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The lumen efficacy in remote phosphor structure displayed remarkable
enhancements, which is notable for the development of white light-emitting
diodes (WLEDs). Nevertheless, its quality of colour is deemed not as good
as that of the conformal or in-cup phosphor structure. Therefore, the goal of
this research is to achieve a better quality of colour and significant luminous
flux value for remote phosphor configuration by using extra phosphor layers.
In particular, the two-layer and three-layer structures with the
implementation of green and red phosphors are proposed. Comparing these
two structures can help pinpoint the best suited for the WLED production.
The assessment of each structure’s effect on the WLEDs’ optical parameters
was determined under various correlated temperatures of colour (5,600-
8,500 K). The outcomes indicated that the three-layer structure enhanced the
quality of colour with greater efficiency compared to the two-layer structure
due to the increased color rendering index (CRI), color quality scale (CQS),

and photoluminescence (PL), and reduced colour deviation. The scattering
improvement of the three-layer structure is a key factor of these
accomplishments, proven by the scattering theory of Mie. Therefore, the
three-layer structure is potential for developing WLED production.
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1. INTRODUCTION

The light-emitting diodes (LEDs) firm groundwork has been contributing to the solid-state lighting
(SSL) industry. The LEDs were considered appropriate replacements of the halogen, incandescent, and
fluorescent lighting systems, thanks to the better safety and potency. Furthermore, researchers confirmed
many benefits of LEDs: higher efficiency of energy conversion with the result of reduced heat release, higher
lifetime, and reliable optical performance [1], [2]. In a standard way, a LED package was created through
merging one blue chip with one yellow phosphor substance, resulting in the presence of yellow and blue light
in LED light emitted [3]. Among the white light-emitting diodes (WLEDs)-manufacturing methods, the most
straightforward one with the most widespread application is the freely dispersed phosphor coating. The
combination containing phosphor granules along with silicone was daubed on the blue chip in no particular
pattern. This particular technique brings some benefits, which is the insignificant expense and configurable
thickness of phosphor layer, while has the downside of the LED package’s insignificant light efficiency,
which means that it is unfit for the manufacture of high-power WLED [4]-[6]. The conformal phosphor
application was subsequently proposed for enhancing the LEDs’ performance. While this technique is
capable of delivering uniform colour distribution to colour uniformity, the backscattering inside the structure
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deteriorated the light extraction efficiency [7]-[9]. Moreover, the aforementioned techniques revolve around
the placement of phosphorus film on the LED chip surface, which caused the rise in temperature at the
junction and brought down the phosphor’s efficacy and the LED’s longevity. Therefore, researchers proposed
a gap creation or the addition of an extra layer positioned between the primary phosphor-silicone setting and
the chip of LED for the purpose of improving the light extraction and keeping the heat release at a minimal
level [10]-[12]. The structure above was named the remote phosphor structure, which became a significant
subject of many pieces of research intended to improve WLED’s optical characteristics. An encapsulation,
isolated from heat, was made to boost light output power through the manipulation of thermal release
throughout a WLED’s significant time of use [13]. Different methods were used to boost the light extraction
efficacy in remote phosphor structure, such as utilizing the polymer hemispherical shell lens internally coated
with phosphor to improve inner reflection [14], the structure implemented with an air gap to reflect
downward light [15], and ring remote phosphor package to lower the light backscattering [16].

