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1. INTRODUCTION

The white light-emitting diode (WLED) devices (short for diodes that generate white illumination)
possess many valuable features such as significant time of use, power-economical nature, compactness as
well as limited effect on environment, which have made them fairly popular as solid-state illumination
generators [1], [2]. Nowadays, for the task of generating white illumination, we would usually integrate one
blue InGaN chip with the yellow phosphor YAG:Ce (also known as Y3Als012:Ce®*) [3]. On the other hand,
such method has insufficient red-illumination element and thus would yield white illumination with inferior
color rendering index (CRI) measured at approximately 70 to 80 and significant correlated color temperature
(CCT) measured at approximately 7500 K [4]-[6]. Various new studies focused on examining the red
phosphors that are receptive to blue-illumination excitation. The said phosphors include NasLn(MoOs)4: Eu®*
(with Ln being equivalent to La, Gd and Y), CaS: Eu?* [7], CaAISiNs: Eu?* [8], K2SiFs:Mn** and many
others [9], [10]. The WLED devices, based on the said phosphor for conversion, would be able to yield small
CCTs as well as great CRIs. On the other hand, we still have to tackle more issues such as considerable
production price and low performance for the blue emission caused by potent reabsorption between the
phosphors in red and green. As such, there have been a great number of researches that aim at creating one-
phase white-illumination phosphor that have desirable performance, longevity and possess the elements of
red, green, blue (RGB) on the basis of energy shift (ET) between sensitizers and activator [11], [12]. There is
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a great deal of available phosphors to be used in WLED, but treating with Ce®*, Th%, or Mn?* ions appear to
be usually utilized to generate white illumination via ET for the one-phase phosphors [13]. Ce®* possesses
4f'5d° ground state and 4f°5d* excited state. As a result, it displays standard balance allowed 5d-4f electronic
shifts. The Ce®* energy allocation has a strong connection to the host lattice, and as such it is possible for the
the emission from the shift from 5d to 4f to occur when there is a limit consisting of big wavelengths. The
Tb3 and Mn?* ions would be usually utilized to add green and red elements. But the ions’ excitation bands
between ultraviolet (UV) and observable area would be particularly faint, which is the result of the forbidden
4f-4f shift in Th® as well as the *T1-8A; shift in Mn?* [14], [15]. If we need to boost the Tb3* and Mn?*
absorption within the UV region, there is a common technique we can utilize which involves adding an
effective sensitizer like Ce®* and shifting the absorbed excitation energy from 5d state in Ce3* to D34 state in
Tb3* or 4G state in Mn?* [16], [17]. After that, it is possible to acquire one-phase phosphors with adjustable
chromas, small production price, desirable chroma generation as well as great luminescence performance
[18], [19]. Some have claimed that apatites could become remarkable host substances in phosphors as they
offer decent consistency, both physically and chemically [20]. SrsLa(PO4)s0 (SLPO) is isomorphic to apatite.
It also has two cation places: a nine-fold coordination 4f location accompanied by C3 spot symmetry as well
as a seven-fold coordination 6h location accompanied by C5 spot symmetry [21]. An earlier studied
performed by us examined the phosphors SLPO: Eu*/Th®*/Ce%* [22]. For our research, SLPO: Ce®* would be
integrated with Mn2* or Th*. It is possible to acquire a green emission peak from Tb®* under the wavelength
of 539 nm as well as a red emission band from Mn?* under a top wavelength of 605 nm via energy shift. We
examined the features of photoluminescence along with energy shift between Ce®* and Th®* as well as Ce3*
and Mn?*. For the purpose of generating adjustable chromas going from blue to green then white, we can
modify the doping concentration for Th®* and Mn?*. This means that it would be potentially useful for UV-
WLED devices.

2. COMPUTATIONAL SIMULATION
2.1. Experimental

We created various compounds of the phosphors SrqLas.xy(PO4)30: xCe®*, yTh®* and Srs..La;-
«(P0O4)30: xCe%, zMn?* using the standard solid-state technique. The substances used for the preparation are
SrCO; (99%), (NH4):HPO,4 (99%), La,03 (99.99%), ThsO7 (99.99%), MnCO; (99%), CeO, (99.99%). We
added 2 wt% Li,CO3 (99%), which acted like flux. We mixed the determined amounts of the said substances
and grinded the blend using agate mortar. We heated the blend in the air under the temperature of 600°C for
three hours. Next, we grinded then calcinated the blend under the temperature of 1200°C for five hours under
a declining atmosphere (N2: H,=95:5).

