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 White-light emitting diodes (WLEDs) are semiconductor light sources 

whose construction design is usually made up of a single pumping chip and 

a single light-conversion film of phosphor compound. The outstanding 

problem of this traditional setting is the inadequate chroma rendering index 

(CRI). Introducing a cluster of multiple blue chips with more than one 

phosphor layer is demonstrated to address that flaw of W-LEDs. This 

package is called the dual-film remote-phosphor multi-chip WLED. As a 

consequence, both the light brightness and the CRI are improved. However, 

for the maximum results, the test on the second layer of phosphor has been 

performed to continually alter the proportions and densities of phosphor within 

the silicone. The researchers employed a unique hue design to control the 

white-light light emitting diode (LED) module. When comparing the actual 

result to the simulated color coordinates under the hue standard of 

international commission on illumination (CIE) 1931, the highest difference 

is found to be around 0.0063 for correlated color temperatures (CCT) of 

6600 K and 7700 K. Experiments indicate that the setting of multi-chip and 

dual-phosphorus is the optimal design for supporting CRI quality and 

luminous intensity. 
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1. INTRODUCTION 

Carbon nanostructures have improved significantly in recent decades in comparison to mass 

materials due to their better electrical, optical, and biocompatible properties. Fluorescent carbon dots (FCDs), 

in particular, are a popular issue among chemists, physicists, and materials scientists. In comparison to 

traditional heavy-metal quantum dots (QDs), including CdSe, CdTe, and PbS QDs, the FCDs feature 

distinctive fluorescence which makes them attractive alternatives for current fluorescent nanomaterials of 

diverse ecologically-friendly applications like low in toxic components, chemical resilience, and ease of 

fabrication [1]-[3]. The approaches established for FCD synthesis could be divided into two categories: 

bottom-up and top-down. In the bottom-up approach, the synthesizing procedure involves hydrothermal and 

microwave aided syntheses, as well as pyrolysis precursors. This approach uses small molecules and polymers, 

which are dehydrated and then carbonized, to manufacture FCDs. Along with cutting several types of carbon 

sources to manufacture carbon dots (CDs), the top-down process also consists of conventional lase ablation, 

electrochemical corrosion, and acid boiling. Unfortunately, inventing effective one-step solutions for large-scale 

CD synthesis is still a challenge in this sector [4]-[6]. As white-light emitting diodes (WLEDs) are widely believed 
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to become more essential for human life, the development of QDs-applied WLEDs will be constantly attractive. 

However, heavy metals such as cadmium, plumbum, and more, are still included in semiconductor QDs. 

These chemical components are extremely poisonous even with low concentrations, and thus can severely 

limit QD-WLEDs’ practical uses [7]-[9]. Many researchers have recently discovered green synthesis 

techniques for synthesizing II–VI group QDs. These days, CD-based WLEDs are gaining popularity as an 

environmentally friendly option. The best thing we know is that the peaks of FCDs’ emission are usually 

found to be centered in blue or blue-green wavelength regions, primarily at 440 nm under an illumination 

source of 340 nm − 380 nm. There were a few reports on [10]-[15] FCDs with photoluminescent (PL) 

variables that moved from blue to red. Yet, the insufficient quantum yields (QYs) in their performance were 

still outstanding. As a result, attaining the blue-emitting FCDs is regarded as one of the crucial priorities in 

the development of lighting devices that can address optical shortcomings such as limited color range and 

inadequate chroma rendering index (CRI). Furthermore, FCD-based WLEDs with YAG:Ce3+, or other 

yellow-emitting phosphor compositions, acting as a color conversion layer and excited by a ultraviolet (UV) 

chip, have been described, albeit their CRI values still need to be improved [16]-[18]. 

In this study, we offer an ammonium hydroxide modulated hydrothermal approach for producing 

high-performance FCDs with an appealing 40% QY by utilizing citric acid as the primary carbon source. 

We run a series of studies to see if the amino group has an effect on the strong fluorescent performance of the 

FCDs. Additionally, a model was developed to study fluorescence configuration. Meanwhile, WLEDs with 

an enhanced CRI have been created using the prepared FCDs and innovative rare earth luminous materials 

such as SrSi2O2N2:Eu and Sr2Si5N8:Eu. According to the findings, the high potential for environmentally 

friendly production and implementation of nontoxic FCDs geometry in WLEDs field is implied. 
 

