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45 ABSTRACT 
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47 
Orange-yellow luminescent Y2-xSr1-yAl4SiO12: xCe3+, yMn2+ (x=0.04-0.06, y=0.1- 

49 
50 0.6, abbreviated as YSAS: xCe3+, yMn2+) phosphors with garnet structure were 
51 

52 

53 prepared by the high temperature solid-phase method. The matrix energy band is 
54 
55 

56 calculated by DFT, where YAG is 4.535 eV and YSAS is 4.874 eV. The Rietveld 
57 

58 
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26 
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42 

53 

1 refinement of the XRD data indicates that Ce3+ mainly replaces the Y3+ sites, while 

2 
3 

Mn2+ selectively occupies. The Gaussian peaks of the fluorescence spectrum prove 
4 
5 

6 that Mn2+ occupies two luminescent centers, which are further determined by Van 
7 
8 

9 Uitert's empirical formula. The doping of Ce3+/Mn2+ units can effectively enhance the 
10 
11 

structural rigidity of the YAG host and promote the red-shift of the emission peak 

13 

14 
position of Mn2+. The fluorescence decay kinetics test proves that Ce3+ can transfer 

16 
17 energy to Mn2+, and the transfer efficiency reaches 72.08% at y=0.5. The thermal 
18 

19 

20 stability test of the phosphor shows the luminous intensity at 473K still maintains 86% 
21 

22 
of the room temperature. The phosphor prepared in this experiment was combined 

24 
25 

with a blue light chip to make a w-LED device, and the performance showed Ra=86.1, 

27 
28 CCT=5168K. The above results show that the emission color of the garnet structure 
29 

30 

31 can be tuned by energy transfer, which is attractive for future applications. 
32 
33 

34 Keywords: garnet structure; phosphors; luminescent; w-LED device; 
35 

36 

37 
1. Introduction 

39 

40 

41 
There are numerous strategies to improve the color rendering and performance of 

43 
44 white light illumination, including polymers, small molecule organic and inorganic 
45 

46 

47 light-emitting diodes, etc. [1,2], but the most prevalent used strategy is the down- 
48 
49 

50 conversion strategy of coating phosphors on UV/blue LED chips [3]. Phosphor-based 
51 
52 

white light lighting devices offer numerous benefits, such as environmental protection, 

54 
55 high efficiency, and tunable light emission [4,5]. At present, YAG: Ce3+ series 
56 

57 

58 phosphors are the most mainstream commercial phosphors in the market [6]. However, 
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56 

1 white LEDs made with such phosphors still suffer from some disadvantages due to 

2 
3 

the lack of red components, such as low color rendering index and high color 
4 
5 

6 temperature,  which  hinder  their  application  in  high-quality  white  light  [7,8]. 
7 
8 

9 Researchers have discovered multiple red phosphors with excellent luminescence 
10 
11 

properties, such as: K2SiF6: Mn4+ [9], Sr2Si5N8: Eu2+ [10] and Y2O2S: Eu3+ [11], etc. 

13 

14 
However, However, the majority of these phosphors are generated under harsh 

16 
17 conditions, and some even pollute the environment. Therefore, controlling the 
18 
19 

20 structure of YAG: Ce3+ and increasing its red-light component is of crucial practical 
21 

22 
importance. 

24 
25 

Under this research context, many researchers have carried out extensive 

27 
28 research on the structural regulation of YAG: Ce3+. Tong [12] et al. prepared a series of 
29 

30 

31 Y3MgAl3SiO12: Ce3+, Mn2+ phosphors in the author's group. Among them, Ce3+
 

32 
33 

34 occupied the lattice position of Y3+, Mn2+ occupied two lattice positions of Mg-O6 

35 

36 
octahedron and Al-O4 tetrahedron, respectively emitting orange light at 613 nm 

38 
39 (Mn2+(I)) and 723 nm (Mn2+(II)). Using this phosphor coupled with a blue chip to 
40 

41 

42 fabricate a w-LED, and its performance was CRI=85.4, CCT=4502 K, which has 
43 

44 
potential application value. Jia [13] et al. used Mn2+-Si4+ units to replace Y3+-Al3+ units 

46 

47 
in the YAG structure for structural control, it was found that Mn2+ replaces Y3+ and 

49 
50 Si4+ replaces Al3+ to conserve charge and the prepared YAG: Ce3+, Mn2+, Si4+ 
51 

52 

53 phosphors exhibited yellow emission of Ce3+ and red emission of Mn2+. Through the 
54 
55 

energy transfer from Ce3+ to Mn2+, the chromaticity coordinates are transformed from 

57 
58 

(0.425, 0.550) to (0.502, 0.482), which makes up for the insufficient red-light 
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15 

23 

26 

37 

48 

1 component in the YAG: Ce3+ phosphor. Ji [14] et al. used Ba2+-Si4+ units to replace Y3+- 

2 
3 

Al3+ units in the YAG: Ce3+, resulting in yellow emission at 460 nm excitation with a 
4 
5 

6 peak around 537 nm, and the luminescence intensity at 200oC still retains 91.5% of 
7 
8 

9 that at room temperature, which is due to the high crystallinity of the crystals. Meng 
10 
11 

[15] et al. prepared a series of [(Gd0.6Lu0.4)1-yCey]3[Al1-z(Mg/Si)z]5O12 phosphors by gel 

13 

14 
synthesis method and studied the effect of Mg2+-Si4+ unit substitution on the host 

16 
17 structure of garnet. The results showed that the co-doping of Mg2+-Si4+ units narrowed 
18 
19 

20 the forbidden band width of the matrix, the Ce-O8 dodecahedron was not uniformly 
21 

22 
compressed, and the Al-O polyhedron expanded. The alteration of the polyhedral 

24 
25 

structure within the matrix reduces the luminescence intensity, fluorescence lifetime 

27 
28 and thermal stability of Ce3+, but promotes the red-shift of the peak position of the 
29 

30 

31 emission  spectrum.  According  to  the  aforementioned  reports,  the  structural 
32 
33 

34 modulation of YAG may expand the range of emission spectrum, but the performance 
35 

36 
and luminous intensity of phosphors still need to be further improved.  

