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Abstract: In this manuscript, we propose a recommendation for improving the correlated color temperature deviation 
(D-CCT) and the lumen output of 7700 K WLEDs by adding the green-emitting CaF2:Ce3+,Tb3+ phosphor into the yellow-
emitting YAG:Ce phosphor compounding. From the research results, the D-CCT could decrease more than 4 times, and 
the lumen output increased more than 1,5 times in comparison with the non-green-emitting CaF2:Ce3+,Tb3+ phosphor 
case. The results show that green-emitting CaF2:Ce3+,Tb3+ phosphor could become a new recommendation for 
enhancing the D-CCT and the lumen output of WLEDs. 
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Introduction 

With excellence advantages (high efficiency, long 
lifetime, low cost, reliability, high color quality, and 
compactness), the white LED lamps (WLEDs) have 
considered like main lighting applications shortly. From 
the beginning to date, several approaches are 
recommended for the production of WLEDs. Firstly, 
WLEDs can be obtained by a combination of blue, green 
and red light chips to emit a white light spectrum. 
However, the high manufacturing cost and the required 
complicated electronics were disadvantages of this 
approach. Another method is a coating of yellow emitting 
phosphor like Y3Al5O12:Ce3+ (YAG: Ce) on the blue LED with 
the result in white light emission. However YAG: Ce WLEDs 
have low color rendering index (CRI), a high correlated 
color temperature deviation (D-CCT) Then it is hard to use 
them for indoor lighting applications. The third approach 

was the combination of multiple phosphors materials 
coated on the LED chip known as pc-LEDs. The 
luminescence of pc-LEDs significantly influenced by 
packing, assembly of phosphors and strong re-absorption 
of blue light by green and red phosphors. The third 
approach is popularly used in research and manufacturing 
WLEDs [1,15,16]. In recent years, many studies focused on 
enhancement lighting performance of W-LEDs package 
with the third approach. In [1,2], Quoc Anh et al. 2015, Lai 
et al. 2016 added SiO2 to YAG: Ce phosphor compound to 
enhance the color quantity of WLEDs. Seong, K. K., et al., 
2012 improved D-CCT, CRI of WLEDs by doping Y2O3:Eu3+ 
to YAG:Ce phosphor compound [3]. Quang Minh et al. 
2016 and Quoc Anh et al. 2016 on another way improved 
color uniformity of WLEDs with Y2O3:Eu3+ phosphor and 
green Ce,Tb phosphor [4,5]. However, these research only 
focus on increasing color uniformity and did not pay much 
attention to enhancing all luminous flux and color 
uniformity of WLEDs with high CCT (7700 K). It is the 
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remaining gap, which could be filled by this research work. 
With significant advantages, green-emitting 

CaF2:Ce3+,Tb3+ phosphor could be considered as a 
prospective approach in WLEDs lighting [6-8]. 
Nevertheless, there is not much research, which 
demonstrated green-emitting CaF2:Ce3+,Tb3+ phosphor for 
enhancing the luminous flux and color quantity of the 
conformal phosphor packaging WLEDs (RP-WLEDs) as yet. 
In this research, a new approach by mixing green-emitting 
CaF2:Ce3+,Tb3+ particles into the YAG:Ce phosphor 
compounding of conformal phosphor geometry (CPG) 
white LED lamps to improve their luminous flux, and color 
uniformity (D-CCT) was proposed and demonstrated. In 
this work, the influence of both size and concentration of 
green-emitting CaF2:Ce3+,Tb3+ particles to lighting 
performance was analyzed and investigated. This 
manuscript can be divided into three sections. In the first 
section, a physical simulation model of 7000 K W-LEDs by 
the LightTools software was presented. After that 
influence of both size and concentration of green-emitting 
CaF2:Ce3+,Tb3+ particles was calculated and analyzed by 
the commercial LightTools software and Mat lab. In this 
sections, the size of green-emitting CaF2:Ce3+,Tb3+ 
particles was changed from 3 µm to 9 µm, and its 
concentration was varied from 0% for non-green-emitting 
CaF2:Ce3+,Tb3+ particles to 28%. Finally, some results and 
some discussion were demonstrated and convinced totally. 
From the research results, the luminous flux increased 
more than 1,5 times, and D-CCT could decrease more than 
4 times in comparison with the non-green-emitting 
CaF2:Ce3+,Tb3+ phosphor case. From that point of view, 
green-emitting CaF2:Ce3+,Tb3+ phosphor could become a 
new recommendation for enhancing the lumen output 
and D-CCT of WLEDs. 

