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Abstract. In this paper, we present and analyze
the influence of (La,Ce,Tb)PO4 :Ce:Tb green phosphor
(LaTb) toward the performance of the multi-chip white
LED (MCW-LEDs) lamps including color uniformity,
lumen output, Color Rendering Index (CRI), and Color
Quality Scale (CQS). By mixing the LaTb green phosphor and the YAG:Ce yellow phosphor compounding
under condition of 7000 K MCW-LEDs, this new approach can produce a huge meaningful change in lumen output and the angular color distribution of MCWLEDs. We also study the interaction between the concentration and size of the LaTb particles with output
flux, color uniformity, CRI, and CQS. The obtained
results demonstrate that the higher lumen output, the
higher color uniformity enhancement could be attained
by adding the LaTb particles with a size range around
6-8 µm and the concentration around 1.5 % in phosphor layer. Meanwhile, the decrease of the color rendering value (CRI) and the Color Quality Scale (CQS)
tend to be stable and insignificant. In other words,
the obtained results provide a prospective method which
plays an important role in the development of MCWLED manufacturing technology.

Keywords
(La,Ce,Tb)PO4 :Ce:Tb phosphor, Color Quality Scale, Color Rendering Index, color uniformity, luminous flux, multi-chip white LED
lamp.

1.

Introduction

Recently, MCW-LED is becoming one of the most
widely used lighting sources in illumination applications since its characteristics such as high light
intensity, energy-efficient, low power consumption, fast
response, and expended durability outperform conventional lighting sources (Michael Cantore et al. 2015
and Yu et al. 2016). Nevertheless, there are challenges
in improving those performance indicators. That leads
to further research and development. Two important
properties of white LEDs that attract great attention
of researchers are lumen output and color uniformity
which have been studied and published in previous
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papers of Ying et al. (2016) and Chiang et al (2015).
To improve these two features, these papers were
mainly focused on scattering enhancement of the incident and the converted light of phosphor particles in
MCW LED.
White light, which is produced by white LED, is the
result of mixing in the incident blue light from the chips
and converted yellow light. YAG:Ce yellow phosphor
particles are the preferred material for white LEDs.
This phosphor is used to absorb exciting blue light from
the chips and to emit the yellow light (Liu et al. 2008,
Liu et al. 2011). However, it is perceived that the blue
light intensity is not in balance with the yellow light
intensity due to the backscattering problems. Consequently, the MCW-LEDs do not offer uniform color
distribution and thus are not suitable for some applications (H-C Chen et al. 2013 and K-J Chen et al.
2012).

of phosphor layer are investigated by considering both
light absorption and light conversion in LEDs when
LaTb particles are injected into phosphor layer. In
other words, this work investigates how both concentration and size of LaTb green phosphor particles will
impact on luminous flux, angular color distribution,
CRI, and CQS.

2.

Simulation and
Computation

The main purpose of this research is to reveal the effect
of green LaTb phosphor on the angular CCT uniformity and the lumen output efficiency of the MCWLEDs, so we used a 7000 K MCW-LED with in-cup
phosphor structure to simulate. The MCW-LED models used in the simulation processes were the commerOne of the alternative methods to enhance the cial MPBGA (Multi-Package Ball Grid Array) procolor uniformity and luminous flux of white LEDs is vided by the Siliconware Precision Industries Co. Ltd.,
to add green Ce0.67 Tb0.33 MgAl11 O19 :Ce,Tb phos- Taiwan.
phor into phosphor compounding with the suitable
The model structure, as shown in Fig. 1, was built up
phosphor concentration as proposed by Anh et al.
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depth, 8 mm bottom length, and 9.85 mm surface
length. The chips were covered by a 0.08 mm thick
phosphor layer, as shown in Fig. 1. In order to better
understand the effect of using this green phosphor, the
optical simulation process is conducted with variation
of LaTb particle concentration and size. It is worth
noting that if the concentration of green LaTb phosphor varies, the YAG:Ce phosphor concentration needs
to be suitably adjusted to maintain the color temperature of white LEDs at 7000 K.

