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In this paper, light extraction from remote phosphor LEDs were calculated in Zemax Op-
ticStudio. The dependence of the optical characteristics of the remote phosphor LED on
the parameters of phosphor and its geometrical form was considered. In case of a thin plate
as a remote phosphor, phosphor particle size, phosphor mass fraction and phosphor plate
thickness were carefully analyzed. Furthermore, a plane-convex lens and Fresnel lens were
also considered as geometrical form of remote phosphor. The simulation results show that
color coordinates of LED, using remote phosphor plate (thickness 0.25 mm, mass fraction
30% and particle size 3 pm of phosphor), are the closest to D65 point on color space com-
pared to other considered LEDs. The use of plane-convex lens (thickness 1 mm, radius of
curvature 7 mm, base diameter 7 mm) as remote phosphor results in the maximum lumi-

nous flux compared to other forms.
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1. INTRODUCTION

Light emitting diodes (LEDs) have established themselves
as modern technology, which is capable of providing high
luminous efficiency and good color rendering. One of the
most promising methods for manufacturing a white LED
is the combination of a blue LED chip with a phosphor
coating.

The method of applying the phosphor coating largely
determines many characteristics of LEDs, including the
luminous efficiency, angular color uniformity and color
coordinates. One of them is mixing the phosphor pow-
ders with a polymer compound and applying this compo-
sition directly to the LED chip, which is known as con-
ventional dispensing phosphor coating. However, in this
case, a considerable portion of light is absorbed in the
components of the LED package, because the phosphor

layer is close to the LED chips and substrate [1]. Another
drawback of this configuration is the heating of the phos-
phor particles due to contact with the LED chip, which
heats up during operation [2].

The configuration with the remote phosphor provides
a lower amount of light trapped in LED chips and, as a
result, the efficiency of the LED device is significantly in-
creased. Furthermore, this configuration can lower the
temperature of the phosphor layer, because the LED chip
does not have direct contact with the phosphor layer.

The most common white LEDs using phosphor is com-
bining blue LED made of gallium nitride (GaN) and yt-
trium-aluminum garnet phosphor doped with trivalent ce-
rium (YAG, YAG:Ce) [3]. Characteristics of phosphor
play an important role in determining the final optical per-
formance of LED devices. Many studies investigated the
impact of phosphor properties on LED performance [4—6].
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Fig. 1. Schematic of white LEDs with (a) the dispense phosphor coating (phosphor-in-cup), (b) the conformal phosphor coating, and

(c) remote phosphor layer

The physical location of phosphor drastically influ-
ences the work of LED — the propagation path and light
energy is affected by scattering and absorption by the
phosphor — therefore it is a primary consideration for de-
vice packaging. In Ref. [7] the phosphor powders are
mixed with the optical encapsulant and uniformly dis-
persed in a cup reflector with a mounted LED chip. There-
fore, phosphor powders are located in the vicinity of the
chips. One of the drawbacks of this approach is that it is
difficult to precisely control the thickness and shape of the
coating layer resulting in an inhomogeneous distribution
of phosphor and poor angular color uniformity, which of-
ten causes “yellow ring.” However, in this case, it is nec-
essary to take into account the absorption of phosphor ra-
diation by LED chips and the heating of the phosphor
coating due to direct contact with the chips.

In order to overcome the disadvantages of the dispense
phosphor coating (Fig. 1a) the conformal phosphor coat-
ing (Fig. 1b) had been proposed [8]. The conformal coat-
ing method provides a phosphor layer with uniform thick-
ness and the same shape of a LED chip surface to obtain
high angular color uniformity.

Nevertheless, in the case of phosphor-in-cup (dispense
phosphor coating) and conformal coating phosphor con-
figurations powders are applied directly on top of the LED
chip, while conformal method is even more proximate.
Addressed issue cause drastic complications. First of all,
the heat from the operating LED chip, caused by reflected
light from phosphor, will increase the working tempera-
ture of the phosphor material and seriously decrease their
emission efficiency. Secondly, it has been confirmed that
nearly 50-60% of the light re-emitted by the phosphor
backscatters to the LED chip, resulting in low luminous
efficiency [9-10].