38 
39 In Y3Al5O12 garnet, Y3+ ionic site combines with eight oxygen atoms to form a Y- 
40 

41 

42 O8 dodecahedron structure (Fig. S1 Y-O8 dodecahedron). Al3+ has two sets of ionic 
43 
44 

45 sites of Al(1) and Al(2). Al(1) combines with six oxygen atoms to form Al1-O6 
46 

47 
octahedron (Fig. S1 Al1-O6 octahedron), and Al(2) combines with four oxygen atoms 

49 
50 to form Al2-O4 tetrahedral structure (Fig. S1 Al2-O4 tetrahedron). Each Al2-O4 

51 

52 

53 tetrahedron is connected to four Al1-O6 octahedra, and each Al1-O6 octahedron is 
54 
55 connected to six Al -O tetrahedra. In this paper, Sr2+-Si4+ units are designed to 
56  1 4 

57 

58 
replace Y3+-Al3+ units in Y3Al5O12 (YAG) to form Y2SrAl4SiO12 (YASA), a derivative 
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31 

42 

53 

1 structure of YAG. Due to the fact that Ce3+ 5d and Mn2+ 3d energy levels are easily 

2 
3 

affected by its crystal field environment, herein, we further design a set of 
4 
5 
6 Y2SrAl4SiO12: Ce3+ and Y2SrAl4SiO12: Ce3+, Mn2+ phosphors, and investigate the 
7 
8 

9 evolution of YAG microstructure and modulate its luminescence characteristics to 
10 
11 

obtain the more suitable yellow-red emission by energy transfer from Ce3+ to Mn2+ for 

13 

14 
White-Light-Emitting Diodes. 

16 

17 
18 

2. Experimental 
19 

20 

21 
22 Y2-xSrAl4SiO12: xCe3+(x=0, 0.04, 0.05, 0.06), Y1.95Sr1-yAl4SiO12: 0.05Ce3+, 
23 

24 

25 yMn2+(y=0.1-0.6) and Y(1.95+z)Sr(0.7-z)Al4Si12: 0.05Ce3+, 0.3Mn2+ (z=0.02, 0.06, 0.1) a 
26 
27 

28 series of samples were synthesized by the high-temperature solid-state reaction, using 
29 
30 

the raw materials of Y2O3 (99.99 %,Aladdin), SrCO3 (99.95 %, Aladdin), Al2O3 

32 
33 (99.99 %, Aladdin), SiO2 (99.99 %, Aladdin), CeO2 (99.99 %, Aladdin), MnCO3 

34 

35 

36 (99.95 %, Aladdin). The raw materials were weighed in stoichiometric proportions, 
37 
38 

39 then mixed with an appropriate amount of ethanol (95%) using an agate mortar and 
40 

41 
pestle and thoroughly ground. After drying, the mixture was transferred to an alumina 

43 
44 oxide crucible and then sintered in a tube furnace by heating to 1450 °C for 10 h, 
45 

46 

47 followed by furnace-cooling to room temperature. Finally, the sintered samples were 
48 
49 

50 completely ground into powders for characterization of XRD and photoluminescence 
51 
52 

properties. The crystal structure of the sintered samples was analyzed by an X-ray 

54 
55 diffractometer (XRD, Rigaku, Ultima IV, Japan) with Cu-Ka radiation operated at 40 
56 

57 

58 kV and 30 mA. The scanning rate was 8o min-1, with a 2θ range from 20o to 80o. The 
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15 

23 

26 

1 electronic structure of YAG and YSAS were analyzed by employing the density 

2 
3 

functional theory (DFT) using the GASTEP code. The photoluminescence (PL) and 
4 
5 

6 photoluminescence excitation (PLE) spectra were measured by a Spectro-fluorometer 
7 
8 

9 system (Fluorlog-3, HORIBA JOBIN YVON, France) equipped with a 450 W Xe- 
10 
11 

lamp. The fluorescence decay curve of the sample was determined with FLS-920T 

13 

14 
(Edinburg, UK). The luminescence properties under different temperature were 

16 
17 measured by a standard phosphor thermal quenching analysis system (EX-1000, 
18 

19 

20 Hangzhou Ever fine co. LTD). The spectrum and performance test of w-LEDs devices 
21 

22 
are measured by LED light, color and electricity comprehensive testing instrument 

24 
25 

(HP9000, Hangzhou Hongpu Optoelectronics Technology Co., LTD). 

27 

28 

29 

30 

31 
32 3. Results and discussion 
33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 
55 Fig. 1. XRD patterns of (a) YSAS: 0.05Ce3+, yMn2+(y=0.1-0.6) phosphors; (b) alternative 
56 

57 

58 schematic of YSAS crystal structure 
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11 

14 

25 

33 

36 

47 

58 

1 

2 
Fig. S2 shows that the purity phase is verified by powder XRD for the samples of 

4 
5 YSAS. All diffraction peaks are sharp and intense, and match well with the standard 
6 

7 

8 PDF card No.88-2048 of Y3Al5O12, belonging to the cubic crystal system, Ia3d space 
9 

10 
group [16,17]. Herein, Sr2+ replaces Y3+ dodecahedral lattice sites, while Si4+ replaces 

12 
13 

Al23+ tetrahedral lattice sites to maintain charge balance. For YSAS: xCe3+ (x=0.04- 

15 
16 0.06) phosphor, the XRD patterns are shown in Fig. S2. Since the ionic radius (in 
17 

18 

19 Table 1) and valence state of Ce3+ (CN=8) is similar to that of Y3+ (CN=8), Ce3+ is 
20 
21 

22 more inclined to replace Y3+ lattice sites to form Ce-O8 

23 

dodecahedrons. The following 

24 
spectroscopic study found that the optimal Ce3+ doping concentration was 0.05mol, so 

26 
27 we carried out the Mn2+ co-doping study on the basis of YSAS: 0.05Ce3+, and the 
28 

29 

30 XRD patterns of the YSAS: 0.05Ce3+, yMn2+ (y=0-0.6) phosphors are shown in Fig. 
31 

32 
1(a). No secondary phases composed of Ce3+ or Mn2+ were detected in any of the 

34 

35 
samples, which indicated that both Ce3+ and Mn2+ ions were completely dissolved into 

37 
38 the lattice of YSAS matrix. The magnified profile of XRD diffraction pattern at 2θ 
39 

