp-
tion for the yellow light is very low and the strong
scattering effect is the dominant factor affecting
the lighteutput. Comparing Figs. 7 and 8 with Figs. 9
and 10, it can be found that variations of C,, (1) and
Usca(4) are very small when the incident light is chan-
ged from the blue light to the yellow light. This indi-
cates that the scattering properties of phosphor in
the whole visible light are similar and it is the var-
iation of the absorption properties for differefit light
generating the differences of Figs. 3(a) and 3(b).

The final optical constant that should be deter-
mined is g(1), for which the phase function should
be first obtained. For small spheres, the phase func-
tion p(0,4,r) can be calculated according to [30,32]

47p(6,4,7)
szSCa (/17 r) ’
where (0, A,r) is the dimensionless scattering func-

tion, which is obtained by the scattering amplitude
functions S1(0) and S;(6):

p(@,A,r) = (22)

B©O) = (1/2)[1S1(O)] + [S2(0)], (23)
> 2n+1 Pl(cos0) dP}(cos 6)
nznn—i-l {” sin 6 *+on do ’
(24)
100
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Fig. 9. (Color online) Absorption and scattering cross sections of

YAG:Ce phosphor for yellow light by Mie theoretical calculation.
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Fig. 10. (Color online) Absorption and scattering coefficients of
YAG:Ce phosphor for yellow light by Mie theoretical calculation
and ray-tracing simulation.

dP}(cos )
n de k)
(25)

- 1 pl 6
Sy(0) = Znn+ {n 1 (cos )+a

~ sin 6

where P! (cosd)- is the associated Legendre
polynomial. —

According to Eq. (7), the theoretical results of g(4)
are calculated and shown in Fig. 11. Results show
that the variation of a has slight impact on g, and
the increase of g(4) by « is so small that the increase
can be neglected. Therefore, the theoretically reason-
able values of g(455nm) and g(595nm) are around
0.90 and 0.89, respectively. A point that should be
noticed is that g(595nm) is a little lower than

£(455nm). Generally, the anisotropy factor of parti-

cles for a long wavelength should be larger than that
for a short wavelength. It means that the particles
should present stronger a scattering effect for a short
wavelength. This theoretical result will be modified
in the following ray-tracing simulation.

B. Ray-Tracing Simulation

In the optical model of the measurement platform,
the blue light or the yellow light is emitted from
the top surface of the chip with a Lambertian radia-
tion pattern. The material of the lenses is BK7 from
Schott. The inner surfaces of the two integrating
spheres are coated with a diffuse white material hav-
ing optical properties of 11.1% absorption and 89.9%
scattering. The support glass of the phosphor slide is
also BK7 glass. The inner surfaces of the integrating
spheres are used as the receivers to collect the trans-
mitted and reflected light.

The Monte Carlo method is applied for the ray tra-
cing of the optical model. Phosphor is considered to
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Equidistant Intervals of a

Fig. 11. (Color online) Anisotropy factors of YAG:Ce phosphor for
(a) single particle scattering and (b) volume scattering by Mie
theoretical calculation. Solid curves in (a) are the results for blue
light and dashed curves are the results for yellow light.

be a Mie scattering material. Since the ray tracing
cannot directly compute the scattering directions
of the light in the phosphor, the Henyey—Greenstein
function is used as an approximation of the genera-
tion of the angular scattering. This function is [29,30]

1-g2
47(1-2gcos @+ g2)%/2’

(26)

p0) =

where g is obtained from the results of Fig. 11.

We first applied the Mie theoretical results with no
change in the optical model. However, the ray-
tracing results showed that the transmittance was
significantly higher than that of the measurement
results and the absorption for the blue light was low-
er than that of the measurement results. Three rea-
sons result in these differences. They are the lower
Uabs(4), lower ug.,(4), and higher g(1), when compar-
ing with the true values. Therefore, three methodol-
ogies were adopted in the following simulations to
obtain more precise optical constants. The methodol-
ogies were keeping one of three constants unchanged
in sequence and at the same time adjusting the other
two constants to approximate the measurement
results. We—denoted™ the three methodologies as
ray-tracing I, II, and III.

In ray-tracing I, p,ps(4) was unchanged. According
to Egs. (20) and (21), changing u.,(4) and g(4) can
make the transmitted light approximate the mea-
surement results. We found that increasing pg., (1)
or lowering g(1) can realize similar transmittance
as the measurement results, but the reflectance is al-
ways larger than that of the measurement results. If
the reflectance has a good match with that of mea-
surement results, the transmittance will be larger.
The errors between the ray-tracing results and the

254 APPLIED OPTICS / Vol. 49, No. 2 / 10 January 2010

measurement results can be larger than 10% in some
thicknesses and concentrations of the phosphor. This
means that y,,s(4) of Mie results is smaller than the
actual value and cannot generate enough phosphor
absorption for the incident light.