The lumen output and the conversion efficiency of a
phosphor coated white LED device with in-cup phosphor
and remote phosphor geometries with their dependency on
the size of YAG:Ce particles were studied in Ref. [11]. It

was highlighted that under the same conditions such as
correlated color temperature and phosphor size, lumen
output of the remote phosphor package is less sensitive to
phosphor size and higher than that of the in-cup phosphor
package.

This work studies LEDs with remote phosphor layer
(Fig. 1c). In order to achieve high performance of white
LEDs, effects of phosphor particle size, concentration,
thickness and the form of remote phosphor on the optical
performance of white LEDs are carefully considered.

2. RESEARCH METHOD

In this work numerical modeling was used. Models of re-
mote phosphor LEDs were calculated in Zemax OpticStu-
dio. This program uses ray tracing according to the Monte
Carlo method. Verification of the remote phosphor LED
models was carried out by comparing the simulation results
with the experimental results given in the literature [1].

In order to optimize the optical properties of remote
phosphor LED, thickness of remote phosphor plate, con-
centration and phosphor particle size are in need to be ad-
justed. Thickness of remote phosphor, concentration and
particle size were varied. Depending on the thickness of
phosphor plate, the concentration of phosphor particles
was calculated and set in such way that phosphor mass
fraction on the volume of the phosphor plate was the same
for every thickness.

The model of a remote phosphor LED with phosphor
plate is demonstrated in Fig. 2. A LED chip was modeled
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Fig. 2. Model of a remote phosphor LED with phosphor plate.
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in Zemax OpticStudio as a parallelepiped with dimensions
of 1/1/0.25 mm and material properties of GaN. A light
source area with dimensions of 0.5/0.5 mm is located in-
side the modeled parallelepiped. The distribution of the ra-
diation intensity over the entire surface of the emitting
area corresponds to the Lambert law. Emission wave-
length of the chip is 445 nm. The source has a power of
0.2 watts. Number of rays for tracing was set to 8-10°.

The chip is mounted on a cylindrical metal substrate
with a thickness of 0.5 mm and a radius of 3 mm. The
light scattering on the surface of the substrate was spec-
ified by the ABg model of surface scattering (model pa-
rameters: A = 0.057, B =0.005, g = 2), the absorption is
5%, which corresponds to the ceramic substrates used in
the production.

The reflector cup of an LED has a base radius of 3 mm.
The radius and height of the upper surface is 3.5 mm and
1.2 mm, respectively. The reflector cup is filled with the
optical coating. A refractive index of the optical coating
corresponds to the silicone encapsulant (1.5257 for wave-
length 445 nm and 1.5176 for 570 nm). The inner surface
of the reflector cup mirrors 95% and absorbs 5% of the
incident radiation.

Remote phosphor was modeled as an optical element
with phosphor particles, which is placed on top of the op-
tical coating. The refractive index of the phosphor parti-
cles was set to 1.8504 for a wavelength of 445 nm, which
corresponds to the refractive index of a phosphor based on
yttrium aluminum garnet. The peak luminescence wave-
length of the phosphor is 570 nm.

This work studies geometries of remote phosphor:
phosphor plate, plane-convex lens and Fresnel lens. A
plane-convex lens has a thickness of 1 mm, radius of cur-
vature 7 mm and base diameter 7 mm. To specify the Fres-
nel lens, it is necessary to indicate the thickness 0.2 mm,
radius of curvature R, =7 mm and base diameter 7 mm.
The number of concentric rings per 1 mm (frequency, N)
was set as 6 mm™'. The parameters of the aspherical sur-
face are given by the formula

2
z = _ R (1)

11— R

where z is the curvature radius of the surface.