The light extraction efficacy has a great significance in the making of WLED of high quality.
However, the quality of colour, which includes color rendering index (CRI) along with color quality scale
(CQS), also has a similar role. The two-layer structure was proposed for the enhancement of the colour
fullness as well as lumen efficacy. With the implementation of the two-sheet remote phosphor setting, the
WLED’s lumen output could be increased by 5% and the colour uniformity thanks to the considerable
decrease in the angular colour deviation [8]. Still, the effectiveness of the two-layer phosphor structure is
dependent on the extra layer of phosphor. Specifically, when the layer of red phosphor is added, the CRI
increases, and the lumen is reduced. The results are reversed when red phosphor is replaced with green
phosphor. Moreover, the earlier researches showed that the increased concentration of phosphor caused a
higher reabsorption loss in the structure, resulting in a lower lumen [17], [18]. As a result, the use of an extra
layer of phosphor could give promising results. The three-sheet remote phosphor setting, accompanied by
phosphor layers in yellow, red, and green, was introduced. The layer of yellow phosphor (the layer which
comes first) is placed nearest to the chip of LED, the green sheet comes in second, with the red sheet being
the third. For this research, our main focus is the effectiveness of the three-sheet remote phosphor setting for
the WLED’s optical efficacy. The configuration for phosphor concentrations was made to examine the
changes in illumination extrication, discharge spectrum, color aberration, CRI, as well as CQS of the
packages [19], [20]. Furthermore, we compared the one-layer, two-layer, and three-layer remote packages to
confirm the superiority of the three-layer package in improving LED’s performance. The phosphor samples
involved in the making of the phosphor structures of this research would be yellow-emitting YAG:Ce®*,
red-emitting CaO:Eu®*, along with green-emitting Zn,SiO,:Mn?* phosphors. We also carried out
measurements through the Mie-scattering hypothesis as well as Lambert-Beer law. Therefore, manufacturers
can take advantage of the research’s discoveries to select an appropriate remote phosphor structure for higher
performances of WLED with high power.

2. METHOD
2.1. White light-emitting diodes simulation

Using the computer program LightTools 9.0, we simulated the models of four remote phosphor layer
packages: one-layer remote phosphor structure, dual-sheet remote phosphor structures with red as well as
green phosphors, and three-sheet structure, all demonstrated in Figure 1. We can achieve a higher colour
quality through increasing the red spectrum with red phosphor CaO:Eu®*, while the presence of green light in
the white-light spectral power band can be increased by using green phosphor Zn,SiO4:Mn?* to achieve better
lumen efficacy in the WLED. The WLED model simulated is the multi-chip WLED with nine blue chips
bonded to the lead frame, shown in Figure 1(a). The chips have a radiant power of 1.16 W that peaks at
453 nm wavelength. Figure 1(b) provides further details of the WLED model. Figure 1(c) exhibits the
one-sheet configuration accompanied by YAG:Ce3* phosphor layer (Y) implemented. Figure 1(d) displays
the double-sheet setting accompanied by the yellow phosphor sheet and the extra red phosphor layer (YR).
Figure 1(e) demonstrates the same structure in Figure 1(d) but now with the red phosphor layer replaced by
green phosphor Zn,SiO4:Mn?* layer (YG). Figure 1(f) presents the three-layer structure with red and green
phosphor layers (YRG). We optically examined the four structures mentioned above at five correlated color
temperatures (CCTs): 5,600, 6,600, 7,000, 7,700, 8,500 K, and at various red, green-emitting phosphor
concentrations. When the red or green phosphor changes in its concentration, it is mandatory to modify the
YAG:Ce3* concentration for maintaining CCT values, resulting in many differences between the
concentration and scattering capabilities of the structures.
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Lead frame: 4.7 mm Jentech
Size-S
LED chip: V45 H
Die attach: Sumitomo 1,295 SA
Gold Wire: 1.0 mil
Phosphor: ITC NYAG4_EL

(b)

(d) (e) )

Figure 1. The schematic illustrations (a) the real-life WLED, (b) its parameters, (c) one-sheet remote
phosphor structure, (d) two-sheet structure with red phosphor CaO:Eu®* (YR), (€) dual-layer structure with
green phosphor Zn,Si04:Mn?* (YG), and (f) three-sheet structure (YRG)

2.2. Making red and green-emitting substances

The phosphor creation process is a key factor needed to successfully simulate a WLED. The details
of the red phosphor CaO:Eu®* and the green phosphor Zn;SiOs:Mn?* can be found in Tables 1 and 2 [21].
The procedure is demonstrated.