where S1 , S2 are the scattering intensity functions, x is
the particle size parameter, m is the phosphor particle
refractive index. Their values are determined by the
angular functions πn (cos θ) and τn (cos θ), the parameters m, x, and the expansion coefficients an , bn . The
refractive index of phosphor particle is set to be 1.85
and 1.83 for LaTb and YAG:Ce. The scattering intensity S1 , S2 of MCW-LEDs are simulated and computed
at the peak of 555 nm of yellow YAG:Ce phosphor and
the wavelength of 453 nm of blue chips.

LightTools 8.1.0 optical software was used in this
simulation process to model the LED structure and
analyze its optical performance. The LaTb phosphor
with the wavelength at 546 nm was added to the MCWLED with the several alterations in concentration and
size to optimize the optical properties of LEDs. Therefore, these MCW-LEDs contain the green phosphor
LaTb, the yellow phosphor YAG:Ce, and the silicone
glues in their phosphor layer. In this structure, green
LaTb phosphor particle sizes were ranging from 1 µm
to 10 µm, while the radius of the YAG:Ce yellow phosphor particle is set to 7.25 µm.

Figure 2 depicts the angular scattering intensity of
LaTb and YAG:Ce particles on the Cartesian coordinate system. The Matlab simulation results in Fig. 2
express that the angular scattering intensity of LaTb
diffuse particle is similar to the yellow YAG:Ce phosphor particle. Hence, the combination of the LaTb
particles and the YAG:Ce phosphor layer will produce a scattering enhancement of the incident light in
MCW-LED.

The scattering of the LaTb phosphor particles is calculated and verified by following the Mie-theory (Lai et
al. 2016). The relationship among the angular scattering amplitudes and the weight as well as the size of the
LaTb particles is described by the following equations:
∞
X
2n + 1
[an (x, m)πn (cos θ)
S1 =
n(n
+ 1)
(1)
n=1
+bn (x, m)τn (cos θ)] ,
S2 =

∞
X

2n + 1
[an (x, m)τn (cos θ)
n(n
+ 1)
n=1
+bn (x, m)πn (cos θ)] ,

7

#10-3

3.

Results and Discussion

To determine the color uniformity quality of LEDs,
we use the Correlated Color Temperature deviation
(4CCT) which is the difference between the maximum
CCT value and the minimum CCT value. This parameter was also characterizes the angular CCT uniformity
of LEDs. Thus, lower 4CCT value corresponds to the
better light quality of LEDs (K-C Huang et al. 2013).

Figure 3 shows the relationship among 4CCT, the
concentration, and size of LaTb particles. When the
(2) LaTb particle concentration increases, the CCT deviation remarkably decreases all LaTb particles with different sizes. If the concentration of LaTb phosphor
increases from 0 to 1.4 % for small LaTb particles and
from 0 up to 1.8 % for bigger sizes, LED shows an ex-
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Fig. 2: The angular scattering diagram of LaTb and YAG:Ce
particles in the phosphor layer of MCW-LEDs for
546 nm and 555 nm.
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Fig. 3: The CCT deviation (4CCT) of MCW-LEDs is at average CCT 7000 K with different LaTb particle sizes and
concentrations.
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cellent color uniformity in its optical property. In some
cases, 4CCT significantly reduces from 4000 K to less
than 500 K. The lowest CCT deviation value can be
achieved for less than 450 K at the LaTb particle concentration of 0.4 % and particle size of 1 µm. Hence,
LaTb phosphor could provide great scattering capability for LEDs and it makes the spatial color distribution
much flatter than those without LaTb. In other words,
the scattered light is able to move in many different directions as the concentration of LaTb particles pumped
into yellow YAG:Ce phosphor increases.
Besides inspecting the influence of LaTb concentration, this study also focuses on investigating the impact
of LaTb particle radius on the color uniformity of the
in-cup package MCW-LEDs. The LaTb particle radius ranging from 1 to 10 µm is surveyed and analyzed
for different concentration of LaTb particles. With the
small particle sizes from 1 µm to 4 µm, the CCT deviation of white LEDs, which is shown in Fig. 3, rapidly
decreases at around 500 K as the LaTb particle concentration increases. Considering these facts, it can
be deduced that the small particles could scatter more
light within the wider viewing angle. As for the greater
size range 5–10 µm, the tendency of curves expressed
by the color uniformity is similar to the small particle
case.

