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In this research we have studied the lighting enhancement method by analyzing chromatic performance and luminous flux
of light emitting diodes that produce white light. In order to achieve expected results, it is necessary to mix Eu?*-activated
strontium-barium silicate (SrBaSiO4:Eu®*) with its phosphor compounding, which has been demonstrated to have consider-
able influence on lighting performance. The results showed that with the gradually increasing concentration of yellow-green-

emitting SrBaSiO4:Eu?t phosphor in LEDs devices, at 8500 K,

the color homogeneity and the lighting output received a great

improvement. The color quality scale, on the other hand, responded negatively to the increase in SrBaSiO,4:Eu?t. The impact
of SrBaSiO4:Eu®* on optical properties of WLEDs was confirmed. The final step to optimize SrBaSiO4:Eu?" usage in lighting
development is to figure out a suitable amount of particles and optimize their size.
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1. Introduction

In recent years, most studies in solid-lighting
industry have been focusing on enhancing opti-
cal properties of LEDs configuration, a new light-
ing method with outstanding performance. The ex-
pected results have been achieved, in particular, the
crucial quality aspects of white LED lamps, lumi-
nous flux, and color homogeneity were discussed
and improved in the previous studies [1-5]. For in-
stance, Anh et al. while studying the compound of
SiO, particles and YAG:Ce*" phosphor observed
the potential of phosphor compound and applied it
to enhance white light [6]. The white LED devices
with multiple chips and phosphor compounding ex-
hibited remarkable performance in comparison to
the conventional ones. The most common method
to combine SiO; and yellow YAG:Ce** phosphor
is to bind the particles with silicone gel [7-13].
The phosphor compound absorbs blue light and
discharges yellow light, which creates white light
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during the fusing process of those two chromatic
radiations. The light first diffuses within the phos-
phor compound, then passes through the phosphor
particles. The yellow light from YAG:Ce®" phos-
phor particles, when in contact with blue radiation,
absorbs blue rays and weakens them [14—-16], and
thus, the yellow radiation becomes more intensive
after each diffusing process of blue light. There-
fore, white light at the center and near surface of
LED devices normally has a shade of blue, and
the color displayed at the angles further away from
the center exhibits more yellow shade [17-19]. The
color discrepancy between different zones of light-
ing devices can lead to deficiencies such as the yel-
low ring incident.

Therefore, many luminous flux and color qual-
ity enhancing methods have been studied, includ-
ing configuration modification and phosphor ad-
justment. Won et al. [20] have proved the great
impact of phosphor arrangement on light out-
put and color quality scale (CQS) of lighting de-
vices. They employed green (Ba,Sr);SiO4:Eu’*
and red CaAlSiN3:Eu?* phosphors in the WLEDs
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and calculated the effect of different phosphor pa-
rameters to obtain optimal efficiency [20]. In con-
trast, Oh’s group has proposed the triple-phosphor
layers WLEDs with three primary colors green,
yellow, and red, that focused on light output and
color rendering ability [21]. Zhang’s team has used
multi-chromatic phosphor to enhance the color ren-
dering ability of light emitted from WLEDs [22].
Generally, although many different methods were
applied in those studies, the primary objectives
were light output and rendering index while the
other crucial quality indicators, such as color uni-
formity, were neglected. In addition, those studies
conducted experiments mainly on single chip pack-
ages, which is impractical considering that most
WLEDs packages are multi-chip and have high
correlated color temperature.

In this study, yellow-green SrBaSiO4:Eu’" par-
ticles have been applied in MCW-LEDs to support
homogeneity of color and light output to achieve
optimal results. StBaSiO4:Eu®" particles are espe-
cially useful as they take part in the diffusion pro-
cess of material particles. Due to this process, the
participation of SrBaSiO4:Eu®* particles enhances
the lighting quality and improves color uniformity.
This manuscript consists of three parts: (1) MCW-
LEDs fabrication process; (2) SrBaSiO4:Eu** in-
tegration into the MCW-LEDs lighting configura-
tion; (3) Calculating the emission spectra and the
scattering of SrBaSiO4:Eu*tand discussing their
impacts. The experimental results lead to a conclu-
sion that if SrBaSiO4:Eu*t and YAG:Ce** phos-
phors are combined and added to WLEDs configu-
ration at suitable concentration, the lighting perfor-
mance can be enhanced greatly.