Table 1. Red-phosphor CaCO3:Eu®* composition Table 2. Green-phosphor Zn,SiO4:Mn?* composition

Ingredient  Mole (%) By weight (g) Ingredient  Mole (%) By weight (g)
CaCOs 100 100 ZnO 194 158
CaF, 15 1.2 SiO, 110 66
Eu,03 1.2 (of Eu) 2.1 MnCOs 6 6.9

We can begin the making of red phosphor CaOs:Eu®* by combining the ingredients with water or
methanol to acquire a slurry form. Once thoroughly mixed, the slurry is to be dried in the open air and
subsequently pulverized. The powder acquired is to be heated thrice and pulverized every time heating is
done. Note that there is a different condition for every heating. More specifically, for the first heating, the
powder is placed in closed quartz pipes filled by N2 and heated under 1,200 °C for 2 hours. For the second
heating, replace the capped quartz boat with an open one, add N-infused H,O to the boat, and heat it at
1,200 °C for 1 hour. The resulting substance is to be cooled to room temperature as fast as possible, then
pulverized. For the third heating, the air is pumped into the quartz boat at 1,200 °C for approximately
20 minutes and then pulverized. Once more, the substance is cooled to room temperature and pulverized. The
powder is to be stored dry in a carefully sealed container. The phosphor CaO3:Eu®* has the red discharge hue
discharge a discharge peak under 2.0.15 eV. For the creation of green phosphor Zn,SiO4:Mn?*, the process
begins with ball-milling the mixture of the ingredients in water for approximately 2 hours. The mixture is to
be let dry in the open air, then pulverized. Heat the powder twice in open quartz containers at the temperature
of 1,200 °C for 1 hour. Note that forming gas is used in the containers for the first heating, while air is used
for the second heating instead. Pulverize the substance once the first heating is done. The green phosphor
Zn,Si04:Mn?* has a green discharge hue, discharge peak of 2.35 eV, along with discharge width of 0.18 eV.
In order to acquire a proper understanding of how phosphor concentrations affect the optical characteristics
of remote phosphor structures, we examined the changes in yellow phosphor concentrations at various CCTs
in every structure (as seen in Figure 2). Judging the figure, we can see that at any CCT level, the
concentration of yellow phosphor became largest for the one-layer Y structure and smallest for the
three-layer YRG structure. The values of double-layer YR and YG are roughly similar. Overall, if we
consider all structures to be made with the same CCT level, the structure with higher yellow phosphor
concentration will have less lumen due to the increase in backscattering in the phosphor structures.
Moreover, the higher the yellow phosphor concentration, the bigger the disparity between the colour
distribution and the less uniformity of colour. Therefore, we can confirm that the YRG structure yields the
best luminescence and colour quality for WLED. Judging the common ideas, the increase in the red spectrum
of the white light emitted could result in better colour uniformity and CRI. The increased presence of the
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green spectrum can help manipulate the luminescence efficiently. Because of this, examining the discharge
spectrum for every phosphor package at certain CCTs would be crucial for assessing how they affect the
quality of colour and the lumen efficacy in WLEDs. Figure 3 demonstrates results of the emission spectrum
acquired at certain CCTs: 5,600, 6,600, 7,000, 7,700, and 8,500 K.

In the Y structure, the emission spectrum is at the lowest level, indicating the quality of colour and
lumen output are lesser than those of other structures. In contrast, the three-layer remote phosphorus structure
(YRG) appears to be more efficient than any others due to the fact that it generates the largest spectral
density in the wavelength ranging from 380 to 780 nm, at all CCT values, see Figures 3(a)-(e) (in appendix).
Furthermore, in terms of the two double-layer structures with a wavelength between 500 and 570 nm, the YG
configuration appears to generate bigger emission intensity, resulting in higher lumen compared to the YR
structure. While in the wavelength value between 650 and 750 nm for red colour, the YR configuration yields
greater results, which offers advantages in the quality of colour, notably CRI of the WLED. The next part
will present further details in our application of the Mie-dispersion hypothesis as well as Lambert-Beer
principle for calculations to authenticate our discoveries.

