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 The blue/red-emission phosphor Ba3GdNa(PO4)3F:Eu2+ (BGN(PO)F-Eu) is 

used in this work for diodes emit white illumination (wLED). The phosphor 

is prepared using the solid-phase reaction. The suitable concentrations of 

Eu2+ ion dopant is about 0.7% and 0.9%. The BGN(PO)F-Eu phosphor can 

provide wLED light with the spectral wavelength in the region of blue (480 

nm) and orange-red colors (595-620 nm). With the resulted emissions the 

phosphor can be appropriate for plant growing because they compatible with 

absorption spectra of plants’ carotenoids and chlorophylls for stimulating the 

photosynthesis. The phosphor influences on the wLED lighting properties 

depending on the doping dosages. It is possible to enhance the luminous 

intensity of the wLED with higher BGN(PO)F-Eu phosphor amount. 

Meanwhile, the color properties does not get significant improvements. 

Thus, the BGN(PO)F-Eu phosphor could be used with other luminescent 

materials to stimulate the hue rendering performance. 
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1. INTRODUCTION 

Owing to high effectiveness, robustness, and fast response, light emitting diodes (LEDs) is one of 

the most popular solid-state light sources in the market and lighting industry [1], [2]. Their applications 

include indoor and outdoor illuminating, such as, household lighting, traffic and street lighting, and display. 

Besides, they are a potential candidate for artificial lighting in cultivation to stimulate plant development. 

The growth of plants requires the light source with emission band of blue (400-500 nm) and red (600-700 

nm) to induce the phototropic processes and photosynthesis [3], [4]. Conventionally, the gas-discharge lamp 

is applied for green-house lighting, but it is not optimal for plant growth as their emissions do not match the 

absorption spectra of plants’ chlorophylls and carotenoids. However, it is possible to obtain this spectral 

match using the LEDs as the main light source. The light emission components of the LED can be regulated 

by modifying its structural components. The LED using phosphors to convert light from near-ultraviolet or 

blue chips can be the promising package for plant growth because it is simple to tune the emission colors by 

alternating the type of integrated phosphor materials [5]. Besides, this phosphor-conversion LED package is 

simpler and more cost-effective to build and the one using multi-LEDs. The problem in using phosphor 

materials to fabricate LEDs is the instability and aging as the internal temperature increases or after long-time 

services [6]. Thus, the selected phosphor must present low thermo-quenching effect, high efficiency and 

chemical stability, and slow decay times, in addition to the ability to induce blue and red luminescent 

strengths. At this point, the phosphor materials with a broad emission band that can be a suitable solution. 

https://creativecommons.org/licenses/by-sa/4.0/
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Often, phosphors with multi-color emission are created by doping two different activating ions in a single 

host. These ions are accountable for exciting the blue and red luminescence, such as Eu2+ and Mn3+ in 

SrMg2(PO4)2
 or Ce3+ and Pr3+ in Li2SrSiO4 [7]. Though good blue and red luminescence can be obtained from 

these phosphor compositions, their thermostability and quantum yield are low owing to the weak transitions 

of the acceptors Pr3+ and Mn2+. Therefore, using single ion dopant can be a more appropriate option to 

achieve the high-thermostability and high-efficiency phosphor materials [8]. 

The Eu2+ ion turns out to be the suitable activator for developing multi-color-emission phosphors. 

This ion can offer the broadband emission within near-UV and infrared wavelengths due their transition  

5d-4f. To acquire this, it depends on the crystal strength of the cation sites that the Eu2+
 substituted in the host 

lattice [9], [10]. The M10(PO4)6A2 halo-phosphate with M represents the alkaline metal or rare-earth ions, and 

A represents halogen elements like F, Br, and Br. They have diverse composition and crystal field 

environments and outstanding thermostability [11], [12]. Additionally, they provide many available cationic 

sites for the Eu2+ ion dopants. For this work, we use the Ba3GdNa(PO4)3F composition phosphate for doping 

the Eu2+ ions. The Ba3GdNa(PO4)3F:Eu2+ BGN(PO)F-Eu phosphor is prepared using the elevated-heat solid-

state reacting route. The luminescence properties of the phosphor are examined under near-ultraviolet (UV) 

excitation sources. The blue and red emissions of the phosphor well match the absorption spectra of 400-500 

nm and 600-700 nm, respectively. The phosphor is applied in fabricating white LED with blue chips and 

yellow phosphors. The luminescence of the prepared white LED can be improved. Meanwhile the chromatic 

rendering performance declines. Thus, the phosphor can be used for near-UV LEDs to stimulate plant growth 

or for blue-chip LEDs that require significant luminosity. Moreover, the BGN(PO)F-Eu phosphor can be 

combined with other green luminescent materials to get the higher chromatic rendition for the commercial 

LEDs. 

