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 Among the structures using for fabricating white light-emitting diodes 

(WLEDs) such as the conformal coating or in-cup geometries, the remote 

phosphor structure gives the highest luminous efficacy. However, in terms of 

color quality, its performance is not as good as the others. The red-light 

compensation has been reported as the effective solution for enhancing the 

color quality of WLEDs. Hence, this study adopted the idea and applied to the 

dual-layer phosphor structure. The phosphor used to boost the red color in 

light formation is (Y,Gd)BO3:Eu particle. The dual-layer remote phosphor 

structure was simulated with the red (Y,Gd)BO3:Eu phosphor layer above the 

original yellow phosphor YAG:Ce3+ one. The WLEDs with different 

correlated color temperatures of 5600 K, 6600 K and 7700K were 

experimented. Mie-theory and Lambert-Beer law were applied to examine the 

results. The growth in color rendering index (CRI) and color quality scale 

(CQS) with the increase of (Y,Gd)BO3:Eu phosphor concentration was 

observed. Nevertheless, the lumen efficacy would be degraded if the 

concentration was over a certain number. The information provided in this 

article is useful for the development of high-power WLED production with 

greater color quality. 
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1. INTRODUCTION 

We have witnessed a fast development of solid-state lighting (SSL) technology in the lighting 

market and industry over the past few years. It presents a high level of lighting efficiency and eco-

friendliness. The phosphor-converted white light-emitting diode (pc-WLED) has been emerged as a 

competitive candidate for SSL to replace the traditional lighting sources, for instances, the incandescent and 

fluorescent lamps [1]-[3]. As the pc-WLEDs own unique features, not only high efficiency and safety but 

also high stability and robustness, they have been widely applied in indoor and outdoor uses, for example, 

backlighting, or residential, industrial and commercial lightings. However, the pc-LED usually struggles with 

its inefficient light extraction and the non-uniform angular-correlated color temperature (CCT) [4], [5]. Thus, 

it is essential to increase the chromatic uniformity and lumen efficiency of WLED devices for them to be able 

to catch up with rising demands of the market [6]-[8]. Usually, a pc-WLED is fabricated with a blue LED 

chip and a phosphor layer of yellow YAG:Ce3+ particles. The white light is generated from the mixture of 

blue lights excited by the blue chip and yellow lights emitted from YAG:Ce3+ phosphor film. 
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Therefore, the optical performance of the WLED significantly relies on the properties of the 

YAG:Ce3+. In addition to that, the organization of the components inside the WLED is another vital feature 

that greatly influences the efficiency of light extraction and color adequacy [9]-[12]. There have been many 

methods applied to adjust the arrangement of the phosphor film and the blue chip of a LED. Amongst those, 

the phosphor coating techniques are the most commonly used, for example dispensing coating and conformal 

coating, as they can give good color quality. Yet, the luminescence of the pc-WLEDs with these geometries 

does not high or even declines owing to the light conversion reduction of the phosphor. Such degradation is 

primarily caused by the heat increase at the phosphor-LED chip interface, since using these coating methods 

means that the phosphor material directly contacts with the LED chip (heat source). To protect the phosphor 

material from the heat damage and improve the luminous flux while achieving high color homogeneity for 

WLEDs, it is important to separate the phosphors from the LED chip. Hence, previous studies had proposed a 

promising structure adopting this idea, which is the remote phosphor structure [13]-[16]. 

By creating an appropriate distance between the phosphor and the LED chip, this structure could 

minimize not only the heat effect but also the series of light backscattering inside the WLED package, thus 

the luminous efficiency can be enhanced significantly [17], [18]. However, the original remote phosphor 

structure is suitable for general lighting devices, not for other state-of-the-art lighting applications. Thus, the 

investigation in developing remote phosphor structure is needed. Some advances had been made in the 

fabrication of the remote phosphor structures to limit the backscattered lights for better lumen output. A 

structure of a ring remote phosphor layer that surrounds an inverted cone lens encapsulant was proposed. 

