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Advance in Red-emitting Mn*"-activated Oxyfluoride Phosphors

JI Haipeng', ZHANG Zongtao', XU Jian?, TANABE Setsuhisa’, CHEN Deliang', XIE Rongjun’

(1. School of Materials Science and Engineering, Zhengzhou University, Zhengzhou 450001, China; 2. Graduate School of
Human and Environmental Studies, Kyoto University, Kyoto 606-8501, Japan; 3. School of Materials, Xiamen University,
Xiamen 361000, China)

Abstract: The stable and reliable red phosphor with high-photon energy emission (620—650 nm) is critical for the
fabrication of the phosphor-converted white light-emitting diode (WLED) with low correlated color temperature and
high color rendering index. Mn**-activated phosphor is an emerging kind of red-emitting phosphor for WLED. Herein,
the energy levels transition and photoluminescence characteristics of the Mn*" ion were introduced; then, the prepara-
tion, crystal structure and luminescent properties of as-far reported seven kinds of Mn*"-doped oxyfluoride red phos-
phors (such as Na,WO,F,:Mn*") containing d°, d'° or s° cations were reviewed. Currently, only in quite rare case of
oxyfluoride, Mn*" was found to exhibit strong R-line emission, with local coordination remaining as either [MnF] or
[MnOg]. The studies on the chemical stability and quantum efficiency of Mn*"-doped oxyfluoride phosphors are still
insufficient. Finally, we prospected the future development of Mn**-doped oxyfluoride phosphor.

Key words: white LED; phosphor; Mn*"; oxyfluoride; review
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SENCRL DL, (3)IE%4 LED €4 RGB
DI . TG PR EAERR N T N e e Y
WLED, HHH 5% 05 A 55 (0 48 $0R K RE R AR 4
el

HHl WLED F 20658 ek s o+ £ 2 A
Eu’" (4f7-4f 25 8KIT) Eu®’ (41°5d"-4175d° S0 BRIT)
A Mn* (3d°-3d° ZEMURIE ) . Bu® B0 40 98 ek (i
Y,05:Eu’) Bk KT N i i i B BRGE, 7RI
EAMEIX (<365 nm), TLiEN T Y6 LED iR
WLED. Eu*" BiEHb i Sry_,Ca,S:Eu” (lem: 600~
650 nm, YEiEF % FWHM: 1800~2000 cm )4
TR R B R A R E, 5 5 KRS b
BB . H AT L R oR g WLED Fr FH 2006966k 3
2y Eu* BOE B ALY, 11(Ba,Sr)SisNg:Eu” (lem: 590~
625 nm, FWHM: 2050~2600 cm ")#(Ca,Sr)AISiNj:
Eu®" (Aem: 610~660 nm, FWHM: 2100~2500 cm™ )",
HETRERRE, "THEE LED A0 K, ¥
SEVELE o (0O etk 500 nm, 1 5 4/ R
BRI P AR R IR, A KGR T (>650 nm) T
75N HR B A58 U BRI K R, A R
R REIFEI(>1700 C, ~1 MPa, N,), &/
Z|. 2014 4, Schnick 25414 7 SrLiAL;N,Eu®*
(Aem=650 nm, FWHM=1180 cm ")/F1 Sr[Mg;SiN,]:
Eu”" (Aen=615 nm, FWHM=1170 cm )"\, H &4
PrEERE, HREAB R, AT KGR 6
WLED (fnfaifi< 3000 K, & af5%>90) R}, nf
Bb A% S5 IG5 05 & 5 WLED [ %% B 2 R 48 &
4%~12%; 15 Ak 225 e 4 i AR AR BR AR S, (E
P £0K H i o A B K IR AER, SEE GE A H]
s Mn* BT K,SiFo(KSF) 3 64 H T WLED F ik
k. Mn*'fE KSF HEHLH LA 630 nm A EE, KE
T velvalvs TRENIE A R SIS A K e g R AR
7 (FWHM<5 nm), W& TRREE 80%!", hF
K,SiFe:Mn* [ 242 7 R OGHFE, B i 32 28 A Tl
AN T OGIE, A LLSEELE I LT e 5 ek R B
75 WLED [ 5 Wt d6 £0Mi A GE7E 2 408 58 4 HUAR
JG % - 1972 £ ) B/ GE A 7" HRGE T KoSiFg:Mn**
FEL 2009 4F GE HIiE | H 5 LED KA & 18 H % F)
(US7497973B2 %), H ATk E&A F& KSF K50
WO ER], Pz TN

