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Abstract 
 In this study, we investigate the effect of concentration of the red Y2O3:Eu3+ phosphor on  

the Color Rendering Index (CRI), Color Quality Scale (CQS) and Lumen Output (LO) of the 7000K in-cup 
packaging white LEDs (IPW-LEDs). The physical model of the 7000K IPW-LEDs is conducted by Light 
Tools software. By varying the concentration of the red phosphor from 0% to 0.36%, we use the Light 
Tools software to investigate the CRI, CQS, and LO of the 7000K IPW-LEDs. From the research results, it 
can be observed that the CRI and CQS can be increased to 85 and 71, respectively. However, the LO has 
a decrease in the increasing trend of the red phosphor concentration. This paper provides the new 
recommendation for the manufacturing of the IPW-LEDs. 
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1. Introduction 

In the history of human development, lighting sources have been changed from 
collecting natural fire sources from drilling wood to torch, oil lamp, to the candle, and later to  
the widely used kerosene lamp, and now to white LEDs (W-LEDs) [1]. Nowadays, W-LEDs is 
considered an essential solution for replacing traditional lighting sources based on excellent 
properties for display technology, including high brightness, low power consumption, long 
lifetime, fast response as well as climate impact resistance [2]. The main research direction in 
W-LEDs is improving their lighting performance in term of the CCT deviation (D-CCT), Color 
Rendering Index (CRI), Color Quality Scale (CQS) and Lumen Output (LO). Authors in [3] tried 
to enhancing the D-CCT of W-LEDs by adding SiO2 powder with suitable concentration to  
the phosphor layer, but the lumen output had a considerable decrease. On another way, the LO 
of the W_LEDs can be improved significantly by co-doping the green Ce0.67 Tb0.33  
MgAl11 O19: Ce, Tb phosphor to the phosphor compounding as shown in [4]. For the purpose 
of improving the CRI of the W-LEDs, authors in [5, 6] proposed to mix the red phosphors to  
the high CRI multi-chip W-LEDs [7] used green (Ba, Sr) 2SiO4: Eu2+ and red CaAlSiN3: Eu2+ 
phosphors with various packages W-LEDs to enhance the CRI and [8] showed the missing red 
component in phosphor-converted W-LEDs for improving its optical properties.  

In this research, we investigate the influence of the red Y2O3:Eu3+ phosphor particles’ 
concentration on the optical properties in term of CRI, CQS, and LO of the 7000K in-cup 
packaging white LEDs (IPW-LEDs). The main contribution of the research paper can be 
summarized as the followings: 

− The physical model of the 7000L IPW-LEDs based on the real W-LEDs is simulated by  
the Light Tools. 

− The influence of the red phosphor particles’ concentration on the CRI, CQS, and LO is 
investigated and derived by varying the red phosphor concentration from 0 to 0.36%. 
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− The simulation result is confirmed by the analytical expression based on Mie-Theory and 
Beer-Lambert Law. 

The rest of this work is drawn as below. The research method is drawn in the second 
section using Light Tools. The third section proposes the numerical results, analytical 
expression and some discussions. Finally, some conclusions is summarized in the last section. 

 
 

2. Research Method 
In this section, we use the real IPW-LEDs as shown in Figure 1 (a) for conducting  

the physical model of the 7000K IPW-LEDs by Light Tools as in Figure 1 (b). In this simulation 
stage, the depth, the inner and outer radius of the reflector are set to be 2.07 mm, 8 mm, and 
9.85 mm, with the fixed thickness of 0.08 mm and 2.07 mm, respectively, cover nine chips.  
The blue LED chip has a dimension of 1.14 mm x 0.15 mm. The radiant flux of each blue chip is  
1.16 W, and the peak wavelength is 453 nm. The phosphor layers consist of YAG: Ce,  
Y2O3:Eu3+ powders and the silicone matrix. Their refractive indexes are set to be 1.83, 1.93, 
and 1.50, respectively. Meanwhile, the mean radii of phosphor powders are 7.25 µm, same as 
real particle size [9-15]. 

 
 

  
(a) (b) 

 
Figure 1. (a) CPW-LEDs (b) Physical model 

 
 
3. Numerical Examples and Discussion 

Figure 2 illustrates the influence of the concentration of the red phosphor particle on  
the CRI of the 7000K IPW-LEDs. In this Figure the concentration of the red phosphor particles 
varies continuously from 0% to 0.36%. From the results, we can see that the CRI increases 
crucially from 68 to near 85 when the concentration of the red phosphor varies from 0% to 
0.28%. After that, the CRI falls with the concentration of the red phosphor from 0.28% to 0.36%. 
The maximal value of the CRI can be obtained at 85 with 0.28% to 0.30% concentration of  
the red phosphor particles. Moreover, the CQS of the 7000K IPW-LEDs versus  
the concentration of the red phosphor particles is plotted in Figure 3 with the concentration from 
0% to 0.36%. Similar to the above case, the CQS rise from 66 to 71 with increasing the red 
phosphor concentration from 0% to 0.28% and then falls significantly when the red phosphor 
concentration increases further. The maximal value of the CQS is 71 with 0.28% to 0.30% red 
phosphor concentration. All these results can be achieved with increasing of the red  
phosphor concentration. 