In this work, phosphor particle radius will be defined
as phosphor particles size. The phosphor plate thickness
h was selected 0.05 mm, 0.1 mm, 0.15 mm, 0.2 mm, and
0.25 mm. The phosphor particle radius » was selected
3 um, 5 um, 6.5 um, 8 um, and 10 pm. To maintain the
mass fraction of phosphor W (15%, 30%, 50% or 75%)
for each phosphor particle size it is necessary to change
the concentration of phosphor particles.

The mass fraction of phosphor within a plate is the ratio

of the mass of that phosphor m1;,n,, to the total mass of

the mixture, which is the mass of the phosphor m
plus the mass of the silicone mj;qoc-
las were used for calculation of phosphor mass fraction:

phosphor
The following formu-

mphosphor

W= x100%, 2)
mphosphor + Msilicone

mphosphor = ¥ phosphor x pphosphor ’ (3)

Milicone = (Vplate - Vphosphor ) X Psilicone » (4)

where popospnor 18 the density of YAG:Ce, which is
4.55 glem®; pgjicone 1S the density of silicone encapsulant,
which is 1.5 g/em?®, V. oohor = 4’ ¥ piate 18 the volume of
phosphor. Here r is the mean radius of a phosphor particle,
¢ is the phosphor concentration, and volume of a plate
Ve = TR?h, where R is the radius of the phosphor plate

plate
and £ is the thickness of the plate.

3. RESULTS AND DISCUSSION

The line graph in Fig. 3 illustrates the change in luminous
flux in regard to remote phosphor plate thickness at four
different mass fractions with different sizes of phosphor
particle.

The numbers, that are pointed in the graphs for the
given phosphor thickness and number of particles, are as-
sociated with the numbers on color distributions. The
points, that are circled, are the cases, when the matching
characteristics of phosphor on graphs are able to obtain
white light.

The highest luminous flux is provided by phosphor
thickness 4 = 0.25 mm and mass fraction 75%, while the
minimum luminous flux is seen with h=0.05 mm and
W = 15%. White light can be seen to be obtained (the cir-
cled point) with phosphor thickness 0.25 mm and mass
fraction 75%.

Summarizing all graphs above, the increase of plate
thickness (while maintaining their mass fraction constant)
results in the increase of luminous flux of remote phosphor
LED. It can be due to an increase in the number of parti-
cles and, as a consequence, an increase in collisions of
blue rays from LED chip with phosphor particles and their
conversion to yellow. Discussed effect makes a greater
contribution to the luminous flux, since the sensitivity of
the eye at a wavelength of 570 nm is higher than at a wave-
length of 460 nm.

Fig. 4 shows that with the increase of phosphor size
particle, the decrease in luminous flux of remote phosphor
LED with all presented phosphor thickness can be ob-
served. The highest luminous flux is observed with radius
of phosphor particle 3 um and plate thickness of 0.25 mm,
while the minimum luminous flux is seen with phosphor
particle size 10 um and phosphor thickness of 0.05 mm.
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Fig. 3. Luminous flux for different phosphor plate thickness at four mass fractions with different sizes of phosphor particle:

(@) r=3 um, (b) »=5 pum, (¢) r=6.5 pm, (d) » =8 um.
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Fig. 4. Luminous flux for different radius of phosphor particles
at three phosphor plate thickness with mass fraction of 30%.

Overall, the following conclusions can be made about
the dependence of phosphor particle size. The growth of
phosphor particle size leads to the decrease in luminous
flux of a LED. It is possible that an increase in particle size
leads to a decrease in probability of a blue emission from
a chip encountering phosphor particles. Providing that, it
is likely that the low probability of encountering phosphor

particles results in increase in light scattering towards the
substrate, LED chip and reflector cup.

Over the course of investigation on influence of phos-
phor plate parameters, it has been seen that phosphor plate
thickness, phosphor mass fraction and phosphor particle
size play a great role in luminous flux of remote phosphor
LED. Therefore, it is prudent to investigate the change of
color of LED light on the color space.