Furthermore, the simulation results shown in Fig. 4
also demonstrate that LaTb particle size and weight
percentage have a strong impact on the lumen output. The higher weight percentage of the green LaTb
phosphor, the better quality of the green lights, and
the higher luminous flux of white LED. To study of
the influence of the LaTb weight percentage on lumen
output, we continuously varied the LaTb concentration
from 0 to 1.8 % for each fixed size in the simulation process. As shown in Fig. 4, as for 1–4 µm LaTb particles,
luminous flux significantly rises with LaTb weight percent from 0 % to 1.5 %. Obviously, when the LaTb
particle size is small, the lumen output will decrease
because the unwanted backward scattering has been
demonstrated in many previous papers. It means that
there is more light trapped inside a package and the
lumen output escaping from that. However, mixing
the new LaTb phosphor into phosphor layer, lumen
output could overcome the restriction with the small
size of phosphor particles and is rapidly improved to
achieve the best luminous flux. With this novel feature, the utilization of LaTb phosphor becomes one of
the most promising methods for improving the optical properties of LEDs. With particle sizes larger than
5 µm, the light tends to propagate stronger in the forward direction and restricts backward light absorption
of LED chips, thereby the luminous flux at large size
particles will be higher. Hence, a mixture of LaTb
particles with different sizes and YAG:Ce phosphors
tremendously improves the lumen output of the in-cup
phosphor package MCW-LEDs.

This is associated with the fact that the incident
light tends to be scattered, and hence, the decay level
of CCT deviation for these large particles is slower
than those of small particles. Generally, after adding
the new phosphor LaTb into YAG:Ce phosphor, the
Accordingly, LaTb green phosphor can be used to
color uniformity can increase significantly. In particuyield higher lumen output due to a supplement of green
lar, LaTb particles can improve the color uniformity of
light in MCW-LEDs. However, the CRI values can deLEDs for all particle sizes with range within 1–10 µm,
crease as increasing LaTb concentration. It can be obeven if the large particles are employed as seen in Fig. 3.
served that with the increasing luminous flux, the CRI
value insignificantly decreases in size ranging from 6 to
8 µm as shown in Fig. 5. The reason is that in order to
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Fig. 4: The luminous flux of MCW-LEDs is at average CCT
7000 K with different LaTb particle sizes and concentrations.
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Fig. 5: The Color Rendering Index (CRI) value of MCW-LEDs
is at average CCT 7000 K with different LaTb particle
sizes and concentrations.
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achieve better CRI values, LEDs must have a broader
source spectrum to respond, and thus, the efficiency of
white LED would be reduced. In addition, one of the
most important factors used to evaluate the color quality of white LEDs is the CQS factor, which is also investigated in this study. This factor is characterized by
the color fidelity level of MCW-LEDs and it is assessed
by some terms of color quality including CRI, chromatic discrimination, and observer preferences (Davis
and Ohno 2010). In the simulation results (see Fig. 6),
there is a slight lessening in CQS values with concentration around 1.5 % and the particle 6–8 µm.

tion and 6-8 µm particles. It could be concluded that
by pumping a small amount of LaTb phosphor has the
concentration ranging from 0–1.8 % and the particle
sizes from 6–8 µm, we can obtain better performance
of white LEDs. Therefore, LaTb particles should be
a prioritized solution to be chosen for improving the
optical properties of MCW-LEDs.
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