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1. INTRODUCTION

White light-emitting diodes (abbreviated as WLEDs) offer many benefits such as significant lumen
performance, significant energy performance, insignificant volume while posing no harm to the environment,
and as such can become a promising substitute for traditional incandescent and fluorescent light [1]. Usually,
it takes blue color chips with the yellow Y3AlsO12:Ce** (YAG:Ce) phosphorus to create phosphor-converted
(pc)-WLEDs [2]. However, because of the red-light elements limited amount, such a technique can result in a
lower color rendering indice (CRI) and significant correlated color temperature (CCT) [3]. In order to create
certain pc-WLEDs, we can integrate a near-ultraviolet (UV) chip featuring multi-color phosphors. Such
procedure is intended to yield a greater CRI compared to that in pc-WLEDs based on YAG:Ce. By
combining the near-UV light-emitting diodes (LEDs) with suitable phosphors, we can obtain a wide
spectrum, great CRI results, and will be able to adjust the CCT value [4]. Silicate phosphors possess a strong
near-UV absorption property as well as a great quantum efficacy. Researches have examined the silicate
phosphors that generate blue and green light (BaZrSi;O9:Eu?* [5], [6] and Ba,MgSi,O;:Eu?** [7], [8],
respectively) and employed them in near-UV LEDs. Furthermore, red Ca,SisNs:Eu?" phosphors were also
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made at standard pressure using the solid-state reaction approach [9]. For the current effort, near-UV chips of
LED carry the task of pumping triple-chroma phosphors to create pc-WLEDs that yield considerable CRI
values. The contents of the layers of phosphor include 5-wt% red Cai.97SisNs:0.03Eu®" phosphor and 95-wt%
silicone gel. Layers of mixed phosphors are made of 10-wt% blue Bag sSr94ZrSiz09:0.1Eu?* phosphor and
15-wt% green Ba; 4MgSi>07:0.06Eu?".

In order to create traditional pc-WLEDs, several phosphors are mixed with gels used to paint the
chips of LED, and as a result, this will lower the pc-WLEDs’ effectiveness and chromatic genuineness,
caused by the incomplete re-absorption among the phosphors with an overlay of the spectrum [10]. A
structure with layers separated, with a red layer of phosphor placed beneath the yellow layer, has shown the
ability to impede the impact of re-absorption [9], [11], [12]. As far we are concerned, there have been no
studies before that use divided layers in triple-phosphor WLEDs. Because of the three divided phosphors,
adjusting the covering parameters becomes exceedingly difficult for the task of creating big-CRI WLEDs.
We cannot easily detect the re-absorption event happening among the blue and green phosphors. As such, our
research makes alterations to the said structure with a layer of red phosphor (R) placed beneath a mixed-
phosphor layer of blue and green (B&G) to create pc-WLEDs that can yield great CRI values. The research
also assesses the impact of the overlaying zone among the deconvoluted peaks from the pc-WLEDs’
electroluminescence (EL) on the CRI results. The pc-WLEDs recommended yield considerable CRI results
and a CCT that we can modify by changing the phosphor layer’s thickness. The features of the recommended
apparatuses are compared to ones mentioned in published works [13], [14]. Besides the benefits of
illumination efficiency and the thermal stability of the WLEDs, PiG also benefits the color quality, which has
been clearly mentioned or proven in very few researches. The optical properties of WLEDs, such as
illumination efficacy and colour fidelity, are optimized in this study employing a new two-layer distant
phosphorus scheme (DRPS). Furthermore, the Mie-scattering hypothesis convincingly proves the optical
feature distinction of the two structures of one-layer remote phosphorus scheme (SRPS) and DRPS.