7E K,SiFg H, Mn-F 81 & 7 pE . R =
AR VAL B~ Ay, BT KRB R R . F{E
LS TAR, —J7 T 16 Mn* 3240 p BLIE K o B, 5
—J7 T AR p B R, A R AT M IE H
T A e BAAR, HT KSF (%4 & JE 1,
HoR etk 2 1k E G A B TR S KSR A AR S

a2 FH KSF #5400 -Sialon #4508, T
SEIL L OLED THMR . {H KSF 2852 Y (45 LA
K,SiFs WINEM A, MF¢ W%, A N
Li"/K"/Na®/Rb"/Cs"/NH*"; M XN
Si*/Ge*/Ti% 1z /ST S B AEE L T B3 (D%
o B R v AR, MRE IR, WELT
TR 55 P 1A %5 B8 R Y V9 20 1R A 2 2 At T ¥ 4
BLZS M (0 KHE)!' P ) b 2288 s PEAR X 22, wnii
(>150 C) F B RKA; G)EHIEHAEET, Mn* 5
WIfE S Mn®" (W KMnF4 H,0 #1 K;MnFs H,0)",
5 Mn* I RS 4 W I T BRI 96 % R BT R
(4) Mn*"7E KSF J8FE 5 v a0 F )\ T A S B v, R 2
BRE 9 R AR H 59, X OBl AR, SR Kol
# LED &I T BRI R . a0 T Mn* 0%
ALY RN IR A 32 B WA TE R SRt
FMRMOFES. Lk KSF 4k, M4 R T 2
ek, B A,MFe:Mn*" (A N
Li"/K"/Na"/Rb*/ Cs"/NH*'"; M H
Si*"/Ge* /Ti*" /2" /Sn*"). AsMFs:Mn*" (A Ky
Li"/K"/Na®, M Jy AI’"/Ga*")fl AXF¢(6H,0):Mn*" (A
N Ba**/zn®t, X Ay Si*T/Ge*/TitT/snt A,
AR I T — RIS TR 1 R
. Mn" S FRAL TR — R R e e
w0 EE. BE F/OT BCALI K R AR )\ Ak
ML em ek, BRI KSF KPR A
o ARSOB M A AR S R RS v R 5 T
£33k B AT Mn* 0% FURAL I 7OER R AU E

1 Mo BFHIRR SRR

1.1 Mn*"BFHESTEASER

B 128 H d i 00 R 87 H 0 1R AR 2 (R TE
Ry HAE R SR B, & H BT RER
Fe iR & B F1E )\ TH 1A 5 7R 37 7 BE 0 8% 24 ) Tanabe-
Sugano &', 24 Mn*" 45 N\ S I, 32 S iRI7 0,
d PUBRAERRESRAE RS, d, fd,

LT 2 B KA 5 T A 5 7 F 2 0 Sk AR R 17 52 312
KSR, EZUEREET &, M dy, dy, de BT
KAEAGAE R AR 2 18], 28I HE R AE BN, PuEhe
B EED. B d SUBREREE R PIH: — 4R
BT B, KN e H 18, BRI T E,
Regl, PN t BB 1(d)FTR).
eq T tog P A RERZE TR i 7R 3% 53 2468 Ao-

15 NI A SR, Ao R, Mn* [ 34> d HL T R] £
SE TR 3 Aty BLIE, BRI Mo U 5 8 )\ TR RS
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(@ 701 70
(®)
D 6o ’A, Ty
604 — - A,
50 4 Crystal field splitting 50 1 T,
_—
40 40 | T.
2 F 2 F '
K K T,
30 - D 30 -
1 20y 2 2
—_— 2P T
20 G 6 20 '
o — 4P 4P —
10 10 -
- aF 4 L L ! 4A,
0 S 10 20 30 40
Ao/ B
Bl & TS TRA(C=4.5B) (a), ik & B 77E\E G A 825 24 Tanabe-Sugano [£](C = 4.5B) (b),

