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 We used solid-condition processes to make a sequence of radiation-

adjustable phosphors Eu2+/Mn2+ co-doped Ca9La(PO4)7 (shortened as 

CaLa:EM), which show a consistently variable hue from green to yellow and 

red via an efficient resonance-form energy transition as well as the strength 

of green and red radiations may be controllable through altering the Mn2+ 

concentration. We examined the transition of energy (Eu2+ → Mn2+) for 

CaLa:EM. It is proved to be a resonant kind using a dipole-quadrupole 

process, having power shift critical range calculated to be 11.36 Å by using 

the spectral overlap techniques. Mixing a 365 nm UV-InGaN chip as well as 

one phosphor combination containing (Ca0.98Eu0.005Mn0.015)9La(PO4)7 in 

yellow with BaMgAl10O17:Eu2+ in blue produced a warming WLED having 

CIE color coordinates measured at (0.35, 0.31), better CRI value (Ra) 

measured at 91.5 along with smaller CCT value of 4,496 K. 
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1. INTRODUCTION  

White light-emitting diodes (WLEDs) have received a lot of attention in recent times. It is possible 

to create white lighting through one InGaN chip in blue as well as a phosphor Y3Al5O12:Ce3+ garnet 

(YAG:Ce3+) in yellow. Even so, because of the shortage of red spectral contribution, this technique has an 

inferior CRI (Ra value of 75) as well as an elevated hue temperature (CCT = 7,756 K) [1], [2]. White LEDs 

manufactured utilize (a) non-ultraviolet or ultraviolet LED (350,420 nm) as well as red, green, as well as blue 

phosphors [3], [4], (b) non-ultraviolet LED (380,420 nm) pumped with one singular structure green-to-red 

radiation-adjustable [5], [6] and blue phosphor to enhance the CRI as well as CCT. In such a situation, 

single-component yellow-light phosphors, which include green Eu2+ along with red Mn2+, used to create UV 

or n-UV excitations have piqued the interest of solid-state lighting researchers. In comparison with the blue 

LED chip (made of InGaN) and the phosphor YAG:Ce3+, a white-light diode manufactured utilizing the 

combination which includes single-component radiation-adjustable phosphor along with blue phosphor 

pumped with non-ultraviolet (or ultraviolet) chips has a higher CRI, adjustable CCT along with CIE color 

coordinates. A method used to produce one-phase radiation-adjustable phosphor involves co-doping the 

similar host with the sensitizer as well as the activator. The host relies on the nature of the power 

transmission between the sensitizer and the activator. The phosphors possessing sensitizer/activator power 
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transmission mechanisms, including Eu2+/Mn2+, were produced as well as studied for a variety of hosts. To 

the best of our understanding, no one has mentioned the crystal structure, brightness characteristics, or 

transmission of energy for Eu2+/Mn2+ of Ca9La(PO4)7. We first illustrated a one-component green-to-red 

radiation-adjustable CaLa:EM that is adjustable between green, yellow and red via transmission of energy 

mechanism among the illumination centers Eu2+ and Mn2+. We have shown that raising the dopant content of 

Mn2+ can result in warm white lighting as well. CaLa:EM has the wonderful promise of usage in the form of 

a one-stage phosphor pumpable using near-ultraviolet or ultraviolet LED devices in white UV-LED 

implementations [7], [8]. 
 

 

2. EXPERIMENTAL 

2.1.  Preparation of green-emitting CaLa:EM phosphor 

Powder X-ray diffraction (XRD), photoluminescence (PL) as well as PL excitation (PLE) spectra, 

decay duration, along with CIE chromatic features were used to typify the samples, as noted in the 

earlier work [6], [7]. We compressed the testing portions of powder and subjected them to excitation at an 

incidence angle of 45o. To have the green-phosphor CaLa:EM, its essential chemical components and 

creation process are presented in Table 1. Particularly, the composition of CaLa:EM includes CaCO3, Y2O3, 

La2O3, (NH4)2HPO4, Eu2O3, and MnO with the purity of ≥99%. Next, Table 2 details the instruments for 

determining the characteristics of attained CaLa:EM phosphor including phase purity, photoluminescence 

(PL) spectra, released fluorescence, time-resolved measurements, and radiation transients. 
 

