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In this paper, we investigate the effect of the green-emitting CaF,:Ce*"Th*" phosphor
particle’s size on the color rendering index (CRI) and the color quality scale (CQS) of the
in-cup packaging multichip white LEDs (MCW-LEDs). For this purpose, 7000K and
8500K in-cup packaging MCW-LEDs is simulated by the commercial software Light
Tools. Moreover, scattering process in the phosphor layers is investigated by using Mie
Theory with Mat Lab software. Finally, the research results show that the green-emitting
CaF2:Ce**, Tb*" phosphor’s size crucially influences on the CRI and CQS. From that point
of view, CaF,:Ce**Tb® can be proposed as a potential practical direction for
manufacturing the in-cup packaging phosphor WLEDs.

(Received November 10, 2017; Accepted April 2, 2018)

Keywords: WLEDs; Green-emitting, CaF,:Ce**, Th** phosphor; CRI; CQS; Mie Theory

1. Introduction

In the last few years, the white light emitting diodes (LEDs) have many advantages in
energy efficiency, long lifetime, compactness, environment-friendly and designable features in
comparison with incandescent and fluorescent lamps. In the last few decades, the efficiency of
white LEDs lighting had already exceeded that of the incandescent lamps and was competitive
with fluorescent lamps. Without a doubt, the white LEDs lighting has been setting foot in the
lighting industry and dramatically challenges the conventional lighting [1-3]. Industrial technology
system of solid state lighting mainly includes four critical technological fields: epitaxy material
technology, chip design and manufacturing (upstream industry), packaging materials (midstream
industry) and process technology and system integration technology and applications (downstream
industry). [1-5]. In the midstream LEDs industry, the white light consists of transmitted chip-
emitted blue rays and phosphor-converted yellow rays in phosphor coating layer. Obviously,
phosphor coating structure plays a vital role in affecting illumination quality of WLEDs.
Packaging not only can ensure better performance of LED devices by enhancing reliability and
optical characteristics but can also realize control and adjustment of the final optical performance
[6-8]. There are many studies concentrate on improving the color uniformity, and the luminous
efficacy of WLEDs by controlling the packaging process. Moreover, the lighting properties of
LEDs were significantly improved by using phosphors Sr;-xBaxSi,O,N,:Eu**(0x1) [9] and by
using B-SIAION:Yb* phosphor [11], or by varying phosphor materials and packaging
structures[10], or by Red-Emitting Phosphor Li,SrSiO,Eu®", Sm** [11], by adding the red or green
phosphor to YAG:Ce phosphor compound of W-LEDs [12-15]. Then the LEDs packaging and its
materials research are the critical directions in LEDs manufacturing.
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In this research, we investigate the influence of the green-emitting CaF,:Ce*" Tb**
phosphor particle’s size on the color rendering index (CRI) and the color quality scale (CQS) of
the in-cup packaging MCW-LEDs.

The main contributions of this paper can be summarized as the followings:

1) The green-emitting CaF,:Ce* ' Th®" phosphor particle’s size significantly affects the
color uniformity of the MCW-LEDs.

2) The CRI and CQS of MCW-LEDs can be increased from 58 to 66 and 55 to 65,
respectively.

The rest of this research can present as below. The second section simulates the physical
model MCW-LEDs and proposes the mathematical description of the proposed model. The
simulation results are presented, and some discussions are proposed in the third sections. Finally,
section IV concludes this paper.

2. Research Model MCW-LEDs and Mathematical Description

2.1. Physical Model WLEDs

In this section, we simulate the real 7000K, and 8500K MCW-LEDs by the commercial
software Light Tools based on the Monte Carlo ray-tracing method (Fig. 1). In this physical model
of MCW-LEDs, the reflector has a bottom length of 8 mm, a height of 2.07 mm and a length of
9.85 mm at its top surface. The remote phosphor layer with a fixed thickness of 0.08 mm covers
the 9 LED chips. Each LED chip with a square base of 1.14 mm and a height of 0.15 mm is bound
in the cavity of the reflector shown in Fig. 1. The radiant flux of each blue chip is 1.16 W at
wavelength 455 nm [12-14]. In this section, the size of the green phosphor particle was changed
from 2um to 10um in purpose to investigate the effect of the green phosphor size to the optical
performance of the MCW-LEDs. In the simulation stage in the Light Tools, we set the refractive
index of the green and yellow phosphors at 1.42 and 1.83, respectively. The average radius of the
phosphor particles is 7.25 um, and the refractive index of the silicone glue was chosen 1.5. [12-
15].