JTH 8 &P 3 v Tl d BT AR X T C A 1 B 1) (B8 R AR R LA 25 ) (o) R BT 7E )\ T A4 & 3 v 11 it ik 1 B5 28 (o))

Fig. 1

Energy levels arising from a d* configuration for a free transition metal ion (C=4.5B) (a), Tanabe-Sugano diagram

for the d* electron configuration in an octahedral crystal field (C=4.5B) (b), orientation of the five d-orbitals with
respect to the ligands of an octahedral complex (black dots showing the ligands around the transition metal ion) (c),
and crystal field splitting for the d-orbitals in an octahedral crystal field (d)!'”

Lo Ao AT HESREE FHEMAS. TAEFH
ir B W 2 T Kt i 4 R B T AL S, LR
2 AR I B 2R — OBk TG AL B FLfar 1Y 22 5P &
[ KA T, U 5755 288 K. Tanabe A1 Sugano!'”
TE% R d BT R M A BRI R R T & A
HE FE /R iR, RTE 10b).
Mn*" [ B T RE AR )\ TH A & i 37 P B 20 — A
WMEANREH, HEFRRE. HT S8 S PR
T B L5 BRI RE 232 S iR I iR BE AN d BB
1AM BAEH 3L [F 520, Kk, Tanabe-Sugano &
I AL bR &R R LA Racah 240 B(iIA d s H ¥ (1]
MEAER, —8H 500~1000 cm ) E C~4.58.
BT Mn* B 82 1E s 1T 5% B 5 5 A 1
12\ S i, HBARBOE SREYCN *E(G);
1% BEZ(E Tanabe-Sugano @*R??ﬂ*%%zﬁ, A
2 b A 17 8% 258 FE AR AL ) 52

4 Mn* B 445 aaﬁ-‘ﬁﬂqﬂﬁf W 32 im A3 R8N
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055 A B A A 2B e T 4 5 F 9 1 o
PRI Gt o 1) S8 P 5 P R ARG, 0 BB S
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VMRS, Fft R Racah 280 B Al C Y.
12 Mn"BFHERKT 55 R
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BE R ERAT B *Tog Bk T (R PRI tog e, )AESL; AR T
H eI BF W, UK RIS N | R RIFERIE . TR
K,SiFe:Mn* ot HERIT W 022 0k 56 0, 43 il B T
300~400 nm Al 400~500 nm; HE 1(b)a] LAE H,
ZEE R RS RIS VI . T *E(G)—~
AP R IGERIE N B AT T RO AR A T
TS5 EFRA T S, RN 610~650 nm
YUl 2 M8 26 A5 7 Stokes Al anti-Stokes & 514,

B d-d BRITAN, 76 Mn* " BOE SO PR fE
FL BT 5 Mn* 2 18] () L RS R AE . L7 AL
BB RN SR IR, R E K
A, RTEAERVFERIE, KGR & . thAh,
Mn™** R HC A B 7 18] [0 4 25 B 5 78 Fi 1 3 7 ORI
RAERZEV; BT EREHRN, BT Es
R 2 35 R il 2 0] A7 T8 AR K 1) i B8 17 -5 35098 i IR
o MRYEIL I 48 3 F AR B 2R A AN TR,
Aot I MR MY T AR S5 AR BT ILOBIX

