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Abstract: Nowadays, red-emitting phosphors based on Mn4+ doped fluorides with a high color 

purity and a relatively short decay time can improve the optical performance of WLED. However, 

they are easily oxidized in humid environment and elevated temperatures. This is the reason why 

both the brightness and luminous efficiency of WLED quikly decreased. To solve this problem, KF 

was added throughout the K3AlF6:Mn4+ phosphor synthesis process (KKAFM). This work is focused 

on aging evaluation of the phosphors and comparing its performance with commercial phosphors 

(YAG:Ce3+, Sr2Si5N8:Eu2+). Thus, EL spectra of blue LED chips coated with the phosphors were 

investigated over time in an environment of 85 % RH and 85 oC. The results of EL spectra showed 

the improvement in the the reduction of the emission intensity of KKAFM. Aging tests of WLEDs 

using KKAFM and Sr2Si5N8:Eu2+ indicated that KKAFM phosphors exhibited a good stability, thus 

they can be used as a potential replacement for commercial red-emitting phosphors in WLEDs 

fabrication. 
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1. Introduction* 

In recent years, white light-emitting diodes (WLEDs) play an important role in daily life because of 

their low energy consumption and environmental friendliness [1-4]. Up to now, the advanced 

commercial WLEDs which have been widely used are typically composed of a blue-emitting LED chip 

(InGaN) with a yellow phosphor (YAG:Ce3+). However, they still have a low color rendering index 

(CRI) and a high correlated color temperature (CCT) because of the lack of the red-light component. 
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Thus, many efforts have been developed for producing WLEDs with larger CRI and lower CCT, f.i. by 

incorporation of red-emitting phosphors. 

Among red-emitting phosphors, Mn4+-doped fluoride materials have gained significant attention due 

to their exceptional optical properties. Mn4+-doped fluoride phosphors offer advantages such as efficient 

absorption of a broad range of blue light, emission of narrow-band light within the spectral sensitivity 

of the human eye, high quantum yield, thermal stability, and excellent CRI. However, the practical 

applications of these fluoride phosphors have been limited due to their sensitivity to atmospheric 

moisture. Prolonged exposure to high temperatures and humidity under LED operating conditions 

causes hydrolysis of the phosphors, resulting in the formation of hydrated MnO2 and a noticeable 

decrease in brightness and luminous efficiency. The way for the advancements in moisture-resistant 

fluoride phosphors for WLEDs have recently focused on coating the moisture-sensitive phosphors with 

hydrophobic materials to improve their durability under operating conditions of the devices. This 

coating acts as a protective layer, preventing the intrusion of moisture and enhancing the life-span of 

WLEDs [5-8].  

Among Mn4+-doped fluoride phosphors, K3AlF6:Mn4+ garnered significant attention due to its 

desirable properties, including a high melting point, high decomposition temperature, and low water 

solubility [9-11]. Previous research groups have synthesized the phosphors using co-precipitation and 

low-heating state reaction methods and evaluated their performance. To enhance its moisture resistance, 

K3AlF6:Mn4+ has been coated with oleic acid and reduced graphene oxide [14, 15]. However, there is 

an urgent need to improve the emission intensity and moisture resistance to meet various application 

requirements. Mn4+ ions are introduced as a replacement for Al3+ ions in K3AlF6 to create positive charge 

defects [15-17]. However, this is not only reduction of the luminescence intensity but also making the 

Mn4+ ions susceptible to oxidation, resulting in the formation of MnO2. To mitigate these defects for 

enhancing the luminescence and increasing the durability of the phosphor powder in humid 

environment, KF has been embedded in during the synthesis process [18].  

In this work, the phosphors were coated on blue LED chips, and their moisture resistance were 

evaluated under high-temperature and high-humidity environments. The moisture resistance of the 

phosphors was also compared to that of commercial yellow and red phosphors. 

2. Experimental 

2.1. Materials 

The KKAFM phosphor was synthesized by the co-precipitation method which has been reported  

in [18].  

All commercial products such as blue LED chips, yellow phosphor (YAG:Ce3+ - Epoch) and red 

phosphor (Sr2Si5N8:Eu2+ - Epoch) were used for the comparison characterization. 