2. Preparation and simulation

2.1. Preparation of
SrBaSiO,:Eu’* phosphor

yellow-green

SrBaSiO4:Eu”* particles, with an emission
peak of 2.36 eV and other remarkable traits such
as high scattering effect and high thermal con-
sistency, are known as a type of yellow-green
phosphor and become more and more popu-
lar [23]. The elements which can directly influence

the luminescence properties of SrBaSiO,:Eu?*
phosphor are their particle sizes and concentration.
Its composition includes SrCO3z, BaCOj3, SiOj,
Eu,0;, NH4Cl, and Eu?' ion, all of which are
used as raw materials as shown in Table 1 [24-26].
Moreover, SrBaSiO4:Eu’" is the primary material
source for heavy duty and durable lighting devices.
As aresult, SrBaSiO4:Eu?t is the most widely used
oxide phosphor material. On the whole, the fabrica-
tion process of SrBaSiO4:Eu?t is described as the
follows:

Firstly, the materials are slurred in the water to
be mixed together. Then they are ball-milled in the
water into small particles. After drying in air, the
materials are powdered. Secondly, this powder is
fired in capped quartz tubes with CO at 1100 °C
within an hour and powderized by dry milling.
Then, 5.4 g NH4Cl is added into this mixture and
the constituents are mixed together by dry milling.
Next, they are fired again in capped quartz tubes
with CO at 1100 °C for an hour and powderized.
Finally, the materials are washed in water for sev-
eral times (pH ranges from 10 to 12) and dried after
that.

2.2. Construction of MCW-LEDs

The MCW-LEDs model with flat silicone
layer was created using LightTools 8.1.0 pro-
gram and Monte Carlo method. The modeling
process has been carried out in two steps: (1)
the type of MCW-LEDs optical configuration and
identification of components optical characteris-
tics (2) SrBaSiO4:Eu®t concentration was con-
stantly changed under careful monitoring to un-
derstand its influence on the optical performance
of the MCW-LED. The optical performance of
YAG:Ce*™ and SrBaSiO4:Eu*" in MCW-LED
lamps was calculated and compared to other con-
figurations to verify the attained results. Among
them, two types of compounding: conformal and
in-cup phosphor, which have average CCT of
8500 K, were applied as comparison targets. The
MCW-LED with conformal phosphor coating and
8500 K CCT is presented in Fig. 1c. It is impor-
tant to note that this lighting configuration does
not have SrBaSiO4:Eu?* particles in the structure.



596

MY HANH NGUYEN THI et al.

Table 1. Composition of yellow-green-emitting SrBaSiO4:Eu”* phosphor.

Ingredient Mole By weight Molar mass  Mole Tons Mole Mole

[%] [g] [g/mol] [mol] [mol] [%]
SrCO3 31.28 145 147.63 0.982 sr>* 0982 0.088
BaCO; 31.79 197 197.34 0.998 Ba2t  0.998 0.090
SiO; 33.40 63 60.08 1.049 Si*+ 1.049 0.094
Euy O3 0.32 35 351.926 0.01 0% 8.068 0.726
NH,4Cl 322 54 53.49 0.101 Eu?+t 0.02 0.002

The reflector with 8§ mm x 2.07 mm x 9.85 mm at
bottom, height, and top respectively is placed in the
structure to hold LED chips. The blue chip emits
1.16 W at 453 nm peak wavelength. The area of
each square LED chip is 1.14 mm? and the height
is 0.15 mm. Above the chips, there is a layer of
phosphor compound with 0.08 mm thickness, cre-
ated by the conformal coating.

