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AbstractFeaturing the 𝛽 -Ca3(PO4)2 phosphor system, Sr8ZnSc(PO4)7:Eu2+ (SZSPOE) phosphor can be used as an alternative to YAG:Ce3+yellow phosphor for the advancement of the white light-emitting diode (WLED). Its potentials are demonstrated in this paper,including the expected emission power and wavelength based on the previous studies and its impacts on WLED illuminationproperties employingMie-theory-based scattering simulation and calculation andMATLAB software. SZSPOE phosphor can display awide yellow discharge peaking at 511 and 571 nm and a redshift upon the increase in doped Eu2+ dosage. A phosphor layer comprisedof SZSPOE phosphor, SiO2 particles, and silicone gel is simulated for making a WLED. The WLED performance is observed withvarying SiO2 amount. Changes in simulation results of the WLED’s lighting properties can be attributed to the scattering within thephosphor layer in response to different SiO2 concentrations. Results demonstrate that increasing SiO2 amount can lead to the betterspatial color distribution uniformity and luminous output of the WLED. Meanwhile, the lower color rendering index is observed owingto the insufficient red light power. However, the improvement in color uniformity and luminosity alongside the emission tunability ofthe SZSPO host, SZSPOE phosphor can be a promising candidate for substituting the original YAG:Ce3+ for advanced WLEDs.
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1. INTRODUCTION

Significant efforts were made in the past to study white light
emitting diode (WLED) devices, academically and industrially.
These devices became a huge research subject for having signifi-
cant proficiency, convenient magnitude, low toxicity, durability,
as well as low power demand (Loan et al., 2022; Le Thai et al.,
2022) . As such, they may eventually supersede traditional
lights when it comes universal illumination purposes (Tung
et al., 2023) . On the other, LED devices can merely yield an
insignificant portion of illumination as well as singular chroma
under one given period. If the goal is attaining white illumi-
nation in solid-status illumination, it is necessary to create a
discharge covering the observable spectrum with suitable por-
tions. For the purpose of attaining said result, there are three
ways to yield white illumination via LED devices: a merger
between three-chroma and a LED chip, YAG:Ce3+ sample
implemented into a blue chip, and UV OR n-UV chip imple-
mented with blue-red-green phosphor mix (Sena et al., 2024) .
The three-chroma settings suffer from a drawback as different
settings perform distinctively under conduct current, dimness,

functioning heat level as well as functioning duration. On the
other hand, the regulations applied to chroma reliability would
escalate the price (Komine and Nakagawa, 2004; Li et al., 2019;
Loo et al., 2011) . In the case of the merger between YAG:Ce3+

and blue chip, the drawback is significant CCT as well as inferior
CRI caused by insufficient red element. While implementing
red-green-blue phosphor samples into one UV or n-UV may
assist in creating white illumination, the procedure requires sig-
nificant costs with the lumen proficiency deterioration caused
by repeating absorptivity price (Hernandez et al., 2006; Muslu
and Arik, 2019) . WLED devices containing n-UV chips accom-
panied by one merger between yellow as well as blue phosphor
samples displays desirable attributes: adjustable CCT, signif-
icant CRI as well as adjustable chroma coordinates. As such,
creating yellow phosphor samples excitable within the n-UV
zone would be an essential task (Rakotomalala et al., 2016;
Richter et al., 2018) .

𝛽 -Ca3(PO4) 2-type phosphors have gained popularity due
to their versatile chemical compositions and tunable emission.
Many Eu2+-activated phosphors’ emission colors may be finely
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controlled via cation/anion replacement or the solid solution
technique. By using isovalent or aliovalent replacements of
Ca2+ with different cations, overall emission patterns and char-
acteristics may be altered by changing the site distribution of
Eu2+. Yet, in the case of Eu2+-doped 𝛽 -Ca3(PO4) 2-type com-
pounds, there are opposing perspectives on-site distribution
and spectrum assignments in previously published publications.
Thus, it is critical to comprehend the foundations of probable
Eu2+ replacements in the 𝛽 -Ca3(PO4) 2 system (Huang et al.,
2020; Tian et al., 2023) .

Among investigated Eu2+-activated 𝛽 -Ca3(PO4) 2-type ph-
osphors, Sr8ZnSc(PO4) 7:Eu2+ (SZSPOE) phosphor is barely
reported. Hence in this paper, the possible Eu2+ substitutions,
emission bands, and application to produce a WLED model
are presented. The phosphor’s luminescence is built founda-
tionally based on the previous related studies. The simulation
of the phosphor layer comprised of the SZSPOE phosphor and
SiO2 is presented with Mie-theory-based software and MAT-
LAB program (Setiawan et al., 2019; Shen et al., 2010; Song
et al., 2017) . Results show that by varying the SiO2 concen-
tration, the color uniformity and luminosity can be improved
with the SiO2@SZSPOE phosphor film, making the SZSPOE
phosphor a promising alternative to the original YAG:Ce3+ for
advanced WLEDs. Besides, the simulation results in this work
can be applied for comparison and discussion of further exper-
imental research of this SZSPOE application in the WLED.

