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Abstract: The development of Mn** activated red phosphor for white LEDs is one of the current re-
search hotspots. Manganese, as a transition metal element, has partially filled d orbitals and can

+

form various valence states other than Mn** in the prepared phosphors. The existence of other va-

lence states, however, can affect the absorption and luminescence of the Mn**

ions. In many related
papers, the valence state of manganese ions of the as-prepared phosphors is not analyzed, or the
adopted techniques are difficult to characterize various valence states of manganese ions qualitatively
or quantitatively. This article reviews the valence-state characterization techniques of manganese
ions, including the diffuse reflectance spectrum, the photoluminescence spectrum, the X-ray photo-

electron spectroscopy, the electron paramagnetic resonance spectrum, the cathodoluminescence
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spectrum, the X-ray absorption fine structure spectrum, and the temperature-dependent magnetic

susceptibility. The reliability of these techniques to qualitatively or quantitatively characterize the

manganese valence is comparatively discussed. The influencing factors of the valence state of manga-

nese ions and the regulating method of Mn** in phosphors are also summarized, with a view to bene-

fiting the development of new efficient Mn** activated red phosphors.

Key words: white LED; phosphor; manganese ion; valence state analysis
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Fig. 1 (a)TG-DTA curves of MnCO, from room temperature

to 1 000 °C with a heating rate of 10 °C/min in air.
(b) XRD spectra of MnCO, sample heated at different
temperatures for 1 h, as well as the corresponding
standard cards of MnCO, ( PDF#11-3970), Mn,0,
(PDF#41-1442) , MnO, ( PDF#30-0820) and Mn, 0,
(PDF#24-0734) 7,
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Fig.3  (a) Diffuse reflectance measurement on diverse fluorides. The interpolated data in the region where the detector is

switched are indicated by a dashed line. (b)Enlarged areas of the diffuse reflectance spectra in figure (a) !, (¢)Dif-
fuse reflectance pattern of K,SiF,: Mn** with KHF, impurity (sample 1), before and after aging(24 h in 70 °C/80%

RH). Sample 2 also contained K,MnF; as an impurity
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Fig.4 (a)Room-temperature PL and PLE spectra for the ZnGeF, - 6H,0: Mn** hexahydrate red phosphor™™!. (b)PLE and PL

spectra of CaZn,__Mn_ 0S(x =0.03) phosphors™ . (¢)PLE and PL spectra of BaMgAl,,O,,: Mn>*"** phosphor'™’.

(d)PLE and PL spectra of BaMgAl,,O,,: Mn** phosphor'™!. Tanabe-Sugano diagrams for a d* ion(e) and d* ion(f).
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(a) Al,0,: Mn AL O,: Mn, Mg 1 Al,0,: Mn,Si £ 5 XPS 3% (b) R [E Mn J84 181 Na,ZnSi0,: 0. 015Mn**

B XPS i) 5 (¢) Li, CdSiO,: 0. 02Mn 268§ Mn 2p #1158 7 2095 XPS i 5 (d) Gd, Ga, ;AL 4, 50,,: 0. 012Mn
BEICH) XPS 3% (HR I /1% Mn 2p BUIE B 439 XPS 3%) 1,

Fig.5

(a)XPS spectra of AL,O,: Mn, AL O;: Mn,Mg and AL O;: Mn,Si samples™™’. (b)XPS spectra of Na,ZnSiO,:0.015 Mn’* syn-

thesized with different Mn-sources'™’. (¢ ) High-resolution XPS spectra at Mn 2p position of Li,CdSiO, : 0.02Mn phos-
phors™' . (d)XPS spectra of Gd,Ga,_;AL g, 50,,°0.012Mn. The inset shows the high-resolution XPS spectra of Mn 2p"*®’.
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Fig.6 (a)EPR spectra of the K, TiF,: Mn** phosphor'”’. (b)EPR spectra of the Mg, TiO,: Mn** phosphors, n,/(ny, +ny) =
0% ,0.01% ,0.05% , 0.10% , 0.25% ""'. (¢)EPR of the host and Na,ZnSi0,:0.015Mn’* synthesized with different

