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The remote phosphor as a lighting structure has outstanding luminous efficiency compared to other options, such as con-
formal or in-cup. However, the lack of uniformity in distributed color has prevented remote phosphor from wider development.
The answer to the chromatic performance enhancement that has been suggested by numerous researchers is the multi-layer
configuration with two or three different types of chromatic phosphor. The research purpose is to select the best configuration
for multi-chip white LEDs (WLEDs) to achieve optimal results in color quality scale (CQS), color rendering index (CRI), light
output and color homogeneity. WLEDs mentioned in this paper have two distinct color temperatures, 6600 K and 7700 K.
Experimental results show that the remote phosphor structure with three phosphor layers is superior in terms of color rendering,
chromatic performance, and emitted light. The deviation of correlated color measured in this structure is also low, which means
that the color uniformity is greatly enhanced in this multi-layer lighting structure. This result can be demonstrated by analyzing
the scattering characteristics of the phosphoric layers using the Mie theory. The research findings have proven the effectiveness
of the multi-phosphor configuration and can serve as a guideline to fabricate WLEDs with better performance.

Keywords: remote-phosphor; dual-layer phosphor; triple-layer phosphor; color rendering index, luminous efficacy; Mie-

scattering theory

1. Introduction

White light-emitting diode structures (WLEDs)
which possess striking qualities such as compact-
ness, power saving, cost effectiveness, and chro-
matic consistency [1-6] have become a promi-
nent element amongst light sources and thus be-
come more and more widespread. WLEDs gener-
ate white light by integrating blue ray from LED
chip with yellow ray from phosphor material [7].
Even though WLEDs have satisfying lighting per-
formance, the insufficient light output is preventing
WLEDs from expanding in solid-state lighting in-
dustry [8]. Generally, the freely dispersed coating is
the most conventional technique to create WLEDs.
The main materials for the coating are resin sub-
stances and phosphor particles that are combined
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into a mixture before spreading on the lighting de-
vice. The reasons that freely dispersed coating is
so widely applied are simplicity and cost effective-
ness; however, this method results in non-uniform
color distribution of the generated white light and
the yellow ring phenomenon. These low optical
properties in free dispersed WLEDs is a problem
for high demand applications [9-12]. Therefore,
another coating method using conformal diffusion
of particles was suggested as a solution. The con-
formal coating can reduce the CCT discrepancy
at far angles in WLEDs configuration and boost
chromatic consitency [13]. The color quality is-
sue might be addressed with conformal coating, yet
there is a drawback of this method that causes light
loss due to light reflected to the structure and im-
pair lighting efficiency.

A solution to reduce the light loss that has
been proposed by many researchers is creating
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a distance between the components within the
structure of WLEDs [14-17]. The lighting effi-
ciency is reported to increase in light extraction en-
hancement structure containing half-spherical lens
of polymer and a phosphor layered inside [18]. In
addition, structure modification such as creating
vancant hole in the structure can limit the light loss
by changing the direction of reflected light [19].

It is obvious that except luminous efficacy (LE),
other optical properties, including rendering abil-
ity, chromatic expression and color consistency are
really crucial for WLEDs. Therefore, to improve
the optical characteristics of the LEDs, additional
phosphor layers are added into the lighting struc-
ture to form multi-layer phosphor configuration.
For the WLEDs structure with two layers, the yel-
low phosphor is placed under the red or green phos-
phor. On the contrary, in the triple-layer phosphor
configuration, the yellow phosphor layer is under
the red phosphoric layer, and the blue phosphor is
in the middle. Along with phosphor layers arrange-
ment, phosphor concentration management plays
an equally crucial part in deciding the lumen output
of the structure. However, the addition of phosphor
volume causes significant damage to the generated
white light, especially in lower CCTs WLEDs as
the increasing amount of phosphor has more light
reflected into the structure and absorbed by the
phosphor layers [20-22]. Therefore, the most prac-
tical solution to enhance lighting efficiency is to in-
crease scattering properties of yellow and blue light
while preventing damage from backscattering and
re-absorption.

It is not likely that the remote phosphor struc-
ture will be used to improve the optical properties
of LED products due to the existence of many other
methods mentioned above. Hence, this study pro-
poses a novel approach considered as an optimal
solution for manufacturers to enhance the quality
of WLEDs. The results of the study provide man-
ufacturers with a variety of options for developing
specific optical properties.