40 

41 angles from 33.2o to 33.4os was drawn in right part of Fig. 1(a). Among them, the 
42 
43 

44 main peak (420) moves to high angle first and then to low angle, indicating that the 
45 
46 

site occupancy of Mn2+ in the matrix will change with the increase of Mn2+ doping 

48 
49 concentration [18]. In previous studies [19,20], Mn2+ can be combined with six oxygen 
50 

51 

52 atoms to form an octahedron, and it can also be combined with eight oxygen atoms to 
53 
54 

55 form a dodecahedron. Therefore, according to the shift of the main diffraction peaks 
56 

57 
of XRD and previous studies, a conclusion can be drawn: when the Mn2+ doping 

59 
60 concentration is lower than 0.3mol, Mn2+ mainly replaces Sr2+ (CN=8) with larger 
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15 

23 

1 ionic radius and combines with eight oxygen atoms to form Mn-O8 octahedron, 
2 
3 

causing the main diffraction peaks to shift to higher angles; when the doping 
4 
5 

6 concentration of Mn2+ is higher than 0.3mol, Mn2+ begins to mainly replace Al3+ 
7 
8 

9 (CN=6, R=0.535 Å) with smaller ionic radius and combine with six oxygen atoms to 
10 
11 

form a Mn-O6 octahedron, causing the main diffraction peak to shift to lower angles. 

13 

14 
Fig. 1(b) shows a schematic diagram of the incorporation of Sr-Si (Process One) as 

16 
17 well as Ce-Mn (Process Two) units into the YAG structure. Among them, Ce3+ enters 
18 
19 

20 dodecahedral structure, Mn2+ not only enters dodecahedral structure, but also occupies 
21 

22 
octahedral structure. 

24 
25 

Table 1 Partial octacoordinate ion radius information 
26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

ion CN=8 (Å) 

Y3+ 1.019 [14] 

Ce3+ 1.143 [15] 

Sr2+ 1.26 [14] 

Mn2+ 0.96 [21] 
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1 
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3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
Fig. 2. (a) unit cell volume and (b) lattice parameters as a function of Mn2+ concentration; (c) 

24 
25 

dodecahedral bond lengths for some samples 
26 

27 

28 

29 

30 

31 In order to further study the structure of the samples, Rietveld structure 
32 
33 

refinement was performed on the YAG, YASA, and YASA: 0.05Ce3+, yMn2+ (y=0-0.6) 

35 

36 
series of samples, which are shown in Fig. S3. The refined data, lattice parameters, 

38 
39 and unit cell volume obtained by refinement are shown in Table S1, and the bond 
40 

41 

42 length information is shown in Table S2. The changing trends of unit cell volume and 
43 
44 

45 lattice parameters are shown in Fig. 2(a) and (b), respectively. Among them, the 
46 

47 
changing trends of the YAG and YSAS matrix are shown with a light blue background. 

49 
50 Due to the substitution of Y3+ (CN=8) for the large ionic radius Sr2+ (CN=8), the 
51 
52 

53 lattice parameter of the YSAS (a=b=c=12.03328 Å，V=1742.416 Å3) matrix studied 
54 
55 

in this paper is larger than that of YAG (a=b=c=12.0003 Å, V=1728.13 Å3) reported 

57 
58 

by Dobrzycki [22] et al. For YASA: 0.05Ce3+, yMn2+ (y=0-0.6) phosphors, the 
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56 

1 corresponding background in Fig. 2(a), (b) are pale pink. The unit cell volume and 

2 
3 

lattice parameters first increased and then decreased with the increase of Mn2+ doping 
4 
5 

6 concentration, which was consistent with the shifting order of the main diffraction 
7 
8 

9 peaks. The changes in unit cell volume and lattice parameters indicate that Mn2+ was 
10 
11 

successfully incorporated into the lattice. Fig. 2(c) shows the bond lengths for 

13 

14 
dodecahedral refinement of YAG and doped Sr-Si and Ce-Mn units. Among them, the 

16 
17 dodecahedral bond length of YAG is 2.4587 Å and 2.2837 Å, respectively, and the 
18 

19 

20 bond length difference is 0.175 Å. The dodecahedral bond length obtained by Sr-Si 
21 

22 
substitution is 2.4461 Å and 2.3189 Å, respectively, with a difference of 0.127 Å. The 

24 
25 

dodecahedral bond length (YSAS: 0.05Ce3+, 0.2Mn2+) obtained by Ce-Mn doping is 

27 
28 2.4459 Å and 2.3049 Å, respectively, with a difference of 0.141 Å. A larger difference 
29 

30 

31 usually means a more distorted polyhedron, otherwise a more perfect symmetry [23]. 
32 
33 

34 The substitution of Sr-Si reduces the bond length difference of the dodecahedron from 
35 

36 
0.175 Å to 0.127 Å, indicating that the substitution of the Sr-Si unit makes the 

38 
39 dodecahedron in the garnet structure have stronger symmetry and the structure is 
40 

41 

42 more rigid. In general, a more rigid structure has a positive effect on improving the 
43 
44 

45 luminescent properties. Doping Ce-Mn unit increases the difference of dodecahedron, 
46 

47 
but it is still smaller than that of YAG matrix, which means that the symmetry is still 

49 
50 stronger than that of YAG matrix. More detailed bond lengths are shown in Table S2 
51 

52 

53 and the average bond length of Y-O decreases from 2.3918 Å to 2.3587 Å with 
54 
55 

increasing Mn2+ concentration, which is due to the substitution of the smaller ionic 

57 
58 

radius Mn2+ for the larger ionic radius Sr2+. Further observing the change of Al1-O 
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12 

41 

51 

1 bond length, when the concentration of Mn2+ is in the range of 0.1-0.3 mol, the 

2 
3 

increase of Al1-O bond length is small (1.9294 Å to 1.9315 Å). However, when the 
4 
5 
6 doping concentration of Mn2+ exceeds 0.3 mol, the Al1-O bond length changes greatly 
7 
8 

9 (1.9315 Å to 1.9493 Å), indicating that the higher of the Mn2+ concentration, the more 
10 
11 

obvious of the effect on the Al1-O6 octahedron. 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 
Fig. 3 DFT calculation of (a) YAG and (b) YSAS matrix band gap structure; Total DOS and PDOS 

42 
43 

of (c) YAG and (d) YSAS 
44 

45 

46 

47 

48 Band structure is an important basis for analyzing optical properties. Fig. 3(a) and 
49 
50 

(b) are the band gap structure map obtained by DFT calculation. It can be seen that the 

52 
53 

band gap of pure YAG structure is 4.535 eV, and that of YSAS structure is 4.874 eV, 
54 

55 
56 and the doping of Sr-Si slightly increases the band gap of YAG. Whether it is a YAG 
57 
58 

59 structure or a YSAS structure, the bottom of the conduction band and the top of the 
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12 

15 

23 

26 

1 valence band are located at the G point, which belongs to the direct band gap structure. 