 

Table 1. The components and process of creating CaLa:EM 
Components Purity Process 

CaCO3 99.9% - Compress the components into pellets 

 

- Calcinate the substances for eight hours under 1,473K within an ambient atmosphere 

 

- Substances are processed under 1,273K within eight hours in an alumina boat below a 

lowering atmosphere of 15% H2/85% N2 

Y2O3 99.99% 

La2O3 99% 

(NH4)2HPO4 99% 

Eu2O3 99.99% 

MnO 99.9% 

 

 

Table 2. Assessing the characteristics of CaLa:EM 
Characteristics Determining tools 

Phase purity Powder XRD assessment accompanied by Bruker AXS D8 advanced automatic diffractometer as well as 

Cu Kα radiation 

PL, PLE spectra Spex Fluorolog-3 Spectrofluorometer (Instruments SA, N.J., USA) accompanied by one Xe light under 

450 watts as well as dual stimulation monochromators 

Released fluorescence Photomultiplier of the form Hamamatsu Photonics R928 at 900 angle to the stimulation ray 

Time-resolved 

measurements 

Adjustable nanosecond optical-parametric-oscillator/Q-switch-pumped YAG:Nd3+ laser 

formation (NT341/1/UV, Ekspla) 

Radiation transients Obtained using nanochromater (ARC's SpectraPro300i), detected using a photomultiplier tube 

(R928HA, Hamamatsu), linked to a digital oscilloscope (LT372, LeCrop) as well as transmitted towards 

a computer to study kinetics [9], [10] 

 

 

We created WLED lightings via combining clear silicon resin with phosphor mixture of CaLa:EM 

along with BaMgAl10O17:Eu2+ above an ultraviolet chip (AOT Product No: DC0004CAA, Spec: 370U02C, 

maximum wavelength: 365 ~370 ± 0.6 nm, chip size: 40x40 mil, forward voltage: 3.8 ~4.0 ± 0.02 V, power: 

10-20 ± 0.21 mW). All samples had their chromaticity coordinates evaluated by the Commission 

International de I'Eclairage (CIE). The phosphor film in the actual MCW-LED is reproduced using flat 

silicone films and the LightTools 9.0 application, and the Monte Carlo method [11]-[14]. This simulated 

method works throughout the following phases: (1) Establish and build the layout as well as optical features 

of MCW-LED lamps (2). The CaLa:EM concentration variation then controls the optical impacts of the 

phosphor combining. For the task of assessing the influence of YAG:Ce3+ as well as CaLa:EM imposed on 

MCW-LED device, we made several collations. It is specified that the two kinds of two-sheet distant 

phosphors, under 3000 K and 5000 K, need to be defined. Figure 1 illustrates an MCW-LED device 

containing conformal phosphor under one median CCT measured at 8500 K. Recreating MCW-LED devices 

with constituents other than CaLa:EM is also considered. The reflector's bottom length, height, and length of 

the top surface are determined as follows: 8 mm, 2.07 mm, and 9.85 mm. The conformal phosphor 

combining surrounds 0.08-mm-thick nine chips. Every chip stays on the cavity of the reflector via a square 

base zone measured at 1.14 mm2 along with a height measured at 0.15 mm. The luminous flux in all chips 

reaches 1.16 W, with a maximum wavelength reaching 453 nm [15]-[17]. 
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Figure 1. A WLED device 

 

 

2.2.  Characterization of phosphor 

To analyze the transiting energy of the electrons within CaLa:EM phosphor geometry, the crystal 

field splitting is accessed. Crystal field splitting (Dq) will be demonstrated via the following expression [18]. 