2. Experimental

The first experiment consisted in boosting scat-
tering events with green SrBaSiO4:Eu®* particles.

On the other hand, the second experiment em-
ployed red phosphor SryFxByO,:Eu*",Sm*" for
the extra chromatic radiation that can increase CRI
and CQS of WLEDs. In the experiment, WLEDs
with nine internal LED chips, shown in Fig. la,
were used. At 1.16 W, the highest emission in-
tensity was achieved at 453 nm wavelength. The
detailed information of the WLEDs components
is shown in Fig. 1b. Fig. lc presents a single-
layer remote phosphor (Y) structure with a yel-
low YAG:Ce** phosphor layer on the surface of
the LEDs. The dual phosphorylated remote phos-
phor (YG) structure with a red phosphor layer
SryFxByO,:Eu*",Sm*" on the yellow phosphor
layer YAG:Ce3* is shown in Fig. 1d. Fig. le de-
picts a dual-layer remote phosphor (YG) struc-
ture with a green phosphor layer SrBaSiO4:Eu’"
on the surface of the LEDs. The triple-layer
remote layer with two phosphor layers of red
SryFxByO,:Eu*",Sm*" and green SrBaSiO4:Eu®*
placed on the yellow YAG:Ce** phosphor is
demonstrated in Fig. 1f. These remote phosphor
layers have a thickness of 0.08 mm. To control
average correlated color temperatures (ACCTs),
the concentration of YAG:Ce3* was varied by the
change in the concentration of yellow or red phos-
phor. At different ACCTs in each phosphor struc-
ture, the YAG:Ce3* concentration is also different.
This creates the difference of the scattering char-
acteristics in LEDs, resulting in changes in optical
properties.

As seen from Fig. 2, the yellow-emitting
YAG:Ce** phosphor reaches the highest value in
Y-structure and the lowest in YRG structure at all
ACCTs. Under the condition that ACCTs in the
remote phosphor structures are the same, if the
YAG:Ce** concentration is higher, the scattering
potential will be higher, resulting in reduced lumi-
nous flux. On the other hand, the balance amongst
three basic colors (yellow, red, and green) that pro-
duce white light is destroyed, what can be the rea-
son why a high YAG:Ce®* concentration causes a
decrease in the color quality of WLEDs.

Therefore, better lumen output and chromatic
performance can be obtained through balancing
the three basic colors yellow, red, and green. It
is possible to control the color rendering index
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Lead frame: 4.7 mm Jentech Size-S

LED chip: VASH
Die attach: Sumitomo 1295SA
Gold Wire: 1.0 mil

Phosphor: ITC NYAG4_EL

(@ (b)

®

Fig. 1. Multi-layer phosphor structures of white LEDs:

(a) actual MCW-LEDs and (b) its parame-
ters; (c) single-layer phosphor, dual-layer re-
mote phosphor with YR (d) and YG (e), and (f)
triple-layer phosphor.

by increasing the amount of red light. In addition,
color and luminous flux can be controlled by the
green light component. Is the triple-layer phosphor
structure the most advantageous in controlling op-
tical characteristics? To answer this question, the
team of researchers is constantly working on the
emission spectrum to get the important informa-
tion of remote phosphor structures, as displayed in
Fig. 3.

There is an obvious difference in the spectra
of the remote phosphor structures. The Y emitter
spectra are the smallest of the three remaining re-
mote phosphor structures in five ACCTs. It is con-
firmed that the Y-structure can achieve the small-
est flux. In contrast, the YRG structure has the
highest spectral intensity in the wavelength range
of 380 nm to 780 nm. In the range of 400 nm to
500 nm, the YG structure has higher spectral inten-
sity than the YR structure, and thus the rim of YG
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Fig. 2. YAG:Ce** phosphor concentration for each re-
mote phosphor structure at different ACCTs.
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Fig. 3. Emission spectra of phosphor configurations.

may be higher than YR. However, the spectral in-
tensity of YR is higher than that of YG in the range
of 650 nm to 750 nm, which gives YR higher color
rendering index than YG. The results presented in
Section 3 confirm the aforementioned judgements.

3. Results and discussion

Fig. 4 shows the comparison of CRI between
the remote phosphor structures. It is obvious that
the YR structure achieves the highest CRI regard-
less of the ACCT, which is considered as a crucial
factor in improving CRI for remote phosphor struc-
tures. While it is very difficult to control CRI at
high ACCTs (greater than 6600 K), the YR class
can do this. The YR structure enhances the CRI
due to the red light component added from the red
phosphor layer Sry,FxByO,:Eu*",Sm**.

