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In the last decades, new solutions for improving lighting properties of white LED lamps (WLEDs) have been the main
research direction in optoelectronics. In this paper, a modern approach for enhancing luminous flux and color quality of white
LED lamps was presented. By mixing green-emitting CaF,:Ce3*,Tb3>* phosphor with yellow-emitting YAG:Ce phosphor
compound, the luminous flux and color quality of white LED lamps with conformal phosphor geometry (CPG) increased
significantly. From the obtained results it follows that, the luminous flux increased more than 1.5 times, and the correlated color
temperature deviation decreased more than 4 times in comparison with the non-green-emitting CaF:Ce3*, Tb3*+ phosphor. The

presented research shows that the green-emitting CaF,:Ce3* Tb3+
luminous flux and color quality of white LED lamps.
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1. Introduction

Due to their significant advantages (high effi-
ciency, long lifetime, compactness, low cost, high
color quality, and reliability), white LED lamps
(WLEDs) have been considered as very impor-
tant lighting devices. Since their invention to date,
WLEDs have been produced by several methods.
Firstly, WLEDs were fabricated by a combina-
tion of blue, green and red light chips to emit
white light spectrum. However, the high manu-
facturing cost and the required complicated elec-
tronics were disadvantages of this approach. An-
other method has been coating of some yellow
emitting phosphor, like Y3Al501,:Ce*t (YAG:Ce),
on blue LED phosphors, which resulted in white
light emission. However, YAG:Ce WLEDs have
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phosphor could become a good candidate for enhancing

”,Tb“pr phosphor; luminous

a low color rendering index (CRI) and high corre-
lated color temperature deviation (D-CCT). There-
fore, it was difficult to use them for indoor light-
ing applications. The third approach is a combi-
nation of multiple phosphor materials coated on a
LED chip, known as PC-LEDs. The luminescence
of PC-LEDs is significantly influenced by packing,
assembly of phosphors, and strong re-absorption of
blue light by green and red phosphors. The third
approach is commonly used in research and man-
ufacturing of WLEDs. In recent years, many stud-
ies have focused on enhancement of lighting per-
formance of W-LEDs packages by the third ap-
proach [1, 2]. SiO; added to YAG:Ce phosphor im-
proved its color quality [3]. D-CCT and CRI of
WLEDs were enhanced by doping Y,03:Eu’* to
YAG:Ce phosphor [4, 5]. To improve color unifor-
mity, WLEDs containing Y,03:Eu** phosphor and
green Ce,Tb phosphor were produced. However,
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these studies only focused on increasing color uni-
formity and did not pay much attention to the en-
hancement of both luminous flux and color quality
of the WLEDs. A gap has remained, which could
be filled by this research work.

Hollow micro- and nanostructures with their
unique properties, such as low density, high
surface-to-volume ratio, low coefficient of ther-
mal expansion, and low refractive index, have been
applied in drug-delivery carriers, efficient catal-
ysis, sensors, active-material encapsulation, pho-
tonic crystals, etc. [6, 7]. Microstructured solid
fluoride materials, due to their properties (low-
energy phonons, high ionicity, electron-acceptor
behavior, high resistivity, and anionic conduc-
tivity), have been used in optical applications.
Among them, calcium fluoride (CaF,) with low
refractive index and wide band gap is widely ap-
plied in optoelectronic devices. Moreover, cal-
cium fluoride (CaF,) is well-known as the host
for luminescent ions (Ce’™ and Tb>*) due to its
high transparency in a broad wavelength range,
low refractive index, and low phonon energy as
shown in [8, 9]. Due to its significant advantages,
green-emitting CaF,:Ce®",Tb?>* phosphor can be
considered as a prospective solution in WLEDs
lighting [10]. Nevertheless, there have been only
few studies, which demonstrated green-emitting
CaF,:Ce**  Tb?* phosphor for enhancing the lumi-
nous flux and color quantity of RP-WLEDs yet.

In this research, a new approach consisting in
mixing green-emitting CaF,:Ce?*,Tb>* particles
into a YAG:Ce phosphor compound of white LED
lamps with conformal phosphor geometry (CPG)
to improve their luminous flux and color quantity
(CRI, CQS, D-CCT) was proposed. The influence
of both size and concentration of green-emitting
CaF,:Ce*" Tb’* particles on the lighting perfor-
mance was analyzed and investigated.