We assessed the clarity of the phase via the ARL X’TRA powder X-ray diffractometer (abbreviated
as XRD) accompanied by Cu Ko emission, with A equal to 1.5406 A which worked under an amperage of 35
miliampe and a voltage of 40 kilovolt. We acquired the DRS (short for diffuse reflection spectrum) using the
UV/visible spectrometer (UV-3600, SHIMADZU) that utilizes BaSO4 under the wavelength limit of 200 nm
to 700 nm. We assessed the forms of the created substances using an area emission scanning
electronmicroscope. We detected the photoluminescence excitation spectroscopy (PLE) spectrum (known as
radiancy excitation) and photoluminescence spectroscopy (PL) spectrum (known as radiancy) using the
Edinburgh FS5 fluorescence spectrophotometer possessing an optical source which is xenon lamp working
under a wattage of 150 W. We determined the dependence of temperature using the FS5 spectrofluorometer
structure, then placed the substances over a heating apparatus with the heating range of 20°C-200°C. We
acquired the photoluminescence outer quantum using a sphere of the FS5 spectrophotometer. We assessed
the duration of fluorescence using the Edinburgh FLS 920 Fluorescence Spectrophotometer.

2.2. Luminescence features and energy shift of the phosphor SLPO:Ce®*", Th**
We assessed the SLPO’s light bandgap by acquiring its absorption spectra from reflection spectra
using the Kubelka-Munk as shown in (1) [23].

1-R? _
2R

F(R) = K/S 1)

As shown in (1), R, K, S indicate the reflection, absorption, diffusing factor. According to the Tauc
expression demonstrates the relationship between the bandgap Eg and a substance’s linear coefficient a [24].

ahv « (hv — Eg)"? )
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As shown in (3), v represents the energy of photon, n is equal to the values 1, 2, 3, 4, 6, which
represents the direct allowed shifts, the substances that are not metals, the direct forbidden shifts, the non-
direct allowed shifts and the non-direct forbidden shifts [25]. K, which represents the absorption coefficient,
is equivalent to 2o if the substance disperses randomly. With the scattering coefficient S being a constant
corresponding to a wavelength, we can utilize (3), based on (1) and (2).

[F(R)hV]? o< (hv — Eq)" ®)

Between [F(R)hv]?, [F(R)hv], [F(R)hv]??, [F(R)hv]¥2, [F(R)hv]Y® through hv, we can acquire the
most desirable linear fitting around the absorption rim when n is equal to 2. Figure 1 displays [F(R)hv] and
hv. When we extrapolate the linear fir to [F(R)hv] being equal to zero, we can acquire the light bandgap of
SLPO as 3.85 eV.

We can determine the efficacy of ET (also known as #et) between a sensitizer and activator using:

ner=1- II—S )
N

As shown in (4), Is and I represents the sensitizer’s (Ce®*) intensities under the appearance and the lack of
activator, which is either Tb* or Mn?*. When the concentration of the activator goes up, the range separating
the sensitizer and the activator goes down, which boosts the ET efficacy. When y at 0.01 value reaches 0.15
for SLPO: 0.12Ce*, yTh*, 5t at 11.28% receives a steady boost, reaching 34.66%.

We determined and examined the Ce3* fluorescence decay curves observed under the wavelength of
469 nm for SLPO: 0.12Ce*, yTh* affected by a 310-nm excitation, so that we could verify the ET activities
between the Ce3* and Th** ions of the SLPO host. The Ce3* decay curves drift from the sole exponential one.
This activity is encouraged when the concentration of Tb3* goes up. As the decay curves do not appear to be
exponential, we can identify the decay activity in the substances using the fluorescence duration, which is
determined by (5).

Sl 1@tat
T I®at

(®)

As shown in (5), I(t) indicates the intensity of fluorescence for t, which represents time. Using the
formula, the values of standard Ce®* duration of SLPO: 0.12Ce®*, yTh®* would be determined as: 50.3, 48.7,
45.9, 43.4, 40.0, 35.9 ns. These values correspond to the y values: 0, 0.01, 0.03, 0.07, 0.1, 0.15. When the
concentration of Th%* goes up, the decay duration of Ce®* goes down, which suggests that the energy shift
exists among ions of Ce®* as well as Tb®". In addition, we can determine the efficacy of ET, represented by
net, between Ce®* and Th®* using (6).

ner =1- = ©)
s0

We utilize the expression in (7), on the basis of ET expression by Dexter and expression of Reisfeld,
to examine how the ET works between Ce3* and Tb3* for SLPO.