Ranked in the second place after YR structure
is the YRG structure because of its achieved CRI
value. Meanwhile, the CRI in YG structure is the
lowest. Although it can be argued that it is possi-
ble to select the YR structure for mass production
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Fig. 4. Color rendering indexes of phosphor configura-
tions corresponding to ACCTs.
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Fig. 5. Color quality scale of phosphor configurations
corresponding to ACCTs.

of WLEDs with the goal of CRI, CRI is just one of
the indicators of color quality. In recent years, CQS
has become a research target of many studies. CQS
is the combination of three elements: CRI, visual
preference, and color coordinates, which makes it
a big target and the most important optical indica-
tor for evaluating color quality. In Fig. 5 we have
compared the CQS of different remote phosphor
structures. While YR reaches the highest CRI,
YRG will achieve the highest CQS. This can be
explained by the balance of three basic colors: yel-
low, red, and green. The higher the value of CQS,
the higher the color quality. The lowest CQS is ob-
tained in the Y structure. In general, the Y structure
has an advantage in luminous flux, but it is difficult
to control the color quality without the addition of

red and green light components. Despite the worse
color quality, there are some advantages in produc-
tion of Y structure as the process of production is
simpler and the cost is reduced significantly.

Based on the results of Fig. 5, it can be con-
firmed that if the manufacturer’s objective fo-
cuses on color quality, the YRG structure should
be chosen. However, if the color quality is better,
whether the luminous flux will be really effective?
To answer this question, the team compared the lu-
minescence emitted by one layer and two layers.

The following section presents the mathemati-
cal equations that were used to calculate the emit-
ted blue light and transformed yellow light. These
equations can estimate the optical properties in dif-
ferent situations and provide reference for devel-
opment. Equation 1 and equation 2 below demon-
strate how the blue and yellow radiations in phos-
phor configuration with layer density of 2h are es-
timated:

PBy = PBy x e > (1)
PY, = EM e 20wtk _ g=20mhy (9
2 ap —ayi

The blue and yellow radiations in dual-layer
configuration with layer density of h are computed
with the following equations:

PB; = PBy x e~ 202" (3)
PY, = EM e 202k _ ef2a32h) (4)
2 ap— 0y

The h is density of phosphor layer. The sub-
script 1 and subscript 2 refer to the single layer and
double-layer remote phosphor configurations. {3 is
the conversion coefficient for blue light converted
to yellow light, vy is the reflection coefficient of the
yellow light. The intensities of blue light (PB) and
yellow light (PY) are obtained from light intensity
of blue LED, indicated by PBy. g and ay are in-
dices describing the loss of transmitted energy in
blue and yellow lights during their scattering pro-
cess in the respective phosphor layer.
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The following formula is the comparison model
of lighting efficiency of single layer configura-
tion and double layer configuration, in which the
double-layer one shows better performance:

(PBy+ PY) — (PBi + PY1)
PB| + PY;

>0 (5)

The Mie-theory is used in the analysis of scat-
tering of phosphor particles, and calculating the
scattering cross-section Cey for circular particles.
In addition, the efficiency of light power transmis-
sion can be defined by Beer law:

(6)

Iy in this equation is the energy of incident light, L
represents the density of phosphor layer (mm) and
ext 18 the extinction coefficient, which is expressed
by: Uext = Ni. Cext, where N; is the number density
distribution of particles (mm ). Cex; (mm?) is the
extinction cross-section of phosphor particles. Us-
ing MATLAB, the extinction cross-section Cey; of
particles is computed as:

I= IOexp(_.uextL)

Cont = 271-7;2 i (2n+1D)Re(an+by) (1)
x n=1
Y (mx) g (x) — my, (mx) y, (x)
) = ) () — Y L)
(o, m) = T OYR(X) = VMOV () g

my, (mx) G, (x) — Y (mx) G, (x)