Physical and mathematical model  

The real 7000 K WLEDs was simulated with physical 
model by the commercial LightTools software (Fig. 1). The 
LightTools software based on the Monte Carlo ray-tracing 
method. The real WLEDs has: 
1) Each LED chip with a 1.14 mm square base and a 0.15 
mm height is bonded in the reflector. The power of each 
blue chip is 1.16 W. 
2) reflector has a bottom length of 8 mm, a height of 2.07 
mm and a length of 9.85 mm. 
3) The conformal phosphor compounding has the fixed 
thickness 0.08 mm, which covers the nine chips [16,17]. 
The refractive indexes of the green-emitting CaF2:Ce3+,Tb3+ 
and YAG:Ce phosphors and its silicone glue are 1.52 and 
1.83, respectively. The refractive index of the silicone glue 
is 1.5. 

Fig. 1. The physical structure of conformal phosphor geometry (CPG) W-

LEDs. 

 
In this section, we demonstrate the scattering 

process inside the phosphor compounding by Matlab 
software using Mie-scattering theory [9,15,16]. In 
common, the scattering coefficient μsca(λ), anisotropy 
factor g(λ), and reduced scattering coefficient δsca(λ) are 
calculated by expression (1), (2), and (3): 

   ( ) ( ) ( , )sca scaN r C r dr ,   (1) 

     


  
1
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( ) 2 ( , , ) ( )cos cosg p r f r d dr , (2) 

  (1 )sca sca g ,    (3) 

where N(r) is the density distribution of diffusional 
particles, 
      Csca is the scattering cross sections, 
      p(θ,λ,r) is the phase function, 
      λ is the wavelength of the incident light, 
      r is the radius of particles, 
      θ is the scattering angle, 
      f(r) is the size distribution function of the diffusers 
in the phosphor layer. 
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Where fdif(r) and fphos(r) are the size distribution function, 
KN is the number of the unit diffusor and is calculated as 
follows: 

  ( )Nc K M r dr .    (6) 

Here the mass distribution M(r) (milligrams) of the unit 
diffusor can calculate M (r) by the below equation: 

   34
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3
dif dif phos phosM r r f r f r , (7) 

where ρdiff(r) and ρphos(r) are the density of diffuser and 
phosphor crystal.  
In Mie theory, Csca can be presented as: 
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Where k is the wavenumber (2π/λ), and an and bn are the 
expansion coefficients with even symmetry and odd 
symmetry, respectively. These coefficients can be 
calculated by equations below: 

   
   






' '

' '

( ) ( ) m ( ) ( )
( , )

( ) ( ) m ( ) ( )
n n n n

n
n n n n

mx x mx x
a x m

mx x mx x
,   (9) 

   
   






' '

' '

( ) ( ) ( ) ( )
( , )

( ) ( ) ( ) ( )
n n n n

n
n n n n

m mx x mx x
a x m

m mx x mx x
,  (10) 

where x is the size parameter (= k.r), m is the refractive 
index of the diffusive scattering particles, and  ( )n x , 
 ( )n x  are the Riccati - Bessel function [11].  
 For small spheres, the phase function  ( , , )p r can 
be calculated according to the following equation: 
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where   ( , , )r is the dimensionless scattering function, 
which is obtained by the scattering amplitude functions S1 
and S2: 
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 In equations (13) and (14), the angular dependent 

functions  (cos )n  and  (cos )n  are expressed in the 
angular scattering patterns of the spherical harmonics 
[16,17].  