Based on ET hypothesis of Dexter, we can determine the critical range (Rc) separating the sensitizer and the

receiver for the ET process using the overlay of spectrum technique. When it comes to the dipole-to-dipole
interaction, we can determine R using (8).

RE = 0.63X10%Q, [ LELAE) g ®)

As shown in (8), Qa is equal to 4.8 x 107%fy, which represents the absorption factor in Th3*. fy
indicates the oscillate power for the light absorption shift over the ion that receives energy (equal to 0.3 x 10
in the case of Th®*). E, measured in eV, represents the energy that participates in the shift. [ %M
indicates intersection of spectrum among the standard shape functions for the emission band of the sensitizer,
represented by fs(E), and the excitation band of the acceptor, represented by Fa(E). It is possible to acquire E
using the formula [ f,(E)dE = [ F,(E)dE = 1. We found out that E is approximately 0.0188 eV R.
would be roughly 5.08 A, similar to the values that were examined earlier. For example, 5.8 A for
CagMgLu(POg4)7: Ce3*, Th® or 7.1 A for Caslas(SiO4)s: Ce®*, Th3*. Such outcome would match the earlier
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researches as well. According the said researches, Rc would be limited around 5 A to 8 A. This is because the
ET would only occur in the closest surroundings within the crystal lattice when the shift occurs between a
wide-band emitter and a thin line absorber.

An multiple chips (multi- chip white LEDs (MCW-LEDSs)) device was made in the LightTools 9.0
software via Monte Carlo method and contains phosphor sheet as well as level silicone sheets. The making
process includes certain main steps. Initially, we have to identify as well as construct the design as well as
illumination qualities for the device. Afterwards, the task is to adjust the phosphor compound’s illumination
effects by varying the concentrations of SLPO:Ce, Th, Mn. For the task of examining the way YAG:Ce** and
SLPO:Ce, Th, Mn phosphor mixing might influence the performance of MCW-LED lights, we must generate
specific contrasts. It is needed to examine two kinds of substances at mean CCT levels reaching 3,000 K,
4,000 K, as well as 5,000 K, two-film distant phosphor. In Figure 1, we can see a depiction of MCW-LED
device having daubed with phosphor compaosition at an elevated CCT (8,500 K). It is also indicated that the
making of the device may ignore SLPO:Ce, Th, Mn. The parameters for the reflector are 8 mm, 2.07 mm,
and 9.85 mm for length of base, height and length of highest exterior, respectively. The protective-coating
phosphor composition would be covered above nine chips, with all of them having a breadth reaching 0.08
nm. All chips have a square shape, a length of 1.14 mm along with a height of 0.15 mm. The chips would be
connected to cavity of the reflector. The radiative light from each chip is measured at 1.16 W, under an apex
wavelength reaching 453 nm.

Figure 1. Photograph of WLEDs

3. RESULTS AND DISCUSSION

The SLPO: Ce, Th, Mn green phosphorus concentration content appears to be inverse to the
concentration of yellow phosphorus YAG:Ce® in Figure 2, indicating two meanings: initially, sustaining
median CCT values; secondly, the absorption as well as dispersion for the phosphor sheets within the WLED
device. As a consequence, the hue performance, along with lumen generation, becomes impacted. So, the
SLPO:Ce, Tb, Mn content controls the chromatic performance of WLEDs. As the concentration of
YAG:Ce®* rises (2%-20% Wt.), the YAG:Ce® content fell to retain the mean CCT values. This phenomenon
also happens to WLED devices with CCT limit of 5600 K - 8500 K.