This structure did enhance the lumen output as it can direct the lights excited from the chip straight to the 

LED surface, which greatly reduced the amounts of lights lost from the light reflection inside the WLED 

package [19]-[21]. Another study reported the ability of yielding high angular CCT uniformity and stability 

of a patterned remote phosphor structure having the surrounding area uncoated with phosphors [22]. 

Additionally, the patterned sapphire substrate used in the remote phosphor structure was demonstrated to 

have better color uniformity in the far field pattern than in the near one [23]. However, in these reports, it 

seems impossible for the remote phosphor structure to achieve high chromatic homogeneity and adequate 

luminous efficiency at the same time. 

In this study, we suggested using a remote phosphor structure with an additional phosphor layer 

placed above the yellow YAG:Ce3+ phosphor film. This dual-layer remote phosphor structure is believed to 

yield higher color quality and lumen efficiency simultaneously. The additional phosphor layer in our study 

uses red phosphor (Y,Gd)BO3:Eu particles to boost the red light components, leading to more homogenous 

generated white lights. The effects of the two phosphor layers on the color quality were examined via two 

parameters: color rendering index (CRI) and color quality scale (CQS). In addition, the photoluminescence of 

the dual-layer remote structure was investigated and demonstrated. The contents of this study are organized 

as; section 2 is used for demonstrating the process of preparing the phosphor material and the simulation of 

the dual-layer remote phosphor WLED package. Next, the results obtained from experiments are presented 

and explained in section 3. Section 4 is the summary and conclusion of the research. 

 

 

2. COMPUTATIONAL SIMULATION 

2.1.  Phosphor preparation 

The preparation of the red (Y,Gd)BO3:Eu phosphors is the first important step in the process of 

WLED simulation. Table 1 showed the chemical composition of (Y,Gd)BO3:Eu in which the details of 

ingredients with their corresponding mole percentage and weight were clearly demonstrated. The 

(Y,Gd)BO3:Eu preparation process includes four stages. The first stage is well-mixing all the ingredients by 

dry blending. Then, the mixture goes through two continuous firing stages. In the first time, it is fired in 

capped quartz tubes or in alumina crucibles with air, and at the temperature range of 400oC-500oC. The next 

firing is carried out under the same condition with the first one but at the higher temperature, 1100oC. After 

that, the mixture is taken out and powderized. Then, the powder is slurried in boiling HCl of 10% for 30 

minutes. Next, the slurry is washed with boiling water and decanted. This washing step should be repeated 

until the product is neutral. Then, drying the product in air, at the temperature of 110oC. When the products 

are dried, we will get the red phosphor (Y,Gd)BO3:Eu needed for experiments. The red phosphor adequate 

for the experiments have the emission color of red and the highest emission at 619 nm. 
 

 

Table 1. Chemical composition of red-emitting phosphor (Y,Gd)BO3:Eu 
Ingredient Mole %  by Weight (g) 

Y2O3 32 72.2 

Gd2O3 15 54.4 

Eu2O3 3 10.6 

H3BO3 130 80.4 
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2.2.  Constructing the WLEDs configuration 

The simulation of a WLED package with a dual-layer remote phosphor structure was carried out 

using the LightTools 9.0 program and Mie-scattering theory. Moreover, with the application of Mie theory, 

the analysis on the effect of the dual-layer phosphor package on the optical properties of WLEDs with CCTs 

from 5600 K to 7700 K is easily conducted. The in-cup phosphor configuration with the dual-layer remote 

phosphor was presented in Figure 1. As can be seen, the arrangement of phosphor layers are as the following: 

red phosphor (Y,Gd)BO3:Eu layer, the yellow YAG:Ce3+ film and the silicone glue. 
 