2 Mn"EHIEERMALYT Y

2.1 Mn*EiEERLYL AL M EBIERS

FRALE N MY B 2 3 R B A DL R B B
TERR S (DA FRACDE B A A4 5 45 02
faetk, ARAIEEEA—EHFEHF 25; QBT
Mn-O/Mn—F B A [F] T % Al B A 5K W A8 FIG A3
FEXFRYERECAL N AR, HiT O M F i+ =EA
5] T IR B R WE A A [F], R AR G e AR
Jahn-Teller 25N M 78 %% Mn*" d-d 4B A SR T 2 R R
H, B35 R e RO, FFIR T s LED IR IO
#; (3) [MnFe O, ]F LAGE & Mn—F B FHE4 il R
LR AR IS 75 TR AE 630~650 nm Z0 )¢ [X PATS 2
BB, 2 Mn* AT )\ T R B ot (18
2a)if, R &R IEHTT. — B Ma* Fribiss
(1 o5 350 55 R e B ARG T 2 25 S e Bk, U 2 R ik
BRI 38 3o v e R A AR BE A (A 3d%4p) TR
MBSE, 1 R BT A AR RV BRIE . RS
Yrf, BB 15 O /F B 118 dr-pr L& R 1R A

[, o)\ A FE A2 45 K T RO AR R A2 (] 2(b)~(d));

M M B, R 4R B K T R ok
HT A FRARSN L ve(To, bending)/va(T, bend-
ing)/ vi(Ty, stretching)ff1 % Y604, TN Mn* &t
O v B iR U
22 Mn"EEE WYL LM EH Z . &
RS 50 R

A P AMRIE 7 -BR M 0RO

ANy
&H<y

AN, 4
VAL

P AN TRE N R 1L AN TREN R A

Fig. 2 Regular octahedron coordination and distorted octahe-
dra coordination

(a) Point symmetry of Op; (b) Central cation shifting to a vertex, Ca,;
(c) Central cation shifting to an edge, C,,; (d) Central cation shifting to
a face, Cs,

JeH, 4399 RaWO,F.:Mn* (R 9 Na, Cs), Cs,NbOFs:
Mn4+, BaNbOF5:Mn4+, SrzscO3F:Mn4+, BaTiOF,:
Mn**, MgsGes ss03,F15.04:Mn* Hl LiAL,OgF:Mn*". 4%
JIt &\ T A S A7 B S 7 i T R T 4y oy 40 P
(W [Xe]4f'*5d°, Nb° " [Kr]4d’, Sc*:[Ar]3d’, Ti*":
[Ar]3d°), d"0 B ¥ (Ge*":[Ar]3d') F1 s° B F (AP
[Ne]3sh)=3%, T 1.

Mn* BT A~ T R RIT RS R S W R B
ZMIF, M Eg—"Agg KT A B E EH T H T
Y BN HET AR R E WA AN SR B
H ke T A7 B R\ THI MRS 2, 177 FL T = 9 R A
5 M -BR R B T A B s A s AT A
WARAT . DR, R SCEA SRR SR I
HEZ T Mn* 7 EIRA %ﬁ%%*ﬂ%&u@ﬂuﬂf‘
221 &4d° %?EELL}KEMSE’J R,WO,F,;:Mn*"

Hu %% f—”” FHSEITIEER] % T NayWO,Fy:Mn*",
55K NayWO,-2H,0 7E HF 3 &0 1 3 I
SR NI = 5050 % [ KoMnFs, FF2H MA
TERDUER B, AR UTEE s, &0, T
1453 NayWO,F,:Mn* . 11 3 iR, 7€ Na,WO,F,
1, W5 2 A 0% +4 N F R TR [ WOLF, P, o
BENFRERIEN Covy 24 M HUR WO, 3 °E,—
Mg BRIT I R ZRALT 619 nm 4P H R 26 K e
T m T velvaivs TREME AR BRI (LN ve 5 RSN
RACUESE R 125%). % &3] Mn* £ Na,WO,F,
R 4K R 5 HAE KoSiFe i —2, HE Mn* 72
NayWOLF, 1475 6 A~ FRl i T B [MnF ]\ i 7 «
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% 8 1A ORI, 5 Mn* B0E EURALA L6 T R I 7T i3 JE 851
x1 BREIFFRER Mo BE SR LR
Table 1 The reported Mn*" activated oxyfluoride phosphors
Cation Phosphor host Peaking wavelength/nm (R-line/vg intensity ratio)/% Ts00/K Ref.
Na,WO,F, 619 125 340 [21-22]
Cs,WO,F, 632 5 350 [23]
& Cs,NbOF5 632 10 - [24-25]
BaNbOF;5 629 10 - [26]
Sr,ScO;F 690 - 320 [27]
BaTiOF, 632 5 - [28]
d Mg2sGer.5s03:F 15,04 657 - 700 [29]
s LiAl,O4F 662 5-10 - [30]

o © o Ao=460 nm

O =~
B o) oo

Normalized intensity / (a.u.)
=)
o

(=]