In order to optimize the form of remote phosphor, three
different geometries of remote phosphor were investigated
— phosphor plate, plane-convex lens and Fresnel lens.
Optimizing the form of the remote phosphor LED was
based on investigating the change of luminous flux, color
coordinates and color distribution, and based on these op-
tical parameters of a LED, choosing the best form for re-
mote phosphor. Best result corresponds to a case, when
white light is obtained, with a good luminous flux, color
coordinates around white point and uniformity of white
light on color distribution.

The results of calculations (Fig. 5) can be summarized
into several conclusions. The behavior of luminous flux of
remote phosphor LED for all examined phosphor geome-
tries are almost the same. Comparing all remote phosphor
forms, plane-convex lens provides the maximum value of



Numerical Simulation of Light Extraction from Remote Phosphor LED 39

= Plate

24 - #® Plane-convex lens

74 8 —4— Fresnel lens
. e .
’ . 9
2+ -
i
E »4
by 1
2] [
&
w - <N 2
g 184 — e 3
‘= broess |
£ 4
3 A
16 4 g -
ki 5
cLs S N 6
14 - B
T T T T T T T T 1

© (m)

Fig. 5. Dependence of luminous flux for three forms of remote
phosphor on phosphor particle size.

luminous flux. At the same time, using Fresnel lens results
in a low luminous flux. In every case, the maximum value
of luminous power is a result of phosphor particle with the
size 3 um.

In more detail, using a thin plate as a remote phosphor
leads to a stable increase of luminous flux with the growth
of phosphor particles size. Therefore, it can be said that
r=3 um is the value of mean particle size, which pro-
duces the maximum value of luminous flux.

Analyzing Fresnel lens as a remote phosphor, it can be
concluded that with the increase of particles size the be-
havior of luminous flux is almost the same as for phosphor
plate. However, to bring into a comparison to a phosphor

1-3 Plate
4-6 Fresnel lens

Reddish
Orange

Greenish
Blue

804 g 7-9 Plane-convex lens |

plate, values of luminous flux of Fresnel lens, throughout
the increase of particle size, are below values of a plate. In
this case, the maximum value of luminous flux is achieved
with 3 um particles size and minimum value with 10 pm.

For the configuration, when a plane-convex lens is
used, the behavior of luminous flux is different. With the
increase of mean radius of the phosphor particles, the lu-
minous flux of the LED device is almost constant. In this
case, the maximum value of the luminous flux is observed
at a particle size of 5 um and the minimum value at 10 pm.

The form of remote phosphor and the growth of phos-
phor particle size leads to the change in colorimetric char-
acteristics of remote phosphor LED (Fig. 6). The numbers
on color space CIE 1931 correspond to the numbers on
Fig. 5. Furthermore, color distributions of listed cases
were also investigated.

From Fig. 6 it can be said that the size of phosphor par-
ticles and the geometry of remote phosphor greatly affect
the color coordinated of emitted light. Coordinates of a
phosphor plate (1-3) and Fresnel lens (4—6), with the
growth of phosphor particle size, move to the blue region
on the color space. Simultaneously, color coordinates of
LED with plane-convex lens (7-9) as remote phosphor for
all phosphor sizes are in the yellow region. However, the
increase in particle size leads closer to the white point D65
on color space.

The closest to the white point D65 is point 1, which
corresponds to a phosphor plate with phosphor particle
size 3 um. Point 4, which matches Fresnel lens and phos-
phor particle size 3 pm, is the second closest to the white
point.