The particles size is computed with x = TD/A,
a, and b, are the expansion coefficients with even
symmetry and odd symmetry respectively, D is par-
ticle length, m is the refractive index, A is the
calculated wavelength, and 1,(x) and &,(x) are
the Riccati-Bessel functions. Equation 5 indicates
that the use of multiple layers of the phosphor is
more beneficial for luminous flux than the use of
a single layer. As can be seen from Fig. 6, the Y-
architecture of the four structures gets the lowest
value at all ACCTs. In contrast, the luminous flux
gained in the YRG structure is the highest. This
eliminates the doubt that the luminous flux is ob-
tained at the best YRG color quality. The second

rank for luminous flux is the YG structure thanks to
the green phosphor SrBaSiO4:Eu”*. Green phos-
phor SrBaSiO4:Eu”* helps increase the green light
in the spectrum within the range of 500 nm to
600 nm. Obviously, in this wavelength range, the
intensity of YG is higher than that of Y since the
YAG:Ce?* phosphor concentration is the lowest in
the YRG structure to keep the ACCT. At that time,
in the YRG structure, the amount of scattered light
is reduced after dropping of YAG:Ce* concentra-
tion. Blue light from the LED chip easily passes
through YAG:Ce** layer and the other layers. In
other words, the YRG structure helps the blue light
from the LED chip to transform efficiently. Conse-
quently, the YRG spectral intensity is the highest
compared to other distant phosphor structures in
the range of white light wavelengths. Accordingly,
the luminous flux of the YRG structure reaches the
peak value.
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LE [Im]
S
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6600 K 7700 K
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Fig. 6. Luminous flux of phosphor configurations cor-
responding to ACCTs.

Thus, the YRG structure can be selected by
overestimating the optical properties of WLEDs in-
cluding CQS and LE. However, color uniformity
cannot be neglected when it comes to color qual-
ity. There are many methods for improvement of
the color uniformity, including the use of advanced
scattering materials, such as SiO;, CaCOs, or us-
ing conformal phosphor configurations. Although
color uniformity is improved, luminous flux can
be sharply reduced if these two methods are ap-
plied. The use of green SrBaSiO4:Eu?* phosphor
and red SryFxByO,:Eu?",Sm*" phosphor has in-
creased scattering properties but simultaneously
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added the green or red light inside WLEDs with
the purpose of producing better white light. The
use of the remote phosphor structure enhances the
output of the reflector that is reflected back to
the LED chip. However, it is necessary to control
the concentration of phosphor level to achieve the
highest transmission power. It can be proved by
the Lambert-Beer law in equation 6. Fig. 7 shows
the comparison of color deviations between struc-
tures. The smaller the color deviation, the higher
the color uniformity. It is easy to notice the small-
est color difference in the case of YRG. This can be
due to the scattering inside the LED package be-
fore forming the white light. The more phosphor
layers, the more scattering events. As a result, the
color uniformity of WLEDs improves. Obviously,
there are many scattering events, in which the drop
of luminous flux can occur. However, this decline
is negligible compared with the benefits obtained
by reduced scattering. Thus, the YRG structure
achieves the best color homogeneity when the lu-
minous flux gets the highest value. In contrast, the
largest color deviation was observed in Y-structure
at all ACCTs.
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Fig. 7. Corelated color temperature deviation (D-CCT)
of remote phosphor configurations correspond-
ing to ACCTs.

4. Conclusions

In conclusion, this article has compared the
optical effects of four distinct structures Y, YG,
YR, and YRG at five different ACCTs val-
ues. Green SrBaSiO4:Eu’* phosphor and red

Sr,,F:ByO :Eu®*,Sm?* phosphor were used in the
simulation. In addition, the results of the study
were verified by the Mie theory and the Lambert-
Beer law. Accordingly, the coating of the green
SrBaSiO4:Eu’* phosphor implements blue light to
improve the color uniformity and photon emis-
sion. Therefore, the YG structure reaches better
optical and color uniformity than the YR struc-
ture. CRI and CQS can be improved by increas-
ing the red light component through the red layer
Sr,,F;B,O,:Eu?*,Sm>" phosphor. As a result, the
YR structure reaches higher CRI and CQS than
YG. It is obvious to see that the color quality de-
pends on the balance between the three primary
colors yellow, green, and red. The YRG structure
can satisfy the controlling of these three colors.
Furthermore, the reflective degradation of the YRG
layer helps to increase the flux of this configuration.
The evidence is that the highest feasible luminaire
is also to achieve in the YRG structure. Based on
the results obtained in this study, the manufacturers
can easily select a suitable structure for improving
the quality of WLEDs.