2. EXPERIMENT AND SIMULATION DETAILS
2.1. The simulation process of SRPS and DRPS

To reconstruct the WLED models at the following average CCT values, we used the commercial
tool lighttools 9.0, which is developed using the monte carlo ray-tracing approach. Figure 1(a) shows the
remote phosphor package with temperatures of 8500 K, 7700 K, 7000 K, 6000 K, and 5600 K. The real-life
WLED 3D-recreation model intended to optically simulate the remote phosphor package (Figure 1(b)). SRPS
is a phosphor layer consisting of LaAsOas:Eu** particles combined with the YAG:Ce*" mixture as seen in Figure
1(c). Meanwhile, DRPS is two phosphor layers of red and yellow separated as seen in Figure 1(d).
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Figure 1. Schematic diagrams of phosphor-converted WLEDs, (a) WLEDs demonstration, (b) WLEDs model

utilizing LightTools approach, (c) demonstration of SRPS featuring SiO» (green) and LaAsO4:Eu** (red) in

YAG:Ce** compound (yellow), and (d) demonstration of DRPS featuring SiO- in LaAsO4:Eu*" compound
YAG:Ce* compound

For the real-life WLED model, the reflector’s bottom area, height, and peak-surface area are
respectively 8-mm, 2.07-mm, and 9.85-mm. The remote phosphorus film is 0.08-mm thick by default and
conceals the nine chips of LED. All square chips are 1.14 mm long, 0.15 mm tall and are attached to the
reflector’s gap, which we can see in Figure 1(b). At 455 nm wavelength, the chips exhibit a 1.16 W radiant
flux. At 5% SiO, particle concentration in the phosphorus composition, LaAsOs:Eu** phosphorus
concentration particle shifts constantly from 2% to 30%. Nevertheless, we can manipulate YAG:Ce>” wt to
keep the CCTs at an average level. We use the LightTools 9.0 application to recreate the optical features of
the SiO, and LaAsO4:Eu®" phosphor motes. For the SiO, and LaAsO4:Eu*" phosphors, their nonmandatory
refractive indexes of the diffuses have responding values of 1.54 and 1.08. The spherical SiO, motes have an
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average 3-um radius when mie-simulated. On the other hand, the phosphor motes attain a 7.25 pm median
radius and a 1.83 refractive indice, regardless of the optical wavelengths with the silicone adhesive’s 1.5
refractive indice. The diffusive particle density stands out to sustain the average CCT level. To sustain the
CCT in case the diffuses’ weight percentage rises, we must lower the YAG:Ce** phosphor’s weight.

2.2. Preparation of LaAsO4:Eu’* phosphor

The preparation process begins with mixing the listed ingredients by dissolving them in H,O» of
30%. Then, continuing stirring slowly, heat the mixture until the boiling reveals the synthesis of H3AsOj.
[15], [16]. The obtained composition is let to dry in the air, thereafter pulverized, see Table 1. The mixture
then undergoes two firing phases. In the first phase, heat the mixture in air opened quartz boats at about
500°C, then pulverized. In the second phase, the same procedures are conducted but at the heat of 1000°C for
an hour. The phosphor acquired emits red light, with emission peaks from 1.785-2.149 eV and excited
efficacy by UV of +(91.88 eV), —(3.40 eV).

Table 1. Chemical composition of green-emitting phosphor LaAsO4:Eu®*
Ingredient Mole % By weight (g)

La,O3 95 (of La) 155
Eu,0; 5 (of Eu) 8.8
As,05 100 (of As) 75

3. SCATTERING COMPUTATION
Based on the theory of Mie-scattering [17]-[23], the three formulas below are used to calculate the
scattered coefficients usca(4), anisotropy element g(4), and decreased scattered coefficients dsca(?):

Usca(A) = fN(T) Csca(A, T)dr (1
g = 2nf [*,p(8,4,7)f (r)cosbdcoshdr @
Osca = thsca(1 — g) (€))

For the formulas demonstrated, the N(r) symbol represents diffusional particles’ density of
allocation (measured in mm?®), the Cs, symbol represents the scattered cross-section in mm?, the p(0,\,r)
symbol represents the phase role, the A symbol represents the optical wavelengths in nm, the r symbol
represents diffusive particles’ radius in um, the 0 symbol represents the scattered angle in °C, and the f(r)
symbol represents the diffusor size distributing role within the phosphorus film, as seen in the formulas:

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

N(T) = Ndif(r) + Nphos(r) = KN- [fdif(r) + fphos(r)] (5)

The N(r) value includes the diffusional ions’ density and the phosphor particle’s intensity,
respectively indicated by the symbols Naif(r) and Npnos(r). The symbols fsifr) and fohos(r) represents the
diffusor’s and the phosphor mote’s size distribution function data respectively. The Kn symbol represents the
amount of diffusor unit for each concentration of the diffusor, which is determined by the following formula:

c =Ky [M(r)dr (6)