In ray-tracing II, p.,s(4) and g(4) were changed.
Since the variations of pg,(4) of Mie results by a
are small, the ray-tracing simulation chose the aver-
age value as the initial pg.,(1). By adjusting paps(1)
and g(4), the optical approximation can reduce the
errors between the ray-tracing results and the mea-
surement results to be smaller than 5% for all phos-
phor thicknesses and concentrations. The modified
Uans(4) and g(1) are shown in Figs. 8, 10, and 12. From
Fig. 8, it can be seen that the change of y,,s(455 nm)
of the ray-tracing results shows a similar tendency as
that of the Mie theoretical results with @ = 20 mm-™1.
For the yellow light, the tendency of y,,s(595nm) of
the ray-tracing results cannot present a good match
with that of the Mie results. This may be because the
phosphor absorption for the yellow light is very
low and the strong scattering effect weakens the dif-
ferences of the phosphor absorption in different phos-
phor concentrations. This causes the slight changes
of paps (595 nm) of the ray-tracing results, as shown in
Fig. 10. Comparing with Fig. 8, we believed that
a reasonable value of a for the yellow light is in
the range of 0.2-0.4mm~!. Figure 12 gives g(1) of
the ray-tracing results, which is lower than that of
the Mie theoretical results. Unlike the Mie results,
it can be found that g(595nm) is higher than
£(455nmy in the ray-tracing results. This is more
reasonable for the actual light scattering.

In Fig. 12, there is a sudden decrease of g(1) at the
concentratiomof 0.25g/cm3. (1) also shows a
small decrease at the concentration of 0.20 g/cm?
in Figs. 8 and 10. This may be caused by the test er-
rors and local inhomogeneity of the phosphor powder
in the samples. When the phosphor concentration de-
creases, the local inhomogeneity has more significant
effects on the light scattering and causes variations
of g(2) and pgaps(4) similar to the ray-tracing results.

In ray-tracing III, g(1) was unchanged. The ray-
tracing simulation set g(455 nm) and g(595 nm) to be
0.9 and 0.89, respectively. By controlling the errors
between the ray-tracing results and the measure-
ment results to be smaller than 5%, the modified
Habs(4) and pgea(4) are shown in Figs. 8 and 10. It
can be found that pg,(1) of the ray-tracing results

5 0.88

g 2(595 nm
P~ 0.86 |

E 2(455 nm)
o

b=}

o

2

=

< 0.82

L " 1 " 1 n 1 " 1 A
0.20 0.25 0.30 0.35 0.40 045 0.50
Phosphor Concentration (g/cm?)
Fig. 12. Ray-tracing results of anisotropy factor of YAG:Ce phos-
phor by ray-tracing simulation.
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presents a tendency similar to that of the Mie results,
but the values are higher. Another point that should
be noted is that the differences of u,,s(1) between the
results of ray-tracing II and III are very small. This
indicates that, when the absorption property of the
phosphor has been correctly determined, both the
change of ue,(4) and g(4) can realize the same
light-scattering effects.

Therefore, according to Eq. (21); a reduced scatter-
ing coefficient 8. = pgea(1 —g) is introduced to de-
scribe the scattering property of the phosphor to
give better comparisons of the Mie results and the
ray-tracing results. The comparisons are shown in
Fig. 13. It can be seen that the values of §,., in the
results of ray-tracing II and III are almost coincident,
implying that ., is more precise in the description of
the light scattering of the phosphor. Results also
show that §,.,(595nm) is larger than &, (455 nm)
in the Mie theoretical results but smaller than
8sca(455nm) in the ray-tracing results. This means
that Mie theory is not accurate enough in the descrip-
tion of the scattering property of the phosphor when
the incident light changes from the excitation spectra
to the emission spectra. In addition, the differences
between &y, (455nm) and S, (595 nm) in the ray-
tracing results are smaller than those in the Mie the-
oretical results. Therefore, the scattering property of
the phosphor in the whole visible spectra will be
similar.

Finally, a precise result of the optical constants of
the phosphor material has been obtained by the ray-
tracing simulation. This ray-tracing simulation alse
provides a rough estimation method of the optical
constants of YAG:Ce phosphor. From Figs. 8 and 13,
it can be found that both p4;,(1) and 5,4,5(4) of the ray-
tracing results are generally larger than those of the
Mie theoretical results. For the blue light, the ratios
of paps(455nm) between the ray-tracing results and
the Mie theoretical results are normally around
1.47, and the ratios of §,,5(455nm) are normally
around 1.63. For the yellow light, the actual values

]
T

-
I

N
T

S~
T

w

Results of Mie Theory

0.25 0.30 0.35 - 0.40 0.45 0.50
Phosphor Concentration (g/cm?)

Reduced Scattering Coefficient (mm)
T

oN
]
(=}

Fig. 13. (Color online) Comparisons of reduced scattering coeffi-
cients between ray-tracing results and Mie theoretical results. So-
lid and dashed curves are the results for blue light and yellow
light, respectively.

of 84a(595nm) are a little lower than those of
8sca (455 nm) of the ray-tracing results, and the ratios
between the ray-tracing results and the Mie theore-
tical results are normally around 1.27. The actual
values of .,(595nm) are almost the same and
can be defined to be a very low value, according to
Fig. #0. Therefore, in the optical design of white
LED packaging, the optical constants of YAG:Ce
phosphor can be roughly obtained by multiplying
Mie theoretical results with these ratios.

