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Abstract

Since eco-awareness has,been anissue seriously concerned by the
world in recent years, green materials and technology for lightings and
display have attracted keenattentions from both academics and industries.
The meaning of so-called  green generally refers to materials or
technologies without using toxic materials such as mercury. Nowadays,
academics and industries have tried to use xenon gas to replace mercury
as the excitation source. Xenon in the plasma state emits light at 147 nm
and 172 nm in wavelength after being excited, which are classified in the
vacuum ultraviolet (VUV) spectral range, and, therefore, it is urgently

demanded to develop phosphors for VUV excitation.

In the first part, this dissertation discusses in detail the luminescence
properties of the following four phosphors (Y,Gd,Eu)(V,P)Oy,,
(Zn,Mn),(Ge,S1)O4, (Zn,Mn)BsO;3 and Ca(La,Gd,Tb),S1;0,5. With the
aid of vacuum ultraviolet (VUV) light source at National Synchrotron

Radiation Center and plasma display panel (PDP) optical parameters
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testing system in our group at NCTU, we have carried out the X-ray
diffraction (XRD) analysis for phase identification, photoluminescence
(PL) spectrum measurements, calculations of density of state (DOS), and
the determination of chromaticities, with the performance of selected
commodity phosphors used as technical benchmarks for comparison.
Additionally, this dissertation studies and labels absorption peaks in each
VUV excitation spectra by comparing and analyzing the PL spectra and
the results of DOS. This can bedstead to understand the absorption peaks

in the VUV region for future researchers.

Besides the four types of phosphor discussed above, this dissertation
also investigates primarily the_amaterials properties, including the
synthesis, luminescence, and chromaticity of additional nine phosphors,
namely, Li,(Sr,Eu)SiOq, (Sr,Eu);MgSi,0g, (Sr,Eu)sS1404,Cls,
(Ca,Eu),PO4Cl, KCa(Gd,Tb)(PO4)s;-Cas(Gd,Eu)O(BO3);,Na(Y,Eu)GeO,,
(Ca,Ln)3(PO,), (Ln = Tm’*/Ce®),"and" (Mg,Mn),SnO,. Some of these
phosphors exhibit low luminescence efficiency due to inefficient energy
transfer from the hosts to the activators, even though the hosts have good
absorption in the VUV spectral region; some of the rest emit efficiently
but the emission wavelength is too short to be used in practical

applications.

The conclusion of this dissertation not only sums up the properties
of thirteen RGB phosphors with a variety of chemical compositions and
luminescence performance, but also advances some guidelines and
principles to be consulted when designing and synthesizing new vacuum

ultraviolet phosphors.
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2 Kim, C.H.; Kwon, L.E.; Park, C.H.; Hwang,Y.J.; Bae, H.S.; Yu, B.Y.; Pyun, C.H.; Hong, G.Yan.,
J.Alloys Comp. 2000, 311, 33.



Yoo FIE G R chipogt 2 ¥R S RE A R F KR BT

2 BT E A Ak o FAMB T B RE G kB IEN
F b ool mEA S TEH 2RI G o Frt L MG o FOE R 2

Ry bt BERP|E HOF ?}}‘;Jcp*n‘i%é IR AR EHFERL

R § T SIEL BT K5

1. 5% SiO4* ~ GeOst ~ VO ~ PO 8 BOS S 1487 B 2 4ps @ 2
MR AL ZHPARIRAE 2z 2 fo v pE L oS a1k

Bt & 4 o

2.0 A REHHR Y A T T
(a) G BEF »+ 2 2 % L BV § mofgiE o § B4 L B e
fo o P EBRT - B anERE o
(b) Zn ¥ A5 % ZnO," cluster » ** F % % bk LA 4 e fgif o § B4t

ER LN 3

Il

(© Y La 2 G % g+ Ljzgr = 2 g ke gt g X
1Pt - &P BBz B E A e A Mg s Cat S
Ba® 12 Zn* S a3 L s 5 Lo 2 g kY @ (4o But)