The following equation determines M(r), which is the diffusive unit’s gross allocation:
4
M(r) = 57”3 [pdiffdif(r) + pphosfphos (T)] @)

In (7), the symbols paig(r) and ppros(r) represent diffusor’s and phosphor crystal’s density. Derived from the
Mie-scattering hypothesis, the following formula determines Cicq:

Coca = 5 252 = D(lay]? + |5y [?) ®)

With k=27/2 (9) and (10) determines a, and b,:
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Where x=k.r, m indicates the refractive indice, ¥, (x) along with &, (x) indicating the Riccati-Bessel role.

Figure 2 demonstrates that the scattered coefficients are directly proportional to the phosphor
LaAsO4s:Eu* concentration. For the LaAsOs:Eu** and SiO, particles, their scattering events have a
remarkable impact on the RP-WLEDs. Compared to the LED’s blue light, the LaAsO4:Eu*" phosphor
possesses greater absorption property. Therefore, with the prevalence of the red light generated, we can
supplement the red element in the RP-WLEDs. In addition, the 5% wt. concentration of SiO; that is intended
to encourage the scattering property can improve the pc-LED’s absorption property as well. As such, the
granules of LaAsO4:Eu®" and SiO, are intended to raise the chromatic performance of WLEDs. As we can
see in Figure 3, the anisotropy aspect of LaAsO4:Eu’* granules at the wavelength value range of 453 nm,
555 nm, 680 nm shows that the anisotropy aspect at 680 nm has greater values than that at 555 nm.
Furthermore, compared to the remaining wavelengths, we can achieve the greatest values of the anisotropy
aspect at the wavelengths of 453 nm. In other words, the LaAsO4:Eu** granules can improve the chromatic
homogeneity in RP-WLEDs. For the two structures of SRPS and DRPS, their silicone’s refractive index (ns;)
has a value of 1.53. The npnos symbol indicates the phosphor granules’ refractive index. As such, the diffusors
and the phosphor’s relative refractive indices in the silicone (indicated by mgir and mgir respectively) could be
determined using Mg = ngir/Ngy as well as Mypos = Nppos/Nsip- The phase role is subsequently
determined by:

4B (0,A,1)
k2Csca (A1)

p(6,4,1) = (11)

The symbols 8(6,4,1), Si(0) and S>(6), which indicates angular scattered amplitudes, are determined by the
formulas [24]-[26]:

B(6.4,7) = L[S, O + I5,(6)[ (2

Si= g, (rmym, (cos6) + by (e, )T, (cost)] (13
n=1nn+1)

Si= ) 2 a,(x,m)T,(cos0) + by (x,m)my (cost)] (1
n=1nm+1)
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Figure 2. LaAsO4:Eu** scattered coefficients at

453nm, 555nm, and 680nm in wavelength values
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Figure 3. LaAsO4:Eu*" anisotropy scattered process
at 453nm, 555nm, and 680nm in wavelength values
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4. RESULTS AND DISCUSSION

The approximate decreased scattering coefficient of LaAsO4:Eu** is directly proportional to the
wavelength range from 453 nm, 555 nm, 680 nm, as seen in Figure 4. The consistency of scattering in
LaAsO4:Eu*" phosphor can be beneficial to the RP-WLEDs’ chromatic performance. We then evaluate the
angular scattering amplitudes of the LaAsO4:Eu*" phosphor using the MATLAB application. According to
the outcomes, the LaAsO4:Eu®* phosphor granules greatly benefit the scattering of blue light. As more blue
light is generated, the yellow-ring event will be decreased. In accordance with this, in Figure 5, the said
granules can supplement the red light as well as the blue light. The main goal of such computations is to
verify the outcomes shown from Figure 6 to Figure 8.
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Figure 4. LaAsO4:Eu’" decreased scattered coefficients Figure 5. LaAsO4:Eu’* the angular scattered
at 453nm, 555nm and 680nm in wavelength values amplitudes at 453nm, 555nm and 680nm
wavelength values