Mn-sources ™', (d) EPR spectra of the as-sintered Lu; Al;0,,: Mn ceramic phosphor and the post-treated ones heated at

different temperatures in O, atmosphere 1. (e) Room-temperature EPR spectra for the undoped ZnGeF, - 6H,0 pow-

der, together with those for the ZnGeF, + 6H,0: Mn** hexahydrate phosphor before(z =0 min) and after Xe lamp expo-

sure for 5 min"). (f)EPR spectra of Na,TiFs: Mn** | Na,TiF,: Mn** and Na,TiF: Mn* "),
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Na, TiF: Mn*" ) EPR 3%l W BIVF 205 5, 3
BHEE G P & A5 A T W Rh BT AS [ 2 M T A
Mn**, HR¥E EPR 15 5 B4 50 B AT HE WAk 40
FNEATAR A XS TR Mn** B 1080 LAY
HRAE =4 & EPR B0 B iy 4 7 1) Ab 1 558 e A1
BB AT BRI ) Mn* * B T AR X S AR T 3
LT AR 10 7 7R T2 1 AR A — 2,
I, Y B A TSRS L FRPERY Mn® B
T, AT B B LA EPR {55, HAR X 98 B A
FZRAE Mn** T ARAS A7 X R PE

LGN T Mn JE PR S R
(4,5 Mn BN TERE RN REAG 4S5 ]
FHVIIERA Mn ST IAFAE ; (B SCHRHGE EPR HOARKS:
D Mn MASIHAAAEAR P G 2Z Ak, Hedn SCiik[ 31,41
TAH Mn®* 1 Mn® * B 1% EPR #0R, 1 SCHik[ 42 4%
18 EPR P RASUEEE] T X Mn®* Mn®* Mn'**
FfE"5 H Mn** A Mo 72425 Mn®* 258109 EPR i
PRIt EPR SRAEZS T Mn 1946 A MBS, fcds
G55 HADT-BSE,
3.5 FAMmST&ELkIE

FAM 5 £& & % ( Cathodoluminescence , CL) $§
HLF AROMOR OGRS RS &, TR LT
ARl W AE LT 2L eV, AR KOGk R b
ARG T, BN L & ehnr=A: &0
56 ML, CL il RAEZ M B T
Zhang %575 £ 1 750 °C FEAHE45 6 h il & T
Luy AL O,,: Mn®* BB % 7 (a) L (b) IR
FHAEZS KA 1 400 CIR K5 h 5 A CLOGIE M
CL EUE ., TR A T A MR &
Z(ET7(b)), T L0 i) o A 7E 45
i, CL Gk i 3 4>k B gl g, W {1 T 588
nm A ARSI B Mn®* &%, WE(E R 666 nm Ab
B R IE T Mn* " &6 (639 nm &GN A Mn*
B TPE—' A, BRI I B W HE v 07 & S0 ) L 700 ~
900 nm ¥ [l P9 A9 S84 & 5T T RER H M, 1%
CL Z5 3R W], B B g il £ 1) Luy AL O, Mn**
R O o R S 2 S ) QLB L R EL
Mn** HR AR T Mo®* , B 7(e)  (d) BF
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BTE O, FIB K HeAE 2 PR AL B A A
Mn®* FEAMFAE S Mo, i 7 ATLLA H, CL O
T AT TE ROK 20 ORI R AE SO A HAT R]
WIER P Mot Fl Mn®* B, LAERIE R A 4T
SRS Mo BT,

(b)

(d)

10 pm

7 LuyAlyO,,: Mn i B P 7E 25 AU R 481 400 CB AARFRS (Y CL G (a) A1 CL EHR (b) 5 Luy ALO,,: Mn i
PETE O, F 1500 °CIE KALBIS B CLOYEHE (o) Al CL &R (d) ),

Fig. 7

CL spectrum (a) and CL image (b) of the Lu;Al;O,,: Mn translucent ceramic annealed at 1 400 °C in air atmos-

phere'®!. CL spectrum(c) and CL image(d) of the LuyAl;0,,: Mn translucent ceramic annealed at 1 500 °C in O, at-

mosphere ?! .