2 
3 

The electron distribution at the top of the valence band and the bottom of the 
4 
5 

6 conduction band has a great influence on the luminescence of the substance. Fig. 3(c) 
7 
8 

9 and (d) present the total density of states (DOS) and partial density of states (PDOS) 
10 
11 

of YAG and YSAS. From the density of states diagram, it can be seen that the top of 

13 

14 
the valence band of YAG is mainly composed of the O 2s states, and the bottom of the 

16 
17 conduction band is mainly composed of the Y 4d states, Al 3s and 3p states. In the 
18 

19 

20 YSAS structure, the top of the valence band is mainly composed of the O 2s states, Al 
21 

22 
3s states, Sr 5s states and the Si 3p states, and the bottom of the conduction band is 

24 
25 

mainly composed of the Y 4d stats, Sr 3d states, and the 2p and 3s states of O. These 

27 
28 results suggest that the intrinsic absorption of YSAS mainly originates from the 
29 

30 

31 charge transfer from the Al 3s states to the O 2p state. 
32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 
50 Fig. 4. (a) YSAS: 0.05Ce3+; (b) YSAS: 0.2Mn2+; (c) YSAS: 0.05Ce3+, 0.3Mn2+ excitation and 
51 

52 

53 emission spectra; (d) normalized emission spectra of YSAS: 0.05Ce3+, yMn2+ (y=0.1-0.6) 
54 
55 

56 phosphors at 540 nm (λex = 458 nm) 
57 

58 
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1 Under excitation at 365 nm, the optimal Ce3+ doping concentration of YSAS: 

2 
3 

xCe3+ is 0.05 mol, which is shown in Fig. S4. An attempt was made to increase the red 
4 
5 

6 component of the spectrum by co-doping Mn2+ on top of the optimal Ce3+ doping 
7 
8 

9 concentration. Fig. 4(a) shows the excitation and emission spectra of single-doped 
10 
11 

Ce3+. Under excitation at 458 nm, YSAS: 0.05Ce3+ shows a broadband emission from 

13 

14 
450 nm to 750 nm, with the strongest emission peak at 540 nm and a shoulder at 560 

16 
17 nm, which are attributed to the 5d-4f transition of Ce3+ ions. At the same time, under 
18 

19 

20 the detection of the strongest emission peak at 540 nm, the excitation spectrum of 
21 

22 
YSAS: 0.05Ce3+ phosphor shows the ultraviolet absorption band at 300-380 nm, and 

24 
25 

the blue absorption band at 400-550 nm, which can be efficiently excited by the blue 

27 
28 InGaN LED chips. Fig. 4(b) shows the excitation and emission spectra of YSAS: 
29 

30 

31 0.2Mn2+. It can be seen that the single-doped Mn2+ sample exhibits two distinct 
32 
33 

34 emission bands under excitation at 412 nm, which can be attributed to the fact that 
35 

36 
Mn2+ occupies two luminescent sites in the YSAS matrix, and the emission peak 

38 
39 originates from the 4T1(4G)-6A1(6S) transition of Mn2+. The phenomenon exhibited by 
40 

41 

42 the spectra also supports the previous conclusion that Mn2+ will replace the 
43 
44 

45 dodecahedral and octahedral sites in the YSAS matrix. Under the detection of 600 nm, 
46 

47 
the sample exhibits a broadband excitation from 350 nm to 550 nm, and the excitation 

49 
50 peaks are located at 375 nm, 412 nm, 455 nm, and 525 nm, respectively, originating 
51 

52 

53 from the transition of Mn2+ from 6A1 to 4T2(4D), 4A1 (4G), 4E(4G), and 4T2(4G). To 
54 
55 

demonstrate that Mn2+ occupies two distinct luminescent sites, the excitation spectra 

57 
58 

at 600 nm and 750 nm were examined, respectively. There are two distinct excitation 
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19 

30 

41 

52 

1 spectra, demonstrating that Mn2+ occupies two distinct luminescent sites [24]. The 

2 
3 

emission peak of Mn2+ has a certain relationship with the coordination environment, 
4 

5 
6 which can be calculated by the equation (1) reported by Van Uitert [25,26] ： 
7 
8 

1
 

9 
−1 𝑉 𝑉 −(𝑛𝐸𝑎𝑟) 

10 𝐸(𝑐𝑚 
11 

12 

) = 𝑄 × [1 − ( ) 
4 

× 10 80 ] (1) 

13 Where E is the emission site of Mn2+; Q is the edge of the lower energy position of 
14 
15 

16 the free ion state; V is the valence state of Mn2+ ion (V=2); n is the coordination 
17 

18 
number of the site occupied by the dopant ion; Ea is the electron affinity of the atom 

20 
21 forming the anion; r is the radius of the cation substituted by the activator. Since the 
22 

23 

24 ionic radius and coordination number of Sr2+ (CN=8, R=1.26 Å) are larger than those 
25 
26 

27 of Al3+ (CN=6, R=0.535 Å). Therefore, the 600 nm emission peak position 
28 
29 

corresponds to the Mn2+ occupying the dodecahedron Sr2+ site to form the Mn(1) 

31 
32 luminescence center, and the 750 nm emission peak position corresponds to the Mn2+ 
33 

34 
35 occupying the octahedral Al3+ site to form the Mn(2) luminescence center. Fig. S5(a) 
36 
37 

38 shows the emission spectrum of Ce3+ and the excitation spectrum of Mn2+, and there 
39 