The CRI value differences between the two structures of SRPS and DRPS is insignificant. As the
concentration of LaAsO4:Eu*" reaches 22%, the CRI of SRPS and DRPS show an upward trend. Notably, the
CRI is directly proportional to the ACCT and is highest at 8500 K. This is a vital result that will contribute to
the CRI improvement in both configurations. The phosphorus LaAsO4:Eu’* can control the CRI at such great
ACCT of 8500K. However, the CRI is a factor among the parameters intended to assess the colour standard.
Recently, the color quality scale (CQS) has been the researching focus of various studies. CQS is the
amalgamation of the three aspects: CRI, beholder’s inclination as well as color coordination. By covering
these three aspects, CQS becomes a significant target and “seemingly” the most important parameter applied
to assess the colour standard. As the concentration of LaAsO4:Eu®* surpasses 30%, the SRPS’s CRI keep on
growing. Meanwhile, the DRPS’s CRI displays an downward trend at all ACCTs. This phenomenon also
happens similarly to the CQS result in Figure 7. For the SRPS structure, the highest CQS value at 8500 K is
71. Meanwhile, the DRPS’s CQS at mostly all ACCTs is reported 74. Therefore, DRPS yields better color
quality than SRPS.
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Figure 6. CRI increase featuring LaAsO4:Eu® concentration (a) SRPS and (b) DRPS
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Figure 7. CQS increase featuring LaAsO4:Eu’* concentration (a) SRPS and (b) DRPS

The CRI and CQS values display a noticeable upward trend as the red phosphor concentration
changes from 2% to 30% in Figures 6(a) to (b) and Figures 7(a) to (b). The CRI and CQS peak at 85 and 71
accordingly, at 30% LaAsO4:Eu’* concentration. Furthermore, according to Figure 5, at the wavelength of
453 nm, the angular scattering amplitudes reach their peak, compared to those at the wavelengths of 555 nm
or 680 nm. This indicates that the additional concentration of LaAsO4:Eu** can considerable positive effect
on the scattering event of blue light, which can both boost the chromatic performance and the lumen. But in
the SRPS structure, the phenomenon of backscattering becomes prevalent when the concentration of
LaAsO4:Eu?* exceeds 14%, which results in lower lumen output. As such, Figure 8 demonstrates that the
lumen first displays a noticeable rise, achieves its peak and subsequently displays a minor fall. Figures 8(a) to
(b) demonstrates the considerable DRPS brilliance decrease as the red emitting phosphorus LaAsO4:Eu®*
concentration rises. This is caused by the considerable decrease in the light transmission energy via the red
emitting phosphorus film. At all ACCTs, on the other hand, using 2-14% LaAsO4:Eu** the lumen output of
DRPS is indeed considerably higher compared to that of SRPS. This proves that, beside CQS, the DRPS
structure yields a greater brightness for WLEDs than SRPS.
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Figure 8. SRPS luminous emissions featuring LaAsO4:Eu’" (a) concentration and (b) DRPS

5.  CONCLUSION

This research has focused on solving two issues: the first is comparing CQS and LED of the two
structures SRPS and DRPS, the second is analyzing the influence of the red phosphor LaAsO4:Eu®* upon
both configurations’ CQS and luminosity (LF) value. To achieve optimum CQS and LE, characteristics of
phosphor pattern and concentration must be determined at the same time. The outcomes leading to the CRI
and CQS increase as the LaAsO4:Eu’* concentration increases. CQS can reach 74 when DRPS is employed
ay ACCTs 5600 K—8500 K, while LF decreases considerably in contrast. However, at all ACCTs, the DRPS
lumen output is constantly considerably higher in comparison with SRPS lumen output at 2-14%
LaAsO4:Eu*. In order to clarify such result, the scattering properties of LaAsO4:Eu*, which includes the
scattered coefficients y0q(7), anisotropy element g(4), decreased scattered coefficients dscq(Z), and the angular
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scattered amplitudes S;(6) and S:(6) are also presented. To conclude, in term of the CQS and LF, DRPS is
superior to SRPS, while the both configurations CRI values are nearly identical. To obtain optimum CQS and
LF, the LaAsO4:Eu’* concentration should be carefully determined.
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