(b)

Fig. 6. The CIE 1931 color space with color coordinates for different forms of remote phosphor (a); color distribution (b).

|
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4. CONCLUSION

In case of a thin plate as a remote phosphor, phosphor par-
ticle size and phosphor plate thickness with phosphor
mass fraction 15%, 30%, 50% and 75% were carefully an-
alyzed. Color coordinates of LED, using remote phosphor
plate with thickness 0.25 mm, mass fraction 30% and
phosphor particle size 3 um, are the closest to D65 point
on color space compared to other remote phosphor forms.
The use of Fresnel lens as remote phosphor results in the
minimum luminous flux compared to other forms. For
Fresnel lens the increase of phosphor particle size (while
maintaining their mass fraction constant) results in the de-
crease of luminous flux and color coordinates of remote
phosphor LED moving to the blue region in color space.
The use of plane-convex lens as remote phosphor results
in the maximum luminous flux compared to other forms.
For plane-convex lens the increase of phosphor particle
size (while maintaining their mass fraction constant) re-
sults in small decrease in luminous flux and color coordi-
nates of remote phosphor LED being in a yellow region in
color space.
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YucjieHHOE MO/Ie TMPOBaHMe BHIBOJIA CBETA M3 CBETOAHO/10B
¢ yAaJIeHHBIM JIIOMUHOGopoM

C. H. Jlunuunkas!, 10. 10. Ayako*’, K. T'. CmupuoBa!

! JTaGoparopust 0JHOGOTOHHBIX JETEKTOPOB U TeHepaTopos, Yuusepcurer UTMO, Kporsepkekuii nip., 49, nur. A,
Canxkr-Ilerep6ypr, 197101, Poccus
2 Ecole Centrale de Lyon, CNRS, INSA Lyon, Université Claude Bernard Lyon 1, CPE Lyon, INL, UMR 5270, 69130 Ecully,
France
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AHHOTanusA. B craTbe mpezcTaBiIeHs! pe3yNbTaThl pacdeTa BBIBOJA CBETA M3 CBETOJHMOJA C YAAICHHBIM JIIOMHHO(GOPOM B Zemax
OpticStudio. PaccMoTpena 3aBHCHMOCTh ONTHYECKHX XAPaKTEPUCTHK CBETOAMOA OT MapaMeTpoB yJajeHHOTO JIOMHHO(OpA U ero
reoMeTpraeckoit gopmel. B ciydae ynanennoro momuHO(Opa, HMeromero GopMy TOHKOH IUIACTHHEI, OBLT MPOBEAEH aHAIM3 IS
pa3HOro pa3Mepa 4acTHIl JIOMHHO(Opa, MaccoBoil oM JITOMUHO(OPA U TONIUHEI INTACTHHEL Tak jke OBUT PAaCCMOTPEH yIajeHHbIH
JIOMUHO(OpP B (OpMe IIOCKOBBITYKIION JTMH3BI U THH3BI Openens. PacyeTsl nokasainy, 9T0 KOOPAMHATEI IIBETHOCTH CBETOIHOMA C
HCTIOIb30BaHIEM yAAJICHHOTO JTIOMHUHO(Opa B hopMe TOHKOI mractiHs! (TommuHa 0,25 MM, MaccoBoit nonei 30% u pa3Mep gacTuIl
moMuHOdopa 3 MKM) Hanboee ONMM3KH K KOOpAWHATAM IBETHOCTU CTAaHJIAPTHOTO UCTOYHHMKA D65 B I[BETOBOM IPOCTPAHCTBE, UYeM
KOODPJMHATHI APYTUX PACCMOTPEHHBIX CBETOMMOMAO0B. Vcnonp30BaHNe IIOCKOBBITYKIIOHN JTMH3BI (TONIMHA 1 MM, paguyc KpUBU3HEL 7
MM, JHaMeTp OCHOBaHUs 7 MM) B KaUeCTBE YAAICHHOTO JIIOMHHO(DOpPA IPUBOAUT K MAKCHMAIILBHOMY CBETOBOMY IIOTOKY II0 CPAaBHEHHIO
C IPyTHMH PacCMOTPEHHBIMH ()OpMaMH yTaJIeHHOTO JIIOMHHO(OPA.

Kniouesbvie cnosa: CBETONUOM; yAAICHHBII TIOMHHODOP; YUCICHHOE MOACIMPOBAHNE; KOOPAUHATHI IBETHOCTH