 

 

2. SIMULATION METHOD 

The BGN(PO)F-Eu phosphor is synthesized with the solid-phase reaction at 1353 K. The ingredients 

for the phosphor preparation include BaF2, BaCO3, Na2CO3, NH4H2PO4, Eu2O3, Gd2O3, and NH4F. All 

ingredients are weighed stoichiometrically and well blended. Then, the mixture goes through a 5-hour sintering 

process at 773 K, followed by a 3-hour calcination at 1353 K in a CO reducing environment. After that, the 

heated product is cooled down to room temperature and ground into fine solid particles for investigations.  

The characterization of the BGN(PO)F-Eu phosphor is shown in Table 1, and the illustration for the prepared 

LED prototype is presented in Figure 1. Figure 1(a) is the picture of the real package. Figure 1(b) is the 

illustration of the blue-chip packet in the LED. Figure 1(c) depicts the cross-section of the simulated LED,  

in which the arrangement of each component is revealed. Figure 1(d) presents the 3D simulation of the LED 

obtained with the LightTools 9.0 [13], [14]. 

 

 

Table 1. Characterization of the BGN(PO)F-Eu phosphor 
Properties Determining tools 

Structure and morphology Rigaku MiniFlex600 diffractometer and Rietveld refinement 

Emission and excitation spectra; 
luminescence lifetime 

Edinburgh FLS920 spectrophotometer with an excitation source of a 450-
W Xe lamp 

Luminescence thermostability FLS920 spectrometer with Oxford OptistatDN2 nitrogen cryogenics and 

CTI-Cryogenics temperature controlling system 

 

 

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

 

Figure 1. Illustration of white LED model; (a) real LED model, (b) chip diagram, (c) the structural cross-

section, and (d) the 3D simulation using LightTools 9.0 software 
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3. RESULTS AND DISCUSSION 

3.1.  Computational luminescence of the phosphor 

The phosphor excitation spectra are obtained in the range of 250 nm - 450 nm, derived from the 

ionic transitions 4f7 → 4f65d1 of Eu2+. This indicates that phosphor can be excited with near-UV and blue 

chips. The phosphor’s emission maxima in blue (472 nm) and red (608 nm) regions are obtained with the 

0.7% and 0.9% Eu2+ doping concentration. As the concentration of Eu2+ increases, the concentration 

quenching effect is induced, leading to the drop of phosphor luminescence. The concentration-quenching 

mechanism can be examined with the following expression based on Dexter theory (1) [15], [16]: 

 
𝐼

𝑐=
𝑘[1 + 𝛽(𝑐)𝜃/3] (1) 

 

in which I denote the luminescence intensity of the phosphor; c represents the phosphor proportion; k and β 

show the constants for the stimulation condition and the host crystal; and θ is the constant for non-radiative 

energy-transfer process. By taking log(I/c) the calculated θ is between 5.5 and 6, indicating that the 

mechanism of energy transfer between Eu2+ peaks is the dipole-dipole interaction [17]. 

In the host, the Eu2+ ion prefers occupying the Ba2+ cationic sites, resulting in different emission 

centers. The substitution of Eu2+ to the Ba2+ can be determined by analyzing the effective lifetimes of the 

phosphor. The luminescence lifetimes (τ) of the phosphor are determined using the single-exponential decay 

curve, as expressed in (2): 

 

 𝜏 =
[∫ 𝐼(𝑡)𝑡𝑑𝑡

∞

0 ]

[∫ 𝐼(𝑡)𝑑𝑡
∞

0 ]
 (2) 

 

where t is the specific time (t>0), and I(t) indicate the luminescence strength at t. When excited by 342 nm 

lighting, the luminescent spectrum of the BGN(PO)F-Eu phosphor displays three different peaks of 436 nm, 

480 nm, and 640 nm, implying that the Eu2+ ions occupying three Ba2+ sites in the host. The position  

of emission peaks of the phosphor BGN(PO)F-Eu can be examined using the Van-Uitert [18], expressed  

as (3): 

 

𝐸 = 𝑄 [1 − (
𝑉

4
)
1/𝑉

× 10−𝑚
𝐸𝑎𝑟

80 ] (3) 

 

where E and Q denote the energy position of the lower d-band edge of Eu2+ ions and free ions, respectively; V 

represents active-cation valance, which is equal to 2 for the Eu2+ ion; m represents the number of 

coordination; Ea denotes the activation energy; and r represents the host-cation radius that is occupied by the 

Eu2+ ions. Owing to the complex host structure of Ba3GdNa(PO4)3F, it is hard to get the Ea constant value. 