580 660 6I20 ‘ 6I40 6I60 680
Wavelength / nm

B3 Na,WOF, 18 il(a), FABUREIAZ K [WO,F,]/\ 4

(b)F1 NayWO,F,:Mn*' 1 % 966 (o) (i B N HAE 460 nm 4%

R FHRR

Fig. 3 Unit cell of Na,WO,F, (a), highly-distorted [WO,F4]

octahedra (b), and emission spectrum of Na,WO,F,:Mn*" (c) ?!

with inset showing phosphor image under 460 nm light
Na: yellow; W: blue; O: red; F: gray

Mn*“7E Na,WO,F, 1, 7EAGIR )% I X 8] R4 &
FEHEE J LA, T E B AR HR 4 RO ik B R
Wk, 7E 340 K I8 AR RO SR 2R,

Cai Z PR IR AL 2951 % T CsoWO,F:Mn*",
B Cs,CO; Ml WO;3 22 700 CHEEE 10 h 155
Cs,;WO,, RGBT HF BB HIMAGE =
KoMnF,, 7EMXAEAN 50 CTHE 12 h, Fifdr=ms
LR ER, 155 CsoWO,Fa:Mn*.

TE Cs;WOLF, 1, OF /F (5 5 [/ — AR 2 4% i (i
Kl 4(a)FioR), 7N W—(O,F)B s KM A, [WO,F,]*
JNTHR BT B A /N AR, SR EH T W—(O,F)B M 11
AFE, WE 4@fFr. 24 Mo BUL WO, 1T
R T P 1T S A8 T B [MnO,F 1>, T2 5 HAE
KoMnFg H—FE 58 F I BMnF ]\ A, HIE

—
N

(=T
o O

N
»

Normalized intensity / (a.u.)
=) =)
|38 (=)

0 1 1 1
200 300 400 500 600 650
Wavelength / nm

Kl 4 (a) Cs,WO.F, M fR&E 1y, H&H BAEB/NREAER
W(O,F)s Btz \THi A, 7 T FT7~ A Mn*'7E Ko,MnFg 1 [ 500
B4 J\ T4 (b) Cs, WO Fg:Mn* HIHUR 15 & St 1 (16 B
FLAE 365 nm UK R R O

Fig. 4 (a) Unit cell of Cs,WO,F, which contains slightly-
distorted [W(O,F)s] octahedra, with the bottom-right showing
the local coordination of Mn*" in K,MnFg; (b) Excitation and
emission spectra of Cs,WO,F,:Mn*" with inset showing the
phosphor image under 365 nm light!**!

JR 1 [MinF ¢ ] LA e/ THI AR B A2 R, 1] 4(b)
iR, Mn*'7E Cs;WO,F, HH L 2E—*Aq, BUER £)
frF 620 nm 4PTH R LIGTHERT, 5 Mn*
1E KoSiFe W RGP Ao el . (& IR
T IS ARE, RS RIS SRE 10D 5 H
N 21050 cm™' (Cs;WO,FE4:Mn*™) #1 23900 cm™
(K5SiFe:Mn* "), 78 Cs, WO, F, IlF & [WO,F4]/\ [Hi 14
W, W-O/F #8K N 0.1889 nm, Et K,SiFs AT &
Si—F £ (18 £:(0.1682 nm) ;i Mn*"#£ Cs,WO,F,
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852 E B MO ) H35 %
TR Mn-F 8t ILFE K,SiFs o TR B . oo @
Mn-F #K, SkBWE 10Dq 5485 F ks 200 2—DRS AN
Tl KR, R, Mo B Cs,WOLF, ot Wo 3 .
BT, FOPT A2 5V 2 9 5 AR KoSiFs i) S E
SITTRTS, BHLE “Agy—Top BOTMORIEKZTRE, ( F 100 :
2By *Agy RICIRAE JL T/ 52 5 1 1 25087 585 0 T 13 5 3
8. Mn*7E Cs;WOLE, HIIAL ROGIRE, 16
10~280 K Vi, BRI mmisg 9, ZJ57E 280~ 5k
430 K Y, [ i B /£ 4 350 K B, Wavelength / nm
FORU 0 O 05 3 R 55 A A 0 A 4 R O R I R — 0 ~ ®)
31 R e OB IR 350 Ko 2m§”:::§§§ .
222 & & BFERA/\EKE Cs,NbOFs:Mn*" EE): I Enmman ' Z