Silicone Lens
Green Phosphor

Reﬂec‘lor LED Chip
(b)

Fig. 1.The physical structure of the in-cup packaging WLEDs

Yellow Phosphor

2.2. Mathematical Description of Scattering Process

For more understanding the scattering process of the phosphor layer, the mathematical
description is necessary to propose and demonstrate by applying Mie theory [16-22]. The
scattering coefficient uga(4) (mm™), the absorption coefficient uaps(2) (mm™), anisotropy factor
g(%) (mm™), and reduced scattering coefficient Js,(4) (mm™) can be computed by the below
expressions (1), (2), (3), and (4):

Hea () = [N(N)Cy (4,1)dr (1)
Has (1) = [N(1)C,, (4, 1)dr 2)
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g(l) = 27z” p(o,A,r) f(r)cosé&d cosdr (3)
5sca = Hsca (1_ g) (4)

In these equations, N(r) indicates the distribution density of diffusional particles (mm?®).
Cass and Cy, is the absorption and scattering cross sections (mm?), p(8,,r) is the phase function, 1
is the light wavelength (nm), r is the radius of diffusional particles (um), and & is the scattering
angle (°), and f(r)) is the size distribution function of the diffuser in the phosphorous layer.
Moreover, f(r) and N(r) can be calculated by:

f (r) = fdif (r) + fphos (r) (5)
N(r) = Nge (1) +N o (r) = Ky [ (1) + Fps (0] (6)

N(r) is composed of the diffusive particle number density Ngi(r) and the phosphor particle
number density Ngnos(r). In these equations, fgi(r) and fones(r) are the size distribution function data
of the diffusor and phosphor particle. Here Ky is the number of the unit diffusor for one diffuser
concentration and can be calculated by the following equation:

c= KNfM (r)dr (7)

Where M(r) is the mass distribution of the unit diffuser and can be proposed by the below
equation:

4
M(r)= Eﬂ-rs[pdif Fait (1) + Ppros T onos (N] (8)

Here pgir(r) and pynos(r) are the density of diffuser and phosphor crystal [26-30].
In Mie theory, Cy, and Cgps can be obtained by the following expressions:

2 00
Coa =1z 20+, + o, ) ©
0
27T &
C..= FZ (2n+1)Re(a, +h,) (10)
1
Cabs = Cext _Csca (11)

Where k = 27/, and a, and b, are the expansion coefficients with even symmetry and odd
symmetry, respectively. They can be calculated by:

¥, (M), (X) — My, (MX)y, (X)
V/n (mx)én (X) — My, (mx)énl (X)
b (x,m) = Ma (MY (X) —, (MX)y, (X)
o my, (MX)&, (X) =7, (MX), (x)

an (X, m) =

(12)

(13)

Where x = k.r, m is the refractive index, and y,(x) and & (x) are the Riccati - Bessel
function.

Moreover, the phase function p(&,4,r) can be calculated according to:
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47(6,2,1)

0,1,r)=
PO A1) k*C, (4,1)

(14)

Here p(6,4,r) is the dimensionless scattering function, which is obtained by the
scattering amplitude functions S,(6) and S, (6).

BO) =11 2[S,(0) +[S,(0)['] (15)
51(9)=i 2n+1 Pnl(cosH)er dP!(cos6)

[a, —— h
~=n(n+1) sin@ do

5 (e)_i 2n+1 b Pnl(cose)+a dP’(cos8)
&+ " sing " de

] (16)

] (17)

Where P!(cosd) is the associated Legendre polynomial [16-22].