This paper can be divided into three parts. In
the first part, a physical simulation model of W-
LEDs using a Light Tools software is presented.
After that, the influence of both size and concen-
tration of green-emitting CaF,:Ce’t, Tb>T parti-
cles is evaluated and analyzed by the commercial
Light Tools software and MATLAB. In this part,

the size of green-emitting CaF,:Ce3*,Tb>* parti-
cles is changed from 1 pum to 10 um, and its concen-
tration is varied from 0 % to 30 % for non-green-
emitting CaF,:Ce3*, Tb>" particles. Finally, some
results are demonstrated and discussed. It is shown
that in green-emitting CaF,:Ce3*,Tb>* phosphor,
luminous flux increased more than 1.5 times,
and the correlated color temperature deviation de-
creased more than 4 times in comparison with
the non-green-emitting CaF,:Ce3*, Tb3* phosphor.
Consequently, the green-emitting CaF,:Ce’*, Tb>*
phosphor can be considered as a new solution for
enhancing the luminous flux and color quality of
white LED lamps.

2. Physical model and mathemati-
cal description

The real WLED with 9 LED chips has been
used to simulate the physical model using the com-
mercial Light Tools 8.1.0 software (Fig. 1). The
Light Tools 8.1.0 is based on the Monte Carlo ray-
tracing method. The real WLED has the following
parameters:

1. Each LED chip with a 1.14 mm square base
and a 0.15 mm height is bonded with a
reflector. The power of each blue chip is
1.16 W.

2. The reflector has an 8 mm bottom length, a
2.07 mm height, and a 9.85 mm length.

3. The conformal phosphor coating which cov-
ers the nine chips, has a fixed thickness of
0.08 mm.

The refractive indexes of the green-emitting
CaF,:Ce’*,Tb’* and YAG:Ce phosphors are 1.52
and 1.83, respectively. The refractive index of the
silicone glue is 1.5. The dopping particles den-
sity has been varied to fix the average CCT value.
If the weight percentage of the green-emitting
CaF,:Ce’*, Tb>* particles is increased, the weight
of YAG:Ce phosphor needs to be reduced to main-
tain the average CCT value.

Mathematical description is given by Mie the-
ory [11-13]. The scattering coefficient igc,(A),
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Fig. 1. Physical structure of conformal phosphor geom-
etry (CPG) W-LED.

anisotropy factor g(A), and reduced scattering co-
efficient d4.(A) can be computed by expression 1,
expression 2, and expression 3, respectively:

lsea(1) = / N(r)Cyea(A,r)dr )

1
g(A) :2%//p(9,l,r)f(r)cos6dcos@dr (2)
“1

6sca - .usca<1 - g) (3)

where N(r) is the density distribution of diffusion
particles in mm?, Cy, is the scattering cross sec-
tion in mm?, p(0,A,r) is the phase function, A is the
light wavelength in nm, r is the radius of diffusional
particles in um, 0 is the scattering angle in °, f(r) is
the size distribution function of the green-emitting
CaF,:Ce" Tb3* particles, which can be obtained
by equation 4 and equation 5:

f(r):fdif(r)+fphos(r) 4)
N(r) = Naif(r) + Nphos(r)
= Kn-[aif (r) + fphos ()]

N(r) is composed of diffusive particle number den-
sity Nyif(r) and the phosphor particle number den-
sity Nphos (1), faif(r) and f,pes(r) are the size distribu-
tion functions of the diffuser and phosphor particle.

)

Here, Ky is the number of unit diffuser for one dif-
fuser concentration and can be calculated by:

c= Ky / M(r)dr ©6)

where M(r) is the mass distribution of the unit dif-
fuser expressed by the equation:

4
M(r) = 2707 [Paif faig (r) + Pphos fonos(r)] ()

3

Pdif(r) and Pphos(r) are the density of diffuser and
phosphor crystal.

In Mie theory, Cy, can be calculated by the fol-

lowing expression:

27 &
Coea =15 L=l +[6a*)  ®
0

where k = 271/A, and a, and b,, are calculated by:

W () W (x) — mys (mx) i, (x)
W, (mx) €, (x) — myy (mx)&, (x)

(&)

an(x,m) =

o) — ™AL ) ~ VMO o

My, (mx) & (x) = Y (mx)§, (x)

where x = k-1, m is the refractive index, and \,(X)
and &,(x) are the Riccati-Bessel functions.