Ming 2SR B T A T A& T g 150 _é 0>2o 40 60 80 100120140 g - <
Cs;NbOFs:Mn*'. B85 Nb,Os ZkiBmiamT & [ o !
HF BOh, REMAGER KMnFo fl CSE, 598~ | )
BT SEBLE 2 h JFBRAL 8 h, BRI DY) T ﬁ#ﬁgA
28 0 Wi B2 3 FH DK W A TE K 2 Ve 0 Mk, 18 0 ——

70 °C FF+¥% 3 h 53] Cs,NbOFs:Mn*". Wang 212
HARIE T 250007 4] % Cs,NbOFs:Mn*".

7E Cs,NbOFs H1, Nb* "5 5 4~ F+1 > O T h
A% [NbOFs ]\ 44, H.[NbOFs] 4 1k 9K 37 77 76 PY;
H RIS Cs,ZrFe HIFPY, (H AT 5% A 4
(1155 T [NbOFs]* )\ T 7 o+ 1 3 (10355 - /&1 5
Iz, Mn* " 7E Cs;NbOFs /1, AH b F A K,SiFe i,
4A2g_’4T2g BRIEBOR KR, e R &ROREAR
59, TR A GIER T ve PRV K (632 nm)**+>,
XATHES Cs,NDOFs 45 #4 i 2 [NbOFs]* )\ i A £ A1
SEHEUAE ;24 M EUR NO T, O T AME HLA R
5, O* #¢ F BURT R [MnFe)* \Mfifk, BT &%
PR GERE iz N TR AT AFAE T AN 5 PR R B AR, (R
IR REERFR O HI[MnFe] AT % .
223 & d' BFEAL/\EAE BaNbOFs:Mn**

Dong &SI E P g M & T 2 ox10¢ Wavelength /nm
BaNbOFs:Mn*". 4i& & BaF,. Nb,Os. K,MnFg 7F ) ) ek By*Ag

WG FE R AT HF REWF, TR UiEy s
DU EE I LBV Bk A3 8] BaNbOFs:Mn*", 5
CsoWO,F4 HiI Cs,NbOFs iy 4 25 A4 PRI T Az )\ T 4% 328 422
7724, 7E BaNbOFs 1 Nb°'5 5 4~ F+1 4> 0*

Wavelength / nm

Kl 5 Cs,NbOFs:Mn* 3 % 6 i (PLE) 5 18 )< 3 6 i (DRS)
(a)F1 Cs,NbOFs:Mn*" 138 i 2 % 6 1 (b) 2

Fig. 5 PLE and DRS spectra of the Cs,NbOFs:Mn*" phosphor (a)
and temperature-dependent emission spectra of Cs,NbOFs:Mn*"
(b)2* with the inset showing the intensity evolution of the integrated
emission (/,), the stokes emission (/) and the anti-stokes em-
mission (/,)
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Fig. 6 The PLE (a) and PL (b) spectra of the BaNbOFs:Mn**
phosphor at temperature of 78 and 298 K with insets showing
the phosphor images under natural or UV light!*%)
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Fig. 8 Excitation and emission spectra of BaTiOF,:Mn*" at
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Fig. 9 Comparison of the calculated Mn** energy levels in Mgy3Ge; 5503,F 15,04 for all possible

Mn*" positions in Ge/Mg sites with the measured spectrum
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