3.6 X STEERYUE AT

X SRS W SO AR I P04 2 8 RE Y
HF WM, K A R Al F R A BE, T
Mt TSl IS RE 91 32 3 48 T A7 D - R 52 W)
W HSORE 4 B A 1 1) 728 1 T s L — ok 40 25 A
i, o & T A RS E B a2
BC AL E BC A7 7 VR A L X SR 2 IR IAOKS 4H 45
¥4 1% ( X-ray absorption fine structure, XAFS) 434
PN DI ph A RE DG H 1 78 TE A2 It M8 22 i
S8 I ) 3 W D 5 IR O A T T Y
X I £ W IAGE 33 45 44 ( X-ray absorption near edge
structure , XANES) , HRF 5 53R R 3 ; L L HL B
D, WA A it o T 1 T A5 B A B YR T
[l 2 W W It 45 R S R AR TR T R X
I 2% W UACKS 4 45 #4 ( Extended X-ray absorption
fine structure , EXAFS) | H4F sS JE PR A K LIE

SZESN . XANES X454 e HUR EHE S T
W AHE s EXAFS S5 FRBE 9 4Pk ) e
DEE ECAL B T LB Z B R B, XANES
BAHTREZMSKEMO LS A . EHTFEA
TCEFE S MAR o0 2, W R BUE AL (K=
10 %), FLIE FH A6 I 40 435 Y 1A RIS oK 76 9 1
A A RE S

L X XANES 35 £ Mn K31 5210
) Mn K B9 AR X7 E, AT %5 Mn B F 1698
LA . Ye 407 F XANES SR AF B4 A%
1) Mg, TiO, : Mn** £ 65685 o Mn & F 19 #t
&, Bl 8(a) li/m R Mg,TiO,: Mn** Je— R4 2
FeAb & % (MnO  Mn, 0, .B-MnO, ) fJ Mn K 3114
XANES 37 Mg, TiO,: Mn** #£ 5 1 Mn K 315
B-MnO, HYAHALL, Bl R BT Mn 525+ 09 & AL
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+4, Takeda ™) MnCO, & Mn ¥, UL AIN, a-
AL O; MgO N5k, i AL & AL T Mn/ Mg 342
v-AION 256566k, & 8 (b) Fi7s A y-AION: Mn,
Mg F1 & Mn>* (MnO F1 MnCO, ) . Mn’* (Mn,0,) .
Mn'* (Mn0,) Z AL A W0 RifEAL Mn K 71 XANES

(a) 1.6
%
5 1.2F
£
g
s 0.8
*é —MnO
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1 1 1
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(c) .
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2 0s) ' 2
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z
1 Il
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FE# y-AION: Mn, Mg B9 XANES 3% & — 78
6 537 eV ARFTTZRIEF—ANTE 6 544 eV AbAY i,
v-AION: Mn, Mg (%W 0 057 F 6 542.5 eV, I+ F
MnO F1 MnCO, Z[a], FH i, Mn 7E y-AION: Mn,

Mg I ASHERT R +2,
(b) —~-AION:Mn,Mg
=== MnO
= 1.5¢ MnCO;
-2 --- Mn,0;
? --- MnO,
Z ol MmN
=
S
£ 05F
5 |
z . h B
0 ol S il | |
6530 6535 6540 6545 6550 6555 6560
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AE/eV