 

2. PREPARATION 

The main phosphor we apply in this study is YOCl:Eu3+. Because of its rhombohedral (matlockite) 

structure, this phosphor is hygroscopic and must be stored in a dry environment. This phosphor’s further optical 

features include a red emission hue, emission peaks ranging from 1.97 eV to 2.14 eV with the main one at 2.00 eV. 

Its excitation efficiencies by UV are ++ (4.88 eV) and – (3.40 eV), while by e-ray is negative [19]. 

The organization for YOCL:Eu3+ and YAG:Ce3+ film in constructing the required WLED configuration is 

depicted in Figure 1. Particularly, the phosphor layers are placed in the following order: silicone glues, 

YOCl:Eu3+ phosphor, and YAG:Ce3+ phosphor, see Figure 1(a). Figure 1(b) presents the essential parts of a 

WLED model, which include 9 blue chips divided into 3 parallel columns, 1 reflector cup, 2 convex 

phosphor films, and lastly silicone glue. The reflector that covers the chips has a depth of 2.07 mm, a bottom 

thickness of 8 mm, along with a length of 9.85 mm for the top exterior, as shown in Figure 1(c). At the peak 

wavelength measured at 453 nm, all nine blue chips emit equally a radiant intensity of 1.16 W, see Figure 1(d). 

For refractive index, YOCL:Eu3+ YAG:Ce3+ yield values measured at 1.85 and 1.83, respectively. 

The YAG:Ce3+ proportion must be adjusted in connection with the alteration for YOCL:Eu3+ proportion for 

balancing the YOCL:Eu3+ concentration and maintaining the average correlation chroma temperatures (ACCTs) 

that have been set for the studied model. 
 

 

    
    

(a) (b) (c) (d) 
 

Figure 1. Graphical illustrations of WLED (a) 3D modeling for one multi-chip WLED, (b) binding graph of a 

multi-chip WLED, (c) cross-section model of pc-WLEDs with two convex phosphor-conversion layers, and 

(d) simulated WLEDs model by LightTools 
 

 

Table 1. Composition table of YOCl:Eu3+ 

Ingredient Mole % By weight (g) 

Y2O3 95 (of Y) 107.4 

Eu2O3 5 (of Eu) 8.8 

NH4Cl 110 59 
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The compositions to create this substance will be exhibited by Table 1. The initial step is to dissolve 

all of the materials in water. The mixture must then be slowly heated to dryness, allowing the conversion of 

Y2O3 to YOCl to occur. We powder the mixture after it has boiled down. After this step, there are two options. 

We can fire it in capped quartz tubes with N2 for about 500 °C for half an hour, or at 1100 °C for 1 hour. After 

heating it up, we powder it once again and wash it in water several times. Finally, this mixture must be 

allowed to dry entirely. The study uses the software LightTools along with Mie hypothesis of scattering for 

generating the light emitting diode (LED) recreation and double-check the precision of the data [20], [21]. 

Following the details collected regarding the scattering characteristics of phosphor particles, which is supporting 

the study on the influence of phosphorus YOCL:Eu3+ on WLEDs with a CCT measured at 5600 K, the task will 

be recreating WLEDs with double-layer phosphorus.  
 

 

3. RESULTS AND DISCUSSION 

Figure 2 depicts the fluctuation for the YAG:Ce3+ proportion to maintain median ACCTs when 

YOCL:Eu3+ percentage rises. Specifically, even though the weight percentage (wt%) of YOCL:Eu3+ is 

increasing (2−26 wt%), YAG:Ce3+ wt% apparently reduces to maintain ACCTs. This mechanism apply to 

WLED device under 5600 K. The variance based on these discoveries has an impact on scattering and 

absorption qualities, which could offer advancement to WLED luminescence in chroma strengths. As a result, 

selecting the concentration of YOCL:Eu3+ phosphor is critical since it determines the performance of WLEDs. 