2.2. Fabrication of LED Devices 

Step 1: The KKAFM, YAG:Ce3+, and Sr2Si5N8:Eu2+ phosphor or a mixture of YAG:Ce3+ with 

KKAFM, YAG:Ce3+ with Sr2Si5N8:Eu2+ were weighed according to the calculated mass ratio of 1:10:2 

with silicon and a curing agent. 

Step 2: Each phosphor or a mixture was blended with silicon and a curing agent using a Kurabo 

Mazerustar KK-V300SS mixer for a duration of 5 min. Next, the obtained mixture was coated onto the 

surface of the blue LED chips using an NSW Automation i-DR S320A CE Desktop Dispensing System. 

The coating process ensured that the phosphors were evenly distributed on the surface of the blue LED 
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chips. After coating, the devices were dried at 70 ºC for 2 hours, followed by additional annealing at 150 ºC 

for 2 hours. This treatment process helped solidify the coating and ensure its stability. 

Finally, the packaged LEDs were placed in an aging chamber under conditions of 85 °C and 85% 

relative humidity (RH). This aging chamber provided a controlled environment to simulate long-term 

usage conditions and evaluate the performance of the devices over time. 

Fluorescence spectra of the phosphors were recorded using a Horiba NanoLog 

spectrofluorophotometer equipped with a 450 W Xenon lamp. The photoelectronic properties of the 

devices were recorded using an integrating sphere connected to a Gamma Scientific spectrofluorometer. 

3. Results and Discussion  

3.1. Luminescence of the Phosphors  

The fluorescence characteristics of the phosphors were evaluated at room temperature before coating 

to the blue LED chips. Figure 1a illustrates the fluorescence spectra of the phosphors when excited by 

a 460 nm wavelength. The KKAFM phosphor shows sharp emission peaks at 596 nm, 605 nm, 608 nm, 

610 nm, 627 nm, 631 nm, and 644 nm. These emission peaks are attributed to different vibration modes, 

including anti-Stokes (v3(t1u), v4(t1u)), v6(t1u)), zero phonon line, and Stokes (v6(t2u)), (v4(t2u), v3(t2u))  

[12-15, 18]. On the other hand, YAG:Ce3+ and Sr2Si5N8:Eu2+ phosphors exhibit broad spectra with peaks 

at 530 nm and 620 nm, respectively. The emission peak at 530 nm of YAG:Ce3+ arises from transitions 

between the lowest Stark level of the 5d excited state and the two Stark levels (2F5/2 and 2F7/2) of the 4f 

ground state of Ce3+ [19]. During that the emission peak at 620 nm of Sr2Si5N8:Eu2+ phosphor is assigned 

to the 4f65d1  4f7 (5d-4f) transition of Eu2+ [20]. In terms of intensity, the KKAFM phosphor exhibits 

higher intensity compared to commercial phosphors. The excitation fluorescence spectrum of the 

KKAFM phosphor was measured at the emission peak of 627 nm showing an absorption band that 

extends from the ultraviolet (UV) to 525 nm. The absorption spectrum of this phosphor powder shows 

two absorption peaks at 360 nm and 460 nm, corresponding to electronic transitions from the 4A2  4T1 

and 4A2  4T2 levels, respectively. Similarly, the YAG:Ce3+ phosphor powder, measured at 540 

nm, presents two absorption peaks at 340 nm and 457 nm, attributed to 4f5d transitions of the Ce3+ ions. 

The Sr2Si5N8:Eu2+ phosphor exhibits a broad absorption band from UV to 600 nm. From the emission 

spectrum of YAG:Ce3+ and the excitation spectrum of Sr2Si5N8:Eu2+, it is evident that the Sr2Si5N8:Eu2+ 

phosphor absorbs the emission light of YAG:Ce3+. This reabsorption of the red-emitting Sr2Si5N8:Eu2+ 

phosphor reduces the efficiency of the WLED when the phosphor is combined with YAG:Ce3+. 

