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Abstract. In this paper, by mixing the α-
SrO·3B2O3:Sm

2+ conversion phosphor into the
phosphor layer, an innovative recommendation
for increasing optical performance of the white
LEDs (WLEDs) with remote-packaging, which
has an average correlated color temperature
(CCT) of 7000K and 8500K, is proposed and
demonstrated. By varying α-SrO·3B2O3:Sm

2+

concentration from 2% to 24%, the obtained
results proposed that color uniformity, color
rendering index (CRI), color quality scale
(CQS), and luminous e�cacy could be im-
proved signi�cantly. The results demonstrated a
prospective recommendation for manufacturing
remote-packaging WLEDs.
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I. INTRODUCTION A lighting revolution
is sweeping all over the world and is stealthily
coming in and improving our everyday life. In
comparison with �uorescent lamps and incan-
descent, the InGaN-based white-light-emitting
diodes (LEDs) obtain so many advantages in en-
ergy e�ciency, long lifetime, compactness, and
environment-friendly and designable features.
In the last decades, the e�ciency of white LEDs
lighting had already exceeded that of the incan-

descent lamps and was competitive with �uores-
cent lamps. Without a doubt, the white LEDs
(WLEDs) lighting has been setting foot in the
lighting industry and dramatically challenges
the conventional lighting [1]-[3]. Industrial tech-
nology system of solid state lighting mainly in-
cludes four key technological �elds: epitaxy ma-
terial technology, chip design and manufactur-
ing (upstream industry), packaging materials
(midstream industry) and process technology
and system integration technology and appli-
cations (downstream industry). Phosphor con-
verted LEDs (pcLED) which combines a blue
LEDs chip, and the yellow emitting phosphor
is the most common approach to accomplish
white light emission through LEDs packaging
[4],[5]. In the last decades, many works have
concentrated on increasing the optical perfor-
mance of WLEDs in phosphor packaging direc-
tion. Tran el al. in [6],[7] proposed that the less
phosphor concentration and the more phosphor
thickness can be caused the higher luminous ef-
�cacy (lower trapping e�ciency and fewer backs
scattering of light) Moreover, the phosphor con-
centration, thickness, and size was in�uence on
the spatial color distribution of WLEDs in [8].
The research results showed that the phosphor
thickness, concentration and size can improve
the spatial color uniformity of WLEDs. Fur-
thermore, [9]-[12] was proposed and investigated
the in�uence of phosphor location on the color
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uniformity of the WLEDs. It was clearly showed
that the phosphor location in the phosphor layer
signi�cantly a�ected on the color uniformity. In
the last few years, improvement of the opti-
cal performance of WLEDs by adding green or
red phosphor into the phosphor compounding
was investigated in [13]-[15]. From this point
of view, improving the optical performance of
MCW-LEDs by adding di�users into the phos-
phor compounding is still necessary to investi-
gate and we try to �ll the remaining gap by this
paper.

Red-emitting α-SrO·3B2O3:Sm
2+ phosphor

having a peak wavelength of 680 nm, which is
one of the red polycrystalline phosphors, is man-
ufactured from three oxides including strontium
oxide (SrO), samarium oxideSm2O3, and ortho-
boric acid (H3BO3). Sm2+ ions are added to
the polycrystalline phosphor for enhancing its
absorbability at the excitation spectrum region
from 420 nm to 502 nm, resulting in higher
luminous e�ciency. Besides, with the advan-
tages of excellent thermal and chemical stability,
α-SrO·3B2O3:Sm

2+ can be used for compensa-
tion red-light, resulting in the enhancing of the
color quality of LED lamps. However, until now,
there have been too few studies which employ α-
SrO·3B2O3:Sm

2+ for RP-WLEDs [13], [16]-[17].

In this work, an innovative method
is proposed of mixing red-emitting α-
SrO·3B2O3:Sm

2+ conversion phosphor into
the yellow YAG:Ce phosphor compounding
to improve the optical performance of the
remote-packaging WLEDs. The in�uence of the
α-SrO·3B2O3:Sm

2+ conversion phosphor parti-
cles' concentration on the optical performance
of WLEDs is analyzed and demonstrated. This
work can be divided into two main segments:
1) using the Light Tools software to simulate
the physical model of the remote-packaging
WLEDs. Then mixing α-SrO·3B2O3:Sm

2+

particles into the phosphor compounding of
the WLEDs; 2) analyzing and investigating the
e�ects of α-SrO·3B2O3:Sm

2+ concentration on
the optical performance of WLEDs by results
from Light Tools and Mat lab software. The
research results indicated that CCT Devia-
tion (D-CCT), Color rendering index (CRI),
color quality scale (CQS), and lumen e�cacy
could be signi�cantly increased by varying the

concentration of α-SrO·3B2O3:Sm
2+ phosphor

particles from 2% to 24%. Finally, the im-
provement of optical performance of WLEDs
is demonstrated using Monte Carlo simulation
and Mie-scattering theory.