Fig. 1c and Fig. 1d show two phosphor struc-
tures in two different geometries. In Fig. 1c, the
phosphor compound is applied to the structure
through conformal coating method. In the case of
in-cup phosphor structure, a different method is
used to mix the phosphor compound with the sili-
cone lens. In both structures Mie-theory has been
used to analyze the scattering of phosphor parti-
cles. In this research, the standard size of phosphor
particles, 14.5 pm, has been applied in all experi-
ments. Fig. le illustrates the spectral values mea-
sured from YAG:Ce’*.

The SrBaSiO4:Eu?", YAG:Ce3 ™, and silicone
gel are the materials used to create the phos-
phor layer of the WLEDs. The refractive index
for the components in the phosphor layer is 1.85
for SrBaSiO4:Eu®t, 1.83 for YAG:Ce**, and 1.52
for silicone gel. The sizes of the components have
been adjusted to fit the pre-determined parameters.
After ensuring that the size and refractive index
are correct, we proceeded to calculate the emis-
sion spectra of the conformal phosphor and pre-
sented them in Fig. 2. In Fig. 2a, the impact of
SrBaSiO4:Eu?* concentration from 0 % to 24 %
on the emission spectra in conformal structure is
demonstrated. In Fig. 2b, the emission spectra of
in-cup phosphor configuration for SrBaSiO4:Eu’*
concentration changing from 0 % to 1.4 % are

shown. From the figures, it is certain that the light
output in MCW-LEDs is enhanced with the addi-
tion of SrBaSiO4:Eu’* particles.

3. Computation and discussion

Based on the Mie theory, the scattering coef-
ficient P, has been computed to verify the opti-
cal properties of phosphor compounding. The re-
lationship of the scattering coefficient (SC) with
the wavelength and SrBaSiO4:Eu?t particles size
is demonstrated in the formula below:

Hca(A) = =CealR) (1)
Cealr) =1 C“}L}((Q)’;f)d’j @

Here, f(D) is the size distribution function, c is the
phosphor concentration (g/cm3), Cicap is the scat-
tering cross-section of the phosphor having particle
diameter D, while Cy,(A) and m are the scatter-
ing cross-section and the particle mass of the phos-
phor integrated over f(D), respectively. Py, (A) and
Linc(A) are the power scattered by phosphor parti-
cles and the irradiance intensity, respectively.

In Fig. 3, the scattering coefficient (SC) mea-
sured from the material layer in each phos-
phor structure with SrBaSiO4:Eu?t particles is
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Phosphor: ITC NYAG4 _EL
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Silicone lens LED chip
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Fig. 1. Illustration of phosphor-converted MCW-LEDs doped with SrBaSiO4:Eu”*: (a) the real MCW-LED and
(b) its parameters; (c) conformal phosphor geometry (CPG) and (d) in-cup phosphor geometry (IPG); (e)
the measured spectra of yellow-emitting YAG:Ce3* phosphor.

recorded. It is easy to see that different concentra-
tions of SrBaSiO4:Eu?" result in different SC val-
ues of the phosphors. This also confirms that the
concentration and pre-stimulus of SrBaSiO,:Eu?t
affect the color quality of both CPG and IPG struc-
tures. When the concentration of SrBaSiO4:Eu%t
is increased, SC also tends to increase regardless of
SrBaSiO,:Eu?t particle size. For the particle with
the size of approximately 1 um, SC increases more
rapidly than in case of particles with larger size,
leading to the development of color uniformity. Be-
sides, when the size is approximately 7 um, the
SC value of the phosphor layer is more stable re-
gardless of the SrBaSiO.:Eu®t concentration. This

is beneficial for color quality (CQS) of the LEDs.
Hence, the SrBaSiO4:Eu®t size should be smaller
than 7 um if the target is CQS. Obviously, the SC
value depends not only on the concentration but
also the size of SrBaSiO4:Eu?*, which is the reason
why SrBaSiO,4:Eu”* can be used for lumen output
and chromatic performance improvement in LED
devices.