3. Results and discussions

In this section, the influence of the green phosphor size to the CRI and CQS of the MCW-
LEDs is presented and investigated. In the first stage, the scattering, reduce scattering, and
backscattering coefficients of the green phosphor in connection with its size is simulated by the
Mat Lab software. Fig. 2 illustrate the scattering coefficient of the green phosphor versus the
particle’s size. It is found that the scattering at wavelengths of 453nm, 555nm crucial grew with
increasing the particle. The research results show that the quality of the white light from MCW-
LEDs can be enhanced by varying the size of the green phosphor particle. This can be based on the
excellent absorption ability for the blue light from LED by the green phosphor particle. Moreover,
Fig. 3 shows the same reduced scattering coefficient of the green phosphor at wavelengths 453nm,
555nm. It indicated that the scattering stability of the green-emitting CaF,:Ce®*", Tb** phosphor
showed the great uses for controlling the color quality of the in-cup packaging WLEDs. Fig. 5
showed the influence of the green-emitting CaF,:Ce®* , Tb** phosphor’s concentration on the
angular scattering amplitudes of the in-cup packaging WLEDs at wavelengths 453nm, 555nm.
From the figure, we can see huge massive influence of the green-emitting CaF,:Ce** Th*
phosphor’s concentration on the angular scattering amplitudes.The angular scattering amplitudes at
wavelengths 453nm more extensive larger than at wavelengths 555nm. From the analysis the
scattering process in the phosphor layer of the in-cup packaging WLEDs, the results indicated that
the involvement of the green-emitting CaF,:Ce**, Th* phosphor into the phosphor compounding
could play a major role in controlling the optical properties of the in-cup packaging WLEDs [15].
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Fig. 2 The scattering coefficient of the green-emitting CaF,:Ce**, Tb** phosphor
at wavelengths of 453nm, 555nm.
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Fig. 3 The reduced scattering coefficient of the green-emitting CaF,:Ce** Tb*
phosphor at wavelengths of 453nm, 555nm.
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Fig. 4 The angular scattering amplitudes of the green-emitting CaF,:Ce*", Tb**
Phosphor

69 T

66 1

caQs

63 +

60 +

57

2 4 6 8 10
Red Phosphor Size (um)

Fig. 5. The CQS of the 7000 K in-cup packaging MCW-LEDs by adding the
green-emitting CaF,:Ce** Th®" phosphor particles
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Fig. 6. The CQS of the 8500 K in-cup packaging MCW-LEDs by adding
the green-emitting CaF,:Ce**, Th** phosphor particles
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Fig. 7. The CRI of the 7000 K in-cup packaging MCW-LEDs by adding
the green-emitting CaF,:Ce**, Th** phosphor particles
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Fig. 8. The CRI of the 8500 K in-cup packaging MCW-LEDs by adding the
green-emitting CaF,:Ce®" Tb®* phosphor particles

Furthermore, we use the commercial Light Tools software to investigate the influence of
the green-emitting CaF,:Ce®", Th* phosphor’s size on CQS and CRI of the 7000K, and 8500K in-
cup packaging WLEDs. The size of the green phosphor is increased from 1um to 10 pm
continuously. Fig. 4 and 5 illustrate the CQS of the 7000K, and 8500K in-cup packaging WLEDs
on the increasing the green-emitting CaF,:Ce®*", Tb*" phosphor’s size, respectively. Furthermore,
Fig. 6 and 7 present the influence of particle size on CRI of the 7000K and 8500K in-cup
packaging WLEDs. These results indicated that the CRI and CQS crucially increased while the
size of the green-emitting CaF,:Ce*" , Tb** phosphor rose continuously from 1um to 10 pm. In this
results, the scattered light of each particle in PC-LEDs is different, resulting in varying the optical
properties of W-LEDs.. From the results, the involvement and the scattering process of the green-
emitting CaF,:Ce**, Tb®* phosphor could be playing an essential role in enhancing the optical
properties of the in-cup packaging WLEDs.

4. Conclusions

In this paper, we investigate the effect of the green-emitting CaF,:Ce*", Tb®* phosphor’s
size on CRI and CQS of the 7000K, 8500K in-cup packaging MCW-LEDs .From research results,
the CQS and CRI were significantly increased while the size of the green-emitting phosphor varied
from 2 to 10 pm. The CRI and CQS can obtain the optimal value at 67 and 65, respectively. The
simulation results and the theoretical analysis agreed well with each other. This research can play
the primary role in the development of the manufacturing MCW-LEDs in the future time.
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