70%
YRG ®YR sYG =Y

5600 K 6600 K 7000 K 7700 K 8500 K
Average CCT (K)

Figure 2. The concentration of yellow phosphor YAG:Ce®* in different remote phosphor structures and color
average correlated color temperatures (ACCTSs)

3. RESULTS AND DISCUSSION

Typically, general lighting applications require an illumination source with high luminescence and
excellent chromatic reproduction. It is possible to calculate and determine the luminous efficiencies but the
colour rendition that contributes greatly to promoting the chromatic reproduction efficiency is still up for
debate. CRI has currently been the most applied color rendering standard. It is useful to briefly present the
CRI definition as the basis of the evaluation. The CRI is introduced based on a colour comparison between
the examined objects under the tested light source to that under the reference source. Thus, choosing the
reference source is critical since it establishes the standard for the “real” colour of objects. The spectrum
comparison between the tested light source and a black body radiator is also included in the introduction of
CRI. When the temperature of the spectrum from the black body radiator is mostly close to that of the tested
lighting source, this parameter is referred to the test source's CCT. Based on the CCT values of the tested
source, the reference source mean is selected. When the test source’s CCT goes beneath 5,000 K, a black
body radiator having the similar CCT to the test source’s is utilized to calculate the CRI. Above 5,000 K, the
standard daylight spectrum with the same CCT, which is produced from a D65 standard illumination, is used.
Among the fourteen samples of colour in use, the first eight samples are utilized for the measurement of
general CRI values (R,). The CRI has the advantage of being able to characterize the colour rendition
performance of various light sources with a single number. Nonetheless, the CRI was proved to be deficient
in colour rendering evaluation.

Figure 4 demonstrates the CRI of every remote phosphorus adjustment. As seen in Figure 4, at all
CCTs levels, the YR configuration has the best CRI, while the YG structure has the worst CRI. The
significant CRI enhancement in the YR formation would be possible thanks to the increased red spectral
intensity caused by red phosphor CaOs:Eu*. Furthermore, the CRI of WLED packages were improved at
both lower and high CCT level in the YR structure. The task of improving the CRI of WLED at a high CCT
level, such as 8,500 K, is incredibly challenging. Therefore, the practical utilization of double-layer remote
phosphorus configuration in innovating WLED apparatuses greatly benefits from the outcome above. As
previously stated, we examined the quality of color using two parameters: CRI (which is demonstrated) and
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CQS. Figure 5 demonstrates the four structures’ CQS. While the YRG structure has less CRI compared to the
YR, it possesses the biggest CQS. Researchers have recently examined CQS and came to the conclusion that
CQS is superior to CRI due to the fact that it uses three parameters (CRI, beholder’s taste, and color
coordinate) to assess the quality of color. Thanks to the color uniformity of the three primary chromas (blue,
red, green), the YRG gives the best CQS.
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Figure 4. CRI values for phosphor settings under Figure 5. CQS of phosphor settings under various
various ACCTs ACCTs

Considering the discoveries mentioned, the YRG structure appears to be the most suitable choice for
improving the quality of colour in WLED thanks to its superior CRI and CQS values compared to the Y
structure. Earlier research showed that the improvement of colour quality may lead to a sacrifice in the lumen
output. From here, a matter of concern arises as we do not know if the YRG structure can suffer from this
flaw or if we can parallelly enhance colour uniformity and luminescence. It is necessary to compare the
lumen between the the one-layer (Y), double-layer (YG and YR), and three-layer (YRG) structures to solve
the concern. The mathematical formulas were demonstrated with the basis of Mie-scattering theory to
determine the value for propagated blue as well as transmuted yellow light within the structures. The
calculations can help us verify the efficiency of extra phosphor layers in the WLED remote package in
increasing optical efficacy.

The following formulas present the blue propagated blue as well as transmuted yellow illumination
within the one-layered setting having the 2A-breadth phosphor sheet [22]-[25]:

_ 1 B1xXPBy , —2a, p  _-2a,p
PY; = o (et — e T ) (D
PB, = PBy x e *%pit (2

In (3) and (4) are utilized to express the aforementioned lights of the double-layer structure with the /-thick
phosphor layers:
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In (5) and (6) present the aforementioned lights of the three-layer structure with phosphor layers at %

hickness:
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The superiority of the three-layer structure in optical efficiency compared to the double-layer could be
inferred from (7):

e—Z(xB3h _ e—ZaBZh

7> 0 ()