II. SYSTEM MODEL In this study, the
remote-packaging WLEDs having average CCTs
of 8500 K, 7000 K are employed. The real sys-
tem model of the remote-packaging WLEDs is
presented in Figure 1a. From this real model,
the remote-packaging WLEDs can be simulated
by the Light Tools software in Figure 1(b). In
this research, WLEDs have been commonly con-
structed like in previous studies. The re�ector
of WLED has an 8 mm bottom length, a 2.07
mm height, and a 9.85 mm length. Each LEDs
chip with an area of 1.14 square millimeters and
a 0.15 mm height is bound in the cavity of the
re�ector. The radiant �ux of each blue chip is
1.16 W [13].

(a)

(b)

Fig. 1: (a) The real model WLEDs; (b) The simulation
remote-packaging WLEDs.

In the simulation model Figure 1(b), the con-
centration of α-SrO·3B2O3:Sm

2+ should be in-
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creased from 2% to 24% for selecting an opti-
mal concentration. In order to keep the average
CCT values of the WLEDs, the concentration
of the yellow YAG:Ce phosphor's concentration
must be controlled. The optical performance
of α-SrO·3B2O3:Sm

2+ particles are con�gured
by using the Light Tools software and investi-
gated by applying Mie-theory and Monte Carlo
method. In Mie-theoretical calculation, the av-
erage radius of two types of phosphor particles
are selected at 7.25 µm. The refractive indexes
of silicone glue, SiO2, α-SrO·3B2O3:Sm

2+, and
YAG:Ce particles are chosen at 1.5, 1.54, 1.80,
and 1.83, respectively [13].

From the previous literatures, Mie-theory is
popularly used for calculating scattering proper-
ties of particles [?]. In this work, the scattering
properties of α-SrO·3B2O3:Sm

2+ particles in-
cluding the scattering coe�cient µscattering(λ),
anisotropy factor g(λ), and reduced scattering
coe�cient δsca(λ) can be computed by equations
(1), (2), and (3):

µscattering(λ) =

∫
N(r)Cscattering(λ, r)dr (1)

g(λ) = 2π

∫ ∫ 1

−1
p(θ, λ, r)f(r)cosθd(cosθ)dr

(2)

δscattering(λ) = µscattering(1− g). (3)

Where N(r) indicates the distribution density
of particles (mm−3), r is the radius of particles
(upmum), λ is the light wavelength (nm), θ is
the scattering angle, Cscattering is the scatter-
ing cross sections (mm2), p(θ,λ,r) is the phase
function, and f(r) is the size distribution func-
tion of α-SrO3B2O3:Sm

2+ particles. In this
equations, f(r), N(r), p(θ,λ,r) and Cscattering

can be calculated by the followings:

f(r) = fdif (r) + fphos(r) (4)

N(r) = Ndif (r) +Nphos(r)

= KN .[fdif (r) + fphos(r)] (5)

p(θ, λ, r) =
4πβ(θ, λ, r)

k2Csca(λ, r)
(6)

Csca =
2π

k2

∞∑
0

(2n− 1)(|an|2 + |bn|2) (7)

Where k is the wavenumber (2π/λ), and an and
bn are the expansion coe�cients.

As presented in Figure 2, the scattering coef-
�cients grow with the α-SrO·3B2O3:Sm

2+ con-
centration.

From the simulation, we can see that at 453
nm and 555 nm the scattering coe�cients have
the highest and lowest values, respectively. In
this situation, the blue-light intensity becomes
stronger than yellow-light. Moreover, the partic-
ipation of α-SrO·3B2O3:Sm

2+ particles can en-
hance the absorption ability of blue light. Here,
the main role of α-SrO·3B2O3:Sm

2+ particles is
to increase red-light in WLEDs. From these
reasons, α-SrO·3B2O3:Sm

2+ should be consid-
ered for improving the optical performance of
WLEDs.

Figure 3 presents the anisotropy factors ofα-
SrO·3B2O3:Sm

2+ particles at the wavelengths of
453 nm, 555 nm, and 680 nm, respectively. It
is observed from the results that the anisotropy
factor values at 555 nm are higher than those
at 453 and 680 nm, which is an expected re-
sult. However, it is at 555nm that the maxi-
mum anisotropy factor value is obtained. This
means that α-SrO·3B2O3:Sm

2+ should display
the strongest scattering event at 555 nm. Fur-
thermore, the Monter Carlo simulation in Light
Tools software can be produce for convinc-
ing the analysis. From simulation results, the
anisotropy factors have a slight deviation ap-
proximately between 0.978 and 0.982. From the
results, the color quality of the WLEDs can be
enhanced by the varying scattering e�ect of the
wavelengths.