Figure 3 illustrates the way the concentration for SLPO:Ce, Tb, Mn may affect the WLED device’s
light. Choosing a correct content of SLPO:Ce, Th, Mn is crucial and will be decided by the aims of
producers. Having desirable color output, WLED devices will suffer from an insignificant penalty for
illumination. The mixture of spectrum zones results in white illumination, demonstrated in Figure 3. The
pictures depict the light under CCT values measured at 5600 K, 6600 K, 7000 K, along with 8500 K. The two
regions of the optic spectra with wavelength ranges (420-480 nm along with 500-640 nm) reveal that the
illumination degree surges along with SLPO:Ce, Th, Mn content. A growth of the the dual-line emission
spectrum displays an increment for light performance. On the other hand, the dispersion for blue illumination
from the WLED device exhibits greater activity, showing greater dispersion for the phosphor film as well as
the device, improving hue uniformity. Having that outcome might be critical for the application of SLPO:Ce,
Th, Mn. Controlling hue consistency for one distant phosphor setting under great temperatures, in particular,
may require a lot of efforts. The team’s investigation determined the capacity of SLPO:Ce, Tb, Mn at 5600 K
as well as 8500 K, to augment the hue efficiency within WLED apparatuses.

Our research has managed to verify the lumen output for the mentioned phosphor setting. With the
SLPO:Ce, Th, Mn content rising (2%-20% wt.) in Figure 4, the lumen sees a substantial surge. The chroma
aberration saw a substantial decline as the SLPO:Ce, Tb, Mn content surges under three median CCT values
in Figure 5. The absorption from the red phosphor sheet clarifies one such occurrence. When the blue
illumination emitted via the chip in LED gets assimilated via the grains of blue phosphor, it will be
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transmuted, becoming green illumination. On the other hand, the SLPO:Ce, Tb, Mn grains will also
assimilate yellow illumination as well. With the material's assimilation features, the absorptivity from the
blue ray made via said chip would offer greater performance, surpassing mentioned absorptivities. With the
presence of SLPO:Ce, Th, Mn, the green component in the WLED apparatus would be enhanced and would
improve color consistency. Color homogeneity is regarded as a critical characteristic in todays modern
WLED lamps. Achiving greater color consistency will surge WLED’s value. Regardless, SLPO:Ce, Tb, Mn
may help cut down costs, potentially leading to wide use.
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Figure 2. Sustaining standard CCT level through Figure 3. The emission spectrum in WLED device
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Figure 4. The lumen from the WLED device Figure 5. The hue divergence within the WLED device
correlating with respective contents of SLPO:Ce, with respective concentrations of SLPO:Ce, Th, Mn
Th, Mn

Hue consistency would be among certain factors that influence color output in WLED apparatuses.
Desirable color consistency is merely a requirement for color output. Earlier investigations suggested one
element for the purpose of gauging chromatic rendition as well as hue output. When CRI assesses
illumination striking an item, its genuine chroma can be seen. Lacking color uniformity results from the
dominating green illumination between the primary hues (blue, yellow, as well as green). This will alter the
WLED device's color efficiency and reduce color consistency. Judging Figure 6, using one SLPO:Ce, Tb, Mn
sheet, CRI goes down slightly, which is a mere small drawback. Unlike CRI, CQS would be harder to get and
is favored. CQS considers certain factors: CRI, watcher preference, along with hue coordination and seems to
be an effective as well as universal factor influencing color efficiency. The rise in CQS accompanied by the
phosphor film SLPO:Ce, Th, Mn is displayed by Figure 7. Additionally, as SLPO:Ce, Th, Mn content surges,
CQS hardly displays any significant shift if the content becomes below 10% wt. In case of 10% wt. or
greater, CRI and CQS face noticeable penalties owing to the considerable chroma waste resulting from
excessive green hue. The utilization of SLPO:Ce, Th, Mn would require approppriately determining its
concentration.
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4. CONCLUSION

SrsLa(PO4)30:Ce?*, Th3, Mn?* (SLPO:Ce, Th, Mn) has the ability to alter illumination features for
the double-sheet phosphor layout, as proven herein. By the Monte Carlo method, it is demonstrated that
SLPO:Ce, Th, Mn will raise hue consistency for WLED devices under 5,000 K along with 8,500 K. Our
investigation achieved our aim by augmenting hue output along with lumen. On the other hand, CRI as well
as CQS drawbacks were not avoided. If the SLPO:Ce, Th, Mn content is excessive, these factors suffer from
a huge penalty. Consequently, based on the manufacturer's objectives, it would be necessary to pick a correct
content degree of phosphor. The findings from our study may provide better insight into acquiring greater
hue consistency along with lumen for WLED devices.
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