Additionally, in (1), the Dq is carried out through Königs et al. [19] as well as Tsai et al. [20]. 

 

𝐷𝑞 =
1

6
𝑍𝑒2

𝑟4

𝑅5
 (1) 

 

Where Dq is a power level separation assessment. Z indicates an anion charge. e indicates an electron charge. 

r indicates the radius for the d wave function. R indicates the binding range. With the Y3+ site replaced, then 

taken via a bigger La3+ ion, the range among Eu2+ as well as O2- was reduced. Because crystal field splitting 

correlates with 1/R5, the smaller Eu2+ O2- length raises the crystal field’s size, yielding a penalty for the 5d 

line in Eu2+. In (2) [21], [22] best fits the corresponding brightness decay periods with a second-order 

exponential decay mode: 

 

1 1 2 2exp( / ) exp( / )I A t A t = − + −  (2) 

 

in the (3), I represents the brightness strength; A1, along with A2, represents constants, t represents time; τ1 

and τ2 correspondingly represent the quick and sluggish lifetimes of exponential elements. Utilizing such 

factors, it is possible to calculate the mean decay periods (τ) by utilizing a (3) [11]. 

 
2 2

1 1 2 2 1 1 2 2( ) / ( )A A A A    = + +  (3) 

 

The attained and evaluated τ1, τ2, A1, and A2 indicate that the mean decay period in a solely Eu2+-activated 

system is long. The mean decay period was noticed to be reduced with raising doped Mn2+ content in the 

Eu2+/Mn2+ co-doped formation. 

 

 

3. RESULTS AND ANALYSIS 

Figure 2 depicts the inverse change in concentration of green phosphorus CaLa:EM and phosphorus 

YAG:Ce3+ in yellow. The transformation signifies the following: maintaining high CCT values and affecting 

the absorption as well as the dispersion in WLEDs with the dual layers of phosphor. This eventually 

influences the hue output as well as the lighting beam effectiveness in the WLED devices. Thus, the 

CaLa:EM concentration chosen determines the hue quality of WLEDs. When the CaLa:EM concentration 

increased (2%-20%) by weight, the YAG:Ce3+ content decreased for the purpose of retaining the mean CCTs, 

which is true for the 3000 K and 5000 K WLEDs, see Figures 2(a) and 2(b), respectively. 

Figure 3 illustrates the effect of CaLa:EM green phosphorus concentration on the emissivity 

spectrum in the WLED device. It is probable to have a selection by judging the demands of the producers. 

WLED devices demanding significant hue quality can decrease lighting flux by a small portion. As seen in 

Figure 3, the area of the spectrum generates white illumination. The spectrum of 3000 K is shown in Figure 

3(a) while that of 5000 K is illustrated in Figure 3(b). The intensity surges alongside the CaLa:EM content of 

two areas in the light spectrum: 420-480 nm as well as 500-640 nm. Such transformation within the 

radiation spectrum with two bands shows a greater illuminating beam. Furthermore, blue-light dispersion in 

WLED is increased, implying that dispersion within the sheet of phosphor as well as WLED device would be 
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risen, preferring hue homogeneity. This is a significant result when we empoly CaLa:EM. Controlling the 

hue homogeneity for the distant phosphor layout under huge temperature, in specific, proves challenging. 

This results proved that CaLa:EM, under color temperatures (5600 K as well as 8500 K), can result in 

superior hue output in WLED devices. 
 

 

  
(a) (b) 

 

Figure 2. Modifying phosphor content for the task of retaining the mean CCT at (a) 3000 K and (b) 5000 K 
 

 

  
(a) (b) 

 

Figure 3. Radiation spectra along with CaLa:EM content for (a) 3000 K and (b) 5000 K WLED devices 
 

 

Accordingly, the increases in WLEDs’ luminous intensities are improved with the increasing 

content of CaLa:EM phosphor, as shown in Figure 4. From the data in Figures 4(a) and (b), at both hue 

temperatures, the luminous fluxes of the WLEDs enhance when the weight percentage of the green phosphor 

increases to 10% and 15%. With such improvements in luminosity, hue quality must be carefully considered. 