40 
is overlap between the spectra, indicating the possibility of energy transfer from Ce3+ 

42 
43 to Mn2+. Fig. 4(c) shows the excitation and emission spectra of YSAS: 0.05Ce3+, 
44 

45 
46 0.3Mn2+ phosphors, and the sample exhibits a broadband emission in the range of 
47 
48 

49 470-800 nm, indicating that the doping of Mn2+ expands the red emission band of the 
50 
51 

YSAS: Ce3+ phosphor. In order to analyze the composition of the emission spectra, 

53 
54 

Gaussian deconvolution was performed on the emission spectra of the YSAS: 
55 

56 
57 0.05Ce3+, 0.3Mn2+ samples under excitation at 458 nm. As shown in Fig. S5(b), four 
58 
59 

60 Gaussian curve peaks can be decomposed, and the center points at 2.39 eV (518 nm), 
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15 

23 

26 

37 

48 

59 

1 2.28 eV (543 nm), 2.10 eV (590 nm) and 1.67 eV (742 nm), respectively. Among 

2 
3 

them, the Gaussian peaks at 2.39 (518 nm) and 2.28 eV (543 nm) are due to the 
4 

5 
6 2D3/2→

2F5/2 and 2D3/2→
2F7/2 transitions of Ce3+, and the Gaussian peaks at 2.10 (590 

7 
8 

9 nm) and 1.67eV (742 nm) are due to the two luminescent sites occupied by Mn2+. 
10 
11 

The normalized emission spectra of YSAS: 0.05Ce3+, yMn2+ (y = 0.1-0.6) 

13 

14 
phosphors at 540 nm under excitation at 458 nm are shown in Fig. 4(d), and the inset 

16 
17 shows the intensity variation of the two Mn2+ emission sites. All samples exhibited 
18 

19 

20 not only Ce3+ emission at 540 nm, but also Mn2+ emission at 600 nm and 750 nm. It 
21 

22 
can be seen from the inset that the luminescence intensities at both Mn(1) and Mn(2) 

24 
25 

first increase and then decrease with increasing Mn2+ doping concentration. Among 

27 
28 them, the luminescence intensity of Mn(1) reaches the strongest at x=0.4, and the 
29 

30 

31 luminescence intensity of Mn(2) reaches the maximum at x=0.5, and then decreases 
32 
33 

34 due to concentration quenching. It is worth noting that the luminescence intensity at 
35 

36 
Mn(2) has been increasing relative to that at Mn(1). When the doping concentration is 

38 
39 less than 0.3 mol, the luminescence intensity at Mn(1) is greater than that at Mn(2), 
40 

41 

42 and when the doping concentration continues to increase, the luminescence intensity 
43 
44 

45 at Mn(2) will be stronger. There may be two reasons for the continuous enhancement 
46 

47 
of the luminescent sites at Mn(2). One reason is that according to the shift of the XRD 

49 
50 diffraction peak and the change of the bond length, Mn2+ will preferentially occupy 
51 

52 

53 more dodecahedrons in the host. Therefore, Ce3+ will transfer more energy to the 
54 
55 

56 Mn(1) dodecahedron than to the Mn(2) octahedron. Although there is also a small 
57 
58 

amount of Mn2+ occupying the octahedral structure, the dodecahedron is dominant, so 

60 
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12 

15 

23 

26 

1 the luminescence intensity at 600 nm is initially stronger than at 750 nm. However, as 

2 
3 

the doping concentration of Mn2+ keeps increasing, the luminescence sites of Mn(1) 
4 
5 

6 reach concentration quenching, and Ce3+ transfers more energy to Mn(2), resulting in 
7 
8 

9 a stronger luminescence intensity of Mn(2). Another reason is that in the YSAS: 
10 
11 

0.05Ce3+ phosphor, since the ionic radius (Table 1) of Ce3+ (CN=8) is similar to that of 

13 

14 
Y3+ (CN=8), part of Ce3+ may non-equivalently replace Sr2+ instead of Y3+, resulting 

16 
17 in defects in the crystal structure and the substitution of divalent Mn2+ for trivalent 
18 

19 

20 Al3+ will make up for this defect, which will increase the number of Mn(2), resulting 
21 

22 
in the continuous enhancement of the luminescence intensity at Mn(2). 

24 
25 

In order to prove the reliability of the second point of view, we design a set of 

27 
28 experiments to make up for the defect caused by the replacement of Sr2+ by Ce3+ and 
29 

30 

31 by non-equivalent substitution of Sr2+ with Y3+, which is proved by the following 
32 
33 

34 changes in the spectrum. 
35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 Fig. 5. (a) XRD patterns and (b) emission spectra of Y(1.95+z)Sr(0.7-z)Al4Si12: 0.05Ce3+, 0.3Mn2+ 
54 
55 

56 (z=0.02, 0.06, 0.1) phosphors 

57 

58 

59 
60 The XRD characterizations of different concentrations of Y3+ non-equivalently 
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12 

15 

23 

26 

37 

1 substituted Sr2+ are shown in Fig. 5(a), when a smaller concentration of Y3+ is used 

2 
3 

instead of Sr2+, the Sr2SiO4 second phase is generated. To determine the content of the 
4 
5 

6 second term, Rietveld dual-phase structure refinement was performed on the 
7 
8 

9 Y(1.95+z)Sr(0.7-z)Al4Si12: 0.05Ce3+, 0.3Mn2+ (z=0.02) sample, as shown in Fig. S6. 
10 
11 

Refinement refinement parameters Rp=9.48%, Rwp=8.12%, and the content of the 

13 

14 
second Sr2SiO4 obtained by refining is only 1.65%, which is extremely low. Besides, 

16 
17 according to Wang [27] et al., the emission spectrum of Sr2SiO4: Ce3+ covers the range 
18 

19 

20 of 350 nm to 450 nm, which does not overlap with the emission spectrum range of 
21 

22 
500-800 nm in this paper. Therefore, it can be considered that there is no emitting 

24 
25 

composition of Sr2SiO4: Ce3+ in the emission spectrum of this paper. Fig. 5(b) shows 

27 
28 the emission spectra of different concentrations of Y3+ substituted for Sr2+. With the 
29 
30 

31 unequal substitution of Sr2+ by Y3+, the luminescence intensity of the Mn(1) 
32 
33 