Figure 4 presents the effect of the red phosphor particles’ concentration on the LO of 
the 7000K IPW-LEDs in the connection of increasing the red phosphor concentration from 0% to 
0.36%. From Figure 4, it can be observed that the LO falls crucially with increasing the red 
phosphor concentration. We can justify these results based on the relationship between 
luminous output and the Y2O3:Eu3+ size according to Mie-scattering theory and  
the Beer-Lambert law [1, 12, 16-26]. 
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Figure 2. CRI 
 
 

 
 

Figure 3. CQS 
 
 

 
 

Figure 4. LO 
 
 

0  )( extI I exp µ L= −  (1) 

 
where I is the transmitted light power, I0 is the incident light power, µext = N.Cext is the extinction 
coefficient, L is the path length, and N is the number of particles per cubic millimeter. According 
to Mie-scattering theory, the extinction cross section Cext of phosphor particles can be 
characterized by the following equation: 
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Here, x=2πa/λ is the size parameter; an and bn are the expansion coefficients with 

even symmetry and odd symmetry, respectively.The parameters an and bn are defined as: 
 

  (3) 
 

  (4) 
 

where a is the spherical particle radius, λ is the relative scattering wavelength, m is  

the refractive index of scattering particles, and ,  are the Riccati-Bessel  
functions [16-22]. 
 
 
4. Conclusion 

In this study, we investigate the effect of concentration of the red Y2O3:Eu3+ phosphor 
on the color rendering index (CRI), Color Quality Scale (CQS) and Lumen Output (LO) of  
the 7000K in-cup packaging white LEDs (IPW-LEDs). The physical model of the 7000K  
IPW-LEDs is conducted by Light Tools software. By varying the concentration of the red 
phosphor from 0% to 0.36%, we use the Light Tools software to investigate the CRI, CQS, and 
LO of the 7000K IPW-LEDs. From the research results, it can be observed that the CRI and 
CQS can be increased to 85 and 71, respectively. However, the LO has a decrease in  
the increasing trend of the red phosphor concentration. This paper provides the new 
recommendation for the manufacturing of the IPW-LEDs. 

 
 

References 
[1] Liu S, X-B Luo. LED Packaging for Lighting Applications: Design, Manufacturing and Testing. 

Chemical Industry Press and John Wiley & Sons, Beijing. 2011. 
[2] Minh, Tran Hoang Quang, Nguyen Huu Khanh Nhan, Nguyen Doan Quoc Anh, and Hsiao-Yi Lee. 

Red-Emitting α-SrO·3B2O3:Sm2 Phosphor: an Innovative Application for Increasing Color Quality 
and Luminous Flux of Remote Phosphor White LEDs. Journal of the Chinese Institute of Engineers. 
2017; 40(4): 313–317. 

[3] L Lohaus, E Leicht, S Dietrich, R Wunderlich, S Heinen. Advanced color control for multicolor LED 
illumination systems with parametric optimization. In Proceedings of International Conference on 
Industrial Electronics Society IEEE. 2013.  

[4] M Zheng, W Ding, F Yun, DY Xia, YP Huang, YK Zhao, WH Zhang, MY Zhang, MFGuo, Y Zhang. 
Study of High CRI White Light-emitting Diode Devices with Multi-chromatic Phosphor. InProceedings 
of International Conference on Electronic Components& Technology, IEEE. 2014. 

[5] YH Won, HS Jang, KW. Cho, YS Song, DY Jeon, HK Kwon. Effect of phosphor geometry on  
the luminous efficiency of high-power white light-emitting diodes with excellent color rendering 
property. Opt. Lett. 2009; 34: 1-3.  

[6] KJ Chen, CC Lin, HV Han, CY Lee, SH Chien, KY Wang, SH Chiu, ZY Tu, JR Li, TM Chen, X Li, 
MH Shi, HC Kuo. Wide-Range Correlated Color Temperature Light Generation from Resonant Cavity 
Hybrid Quantum Dot Light-Emitting Diodes. IEEE J. Sel. Top. Quantum Electron. 2015; 21: 1900407.  

[7] VV Bakhmetyev, MM Sychov, LA Lebedev, ABVlasenko, SP Bogdanov, EP Sheshin, H Kominami. 
Synthesis and characterization of finely dispersed Y2O3: Eu cathodoluminescent phosphors. In 
Proceedings of International Conference on Vacuum Electron Sources Conference, IEEE. 2014. 

[8] M Zhang, XH Li, ZX Wang, QY Hu, HJ Guo. Synthesis of Y2O3:Eu3+ phosphors by surface diffusion 
and their photoluminescence properties. Trans. Nonferrous Met. Soc. China. 2010; 20: 115-118. 