2. EXPERIMENTAL SECTION

2.1 Simulation Method
The SZSPOE samples can be created through the solid-state
reactivity. Various constituents were employed, which is shown
in Table 1. The constituents were blended then sintered within
a lowering aerosphere containing 15% H2 as well as 85% N2
under 1300◦C within eight hours accompanied by a pulver-
izing process to guarantee the completion for reactivity (Sun
et al., 2017; Gou et al., 2017) . A model of WLED device was
built via applying a layer of phosphor compound of translu-
cent silicone substance and phosphor mixture of SZSPOE and
SiO2 to cover the n-UV/blue chip. Then the package was fired
under 120◦C within ten hours. Mie-theory-based software
and MATLAB program were applied for monitoring the re-
sults of lighting performance with varying SiO2 amount. The
LightTools software was also applied for 3D simulation of the
WLED package.

Table 1. Constituents for SZSPOE

Constituent Purity

SrCO3 99.9%
ZnO 99.99%

Sc2O3 99.99%
(NH4) 2HPO4 99%

Eu2O3 99.99%

3. RESULTS AND DISCUSSION

In previous studies on 𝛽 -Ca3(PO4) 2:Eu2+, the obtained ab-
sorption band was from 300 nm to 450 and even 500 nm,
indicating that the phosphor can be excited by the n-UV and
blue chips (Zhao et al., 2022; Zhou et al., 2021) . Accordingly,
owing to the 4f-5d transfer of Eu2+ ion, the phosphor emission
under such excitation sources can be obtained from 570 nm to
590 nm, indicating the yellow emission energy. Moreover, the
𝛽 -Ca3(PO4) 2 have been recognized for its high thermostability,
making it superior to the original YAG:Ce3+ phosphor.

Figure 1 below features the changes of the reduced scatter-
ing coefficient in the phosphor layer at different wavelengths
and SiO2 amount. The observed modifications seem to follow
an inverse process, whereby the scattering coefficients decrease
from their maximum values as the wavelength increases. This
results in a dispersion of the light produced by the blue chip,
which propagates and then transforms into rays at higher wave-
lengths (Sun et al., 2017; Wang et al., 2011; Rui et al., 2009) .
Then, when the blue-ray dispersion in the front discharge surge
with the blue-ray repeating absorptivity and rear-dispersion
decreased, the luminescence will be increased. When SiO2
amount increases, the SZSPOE content must decrease in order
to achieve this goal. This can be confirmed with the demon-
strated data in Figure 2(a) where the SZSPOE concentration
is influenced by SiO2 amount. As can be seen, the content
considerably falls as the amount of SiO2 escalates. The syn-
chrotron XRD profiles for the Rietveld refinement of SZSPOE
is shown by Figure 2(b).

Based on Uitert’s work, it is possible to assess potential
crystal locations via the formula (Equation (1)):

E = Q
[
1 − v

4

1
v 10nEar/80

]
(1)

where E signifies the location for d-line rim within power
applying to rare-earth ion. Q signifies the position within power
applying to the lower d-line rim in the case of the individual
granule. V signifies the valent status for the trigger. n signifies
the anion quantity within Eu2+ granular exterior. r signifies the
radius for the phosphor base’s cation superseded with the Eu2+

granule. Ea signifies the electronic relation for the granules
forming anions (Wu et al., 2012) .

Non-radioactive power shift among the Eu2+ granules could
manifest through reciprocation or electrical multi-pole interac-
tivity. Reciprocation, the cause of power shift under prohibited
shifts, needs one huge intersection among the wave functions
for the giver as well as receiver. The critical range applying to
reciprocation reaches nearly 5 Å, suggesting that reciprocation
is not responsible for the power shift among Eu2+ ions. On the
other hand, power shift among Eu2+ granules resulted from
non-radioactive electrical multi-pole interactivity. The inter-
activity among the Eu2+ granules is assessed via the formula
(Equation (2)) (Wu et al., 2009) :
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Figure 1. Relationship Among Reduced Scattering Coefficient, Wavelength, and SiO2 Amounts: (a) 5%; (b) 10%; (c) 15%; (d) 20%;
(e) 25%

Figure 2. (a) Simulated SZSPOE Amount with Different Concentration of SiO2; (b) XRD Profiles for the Rietveld Refinement
of SZSPOE

1
x
=

𝜅

1 + 𝛽 (x)𝜃/3
(2)

where 𝜅 and 𝛽 signify the constants applying to an interac-
tivity within one specific phosphor base’s latticework. x signifies
the trigger dosage. 𝜃 signifies dipole-dipole, dipole-quadrupole,
quadrupole-quadrupole interactivities.