5. Revised Mie Calculation of Optical Constants

As a prospect, the Mie theoretical results and the
ray-tracing results are further discussed here to find
whether the Mie theory can be revised by a simple
method to give a more precise description of the phos-
phor optical properties. This is because Mie theory is
widely used in most commercial optical software,
such as Lighttools, Tracepro, and ASAP, which nor-
mally treat the phosphor scattering as Mie scattering
to realize the optical simulation of white LED packa-
ging. Revised Mie calculation of the optical constants
can provide reasonable supports in the optical simu-
lation and make the software more powerful in LED
packaging design. -

In the final part of Section 4, the ratio coefficients
are declared to modify the Mie theoretical results.
This is not accurate enough from the theoretical view.
The real reason for the differences between the Mie
theoretical results and the ray-tracing results is that
the extinction cross section of Mie theory is smaller
than the actual cross section. With the size distribu-
tion data used in Mie theory, it is difficult to reflect
the true sizes of phosphor particles due to their non-
spherical shapes. Therefore, the method of treating
nonspherical phosphor particles to be spheres by
Mie theory reduces the actual extinction cross sec-
tion. A simple method is modifying C,(4) and
Cyea(4) by two fitting parameters k., and kg, as

C,abs = ka_bsc_abm C,sca = kscaCsca- (27)

According to Egs. (5)~(7) and (22), paps(4), fsea(4), and
g(4) will be revised to be

g/ = g/ksca-
(28)

’ _ / _
K abs = kabsﬂabm K abs = kscaﬂscav

Therefore, 4., (4) will be revised to be

'sca = Rscabsea(l _g/ksca) = psca(Bsca — &), (29)
where C,abs’ C,sca’ ﬂ/absy /'t/sca: g/’ and 5/sca are the re-
vised optical constants including the absorption
cross section, scattering cross section, absorption
coefficient, scattering coefficient, anisotropy factor,
and reduced scattering coefficient, respectively.

If k4, and kg, can be determined by some mea-
surement systems, for example, 45/0 geometry
with a daylight lamp [28], a spectrofluorimeter with
a white light source and a yellow filter [43], and the

10 January 2010 / Vol. 49, No. 2 / APPLIED OPTICS 255

Feit Electric Co., Inc. Exhibit 2020
Page 9 of 11
IPR2025-00698


jrbaker
Sticky Note
None set by jrbaker

jrbaker
Sticky Note
MigrationNone set by jrbaker

jrbaker
Sticky Note
Unmarked set by jrbaker


double-integrating-sphere system here, the revised
Mie calculation will give a precise prediction of the
phosphor optical properties. In our experiments, k¢
for the blue light is around 1.47. k., for the blue light
and yellow light are around 1.06 and 1.03, respec-
tively. Therefore, Mie theory has a good description
of the phosphor scattering but has difficulty in the
description of the phosphor absorption.

This revised Mie calculation method also makes
the optical constants of YAG:Ce phosphor more sim-
ply obtained by studying white LEDs with different
phosphor concentrations. Kang et al. [24] first theo-
retically studied the optical model of white LEDs by
Lambert-Beer law and gave the optical constants of
the phosphor by their white LED samples._The
theoretical method developed by Kang et al. [24] is
effective but not precise enough, since the multiple
reflection discussed in Section 2 was not seriously
considered in their studies. This causes the optical
constants to be larger than the actual values. Com-
bining the revised Mie calculation with their method
can reduce the calculation errors. Finally, the ray-
tracing simulation should also be applied to examine
the optical model of white LED to determine the
correction of k&, and k.

6. Conclusion

A measurement of the optical properties of YAG:Ce
phosphor was conducted by the double-integrating-
sphere system. The measurement results revealed
the factors affecting the optical performance of white
LEDs by the phosphor. Generally, the strong scatter-
ing for the yellow light and the isotropic emission
pattern are the main factors and have prompted
great efforts to eliminate their adverse effects. Be-
cause the light sources in our measurement platform
were two color LEDs, rather than monochromatic
light, both Mie theoretical calculation and Monte
Carlo ray-tracing simulation were used to obtain pre-
cise optical constants of the phosphor, including the
absorption coefficient, scattering coefficient, and an-
isotropy factor. Numerical results showed that Mie
theory is effective in the prediction of the tendencies
of the optical constants as the phosphor concen-
tration changes. However, the method of treating
nonspherical phosphor particles to be spheres causes
the absorption and scattering cross sections to be
smaller than the actual cross sections. Revisions of
the absorption and scattering cross sections with
two fitting parameters can improve the accuracy of
Mie theoretical results and make the Mie theory sui-
table for the optical design of LED packaging. The
fitting parameters can be obtained by a measure-
ment of the optical properties of phosphor films or
a numerical analysis of white LEDs with various
phosphor concentrations. This study only obtains
the fitting parameters for the two color LEDs. From
the view of a complete and correct measurement, the
light source should use a daylight source that is
sampled by a monochromator to generate monochro-

256 APPLIED OPTICS / Vol. 49, No. 2 / 10 January 2010

matic light covering the visible spectra range [28,43],
and this will be our future work.
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