Besides, the value of E is in direct proportion to the result of m and r. As the coordination number of occupied 

Ba2+ sites decrease, the wavelengths of Eu2+ emission peaks are likely to move to the longer region, from 436 

nm to 640 nm. 

The thermostability of the BGN(PO)F-Eu phosphor can be investigated with the Ea value, and the 

probability of the non-radiative transition occurring at a specific time unit (P), as demonstrated in the (4) and 

(5) [19]: 

 

𝐼(𝑏) =
𝐼(0)

𝐶 𝑒𝑥𝑝(
−𝐸𝑎

𝑘𝑏
)+1

 (4) 

 

𝑃 = 𝑠 𝑒𝑥𝑝 (
−𝐸𝑎

𝑘𝑏
) (5) 

 

in which b represents the specific examined temperature (b>0), and I(b) is the emitting strength at b, while 

I(0) denotes the emitting power at b=0; C and k are the rate constant and Boltzmann constant, accordingly. s 

represents the frequency factor. The P value is greater as Ea is lower, denoting that the non-radiative 

transition is more likely to occurs as the activation energy is lower. When the temperature increases, the Ea 

value of the Eu2+ luminescence intensity at 472 nm is higher than that at 608 nm, resulting in the dominance 

of 472 nm emission on the luminescence spectra of the phosphor. This can be ascribed to the lower Stokes 

shift of red emission at the increasing temperature, compared the shift of the blue emission [20]. Thus,  

the emission of Eu2+ at 608 nm is more stable than that at 472 nm. 
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3.2.  Effects of BGN(PO)F-Eu phosphor on white LED model 

The phosphor BGN(PO)F-Eu phosphor with 0.9% Eu2+ is used in the white LED package in 

addition to the yellow phosphor. Therefore, the change in BGN(PO)F-Eu concentration can result in the 

variation of the dosage of YAG:Ce3+ phosphor. The change of YAG:Ce3+ amount in the presence of 

BGN(PO)F-Eu phosphor is shown in Figure 2. As can be seen, the concentration of YAG:Ce3+ phosphor 

declines with the increase in the BGN(PO)F-Eu dosage. This decrease can contribute to the enhancement of 

light scattering and conversion of the package. Additionally, the color temperature of the generated light 

could be stabilized with the decline of YAG:Ce3+ amount [21]. The scattering efficiency in the LED package 

is demonstrated in Figure 3. Figure 4 shows the color temperature (CCT) with different BGN(PO)F-Eu 

concentrations. With the higher concentration of BGN(PO)F-Eu phosphor, the reduced scattering coefficients 

gradually increase. Meanwhile, the angular CCT values vary noticeably with each different BGN(PO)F-Eu 

dosage. The CCT variation is most noticeable at the 0o and -80o – 80o viewing angles. The difference in CCT 

can be attributed to the change in scattering activity. As the BGN(PO)F-Eu phosphor is introduced into the 

phosphor packaging, the scattering of blue light is promoted, leading to the higher proportion of blue light in 

forward direction. Moreover, the BGN(PO)F-Eu phosphor has two emission peaks in blue and red 

wavelength regions, it is possible to absorb the blue light and convert it to the red light, as the phosphor 

concentration increases. The change in emission colors could induce the variation in color temperature [22]. 

The average difference between the highest and lowest CCT values could be used to examine the ability to 

obtain color uniformity for LED light of the phosphor. The delta of CCT variation (D-CCT) is displayed in 

Figure 5. Obviously, the average CCT variation increases in the presence of the BGN(PO)F-Eu phosphor, 

when compared to the value at 0 wt% BGN(PO)F-Eu. However, along the increase of BGN(PO)F-Eu, the  

D-CCT fluctuates significantly. As can be seen, when the BGN(PO)F-Eu is introduced (concentration > 0 

wt%), the lowest and highest D-CCT are observed when its concentration reaches 40 wt% and 50 wt%, 

respectively. This indicating that the color uniformity of the LED light can be maintain with 40 wt% 

BGN(PO)F-Eu. In other words, the BGN(PO)F-Eu can help achieve the color temperature consistency [23]. 

 

 

 
 

Figure 2. Changes of YAG:Ce3+ amount in the presence of BGN(PO)F-Eu phosphor 

 

 

 
 

Figure 3. Reduced scattering coefficients in the presence of BGN(PO)F-Eu phosphor 
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Figure 4. Angular color temperature in the presence of 

BGN(PO)F-Eu phosphor 

 
 

Figure 5. The delta of CCT variation in the 

presence of BGN(PO)F-Eu phosphor 
 

 

The scattering is enhanced with the addition of BGN(PO)F-Eu phosphor, resulting in the higher 

blue-light scattering and conversion. This means the lumen output of the LED light can be enhanced.  