Figure 3 shows the impact from YOCL:Eu3+ concentrations at 2% and 24% on the light output 

intensity of the WLED with pre-set 5600 K ACCT. When introducing YOCL:Eu3+ to the WLED structure, 

its white-light output is generated from three separate spectral wavelengths, including 420 nm − 480 nm, 

500 nm − 640 nm, and the most prominent 648 nm –738 nm. The line of red spectra rises, implying the 

higher red chroma power in the white light output, particularly benefiting the CRI performance. If the dispersed 

blue illumination is excited between the wavelengths of 420 nm and 480 nm, it will exhibit greater quality. 

The emission spectrum develops in proportion to the color temperature. In other words, the findings indicate 

the high probability to achieve white light with increasing CRI by using remote YOCL:Eu3+ phosphor layer, 

which is efficient for a wide-range CCT, from low (6600 K) to high (7700 K) values. This discovery is 

critical since it guides manufacturers in choosing the appropriate concentration to make the optimal LEDs. 

On the other hand, as shown in previous studies, the luminous intensity (LI) of the increasing-CRI WLEDs 

may confront a minor drawback, which should be aware when being introduced to manufacturing. 
 

 

  
  

Figure 2. Mean CCT is sustained by the equilibrium 

among two phosphor contents 

Figure 3. Intensities for WLED’s emission 

when adding YOCL:Eu3+ layer 
 
 

  
  

Figure 4. CRI corresponding to YOCL:Eu3+ wt% Figure 5. Color quality scale (CQS) corresponding to 

YOCL:Eu3+ wt% 
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Because of red phosphor’s ability to absorb light, the results of YOCL:Eu3+ in Figure 4 suggest that 

adding this phosphor can improve the color rendering index. YOCL:Eu3+ absorbs yellow light as well but the 

absorption feature is outstanding for the blue illumination, which would be ascribed to the phosphor’s 

properties. Therefore, when the package comprises the phosphor YOCL:Eu3+, the red illumination, converted 

from absorbed blue rays, increases and benefits CRI efficiency. CRI is one of the most essential indications 

for determining a WLED’s quality; higher the CRI performance often results in better WLED’s color 

reproduction and thus may increase the manufacturing cost. As a result, because YOCL:Eu3+ phosphor is a 

low-cost approach, WLEDs with YOCL:Eu3+ may see further practical utilization. For not being a thorough 

indicator, CRI would not be considered vital when it comes to measuring hue output; instead, CQS would be 

viewed as one metric with better accuracy for conveying the performance of WLEDs. CQS has evolved into 

a hue output gauge with highest reliability, capable of examining particular characteristics of WLEDs: CRI 

efficiency, observers’ visuality, and chromatic coordination. The effect of red phosphor YOCL:Eu3+ on 

improving the color adequacy as a function of CQS enhancement is presented in Figure 5. Despite its value 

in improving color-reproducing effectiveness, the factor that the output of light is reduced by increasing 

YOCL:Eu3+ wt% cannot be underestimated. The following section considers a hypothetical component that 

could improve LED efficiency and computational modules for transmitted and converted light components. 

Gaussian function [22], [23] would be typically utilized for the task of representing the non-symmetrical 

spectrum power distribution (SPD) – 𝑃𝜆 (mW/nm) of a monochromatic LED: 
 

𝑃𝜆 = 𝑃𝑜𝑝𝑡
1

𝜎√2𝜋
𝑒𝑥𝑝 [−0.5 ∗
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𝜎2 ] (1) 
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Here, 𝑃𝑜𝑝𝑡  signifies illumination energy (W). 𝜆𝑝𝑒𝑎𝑘 signifies the apex wavelength (nm). 𝛥𝜆 is full-width at 

half-maximum (abbreviated as FWHM) (nm); 𝜎 is the 𝛥𝜆-related coefficient (nm) that depends on both λpeak 

and 𝛥𝜆; ℎ and 𝑐 are the Planck’s constant (J.s) and the light speed (𝑚 · 𝑠−1), respectively. 𝜆1, 𝜆2 present the 

wavelengths under 50% apex intensity. 

𝑃𝜆 of the WLED comprising YAG:Ce3+ yellow emitting phosphor and blue-emission chips can be 

demonstrated with the spectra combination of yellow and blue spectra. Both yellow and green spectra ranges 

are still present in lights emitted by the alleged yellow phosphor (as can be implied from the intentional 

spectra in Figure 3). If we pick one blue as well as one yellow zone, it is possible to use one green zone for 

the task of representing the difference among the fundamentally calculated SPD and the double hue 

(including blue along with yellow) zone setting. As a result, adding a green band to the double band module is 

required to make it a reality, revealing the following trispectrum model (blue, green, yellow), exhibited by (3) 

then modified by (4) [24], [25]. 
 