Acknowledgements

This research is funded by the Foundation for Science and
Technology Development of Ton Duc Thang University (FOS-
TECT), website: http://fostect.tdtu.edu.vn, under the
Grant FOSTECT.2017.BR.06.

References

[1] Hur Y.Y., GUAN Y.C., JING H.Z., Y1 Y., WEN L.S.,
L1 P.W., NIAN Y.Z., Appl. Opt., 57 (2018), 2659.

[2] SADRA S., BASKARAN G.K., RUSTAMZHON M., MO-
HAMMAD M.A., HOUMAN B.J., SEDAT N., Optica, 5

(2018), 793.

[3] ANH Q.D.N., LE X.P., LEE H.Y., Curr. Opt. Photon.,
3 (2019), 78.

[4] ANH Q.D.N., LEE H.Y, J. Chin. Inst. Eng., 39 (2016),
871.

[5] CHUANWEN Z., LicAl X., PING Z., GUOXING H.,
Appl. Opt., 57 (2018), 4665.

[6] ANH Q.D.N., VINH H.N., LEE H.Y., Curr. Opt. Pho-
ton., 1 (2017), 118.

[71 ZHILI Z., HONGHAI Z., SHENG L., XINZHONG W.,
Appl. Opt., 57 (2018), 4216.

[8] ZONGTAO L., YONG T., JIASHENG L., XINRUI D.,
CAIMAN Y., BINHAI Y., Opt. Lett., 43 (2018), 1015.

[9] WANLU Z., WU Y., PING Z., SHILIANG M., GUILIN
Z., GUOPING C., GUOXING H., RUIQIAN G., Opt.
Mater. Express, 7 (2017), 3065.


http://fostect.tdtu.edu.vn

660

MY HANH NGUYEN THI et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

HELEEN F.S., REINERT V., JoNAS J.J., DIRK P.,
PHILIPPE E.S., Opt. Mater. Express, 7 (2017), 3332.
ZHUXIN L., QiucHUN L., X1 C., XIAOMING M.,
YULU Z., XIAOMA T., YIFANG O., Opt. Express, 25
(2017), 19004.

ZHIJUN W., SHUQIN L., PANLAI L., ZHENGGANG L.,
Appl. Opt., 56 (2017), 1167.

FENG L., LAT Y., CHAO N., QIN Z., XI1AO J.,
HAIYANG L., XIAOBING G., YAN H., QINGHUA L.,
Opt. Express, 25 (2017), 21901.

HUANG Y.L., YUNG M.P., JING X.S., XIN Y.C.,
CHUNG H.L., CHIH M.W., Tzu Y.C., CHIEN C.L.,
Opt. Express, 25 (2017), 20466.

MERETSKA M.L. , IZERMAN W.L. , VISSENBERG
G., LAGENDUK A., VoS W.L., European Conference
on Lasers and Electro-Optics and European Quantum
Electronics Conference, 2017, 13.

KEN T.S., MARCEL B., DANIEL E., SUMIT G., STE-
FAN G., HELMUT B., EDWARD K., KENNETH J.V.,
DANIELLE C., OLEG B. S., JYOTI B., Photon. Res.,
5(2017), Al.

HANSOL L., SEONGHYEON K., JONG H., WoON J.C.,
Opt. Lett., 43 (2018), 627.

(18]

(19]

(20]

(21]

(22]

XIANBO L., BABAR H., L1 W., JuNMIN J.C.,
PATRICK Y., J. Lightwave Technol., 36 (2018), 2366.
BUTOLA A., AHMAD A., DUBEY V., SINGH V., JOSHI
T., SENTHILKUMARAN P., MEHTA D. S., Advances in
Microscopic Imaging, 104140G, 2017.

CHI Y., HUANG Y., WU T., LIN G., European Confer-
ence on Lasers and Electro-Optics and European Quan-
tum Electronics Conference, 2017, 13.

TSUNG H.Y., SHIN M.W., CHING C.S., BENOIT G.,
CHING Y.C., YU Y.C., XUaN H.L., YEH W.Y., TE
Y.C., KUN Y.L., Opt. Express, 25 (2017), 29287.

YEN W.M., WEBER M.]., Inorganic Phosphors: Com-
positions, Preparation and Optical Properties, CRC
Press, LLC, 2000 N.W. Corporate Blvd., Boca Raton
Florida 33431, 2004.

Received 2018-10-23
Accepted 2019-04-23



	Introduction
	Experimental
	Results and discussion
	Conclusions