 

 
 

Figure 1. PL (a) and PLE (b) spectra of KKAFM, YAG:Ce3+, and Sr2Si5N8:Eu2+ phosphors. 
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In comparison of the red-emitting phosphors, their color purities were calculated from the PL 

spectra. The chromaticity coordinates of KKAFM are (0.686, 0.319) and Sr2Si5N8:Eu2+ are (0.631, 

0.368). The color purities of the KKAFM and Sr2Si5N8:Eu2+ were determined using Eq. (1): 

                                         𝐶𝑝 =  
√(𝑥−𝑥𝑖)2+(𝑦−𝑦𝑖)2

√(𝑥𝑑−𝑥𝑖)2+(𝑦𝑑−𝑦𝑖)2
× 100%     (1) 

where (x, y) are the color coordinates of the red-emitting phosphors, (xi, yi) are the CIE of an equivalent 

white light with a value of (0.333, 0.333), and (xd, yd) are the chromaticity coordinates corresponding to 

the dominant wavelength of the light source. The color purities of the three samples were determined to 

be of 96.49%, 69.56% for the KKAFM and Sr2Si5N8:Eu2+, respectively. These results indicate that the 

color purity of KKAFM is close to 100% and is larger than that of Sr2Si5N8:Eu2+. 

3.2. Aging Testing of the Phosphor with LED Chip 

  

  

Figure 2. EL spectra of blue LED coated by KKAFM (a), Sr2Si5N8:Eu2+ (b), YAG:Ce3+ (c), and EL intensity of 

the phosphors (d) which were measured at various times. 
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The devices packaged with individual phosphors were incubated in a climate chamber set at a 

temperature of 85 °C and a humidity of 85%. The optoelectronic characterization of these components 

was performed for 98 days. The EL spectra of the LED chips coated with each type of fluorescent 

powder include spectral regions with peaks at 460 nm (blue LED chip) and 627 nm (KKAFM),  

530 nm (YAG:Ce3+), 620 nm (Sr2Si5N8:Eu2+). To compare the degradation between the phosphors, the 

EL spectra of the devices were normalized at the peak of LED chip (460 nm). It has been observed that 

the spectral sharps of the phosphors are unchanged.  

However, their fluorescence intensities decrease over time. The degradation of the devices is 

attributed to LED chips, phosphors, and other components [21-23]. From the EL spectra, it has been 

observed that the intensity emission reduction of the KKAFM is slower than that of YAG:Ce3+ and 

Sr2Si5N8:Eu2+ phosphors for 98 days (Fig. 3). This indicates that all three phosphors have experienced 

comparable degradation in terms of fluorescence intensity under the given conditions. 

3.3. Aging Testing of WLEDs 

 
 

Figure 3. EL spectra of WLED which were coated by the combination of YAG:Ce3+ with Sr2Si5N8:Eu2+ (a) and 

YAG:Ce3+ with KKAFM (b) measured at various times. 

   

Figure 4. Luminous flux (a), CCT (b), and CRI (c) of the WLEDs used Sr2Si5N8:Eu2+ and KKAFM phosphors. 
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In the characterization of the KKAFM phosphor degradation in WLEDs, a test was conducted on a 

set of WLEDs. The devices were packaged by blue LED chip with YAG:Ce3+ and KKAFM phosphors, 

and another blue LED chip with YAG:Ce3+ and Sr2Si5N8:Eu2+ phosphors. Figure 4a shows the 

luminescence flux of the WLEDs plotted against degradation time. It can be observed that the 

luminescence flux decreases as a function of degradation time, indicating a reduction in the overall light 

output of the WLEDs. Specifically, the luminous flux of a WLED utilizing Sr2Si5N8:Eu2+ phosphor is 

reported to remain at 82.8% of its initial value after degradation. On the other hand, the WLED using 

KKAFM phosphor retains 81.6% of its initial luminous flux after degradation. 

4. Conclusion  

The investigation conducted on the moisture resistance of KKAFM phosphor by coating it on a blue 

LED chip has yielded positive results. After subjecting the phosphor to aging at 85 oC and 85% RH for 

98 days, the luminescence intensity of the phosphor reduced to 99% of its original intensity. The 

luminescence intensity reduction can be compared with the one of commercial phosphors. The KKAFM 

phosphors combined with YAG:Ce3+ phosphors were coated on blue chip LEDs to get WLEDs. Aging 

tests on the WLEDs showed that KKAFM phosphors have a good moisture resistance. The obtained 

result indicated that KKAFM phosphors may replace the commercial red-emitting phosphors for 

fabricating WLEDs with improved performance parameters. 
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