34 luminescent site gradually decreases, while the luminescence intensity of the Mn(2) 
35 

36 
luminescent site gradually increases. This is due to the partial replacement of Sr2+ by 

38 
39 Ce3+ leading to some defects inside YSAS: 0.05Ce3+, and the replacement of Al3+ by 
40 

41 

42 Mn2+ will make up for this defect, making more Mn2+ replace Al3+ and enhancing the 
43 
44 

45 luminescence intensity at Mn(2). This proves the reliability of the second point above. 
46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 
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23 

34 

37 

48 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 
17 Fig. 6. (a) and (b) are schematic diagrams of the normalized peak position shift of YSAS: 
18 

19 

20 0.05Ce3+, yMn2+ (y=0.1-0.6) phosphors, respectively; (c) and (d) represent the peak position 
21 

22 
changes of different Mn2+ luminescent sites, respectively 

24 

25 

26 

27 
28 The positions of the two normalized Mn2+ emission peaks are shown in Fig. 6(a) 
29 

30 

31 and (b), respectively. For Mn(1), the emission spectrum produces a red-shift of 16 nm, 
32 
33 

and the red-shift mainly occurs when the Mn2+ concentration is between 0.1-0.2 mol, 

35 

36 
while for Mn(2), the spectrum hardly changes. The concentration is divided into three 

38 
39 regions according to the rate of red-shift, as shown in Fig. 6(c), (d). The concentration 
40 

41 

42 between 0.1-0.2 mol is called the rapid growth area, the concentration between 0.2- 
43 
44 

45 0.5 mol is called the low growth area, and the concentration between 0.5-0.6 mol is 
46 

47 
called the descent area. It can be seen that the red-shift of the emission peak 

49 
50 originating from the Mn(1) luminescent site mainly occurs in the rapid growth area. 
51 

52 

53 The emission peaks at the luminescent sites of Mn(1) and Mn(2) in the low growth 
54 
55 

56 area both produce a slow red-shift. However, there is a blue-shift in both the descent 
57 
58 

area. For YSAS: 0.05Ce3+, yMn2+(y=0.1-0.6) phosphors, the luminescence spectrum 
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2 

𝐷 = ∑ 

15 

23 

26 

37 

45 

48 

1 tuning phenomenon may mainly depend on the crystal field strength, and the crystal 

2 
3 

field splitting mainly describes the energy gap between the highest 5d energy level 
4 
5 

6 and the lowest 5d energy level. In general, the crystal field splitting can be calculated 
7 
8 

9 by (𝐷𝑞) equation (2) [28,29]: 
10 

11 1 𝑟4 𝐷  = 𝑍𝑒 (2) 
12 𝑞 6 

13 

 
 

𝑅5 

14 
Dq is the crystal field splitting energy; Z is the charge of the anion; e is the electron 

16 
17 charge; r is the radius of the d wave function; R is the average bond length of the ions 
18 
19 

20 after substitution. In general, doping Mn2+ with a smaller ionic radius into the host 
21 

22 
lattice results in lattice shrinkage, which reduces the bond length between the 

24 
25 

activator and the anion, leading to larger crystal field splitting and red-shifted 

27 
28 emission peak positions. However, this explanation may apply to the rapid and low 
29 

30 

31 growth area in Fig. 6(c) and (d), but it cannot explain the blue-shift in the descent area. 
32 
33 

34 In the YSAS host, the excellent structural rigidity of the garnet structure suppresses 
35 

36 
lattice shrinkage. Therefore, when some Mn2+ with a small ionic radius is doped into 

38 
39 the host lattice, Mn2+ not only does not shorten the distance with the surrounding 
40 

41 

42 anions, but even becomes larger to maintain the excellent rigidity of the garnet 
43 

44 
structure [30]. The change in structural rigidity is related to symmetry and lattice 

46 

47 
distortion, which are calculated by the following formula (3) [31]: 

49 𝑛 

50 1 |𝑙𝑖−𝑙𝑎𝑣| (3) 
51 𝑛 
52 

𝑖=1 𝑙𝑎𝑣 

53 Where D represents the lattice distortion, li is the distance from Y3+/Sr2+/Mn2+ to the 
54 
55 

56 coordinating O atom, lav 
57 

is the average Y3+/Sr2+/Mn2+-O2− distance, and n is the 

58 
coordination number. The calculated results are shown in Table 2. It can be found that 
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12 

15 

49 

1 the distortion index of the MnO8 polyhedron increases from D=16.70% to D=18.55% 
2 
3 

and then decreases to D=10.97% with the increase of Mn2+ concentration. The degree 
4 
5 

6 of distortion of the lattice shows a trend of increasing first and then decreasing, 
7 
8 

9 resulting in the symmetry of the dodecahedron decreasing first and then increasing. 
10 
11 

While the improvement of crystal field splitting results in a red-shift in the emission 

13 

14 
peak position, this red-shift is attenuated by the enhancement of the crystal structure 

16 
17 stiffness and a blue-shift occurs. 
18 

19 

20 

21 

22 

23 Table 2 Distortion index of MO8 polyhedron 
24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 
45 

46 Furthermore, there are generally exchange interactions, radiation reabsorption, 
47 

48 
and electrical multipolar interactions during when energy transfer occurs, which are 

50 
51 

determined by the distance (Rc) between the sensitizer and the activator. Rc can be 
52 

53 

54 calculated from the following formula (4) [32,33]： 

x D 

0.0 0.016697 

0.1 0.017264 

0.2 0.018550 

0.3 0.017312 

0.4 0.016219 

0.5 0.014696 

0.6 0.010970 
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19 

30 

41 

 

(4) 
 

Xc is the total concentration of 
 

7 
sensitizer and activator, and N is the number of cations in the unit cell. For the studied 

9 
10 samples, V=1736.799 Å3, xc=0.15~0.65, N=8, the critical distances in the samples are 
11 

12 

13 calculated to be 14.03~8.61 Å. When the distance is greater than 5 Å, the electric 
14 
15 

16 multilevel interaction is effective. What’s more, the interaction type can be obtained 
17 

18 
from Dexter's formula (5) [34]： 

20 

21 𝐼so 

22 𝐼𝑠 

23 

𝑛 

∝ 𝐶 3 (5) 