In RP-WLEDs, the refractive index of silicone
ng 18 1.53. ngir is the refractive index of diffuser.
Nppos 1s the refractive index of phosphor particle.
Therefore, the relative refractive indices of diffuser
mgif and phosphor myps in the silicone can be
calculated by mgir = ngit/nsj and Mppos = Nphos/Nsil-
Then, the phase function p(6,A,r) can be
expressed by:

_ 4rnpB(6,A,r)
 k2Cyea(A, 1)

where 3(0,A,r), S1(0) and S,(0) are calculated by
the following equations:

p(6,4,r) (an

1
BO.2.r) =3[$1(0) +|20)]7]  (12)
S = E nz(:ﬂ) [an(x,m)m,(cosO)
n=1
+by(x,m)T,(cosH)] (13)
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2n+1
n(n+1)

+by(x,m)m,(cos0)]

Sy =

[an(x,m)T,(cos0)

its

1
(14)

In equation 13 and equation 14, Tt,(cos@) and
7ty (cosO) are angular dependent functions.

3. Results and discussion

In this research, the coefficients were calcu-
lated by MATLAB software using Mie theory. In
computing of Mie-scattering, the concentration of
CaF,:Ce*" Tb>* particles is varied from 0 % to
30 %, continuously. In Fig. 2, the scattering co-
efficients grow with the growing concentration of
CaF,:Ce*" Tb’*. The scattering coefficients take
higher values at 555 nm and lower ones at 680 nm.
In this situation, the yellow light intensity becomes
stronger in comparison with the red light intensity,
which results in decreasing of various intensity dis-
tributions between yellow and red light. In addi-
tion, the participation of CaF,:Ce* Tb3* particles
enhances the absorption ability of yellow light and
the main purpose of CaF,:Ce*",Tb3* particles is
to compensate red light in WLEDs. From these rea-
sons, CaF,:Ce**  Tb>* could be used for improving
color quality and luminous flux of WLEDs. Fig. 3
shows the anisotropy factors of CaF,:Ce3t, Tb>*
particles for wavelengths of 453 nm, 555 nm, and
680 nm, respectively. The results indicate that the
anisotropy factor values at 555 nm wavelength
are higher than those at 680 nm and 453 nm.
It means that CaF,:Ce’,Tb** should display a
stronger scattering at 555 nm. The computed re-
sults have been adjusted by Monte Carlo simu-
lation. The anisotropy factors show a slight de-
viation ranging from 0.916 to 0.927, which re-
sults in an insignificant scattering effect regard-
less of wavelength. It could be beneficial for
the color quality of WLEDs. However, the re-
duced coefficient is almost the same for 680 nm,
555 nm, and 453 nm wavelengths (Fig. 4). The
reduced scattering coefficients of CaF,:Ce*,Tb>*"
for 453 nm, 555 nm, and 680 nm wavelengths
grow with CaF,:Ce3t, Tb*" concentration. The
deviations of the reduced scattering coefficients
for these three wavelengths are very small.

The results demonstrate that CaF,:Ce**, Tb3* has a
significant influence on scattering, anisotropy, and
reduced coefficients (Fig. 5).
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Fig. 2. Scattering coefficients of CaF,:Ce3*, Tb3* at
wavelengths of 453 nm, 555 nm, and 680 nm.

093

0928
FO009090 6000000 000-0000660000
0926+

—G---2=453nm
— & - %=555nm
— % -2.=580nm

(=
«©
5]
>4

o
«Q
I
N

Anisotropy scattering

2
©
o

0918

0.918 F
0 5 10 15 20 25 30

Concentration (wt.) [%]

Fig. 3. Anisotropy scattering of CaF,:Ce’" Tb* at
wavelengths of 453 nm, 555 nm, and 680 nm.