Results and Discussion 

In this research, the coefficients were calculated by 
Mat lab software using Mie theory. In the Mie-scattering 
computing, the concentration of CaF2:Ce3+,Tb3+ particles is 
varied from 0 % to 28%, continually. As presented in Fig. 2, 
the scattering coefficients grow with the growing 
CaF2:Ce3+,Tb3+ concentration. In this situation, the yellow-
light intensity becomes stronger in comparison with blue-
light intensity. From that point of view, CaF2:Ce3+,Tb3+ 
could be used to improve the D-CCT and the lumen output 
of WLEDs. Moreover, the reduced coefficient is the same 
for the cases 555 nm, and 453 nm wavelengths (Fig. 3). 
The reduced scattering coefficients of CaF2:Ce3+,Tb3+ 
among 453 nm, 555 nm wavelengths grow with 
CaF2:Ce3+,Tb3+ concentration. The results showed that 
CaF2:Ce3+,Tb3+ had a significant influence on all scattering 
and reduced coefficients (Fig. 4). 

Fig. 2. Scattering coefficients of CaF2:Ce3+,Tb3+ in proportion to 

wavelengths of 453nm, 555nm. 

Fig. 3. Reduced scattering coefficient of CaF2:Ce3+,Tb3+ in proportion to 
wavelengths of 453nm, 555nm. 
 

The D-CCT and lumen output of WLEDs with 
CaF2:Ce3+,Tb3+ particles were calculated by the commercial 
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Light Tool software. As illustrated in Fig. 5, D-CCT of the 
7000 K conformal packaging WLEDs decreased more than 
4 times. These results could be explained by 
compensating blue-light in pc-LED as employing 
CaF2:Ce3+,Tb3+ particles phosphor. The minimum D-CCT 
could be obtained with the 1 µm size and 12% 
concentration of CaF2:Ce3+,Tb3+ particles. The higher 
concentration and less size, the smaller D-CCT can be 
obtained. Furthermore, the lumen output of the 7000 K 
WLEDs increased remarkably by increasing concentration 
and decreasing size of CaF2:Ce3+,Tb3+ particles. The lumen 
output could be increased more than 1,5 times (Fig. 6). 
The maximum value of luminous flux is near 950 lm with 
µm size and 12% concentration of CaF2:Ce3+,Tb3+ particles. 
From those results, the optimal size and concentration of 
CaF2:Ce3+,Tb3+ particles was around 1 µm in size and 12% 
in concentration. Finally, the results showed that both the 
size and concentration of CaF2:Ce3+,Tb3+ particles 
significant effect on D-CCT and lumen output of the 7000K 
conformal packaging WLEDs. 

Fig. 4. The angular scattering amplitudes of CaF2:Ce3+,Tb3+ in proportion 

to wavelengths of 453nm, 555nm. 

Fig. 5. The ΔCCT deviation of W-LEDs 7000 K by adding the green-

emitting CaF2:Ce3+,Tb3+ phosphor particles. 

Conclusion 

In this paper, we investigate the effect of the green-
emitting CaF2:Ce3+,Tb3+ phosphor on the lumen output 
and D-CCT of the 7000 K white LED lamps with conformal 

phosphor packaging. From research results and theory 
analysis, some conclusions are proposed: 

1) The lumen output of WLEDs lamps was 
influenced by the size and concentration of the green-
emitting CaF2:Ce3+,Tb3+ phosphor. From the research 
results, lumen output increased about 1,5 times when 
adding the green-emitting CaF2:Ce3+,Tb3+ phosphor to the 
phosphor compounding. 

2) Furthermore, D-CCT decreased more than 4 
times with varying concentration and size of the green-
emitting CaF2:Ce3+,Tb3+ phosphor. 

In the further works, the influence of the green-
emitting CaF2:Ce3+,Tb3+ phosphor on optical properties of 
the in-cup and the remote packaging WLEDs is necessary 
to present, analyze and demonstrate. 

Fig. 6. The luminous flux of W-LEDs 7000 K by adding the green-
emitting CaF2:Ce3+,Tb3+ phosphor particles.  
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