The deviating color index (D-CCT) shown in Figure 5 is used to evaluate the homogeneity of the distributed 

color elements on the chroma scale. Specifically, Figure 5(a) shows the D-CCT at 3000 K, and Figure 5(b) 

shows the D-CCT at 5000 K. In both cases, the deviating color is reduced as the CaLa:EM phosphor weight 

percentages increase. This means the hue homogeneity of both WLEDs is improved with the increasing 

content of the CaLa:EM phosphor. 

Hue homogeneity is the only element taken into account for examining the hue quality in WLED 

devices. The color standard is not guaranteed to be great with a high hue homogeneity index. As a result, 

previous findings show a color rendering index (CRI) and a color quality scale (CQS). As CRI is illuminated, 

the actual hue of an item is revealed. The hue imbalance is largely made up of green light between the 

vital hues: blue, yellow, and green, which alters the hue output of WLEDs, causing a reduction in WLED hue 

fidelity. The results in Figure 6 show a small decline in CRI in the existence of the distant phosphor 

CaLa:EM film, at both 3000 K (Figure 6(a)) and 5000 K (Figure 6(b)). On the other hand, such results can be 

acceptable since the color rendering index solely appears to be a drawback of CQS. Judging the CRI as well 

as the CQS, the latter appears to be of greater importance. It is also harder when it comes to achieving CQS. 

It is decided via the following facets: CRI, preference of beholder, as well as hue coordinate. Therefore, it 

becomes a precise overall index to determine hue quality [23]-[26]. Figure 7 shows the CQS improvement 

when the remote phosphor CaLa:EM film is present. Specifically, when using CaLa:EM with higher 

concentration, though the reduction in CQS is observed in the case of 3000 K WLED, it is insignificant, as 

shown in Figure 7(a). On the other hand, for the WLED with 5000 K, see Figure 7(b), when increasing the 

phosphor concentration of CaLa:EM to 10%, the CQS is unchanged. This means it is possible to attain good 

CQS when increasing the content of CaLa:EM for better luminosity. As the CaLa:EM content exceeds 10% 

wt., CRI and CQS will be drastically reduced owing to severe hue waste if green becomes dominating. 

Consequently, before utilizing CaLa:EM, determining suitable concentration would be important. 
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(a) (b) 

 

Figure 4. The lighting beam in WLED device along with CaLa:EM content at (a) 3000 K and (b) 5000 K 
 

 

  
(a) (b) 

 

Figure 5. The hue deviation in WLED device along with CaLa:EM content at (a) 3000 K 

 and (b) 5000 K 
 

 

  
(a) (b) 

 

Figure 6. The hue rendering index in WLED device along with CaLa:EM content at (a) 3000 K 

 and (b) 5000 K 
 

 

  
(a) (b) 

 

Figure 7. The hue quality scale in WLED device along with CaLa:EM content at (a) 3000 K and  

(b) 5000 K 
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4. CONCLUSION 

Finally, we created as well as inspected a sequence of radiation-adjustable CaLa:EM with single 

compositions. Furthermore, we studied as well as demonstrated the transferring energy (Eu2+ → Mn2+) of 

Ca9La(PO4)7, which is resonant through a dipolequadrupole mechanism relying on the decay lifetime 

information, with the energy transmission critical spacing widely expected to be 11.36 Å through utilizing 

the spectrum overlay approach. By combining the yellow-light CaLa:EM with the blue-light 

BaMgAl10O17:Eu2+ pumped using an ultraviolet chip in LED, we enhanced the Ra as well as lowered the 

CCT in WLED devices (365 nm). Our findings show that ultraviolet-WLEDs relying on a mixture containing 

CaLa:EM, as well as BAM:Eu2+ outperform traditional WLED devices made of YAG:Ce3+ and blue LED 

chips in terms of Ra and CCT. 
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