[9] Shuai Y, NT Tran, JP You, FG Shi. Phosphor size dependence of lumen efficiency and spatial CCT 
uniformity for typical white LED emitters. In Proceedings of International Conference on Electronic 
Components and Technology Conference, IEEE. 2012. 

[10] Optical Properties of Nanoparticle Systems. Beyond Mie's Theory II-The Generalized Mie Theory. 
2011: 317–339. 

' '

' '

( ) ( ) ( ) ( )
( , )

( ) ( ) ( ) ( )

n n n n
n

n n n n

mx x m mx x
a x m

mx x m mx x

   

   

−
=

−

' '

' '

( ) ( ) ( ) ( )
( , )

( ) ( ) ( ) ( )

n n n n
n

n n n n

m mx x mx x
b x m

m mx x mx x

   

   

−
=

−

( )n x ( )n x



           ◼          ISSN: 1693-6930 

TELKOMNIKA  Vol. 17, No. 5, October 2019:  2512-2516 

2516 

[11] Frisvad, Jeppe Revall, Niels Jørgen Christensen, Henrik Wann Jensen. Predicting the Appearance of 
Materials Using Lorenz–Mie Theory. The Mie Theory Springer Series in Optical Sciences. 2012:  
101–133. 

[12] Liu, Zongyuan, Sheng Liu, Kai Wang, Xiaobing Luo. Analysis of Factors Affecting Color Distribution 
of White LEDs. 2008 International Conference on Electronic Packaging Technology & High Density 
Packaging. 2008. 

[13] Liu, Zongyuan, Sheng Liu, Kai Wang, and Xiaobing Luo. Optical Analysis of Color Distribution in 
White LEDs with Various Packaging Methods. IEEE Photonics Technology Letters 2008; 20(24): 
2027–2029. 

[14] Liu, Zongyuan, Sheng Liu, Kai Wang, and Xiaobing Luo. Effects of Phosphor’s Location on LED 
Packaging Performance. 2008 International Conference on Electronic Packaging Technology &amp; 
High Density Packaging. 2008. 

[15] Anh, Nguyen Doan Quoc, Hsiao-Yi Lee, Tran Thanh Phuong, Nguyen Huu Khanh Nhan, Tran Hoang 
Quang Minh, and Truong Huu Ly. Y2O3:Eu3 Phosphor: a Novel Solution for an Increase in Color 
Rendering Index of Multi-Chip White LED Packages. Journal of the Chinese Institute of Engineers. 
2017; 40(3): 228–234. 

[16] Optical Properties of Nanoparticle Systems. Beyond Mie's Theory II-The Generalized Mie Theory. 
2011: 317–339. 

[17] Frisvad, Jeppe Revall, Niels Jørgen Christensen, and Henrik Wann Jensen. Predicting  
the Appearance of Materials Using Lorenz–Mie Theory. The Mie Theory Springer Series in Optical 
Sciences. 2012: 101–133. 

[18] Mackowski, Daniel. The Extension of Mie Theory to Multiple Spheres. The Mie Theory Springer 
Series in Optical Sciences. 2012: 223–256. 

[19] Wriedt, Thomas. Mie Theory: A Review. The Mie Theory Springer Series in Optical Sciences. 2012: 
53–71. 

[20] Luo X, Hu R. Chip packaging: Encapsulation of nitride LEDs. Nitride Semiconductor Light-Emitting 
Diodes (LEDs). 2014: 441-481.  

[21] Mishchenko, Michael I, Larry D. Travis, and Andrew A. Lacis. Scattering, Absorption, and Emissionof 
Light by Small Particles. Cambridge: Cambridge University Press. 2002. 

[22] Zhong, Jiajian, Mingyuan Xie, Zhigui Ou, Rui Zhang, Min Huang, and Fuli Zhao. Mie Theory 
Simulation of the Effect on Light Extraction by 2-D Nanostructure Fabrication. 2011 Symposium on 
Photonics and Optoelectronics (SOPO). 2011. 

[23] Sommer, Christian, Frank Reil, Joachim R. Krenn, Paul Hartmann, Peter Pachler, Hans Hoschopf, 
and Franz P. Wenzl. The Impact of Light Scattering on the Radiant Flux of Phosphor-Converted High 
Power White Light-Emitting Diodes. Journal of Lightwave Technology. 2011; 29(15): 2285–2291. 

[24] Jonasz, Miroslaw, and Georges R. Fournier. General Features of Scattering of Light by Particles in 
Water. Light Scattering by Particles in Water. 2007: 87–143.  

[25] K Pan, et al. Study on Reliability and Lifetime Prediction of High Power LEDs. Indonesian Journal of 
Electrical Engineering and Computer Science. 2014; 12(3): 2366-2373. 

[26] Peng H. Y., et al. Red (SrCa) AlSiN3: Eu2+ Nitride Phosphor Particle Size of Phosphor Converted 
Warm White LEDs. Indonesian Journal of Electrical Engineering and Computer Science. 2014; 12(7). 