In the Mie-scattering analysis section, the
concentration of α-SrO·3B2O3:Sm

2+ particles
is varied from 0% to 50%, continuously. As
illustrated in Figure 4, the reduced scatter-
ing coe�cients of α-SrO·3B2O3:Sm

2+ at 453
nm, 555 nm, and 680 nm wavelengths grow
with α-SrO·3B2O3:Sm

2+ concentration. The
deviations of the reduced scattering coe�cients
among three wavelengths are negligible. Corre-
spondingly, the obtained results prove the sta-
ble scattering property of α-SrO·3B2O3:Sm

2+

for di�erent wavelengths.
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Fig. 2: Scattering coe�cients of α-SrO·3B2O3:Sm2+

versus concentration red phosphor (%)

Fig. 3: Anisotropy scattering values of α-
SrO·3B2O3:Sm2+ versus concentration
red phosphor (%)

Fig. 4: Reduced scattering coe�cients of α-
SrO·3B2O3:Sm2+ versus concentration
red phosphor (%)

As demonstrated in Figure 5 and Fig-
ure 6, both color rendering index (CRI) and
color quality scale (CQS) grow with the α-

SrO·3B2O3:Sm
2+ concentration. This result can

be obtained by the compensation of red-light in
pc-LED when α-SrO·3B2O3:Sm

2+ phosphor is
employed. For 8500K CCT pc-LED with 30%
α-SrO·3B2O3:Sm

2+, the highest CRI and CQS
values that can be obtained are 80 and 70, re-
spectively. This results show that this method
can improve CRI and CQS in the high-CCT for
the remote-packaging structure WLEDs. Fur-
thermore, based on Figure 5 and Figure 6, both
CRI and CQS values should be increased by
adding more α-SrO·3B2O3:Sm

2+ in to the phos-
phor layer. On another hand, by adding more
α-SrO·3B2O3:Sm

2+ can provide more disadvan-
tage in luminous �ux because of the excessive
increase in the red-light spectrum region (Fig-
ure 7). As shown in Figure 7, the luminous
�ux has an increasing tendency from 2% to
14% and a decreasing tendency from more than
14% α-SrO·3B2O3:Sm

2+. The more concen-
tration of the red-emitting α-SrO·3B2O3:Sm

2+

phosphor the more scattering and reduce scat-
tering processes in the phosphor layer of the
WLEDs and it leads to more energy loss. It
is the reason for decreasing the luminous e�-
cacy when the concentration of the red-emitting
α-SrO·3B2O3:Sm

2+ phosphor more than 14%.
For the 24% α-SrO·3B2O3:Sm

2+ case, its lumi-
nous �ux is approximately equal to the one of 2%
α-SrO·3B2O3:Sm

2+. Moreover, the D-CCT are
signi�cantly decreased with the increase the red-
emitting SrO·3B2O3:Sm

2+ phosphor's concen-
tration (Figure 8). As shown in Figure 8, the D-
CCT are decreased from 13000K to 11000K, and
from 6800K to 5200 K for the 8500K and 7000
K WLEDs, respectively. Finally, the involving
of red-emitting α-SrO·3B2O3:Sm

2+ conversion
phosphor into the YAG:Ce phosphor compound-
ing had a tremendous impact in increasing the
optical performance of the 8500K and 7000K
remote-packaging WLEDs.

III. CONCLUSIONS

In this paper, the red-emitting α-
SrO·3B2O3:Sm

2+ phosphor is presented to
increase the optical performance of the 8500K
and 7000K remote packaging WLEDs. From
both simulation results and theoretical anal-
ysis, some conclusions are drawn as follows:
a) The color uniformity (CRI and CQS)
crucially increase while the concentration of
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Fig. 5: Scattering coe�cients of α-SrO·3B2O3:Sm2+

versus concentration red phosphor (%)

Fig. 6: CRI properties of WLEDs with various α-
SrO·3B2O3:Sm2+ concentrations.

Fig. 7: Color quality scale (CQS) of WLEDs with vari-
ous α-SrO·3B2O3:Sm2+ concentration.

α-SrO·3B2O3:Sm
2+ phosphor varies from 2% to

24%. The highest values of CRI and CQS are
80 and 70, respectively, which occur in the 24%
α-SrO·3B2O3:Sm

2+ case.

b) The luminous �ux increases with the con-
centration of α-SrO·3B2O3:Sm

2+ until an opti-
mal point, then decreases slightly beyond this
point. In fact, the luminous �ux at 2% and 24%
α-SrO·3B2O3:Sm

2+ are approximately equal to
each other. This means that luminous �ux can
be kept while increasing CRI and CQS.

Fig. 8: D-CCT of WLEDs with various α-
SrO·3B2O3:Sm2+ concentration.

c) The D-CCT of the WLEDs could be
decreased crucially with the involvement of
the red-emitting α-SrO·3B2O3:Sm

2+ conversion
phosphor. This study provides valuable tech-
nical information for RP-WLEDs manufactur-
ing and material development of white LED ap-
plications. In further work, the in�uence of
α-SrO·3B2O3:Sm

2+ size on the lighting perfor-
mance of remote packaging WLEDs should be
investigated.
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