It is crucial that some parameters remain con-
stant during the experiments to ensure results accu-
racy. Hence, SrBaSiO4:Eu’* concentration change
that can vary the average CCT of 8500 K in the
lighting device must be adjusted. To address this
issue, as the amount of SrBaSiO4:Eu’* particles
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Fig. 2. Emission spectra of multiple phosphors for (a)
CPG and (b) IPG.

increases, the yellow YAG:Ce* particles must be
reduced to keep CCT at 8500 K. The relation be-
tween the mass proportions of materials is demon-
strated as follows:

ZWpl = Wyellowphosphor + inlicane
+Wyellowfgreenphosphor = 100%

&)

Wsilicone7Wyellowphosph0r and Wyellowfgreenphosphor
are respectively: the amount of silicone gel,
yellow YAG:Ce** particles, and yellow-green
SrBaSiO4:Eu** particles within MCW-LEDs.

The experiments on MCW-LEDs simulation
showed that the angle-dependent color deviation
responded positively to the increase in the amount
of SrBaSiO4:Eu’" particles, as shown in Fig. 4. In
particular, the SrBaSiO4:Eu?" particles contained
in the MCW-LEDs structure can limit the color
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Fig. 3. Scattering coefficients of phosphor compound-
ing at 453 nm as a function of concentration and
size of SrBaSiO4:Eu?t for (a) CPG and (b) IPG.

deviation. It can also be concluded that the chro-
matic distribution of MCW-LEDs in spatial re-
gion is more homogeneous when SrBaSiO4:Eu’*
is present in the structure.

In addition, there is a balance between the two
performance factors and the optimization problem.
Focusing on one quality indicator while neglecting
other aspects can lead to poor overall performance
at the end. However, it is also well known that opti-
mal indices of CQS and luminous efficiency cannot
be obtained simultaneously. Only one optical prop-
erty can reach the highest index while the others
undergo some reduction. Therefore, if the target is
the highest CRI, a wide spectrum and single color
light obtained at 555 nm wavelength must be op-
timized. In our research, we have considered the
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Fig. 4. The CCT peak-valley deviation as a function of
concentration and size of SrBaSiO4:Eu?™ for (a)
CPG and (b) IPG.

connection between CQS, lumen output, and CCT
P-V deviation, which can be observed in Fig. 5 and
Fig. 6.

The results in Fig. 5 show that the light out-
put of WLEDs also increases as the amount of
SrBaSiO4:Eu®* rises. In addition, the luminous
flux seems to keep increasing as long as the
SrBaSiO4:Eu’* concentration is growing, how-
ever, the CQS is reduced. Therefore, choosing
SrBaSiO4:Eu’* concentrations slightly lower than
6 % for CPG and 0.5 % for IPG could prevent the
color quality from being deteriorated while main-
taining a high lumen output index.
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Fig. 5. Luminous efficacy as a function of concentration
and size of SrBaSiO4:Eu?* for (a) CPG and (b)
IPG.

4. Conclusions

The purpose of this manuscript is to demon-
strate how a yellow-green SrBaSiO4:Eu’t phos-
phor can improve the lighting performance of
WLEDs configuration in both chromatic quality
and light output. The color uniformity, according
to the Mie-scattering theory, can be enhanced while
ignoring the ACCT and phosphor setup, due to the
enhanced scattered light in the WLED packages as
the yellow-green SrBaSiO4:Eu?" phosphor is uti-
lized. On the other hand, through the application of
Monte Carlo simulation, the relation between lu-
minous flux and SrBaSiO4:Eu®* concentration has
been confirmed as the measured luminous flux also
fluctuated when the SrBaSiO4:EuT concentration
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Fig. 6. Color quality scale as a function of concentra-
tion and size of SrBaSiO4:Eu* for (a) CPG and
(b) IPG.

varied. From these results, it can be concluded that
SrBaSiO,4:Eu?t with suitable concentration is ad-
vantageous in producing high quality WLEDs or
achieving certain demands imposed on the lighting
device.
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