Fig. 8

(a)Mg,TiO, : Mn** A XANES i (n,,/(ny, + ny) =0. 10% ) K& — F 312 4 (MnO . Mn, 0, . 8-MnO, ) ) XANES
57 (b) y-AION: Mn, Mg & MnO MnCO, \Mn,0, MnO, FI Mn,N, %2 ¥ Mn K 31 XANES %75 (¢) Cdy -
Mn, ,, SiO; F1Z: HH MnO Mn, 0, #1 MnO, ¥ Mn K 1 XANES 1%, "B 1 i 22 T4 45 SRR At 5 (d) Mn #1245
5 Mn K A2 AL 18] pRECR R (AN AN LE SR ) B T Cdy g Mng , SO, B Mn 51 (97 3
&y
(a) XANES spectra of the sample Mg, TiO,: Mn** (ny,/(ny, +ng) =0.10% ) and a series reference compounds,
MnO, Mn,O; and B-MnO, , respectively’””’. (b)Mn K-edge XANES spectra of Mn compounds: Mn, Mg-codoped +y-
AION, MnO, MnCO,, Mn,0,, MnO, and Mn,N, *!. (¢)XANES spectra of Cd, oMn, o, SiO; and reference materials
MnO(Mn** ), Mn,0,(Mn**) and MnO, (Mn** ), measured near the Mn K-edge. The absorption edge is indicated for each

spectrum( dashed lines). (d)Mn valence as a function of the energy shift of the Mn K-edge. Solid line represents the linear

fitting. The average valence y' determined for the Mn ions in the sample Cd, o Mn, o SiO, is also indicated*’.

WA, 3 T3 o XANES 8133 b ee 5 i e 14
55 Lo W AT ARG A 8 DRI s P AR ) A 2
BT RYA R &, Abreu 25 2L MnCl, - 4H,0
b Mn Y, CAO 1 Si0, ARk, 28 i L [ AH 2 A il
Cdy oo Mny o, SO, K AHEFEEHE, I H XANES Xf
Mn BT RIE, B 8(c) iRl Cdg e Mng -
Si0, AiZ HALA Y MnO (Mn®* ) . Mn,0, (Mn’*)
1 MnO, (Mn** ) % Mn K 1 XANES 347t
8(c) HHIE 7, Cdy oo Mny,,, SiO, 1) XANES 31
FidE -5 Mo AHL, 0 Mn EELL +2 MELET

CdSiO, FEFH, Cd, 0 Mn, o, SiO, AW Wi A7 T
6 545 eV 41T Mn’* (6 544 eV) fll Mn®* (6 547
eV) Z ], RMFE S i /D Mo’ hiE—
HHRIE M 5 Mo (AT & &, DL Mo &5
RER N (AE) B RBOCR R, R T 8(d) .
Hor  AE ;AR (1) g

AE = E, - Ey,x) » (1)
E ok (6 539 eV) X T4 @2 Mn J5F- Ry I K
L E RS e i E, HZM mgy =
a +bAE HUAEE, fH AR 3 b = (0.28 £0.02),
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B a=(0.620.2), XF Cd, o Mn, o, SiO; K,
AE =6 eV(KEI8(c)),HILICA y =a + bAE 157
ZRER R Mn (0 v = (2.3 £0.3) , X
fH Mn®* 1 Mn® " [6) B A7 A6 T 38, i 2 5K (2)
ALK 45 R L A
yl = (2X2 +3X3)/(X2 +X3)’ (2)

Hrr X, F1 X, 43 5I4CER Mo’ AT Mo 1 L
X,+X; =1, HAKX (2) /i, X, =0.72,X, =
0.28, [A 15 2 AH X L5 4 Mn®* R 72% , Mn®*
H28% .

FIH XANES 3 £ AF 560 46 5 e &
B, PGS Mn B A 2E R B AR BURK , 2 L AN ]
F, Mn K 3007 B AN TR, R, AR 4 26 '
Fr b Mn 2500 B A A58 6 45 55 L0 A0 A5 e 3l
LGS ),
3.7 TREAAENL