24 Where Iso represents the initial emission intensity of Ce3+; Is represents the Ce3+
 

25 
26 

27 emission  intensity  of  Ce3+/Mn2+  co-doped  phosphors;  C  represents  the  total 
28 
29 

concentration of Ce3+ and Mn2+ ions; n is a constant. When n=6, 8 and 10, they 

31 
32 correspond to dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole 
33 

34 
35 interactions, respectively. The curves fitted to Iso/Is and Cn/3 are shown in Fig. S7. 
36 
37 

38 When n=6, the fit is best, indicating that the energy transfer from Ce3+ to Mn2+ is 
39 

40 
generated by dipole-dipole interaction. 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

 1 

1 3𝑉 3 

2 𝑅𝑐 ≈ 2 (
4𝜋𝑥 𝑁

 ) 
3 𝑐  

4   

5 Where V repre sents the volume of the unit cell; 
6   
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26 

37 

45 

𝑇 

1 Fig. 7. (a) YSAS: 0.05Ce3+, yMn2+(y=0.0-0.6) series phosphors decay curve and lifetime; (b) 

2 
3 

Transfer efficiency from Ce3+ to Mn2+
 

4 

5 

6 

7 

8 

9 Under excitation at 458 nm and detection at 590 nm, the decay curves of YSAS: 
10 
11 

0.05Ce3+, yMn2+(y=0.1-0.6) series phosphors at room temperature are shown in Fig. 

13 

14 
7(a). The decay curve can be well fitted using the double exponential decay formula 

16 

17 (6) [35]: 
18 

19 −𝑡 
20 𝐼(𝑡) = 𝐴1 exp ( 
21 

−𝑡 
) + 𝐴2 exp ( 

𝜏
 ) (6) 

22 
Where I represent the luminous intensity of YSAS: 0.05Ce3+, yMn2+ (y=0.1-0.6) at 

24 
25 

time t; A1 and A2 are fitting constants; τ1 and τ2 represent long-lived and short-lived, 

27 
28 respectively. Then, the average fluorescence lifetime is calculated by the following 
29 

30 

31 formula (7) [36]: 
32 
33 𝐴1𝜏1

2 + 𝐴2𝜏2
2

 

34 𝜏 = 
35 

𝐴1 𝜏1 + 𝐴2 𝜏2 
(7) 

36 
The calculated lifetime is shown in Fig. 7(a). It can be observed that the lifetime 

38 
39 of Ce3+ at 540 nm decreases with the increase of Mn2+ concentration, indicating that 
40 

41 

42 there is indeed energy transfer from Ce3+ to Mn2+, and the energy transfer efficiency 
43 

44 
can be determined by the following formula (8) [37]: 

46 
𝜏
 

47 𝜂  = 1- 
48 

49 

 
 

𝜏0 
(8) 

50 Where 𝜏 and 𝜏𝑜 represent the lifetimes of Ce3+ doped and undoped with Mn2+. The 
51 

52 

53 obtained efficiency map is shown in Fig. 7(b). the transfer efficiency increases from 
54 
55 

56 20.25% to 72.08%, and the energy transfer efficiency increases with the increase of 
57 
58 

Mn2+ doping concentration and reaches a maximum value at x=0.5. 

1 2 𝜏 
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12 

19 

30 

48 

1 The above analysis shows that Mn2+ occupies both dodecahedral and octahedral 

2 
3 

sites in the YASA structure, and Mn2+ has a preferential order for the occupation of 
4 
5 

6 these two sites. The bond energy method is used to evaluate the preferential 
7 
8 

9 occupation of the two light-emitting sites of Mn2+, which can be calculated by the 
10 

11 
bond valence model (BVM), as shown in the following formula (9)： 

13 
𝑉  𝑌 

 

14 𝑆𝑟 
15 𝐸 𝑑𝑜−𝑑𝑀−𝑂) (  𝐴𝑙 ) (9) 

𝑀−𝑂 = 𝐽𝑒𝑥𝑝 ( 
16 

17 

 

0.37 𝑉𝑀 

18 
Where J is a constant equal to the standard atomization energy of a cationic simple 

20 
21 oxide divided by the number of cations and the valence of the cations in the resulting 
22 

23 
24 oxide; do is a bond valence parameter; dM-O is the average bond length formed by 
25 
26 

27 cation occupancy; VY/Sr/Al represents the valence state of the occupied cation; VM 

28 
29 

represents the valence state of the cation. The bond energy of dodecahedron and 

31 
32 octahedron occupied by Mn2+ can be determined by calculation, and the change of 
33 

34 
35 bond energy before and after Mn2+ doping can be compared by formula (10): 
36 

37  𝑌  

38  𝑆𝑟 

39 |∆𝐸 𝐴𝑙 | = |𝐸𝑀 −𝑂 − 𝐸  𝑌  | (10) 
𝑀𝑛−𝑂 

40 
41 

𝑛 
 𝑆𝑟 
𝐴𝑙 

42 Among them, EMn-O is the bond energy of the Mn-O bond in YSAS: 0.05Ce3+, 
43 
44 

45 0.2Mn2+. EY/Sr/Al 

46 

is the bond energy of three different cationic Y/Sr/Al-O bonds in the 

47 
YSAS matrix. The calculation results are shown in Table 3. The bond energy 

49 
50 difference is Y/Sr-O>Al-O, and Mn2+ will preferentially occupy the sites with small 
51 

52 

53 changes in the bond energy difference, so Mn2+ will be more inclined to occupy the 
54 
55 

56 octahedral light-emitting site, and then the dodecahedron. 
57 

58 
Table 3 YSAS key energy calculation 
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𝑀 −𝑂 

35 

46 

57 

 

EMn-O(kcal/mol) EY/Sr/Al-O(kcal/mol) ∆𝐸
𝑌/𝑆𝑟/𝐴𝑙 

(kcal/mo) 
𝑛 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 Fig. 8. (a) YSAS: 0.05Ce3+, 0.2Mn2+ fluorescence intensity variation with temperature in the range 
30 

31 

32 of 293 K-473 K (λex=458 nm); (b) 590 nm and 750 nm emission peak positions with temperature 
33 