The critical range is assessed via Blasse’s formula (Equation
(3)):

Rc ≈ 2
[
3V

4𝜋xcN

]1/3
(3)

where V signifies cell’s capacity. N signifies the phosphor
base’s cation quantity within a cell.

The amount also affects CCT levels, as shown by Figure 3.
The CCT reaches the bottom under 4800 K as SiO2 amount
reaches 25 wt.%. With SiO2 contents are 0 wt.% and 15 wt.%,
the CCT surges to the peaks under around 5200 K. The SiO2
concentration has a fluctuating influence on the chroma diver-
gence, as demonstrated via Figure 4. The chroma divergence
exhibits irregular declines when the SiO2 content reaches 5
wt.% and beyond. However, under 25 wt.%, the aberration
reaches its peak. For the lumen in LED shown in Figure 5, it
starts out at its lowest, but shows a consistence rise to the peak
as the amount of SiO2 surges.
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Figure 3. Spatial CCT Distribution with Various SiO2 Amount
in the Phosphor Layer

Figure 4. Deviated Chroma Level Connected to SiO2
Concentrations

The observed variations may be the consequence of the
difference in color allocation and the lower intensity of the
blue discharge due to increased rear-dispersion and repeated
absorptivity. It should be noted that as the concentration of
SiO2 increases, the yellow phosphor concentration has to re-
duce (see Figure 2), indicating less light absorption events by
the phosphor materials. Meanwhile, the scattering by SiO2 is
promoted in the phosphor sheet, allowing the incident light
to be redirected in the forward ways. As a result, it is possi-
ble to enhance the luminosity. Besides, whit proper strength
of scattering provided by the SiO2 particles, the combination
and distribution of component light spectra are regulated and
become more uniform. As a result, the transmuted beam can
participate in rear-reflection under extremely large particle
sizes, which would enhance the spatial CCT distribution (Zhou
and Yan, 2007) .

Figure 5. LED Lumen Generated Based on SiO2 Amount
Variation

The SiO2 amount has an impact on the WLED device’s
color generation output as well. Figure 6 illustrates a notewor-
thy decline in CRI that is largely linear as the SiO2 amount
grows from 0% to 50%. The color difference involving the
orange-yellow, blue, and green components may be the cause
of the observed crash. The reason for this discrepancy is that
with higher concentration of the scattering particles, the in-
creased dispersion produces more orange-yellow components
since the discharge color of the rays often favors the orange-
yellow zone. Therefore, excessive dispersion may result in
lower CRI and CQS (Zhang et al., 2022) .

Figure 6. CRI Under Influence of SiO2 Amount Variation

Concerning the task of measuring hue quality, CRI would
be considered the most common and the oldest index. In order
to gauge hue quality, CRI assesses eight hue samples under test-
ing illumination and natural illumination, then compares the
conditions. CRI proves to be useful when it comes to assessing
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hue performance in illumination with wide spectrum (Zhao
et al., 2020) . However, this index was developed well before
the development of LED devices, and thus, is not suitable to
apply on these devices. Using only the few hue samples from
CRI, the desaturation resulted would be too much for appro-
priately assess chromatic output from LED devices. CQS was
proposed to remedy this weakness, by assessing fifteen hue
samples, and thus is capable of yielding more authentic hue
assessments. In addition to increased hue samples, CQS also
include other factors: individual’s taste and hue disparity. As a
newer index proposed in a modern era, CQS would be a more
fitting index for examining the hue performance in modern
devices like LED (Zhao et al., 2012; Zong et al., 2012) . Thus,
in the future works, it is essential to include the examination of
CQS to evaluate the reproducing color of the light source with
proposed photoluminescent materials.

4. CONCLUSIONS

This paper demonstrates the potential of SZSPOE phosphor,
including its expected emission power and wavelength, based
on previous studies and its impacts on WLED illumination
properties using Mie-theory-based scattering simulation, calcu-
lation, and MATLAB software. The SZSPOE phosphor cam
exhibits a broad yellow emission with the peaks located within
570-590 nm, with a redshift as the Eu2+ doping concentration
increases. A simulated WLED was created using a phosphor
layer composed of SZSPOE phosphor, SiO2 particles, and
silicone gel. The performance of the WLED was evaluated
with varying amounts of SiO2. The changes in the lighting
properties of the WLED, as observed in the simulations, are
attributed to the scattering effects within the phosphor layer
due to different SiO2 concentrations. The results indicate that
increasing the SiO2 amount improves the spatial color distribu-
tion uniformity and luminous output of the WLED. However,
a lower color rendering index was observed due to insufficient
red light emission. Despite this, the improvement in color
uniformity and luminosity, coupled with the emission tunabil-
ity of the SZSPO host, suggests that SZSPOE phosphor is a
promising candidate for replacing the traditional YAG:Ce3+ in
advanced WLED applications.
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