AL R IR T FH DL SRAE 2240 A4 25 7 (R A
i, Zaitseva 251400 D) Zn0 .Si0, fl Mn,0, N
JFORE, 281 300 ~1 400 CA#IRE 10 ~12 h S T
Zn, {Mn, ,Si0, 1 Zn, ;Mn, ,SiO, 5685, & 9(a) fir
R PRE S AR IR G A AR LR Ak e B I B Y
Ak B E T HA AL R T d LB SR
BT RS IR R AL LTS Curie-Weiss &
X =Xo + C/(T=6) by, & 5iRET
Ky, C J& fE BH A, 0 2 fE Curie-Weiss 1
JE . E9(a) FntdE anla i -5 ~5 T #ig5n
BRI, LB 2 K 1300 K B RREfkithg M(H) . 3
JIF RIS AR AE 5 2R HAT B IRE AR B A, B
N ORI AGIR T ARt (R R e T
TESRBESG P RN RN ) o R 1 AN B 1 1A
BHAFM S & T e/ CR, i T
RN SIS MURERE (. (% 1E A i i AU G
FEAYFHIS(E w =/4S(S + 1), Hi S b B A e i
FEGXT Mo® B F,S =52, =/35u,; X F
Mo’ BT, S =2, u =24, ; X T Mn* " B, S =
3/2 =15, . MR8 I FCHE T3 0 B — 48
B IR N 1, =8C/x, Hoth € W IR B HH, «
SR b AL 2 2 g e R TS e, X F Zn -
Mny ,Si0, iy, =+/35. Ty, WX T Zn, Mn, ,SiO,

Pt =/35. Ty o RFTF Zn, (Mny ,Si0, #fn, BHEAN
SR AR AT B R (AR B 40, AR A HL b B
TOGRIN +2 4y, i SEH WLEE 2 8955 A i

ARG FEAEARAR, AT REIF &S g A A Ho— o)
B T RE LA A 1 IS X B AT, A Ik o Wl
BN PREFETCTTIR , (X Pl A DL T AN B3 BURE A 25
JE 98/ o Mn® 5 Mn** B TR 5 Mn® " [R]I
FEAE, Mo’ Fil Mn** B0 Lol o P43 500 B =TT
Bl =ax24+ (0.4 —a) x35 Mul, =ax15 +
(0.4 —a) x35, ITELRFEW, Zn, (Mn,,SiO,
SR S E S Zn|.670.09Mné,gzMngjsSiOzt
(=0.18) 2% Zn, ;4 075 Mné;l;zs Mn3‘+1075 Si0, (a =
0.107 5), #—FiE oLt it &% R p,,, =
4.001 2 g/cm’ 55 R OLET , HO % p . =
3.979 7 g/em’ , A5 155 B 5 S0 L HE A
FAEEATRD, Mn** R AEN AR Zn® BT BETERL/
BRI, B2 W % 15 % FE 0 1K — A2 T E WA Zn, -
Mn, ,SiO, #£ 8k HFR 2 Mo 5 Mn® 47,

UeAh, mTE—25 R H EPR 088 X} i 15 ik
Mn®* 5 Mn®* i LA T SIS EAR0A ., 1B 9(b)

(@)
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- Pae
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0 L L L
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K9 (a)Zn, (Mn,,SiO, Fl Zn, Mn, ,SiO, F& &b B % AL 2
() SR BE Y 56 28 (47 181 BT 75 R R A 7E 2 KA
300 K HCAE A BE S AR ) 5 (b) WRE il 4 2
i EPR P&

Fig.9 (a)Magnetic susceptibility(y) as a function of tem-

perature for Zn, ¢{Mn, ,Si0, and Zn; (Mn, ,SiO, sam-

ples, the insets show field dependence of magnetiza-

tion at 2 K and at 300 K. (b)EPR spectra of the two

samples at room temperatureL46J .
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PN GTE AT X BB A 98 AR 5 B RE S HEA T RAE
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FEEMA B (&p — Eygy ) BN, BEG B B Mn** 5 2
ZG I Mn?* . Chen 255 5@ 1o 45 — PR JH FE T
TN FESH RS T AR i Mg® Na ™ Al
Si** X} Mn PTG SRR £k (-AL O, 1 BaMgAl,, O,,)
KICPERERIREM, TSR, M IKAER (&, -
E ) KT 1.86 eV i}, Mn* " JE i fE B 1K ; 22 K BE
25T 1.86 eV BF, Mn* " AR 15 RN Fa 2 I I 678 hy
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TE A 7RI Ly, i ELTE BRI BRI Li;, 53
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5
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®1 EETHEREHPESFNESRIFR
Tab.1 Characterization techniques of manganese valance state in manganese-doped phosphors
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