The performance of LED light luminescence with increasing concentration of BGN(PO)F-Eu phosphor is 

depicted in Figure 6. The phosphor is successfully excited by the blue chip, giving the blue and orange-red 

emission bands to the light spectrum, as shown in Figure 6(a). The peaks in the luminescence power are 

located at 463 nm and 595 nm. The sharp peak in the blue region could promote the lumen output of the 

LED, see Figure 6(b). Overall, the lumen output increase with the addition the BGN(PO)F-Eu phosphor, 

compared to that of the sample without the presence of BGN(PO)F-Eu phosphor. However, the fluctuation is 

easily noticed between the luminous value at doping amount of BGN(PO)F-Eu phosphor. When the 

concentration of BGN(PO)F-Eu phosphor is at 25 wt% and 35 wt%, the lumen output is the highest.  

As the BGN(PO)F-Eu phosphor dosage increases, LED lumen output gradually decreases. This reduction 

could be ascribed to the re-absorption of scattered blue light at high phosphor dosage, which induces the total 

energy loss [24]. Referring Figure 6(a), the emission intensity of the orange-red wavelength is higher and 

broader than that of the blue one. Thus, the increasing BGN(PO)F-Eu phosphor amount probably strengthen 

the orange-red emission instead of the blue emission; as a result, the luminosity shows a drop. Besides,  

such a phenomenon also impacts the color rendition performance of the LED light.  

 

 

 
(a) 

 
(b) 

 

Figure 6. The LED light luminescence in the presence of BGN(PO)F-Eu phosphor: (a) total transmission 

power and (b) Lumen output 

 

 

Figure 7 illustrates the color rendering performance of the LED light with different concentration of 

the BGN(PO)F-Eu phosphor. Particularly, Figure 7(a) shows the data of color rendering index (CRI), and 

Figure 7(b) is the graph showing the color quality scale (CQS) performance [25], [26]. In all graphs, the 

reduction of CRI and CQS with increasing BGN(PO)F-Eu amount is demonstrated. This can be resulted from the 

imbalance among the blue, red, and yellow-green colors in the white illumination spectrum, which is created as the 
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concentration of BGN(PO)F-Eu phosphor increases. The higher color rendering performance needs the good 

coverage over the red, blue, and green emission wavelength. In this case, the increase of BGN(PO)F-Eu phosphor 

dosage results in the red-emission dominating the light spectrum, thus the others are insufficient for realizing the 

true color of illuminated objects. However, the BGN(PO)F-Eu phosphor can be used with other luminescent 

materials to get the weak emission colors supplemented, to accomplish better color rendering performance. 

 

 

  

(a) (b) 
 

Figure 7. The color rendering performance of the LED light in the presence of BGN(PO)F-Eu phosphor: (a) 

CRI and (b) CQS 
 

 

4. CONCLUSION 

In this paper, the Ba3GdNa(PO4)3F:Eu2+ phosphor is synthesized and used for producing white LED 

prototype. The phosphor is well activated with near-UV and blue excitation. Its excitation spectra are 

obtained in the wide band from 250 nm to 450 nm, while its emission peaks are observed at 472 nm and 608 

nm. This indicates that their luminescence spectra overlap the absorption spectra of carotenoids and 

chlorophylls of plants. So, they can be utilized in LED lighting for plant development. Besides, when applied 

to the blue-pumped LED light, BGN(PO)F-Eu phosphor promotes the light scattering. The lumen of the LED 

light is also enhanced with the addition of this phosphor. The optimal concentrations of BGN(PO)F-Eu for 

reaching the highest LED lumen output are 25 wt% and 35 wt%. More than that amount, the lumen intensity 

decreases due to the blue-light reabsorption. The phosphor also presents the ability to maintain the CCT 

consistency. However, the high concentration of BGN(PO)F-Eu phosphor does not favor the color rendering 

efficiency. The higher the concentration of BGN(PO)F-Eu, the lower the CRI and CQS performance.  

Thus, to provide the high color rendition, the BGN(PO)F-Eu phosphor can be combined with other materials 

to achieve wide coverage over blue, green, and red wavelengths. In short, the BGN(PO)F-Eu phosphor with 

blue-red emission spectrum is a potential material for LED light in cultivation, in particular, and in 

commercial illumination, in general. 
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