𝑃𝜆 = 𝑃𝑜𝑝𝑡_𝑏
1
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Where 𝜂𝑏, 𝜂𝑔, 𝜂𝑦 signify the ratio between the spectra (blue, green, yellow) and the white spectrum, 

respectively; 𝑃𝑜𝑝𝑡_b, 𝑃𝑜𝑝𝑡_𝑦, 𝑃𝑜𝑝𝑡_𝑔, 𝑃𝑜𝑝𝑡_𝑡𝑜𝑡𝑎𝑙  present the blue, yellow, green, and white spectral optical 

power, respectively; 𝜆𝑝𝑒𝑎𝑘_𝑏, 𝜆𝑝𝑒𝑎𝑘_𝑦, 𝜆𝑝𝑒𝑎𝑘_𝑔 are the peak spectral wavelengths of blue, yellow, and green. 

𝜎𝑏, 𝜎𝑔, 𝜎𝑦  are 𝛥𝜆-related coefficients of the spectra (blue, green, yellow).  

The dispersion for the YOCL:Eu3+ granules takes the Mie dispersion for simulation and 

investigation. Besides, when it comes to assessing the propagated illumination energy (𝐼), the study applies 

the law of Lambert-Beer [26]. 
 

𝐼 = 𝐼0 𝑒𝑥𝑝(−µ𝑒𝑥𝑡𝐿) (5) 
 

The incident illumination energy would be 𝐼𝑜, the phosphor sheet breadth is 𝐿 (mm), and the extinction 

coefficient (EC) is µ𝑒𝑥𝑡 which can be derived using (6). 
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µ𝑒𝑥𝑡 =  𝑁𝑟. 𝐶𝑒𝑥𝑡 (6) 
 

Where 𝑁𝑟 expresses the density distribution of phosphor particles (mm-3), and 𝐶𝑒𝑥𝑡  (mm2) is the phosphor 

particle extinction cross-section. 
 

 

 
 

Figure 6. The LI of WLEDs corresponding to YOCL:Eu3+ wt% 
 
 

The dual-layer remote phosphor configuration is demonstrated to produce notably more LI than the 

one-layered phosphor, implying from (5). As a result, the dual-layer phosphor design performs admirably and 

adds to the growth of WLED luminous flux. The concentration of red phosphor YOCL:Eu3+ substantially 

impacts the light qualities (chroma and luminous performances) of the dual-layer phosphor structure used in 

WLEDs. The EC µ𝑒𝑥𝑡 indicated by the Beer’s law as well as the YOCL:Eu3+ content rise concurrently, but 

the illumination discharge power surges inversely to the EC. Consequently, increasing the phosphor layer 

thickness by adding more YOCL:Eu3+ lowers the light flux of WLEDs. Figure 6 supports this finding by 

displaying the declining LI following the increasing YOCL:Eu3+ concentration that goes up to 26 wt%. In general, 

compared to the single layer, more luminous flux is actually produced when the remote dual-film cluster of 

phosphors including red-emitting YOCL:Eu3+ is applied. Furthermore, YOCL:Eu3+ would yield provides 

significant boosts for CRI as well as CQS. Consequently, a modest penalty in luminous flux is reasonable 

given the benefits. Manufacturers choose the most appropriate YOCL:Eu3+ concentration setting in WLED 

mass production based on their quality requirements. 
 
 

4. CONCLUSION 

The study successfully employed a new module to develop and attain adequate CRI performance. 

This module is also introduced to perform a light-emitting WLED presenting the ability to change the target 

spectrum. A color model is constructed using the law of Lambert-Beer and linear conversion so that white 

light could be adjusted by LEDs to be aligned with the needs of the manufacturers. The simulated and 

measured spectrums are compatible; the highest variation is around 0.0063 at 5600 K CCT between the 

observed and international commission on illumination (CIE) 1931 simulations. The development and use of 

the model for chromatic design are aided by this feature. 
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