Using the commercial Light Tool software, the
CRI, CQS, CCT deviations, and lumen output of
WLEDs with CaF,:Ce3*,Tb** particles have been
calculated. As shown in Fig. 6 and Fig. 7, D-CCT
values of 7000 K and 8500 K WLEDs decrease
more than 4 times. These results could be explained
by compensating red light in PC-LED as a result
of employing CaF,:Ce*",Tb** particles phosphor.
The minimum D-CCT has been obtained for 1 um
in size and 12 % concentration of CaF,:Ce>*, Tb3*
particles. The higher concentration and less size
of CaF,:Ce*,Tb** particles, the smaller D-CCT
value. On the other hand, the luminous flux values
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Fig. 4. Reduced scattering coefficient of CaF,:Ce’™,
Th3* at wavelengths of 453 nm, 555 nm, and
680 nm.
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Fig. 5. Angular scattering amplitudes of CaF,:Ce’™,
Tb>* at wavelengths of 453 nm, 555 nm and
680 nm.

of 7000 K and 8500 K WLEDs increase signifi-
cantly with increasing concentration and decreas-
ing size of CaF,:Ce3* Tb’T particles. The lumi-
nous flux may increase by more than 1.5 times
(Fig. 12 and Fig. 13). The maximum value of lu-
minous flux is near 950 Lm for 1 um size and 12 %
concentration of CaF,:Ce’,Tb** particles. How-
ever, the CRI and CQS show a slight decrease with
increasing concentration and decreasing size of
CaF,:Ce’t Tb3* particles (Fig. 8, Fig. 9, Fig. 10,
and Fig. 11). This results could be explained by the
enhanced scattering effect of yellow light in phos-
phor compound when adding CaF,:Ce**,Tb* par-
ticles. From these results, it can be inferred that the
optimal size and concentration of CaF,:Ce’*,Tb3*+
particles are 1 um and 12 %, respectively. Finally,

the results show that both the size and concentra-
tion of CaF,:Ce3*,Tb3* particles have a significant
influence on the color quality and luminous effi-
ciency of WLEDs.
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Fig. 6. ACCT deviation of W-LEDs 7000 K at different
percentages of green-emitting CaF,:Ce** Tb**+
phosphor particles.
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Fig. 7. ACCT deviation of W-LEDs 8500 K at different
percentages of green-emitting CaF,:Ce>* Tb>*
phosphor particles.

4. Conclusions

In this research, the influence of the green-
emitting CaF,:Ce*t, Tb®>" phosphor on luminous
flux and color quality of white LED lamps with
conformal phosphor geometry has been demon-
strated. From simulation results and theory analy-
sis, some conclusions are proposed:

LED
size

white
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flux of
influenced by

1. Luminous
lamps is



568

PHU TRAN TIN et al.

10 pm

1 pm

45 t } t t } } {

0% 4% 8% 12%  16%  20% 24% 28%  32%

Concentration (%)

Fig. 8. CRI of W-LEDs 7000 K at different percent-
ages of green-emitting CaF,:Ce** Tb** phos-

phor particles.
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Fig. 9. CRI of W-LEDs 8500 K at different
percentages of green-emitting CaF,:Ce’*, Th>*
phosphor particles.
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Fig. 10. CQS properties of W-LEDs 7000 K at
different percentages of green-emitting
CaF,:Ce*, Tb** phosphor particles.
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Fig. 11. CQS properties of W-LEDs 8500 K at
different percentages of green-emitting
CaF,:Ce*",Tb>* phosphor particles.
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Fig. 12. Luminous flux of W-LEDs 7000 K at
different percentages of green-emitting
CaF,:Ce**,Tb>* phosphor particles.
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Fig. 13. Luminous flux of W-LEDs 8500 K at
different percentages of green-emitting
CaF,:Ce**,Tb>* phosphor particles.
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and concentration of green-emitting
CaF,:Ce** Tb>" phosphor. Luminous flux
increased about 1.5 times when adding
green-emitting CaF,:Ce3* Tb’>* phosphor
to the phosphor compound.

2. CCT deviation decreased more than 4 times
with varying concentration and size of
green-emitting CaF,:Ce**, Tb3* phosphor.

3. CRI and CQS of the white LED lamps
slightly decreased when the concentration
and size of green-emitting CaF,:Ce** Tb>*
phosphor continuously increased.

This study provides critical approach to using
green-emitting CaF,:Ce* Tb3* phosphor for W-
LEDs applications. In further work, the influ-
ence of the green-emitting CaF,:Ce3*, Tb*>* phos-
phor on luminous flux and color quality of in-cup
and remote packaged W-LEDs will be presented
and analyzed.
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