 

  
 

 
(a) 

 

(b) (c) 

 

(d) 

  
(e) (f) 

 

Figure 1. Photograph of WLEDs structure; (a) actual WLEDs, (b) bonding diagram, (c) illustration of  

pc-WLEDs model, (d) simulation of WLEDs using lighttools commercial software, (e) the measured spectra 

of the yellow-emitting YAG:Ce phosphor, (f) the measured spectra of the red-emitting (Y,Gd)BO3:Eu 

phosphor 
 

 

The other elements of the WLED simulation includes blue LED chips and a reflector cup. It is noted 

that the number of chips used in this study is nine. Each blue chip has a radiant power of 1.16 W and a peak 

wavelength of 453 nm. For the reflector, which is bonded with the blue chips, the lengths at the top and 

bottom surfaces are 8 mm and 9.85 mm, respectively, while its depth is 2.07 mm. An crucial point in using 

the additional layer of red phosphor (Y,Gd):BO3:Eu is that the yellow phosphor YAG:Ce3+ concentration 

must be adjusted following the change in (Y,Gd):BO3:Eu concentration to keep the CCT stable. This relation 

was clearly displayed in Figure 2. There are two notions that can be realized from this yellow-phosphor 

concentration adjustment. Firstly, it is to maintain the CCT of the WLED package; and secondly, it probably 

has significant effects on the light scattering and light absorption inside the WLEDs, leading to the changes 

in yielded color quality and lumen output. The use of red phosphor layer is to achieved better color 

uniformity for the remote phosphor structure, yet the lumen output must be monitored to fulfill the goal of 

the study. 
 

 

 
 

Figure 2. The change of phosphor concentration for keeping the average CCTs 
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3. RESULTS AND DISCUSSION 

The color quality of the a WLED is usually evaluated with color rendering index (CRI), thus we 

carried out the investigation on the CRI of the WLED structure with different concentrations of 

(Y,Gd)BO3:Eu phosphor, as shown in Figure 3. The rise in CRI was observed as the (Y,Gd)BO3:Eu amount 

increased, due to the stronger red-light emission. Additionally, the weight percentage of (Y,Gd)BO3:Eu 

phosphor from 0% to 24% is in direct proportion to the CRI. In other words, when the (Y,Gd)BO3:Eu weight 

percentage grew from 0% to 24%, the CRI also increased. Especially, the CRI over 86 was observed at about 

24% wt. (Y,Gd)BO3:Eu. However, if the concentration of (Y,Gd)BO3:Eu exceeded 24% wt., the CRI would 

decline owing to the excessive red-light proportion. In the market, the WLED devices having higher CRI 

probably cost more than the rest ones. A benefit of using the red phosphor (Y,Gd)BO3:Eu in fabricating dual-

layer remote phosphor WLED is its low cost. Thus, this red phosphor is practical for WLED manufacturers. 

Since the WLED color quality evaluation is comprised of several factors and one of them is CRI, it is 

impossible to use only the CRI to examine the chromatic performance of white lights. Another parameter 

which is believed to be more powerful in evaluating the color homogeneity of WLED was proposed in recent 

studies. This is the color quality scale (CQS). CQS can help the white-light color evaluation to be more 

accurate because it is comprised of CRI and two other factors: viewer's preference and color coordinates. 

 

 

 
 

Figure 3. The color rendering index of WLEDs as a function of (Y,Gd)BO3:Eu concentration 
 

 

Figure 4 demonstrated the CQS of three WLED models with three different CCTs when using the 

additional red phosphor layer. Obviously, the red phosphor (Y,Gd)BO3:Eu is suitable for increasing the color 

quality as the CQS values enhanced in connection with the rise of its concentration. Thus, the study has 

achieved the first goal of enhancing the color quality for WLED with remote phosphor structure by utilizing 

the red-emitting phosphor (Y,Gd)BO3:Eu. However, the disadvantages it causes to the luminous flux should 

not be ignored. As can be seen in Figure 5, the luminous flux of WLED tended to decrease when we 

increased the red phosphor concentration, at all CCTs. The degradation in lumen efficiency can be explained 

by the scattering effects of (Y,Gd)BO3:Eu phosphors via Mie-theory. 
 