(PB3—PY3)—(PBZ +PY2)
(PBy+PYy) e 2ayzh _ ,—2ap,

For all the formulas demonstrated above, h is counted as the phosphor-sheet thickness. One-layer,
double-layer, and three-layer settings will be indicated by subscripts “1”, “2”, and “3”. f describes the
converting efficiency of light beams from blue into yellow. y describes the the reflection efficiency for the
yellow illumination. PB and PY represent the blue as well as yellow illumination’ intensities. The symbol
PBo, comprising PB as well as PY, indicates the intensity of light in blue LED. Both ag and ay are the
symbols showing the blue and yellow-light energy loss in transmission and conversion within the remote
phosphor packet. Furthermore, the yellow illumination bypassing the two layers of red as well as green
phosphors is indicated by the symbol PY’s in (6). Moreover, we can see that in Figure 6, the YRG structure
yielded the greatest lumen output at all temperatures of color. The Y structure, on the contrary, yielded the
smallest lumen output, see Figure 6. On the other hand, the double-layer structure with the layer of green
phosphor Zn,SiO4:Mn?" (YG) demonstrates effective manipulation of lumen efficacy due to its luminescence
being second only to the YRG, thanks to greater green spectral energy (500-570 nm) in the allocation of
white-light spectral power. Also in the figure, we can see that the green spectral zone in the YRG structure
yielded greater intensity than any other structures and hence the greater lumen in YRG than other structures.
Specifically, the presence of green as well as red illumination generated by the green phosphor Zn,SiO4:Mn?*
and red phosphor CaO:Eu’" can improve the scattering process and color uniformity. The said structure also
kept a significant amount of light backscattering towards the LED chip as low as possible. The lumen output,
as a result, is improved by the greater propagation of light. We should note that configuring the phosphor
layers’ concentration is necessary to achieve the greatest energy transmission. This is proven by (7) (based on
Lambert-Beer law). In order to further authenticate the YRG’s efficiency in improving WLED’s quality of
color, the color correlated temperature deviation (D-CCT) of every structure was examined. The D-CCT
values of the structures acquired are shown in Figure 7.
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Figure 6. Lumen output for phosphor settings under Figure 7. The D-CCTs of phosphor settings under
various ACCTs various ACCTs

YRG is shown to have the smallest D-CCT, regardless of CCTs. The YRG’s enhanced scattering
characteristics result in better quality of color. As we can see here, adding more layers of phosphor will
increase the scattering of light, resulting in a more efficient mixing process of light prior to the creation of
white light, and hence the better color uniformity can be accomplished. It should be noted that the lumen will
decrease whenever the scattering increases. Fortunately, the said reduction appears to be remarkably low and
should be considered a reasonable sacrifice for a noticeably better quality of color, while the lumen is kept at
relatively high levels when using the YRG structure. For manufacturers, the three-layer remote phosphor
structure can be a huge benefit to the WLED’s quality.
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4. CONCLUSION

This research compared the optical performance for the one-layer (), double-layer (YG and YR),
and three-layer (YRG) structures for the purpose of selecting the best structure possible that can be used for
the innovation of WLED. For the recreation of WLED samples, we utilized the green phosphor
Zn,Si04:Mn?* and the red phosphor CaO:Eu®*. Our assessment and authentication of the results after
measurements were based on the Mie dispersion hypothesis as well as Lambert-Beer principle. Because of
the red phosphor's significance in increasing the presence of red light in the white-light spectrum, we found
that the YR structure is best employed to improve WLED's CRI. The YG structure can be used to achieve
higher lumen thanks to the increased presence of green spectral light. The YRG structure yielded the
second-best CRI, best CQS value as well as the best lumen efficacy of all structures tested at all CCT levels.
On the other hand, its color deviation has the lowest value of all, resulting in the highest color homogeneity.
After a thorough comparison, it is no doubt that YRG should be considered the best remote phosphor
structure for the purpose of manufacturing WLED with better quality.

APPENDIX
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Figure 3. The emitting spectrum for each remote phosphor structure at different ACCTs (a) 5,600 K,
(b) 6,600 K, (c) 7,700 K, (d) 7,700 K, and (e) 8,500 K
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