34 
(λex=458 nm), Inset shows calculated YSAS: 0.05Ce3+, 0.2Mn2+ activation energy E 

36 

37 

38 

39 
40 Thermal stability is an important property to determine whether a phosphor can 
41 

42 

43 be commercialized and the thermal stability of YSAS: 0.05Ce3+, 0.2Mn2+ phosphors is 
44 

45 
shown in Fig. 8(a). Under excitation at 458 nm, the overall luminescence intensity of 

47 
48 

the phosphors decreased gradually with the increase of temperature. Fig. 8(b) shows 
49 

50 
51 the trend of the intensities of the two luminescent spots occupied by Mn2+ as a 
52 

53 

54 function of temperature. It can be seen that the strength decreases slowly with 
55 
56 

increasing temperature. Among them, at 433 K, the luminescence intensity of the 

58 
59 

Mn(1) luminescence site at 590 nm is still 87.5% of that at room temperature, and the 

1 

Y/Sr-O 34.55 51.51 16.96 

 
Al1-O 

 
60.30 

 
57.09 

 
3.21 
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15 

23 

26 

34 

1 luminescence intensity of the Mn(2) luminescence site at 750 nm remains 86%. At 

2 
3 

473 K, they maintained 82% and 80.1% of room temperature, respectively, indicating 
4 
5 

6 excellent thermal stability. The excellent thermal stability of phosphors depends on 
7 
8 

9 their activation energy E, which can be calculated by the Arrhenius formula (11) [38]： 
10 

11 𝐼 
12 

13 

= 
 𝐼0  

1+𝐴 𝑒𝑥𝑝(
−𝛥𝐸

) 
𝑘𝑇 

(11) 

14 
Among them, IT represents the luminescence intensity at T temperature, I0 represents 

16 
17 the initial luminescence intensity, A is a constant, K is the Boltzmann constant (8.617 
18 
19 

20 × 10−5 eV K−1), and E represents the activation energy of thermal quenching. In the 
21 

22 
inset of Fig. 8(b), the relationship between ln(IT/I0 - 1) and 1/kT is plotted, with the 

24 

25 
negative of the slope being the desired activation energy E, which is 0.29443 eV. 

27 
28 Generally, the thermal stability of phosphors is positively correlated with the 
29 

30 

31 activation energy [39], so a larger activation energy leads to better thermal quenching 
32 
33 

performance of YSAS: 0.05Ce3+, 0.2Mn2+ phosphors. 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 Fig. 9 (a) PL diagram of the w-LEDs device and (b) CIE coordinates of YSAS: 0.05Ce3+, 
54 
55 

56 yMn2+(y=0.0-0.6) phosphors (λex=458 nm) and w-LEDs 
57 

58 

𝑇 
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53 

1 To demonstrate the applicability, YSAS: 0.05Ce3+, 0.2Mn2+ phosphors were 

2 
3 

combined with blue light chips to produce white LEDs. Fig. 9 depicts the 
4 
5 

6 luminescence spectrum and related parameters of a w-LED driven by a 20mA current 
7 
8 

9 (a). Compared with the traditional commercial white light illumination, the white light 
10 
11 

LED produced by the phosphor has better color rendering ability (Ra=86.1) and lower 

13 

14 
color temperature (CCT=5186 K). The inset shows what the white LED looks like 

16 
17 with and without current applied, which gives the device a dazzling white light. The 
18 

19 

20 CIE chromaticity coordinates displayed by the white light LED are shown in Fig. 9(b), 
21 

22 
the coordinates (0.3388, 0.3187) are located in the white light area, which has 

24 
25 

practical application value. With the increase of Mn2+ doping concentration, the color 

27 
28 coordinates of phosphors under excitation at 458 nm red-shift from (0.4114, 0.5454) 
29 

30 

31 (YSAS: 0.05Ce3+) to (0.4781, 0.5166) (YSAS: 0.05Ce3+, 0.6Mn2+). The color of the 
32 
33 

34 sample changed from yellow-green to yellow, and then turned to orange-yellow, 
35 

36 
indicating that YSAS: 0.05Ce3+ can achieve tuning spectrum by doping Mn2+. 

38 

39 
40 

4. Conclusion 
41 

42 

43 
44 YSAS:  xCe3+(x=0.04-0.06)  and  YSAS:  0.05Ce3+,  yMn2+(y=0.0-0.6)  series 
45 

46 

47 phosphors were successfully synthesized by high temperature solid-phase method. 
48 
49 

50 The selective occupation of Mn2+ was preliminarily judged and verified by XRD and 
51 
52 

refinement. Mn2+ occupied the point of Sr2+ at low concentration to form a 

54 
55 dodecahedral ligand, while occupied the point of Al3+ at high concentration to form an 
56 

57 

58 octahedral ligand. The emission peak corresponding to each luminous center was 
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15 

23 

26 

37 

44 

48 

51 

1 determined by equation. The emission peak at 600nm was formed by MnO8, and the 
2 
3 

emission peak at 750 mm was formed by MnO6.Due to the enhancement of the crystal 
4 
5 

6 structure symmetry and structural rigidity caused by substitution of Sr-Si, the 
7 

8 

9 emission peak position of Mn(1) luminescent center at 585nm occurs the blue-shift. 
10 
11 

Because the non-equivalent substitution of Sr2+ by Ce3+ results in the crystal structure 

13 

14 
defective, Mn2+ replacing Al3+ lattice sites compensate for the charge defects, thereby 

16 
17 increasing the amount of Mn(2), resulting in the continuous enhancement of the 
18 
19 

20 luminescence intensity at Mn(2) luminescent site. The energy transfer mechanism and 
21 

22 
efficiency from Ce3+ to Mn2+ were verified and calculated by analyzing the 

24 
25 

fluorescence spectrum and fluorescence decay curve, and the highest transfer 

27 
28 efficiency could reach 72.8%. For the thermal stability, the luminescence intensity of 
29 

30 

31 the Mn(1) luminescent site at 585nm remain at 87.5%, and Mn(2) luminescence site 
32 
33 

34 at 750 nm remains 86% of room temperature at 433 K. Finally, w-LEDs were 
35 

36 
fabricated in combination with blue light chips, and the performance was Ra=86.1, 

38 
39 CCT=5186K. 
40 

41 
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