 

  
  

Figure 4. The color quality scale of WLEDs as a 

function of (Y,Gd)BO3:Eu concentration 

Figure 5. The lumen output of WLEDs as a function 

of (Y,Gd)BO3:Eu concentration 
 

 

Mie-scattering theory [24], [25] was also a useful mean in computing scattering cross section Csca 

for phosphor particles with the spherical shape. In addition to that, Lambert-Beer law was utilized to compute 

the power of transmitted lights: 

  

I=I0 exp(-µextL) (1) 
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Here, I0, L, and µext present the incident light power, the thickness of the phosphor layer (mm), and 

the extinction coefficient, respectively. The µext can be computed via this expression: µext=Nr.Cext, in which Nr 

(mm-3) indicates the particles’ number density distribution, and Cext (mm2) shows the phosphor particles’ 

extinction cross-section. Based on (1), the increase of phosphor concentration got the internal light scattering 

developed and caused the degradation in light transmission efficiency. However, from the values presented in 

Figure 5, we can maintain the luminous flux at high value if the concentration of (Y,Gd)BO3:Eu stays below 

14%. At that concentration level the CRI and CQS of the WLED were also improved, compared to the 

structures without (Y,Gd)BO3:Eu (0% wt.), see Figure 3 and Figure 4. It is depended on the goals of 

manufacturers, the concentration of (Y,Gd)BO3:Eu is decided. A small reduction in lumen output is 

unavoidable if they want to produce WLEDs with high color quality. 

In general, the white light is generated via the combination of three different spectral regions, as 

displayed in Figures 6-8. Obviously, the red spectral region (648 nm-738 nm) presented significant 

enhancement as the (Y,Gd)BO3:Eu concentration increased. This can be observed in three WLED models 

having CCTs of 5600 K, 6600 K and 7700 K, respectively. Moreover, the rise in other two spectral regions, 

420-480 nm and 500-640 nm, contributed remarkably to the red one. The enhancement in these two spectral 

zones promoted the blue-light scattering. Besides, the emission spectra were higher when the CCT is higher, 

leading to the better color and luminous performances. This result reinforced the idea of using (Y,Gd)BO3:Eu 

red phosphor to improve to optical properties of the WLED remote phosphor structure. This is also important 

and useful for manufacturers when achieving the control over the color quality of WLEDs, especially the 

ones with high CCT such as 7700 K, is still difficult for remote phosphor structure. 
 

 

 
 

Figure 6. The emission spectra of 5600K WLEDs as a function of (Y,Gd)BO3:Eu concentration 
 

 

  
  

Figure 7. The emission spectra of 6600 K WLEDs as 

a function of (Y,Gd)BO3:Eu concentration 

Figure 8. The emission spectra of 7700 K WLEDs as 

a function of (Y,Gd)BO3:Eu concentration 

 

 

4. CONCLUSION 

The influences of (Y,Gd)BO3:Eu red phosphor on the color quality and luminous efficiency of 

WLED with dual-layer remote phosphor configuration were presented in this research paper. By applying 

Mie theory and Beer’s law, the results were examined and verified. The benefits of using (Y,Gd)BO3:Eu red 

phosphors in heightening the color quality for remote phosphor structure were recognized through the 

enhancement of both CRI and CQS. This can be applicable to WLED with low CCT (e.g. 5600 K) and high 

CCT (e.g. 7700 K). Meanwhile, the luminous efficacy still presented a reduction if the red phosphor 

concentration exceeded 14% wt. The manufacturers are the ones that decide the suitable phosphor 

concentration to accomplish their goals. If they want a WLED product using remote phosphor structure and 
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able to yield high color quality and lumen efficacy at the same time, they can select the (Y,Gd)BO3:Eu 

concentration at around 14% wt. 
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