LITARIT o & T BB B kY g o

10



24 28T S

A HHEHRAALE P 2 FE PFFHR: EL0Ed - F o
Fef o~ BT s BAMRSARE o LT S Rga SR BB Y o BV H
R 5 o0 e B0 A kg 2 ApR > [ BREEAFD HALE
oA T ol S RHLMAEA T LT AT REFLFAL
HPTATROEREE > FPE 2 A pa R(RRAR)FRZFL 4

FR R R E R RAS R AL R LR G -
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3 Kim, K.N.; Jung, H.K.; Park, H.D.; Kim, D., Journal of Materials research 2002, 17, 907.

* Souriau, J.C.; Romero, R.; Borel, C.; Wyon, Ch.; Li, C.; Moncorge, R., Optical Materials 1994, 4,
133.

> Smet, P.F.; Poelman, D.; Van Meirhaeghe, R. L., J. Appl. Phys. 2004, 95, 184.
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2. ip E B3 HEZ 4 (parity-forbidden) s 4f" — 4f" B85 & 33 0 %

¢ Dieke, GH.; Crosswhite, H.M., Appl. Opt. 1963, 2, 675.
7 Carnall et al. 4 Systematic Analysis of the Spectra of the Lanthanides Doped into Single Crystal LaF;

(Argonne National Laboratory, Argonne, IL 1988)
¥ C. Gorller-Walrand and K. Binnemans, in Handbook on the Physics and Chemistry of Rare Earths
Vol.23, edited by K. A. Gschneidner, Jr. and L. Eyring (Elsevier Science, Amsterdam, 1996), Chapter

155.
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3.5.4 & FF % BRI E 255 (Density of State calculation)

ieFE R R A E N A H_ Rt full-potential linearized



augmented-plane-wave (LAPW)#-5¢ ’%”ﬁf d WIEN2K % suig {7 & it

w

Frd by ARG EI Y e s g Y T e 2 pp R A
density-functional theory (DFT) %k A&J2 ; 3 322 4p B ez ic B H 4% *

Perdew-Burke-Ernzerhof model™!

3.5.5 ## ¥ & F B (Scanning Electron Microscope)

F* 5 A15L 5 JEOL JSM-6390LV trdf 4y 3% & + &g picdn > #

‘i TG 0.5-30kV 0 2L B 55 20-30 § 1 e

"2 Hohenberg, H.; Kohn, W. Phys. Rev. 1964, 136, B864.

'3 Kohn, W.; Sham, L. Phys. Rev. 1965, 140, A1133.

14 Singh, D. Planewaves, Pseudopotentials, and the LAPW Method; Kluwer Academic: Boston, U.S.A.,
1994,

'S Blaha, P.; Schwarz, K.; Luitz, J. WIEN97, A4 Full Potential Linearized Augmented Plane Wave
Package for Calculating Crystal Properties; Universitit Wien: Vienna, Austria, 2000.
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16 Chakoumakos, B.C., J. Solid State Chem. 1994, 109, 197.

25



Intensity / a.u.

= = = =
[¢)] oo [¢)] oo [¢)] oo [¢)] o

=
oo

(FERRIANENEFE FERNI ENETE i FERR1 ANE TS NI RN RN ANETE Nl FEE R RN

o o

=
o

20 30 40 50 60 70
20/ deg

Bl 42 7 ik R Eu’ 42 32(Y1.Eu)VO, XRD B2 2. 1t

26



(Y,Gd,Eu)(V,P)O, ¥ KRR taf|* B2 /e > B %KH BT A
AZPEE e B - PR TN YVO e But B Bk R B R F b
Y205~ VoOs e EmO; 323 18 » B » 3% > &2 4 ¢ 11 1200
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Rl 2 A2 REORL D FBRERN B LV ia
fo oo 2 B2 P 4 o SRR LTS Bed s Eu
BRRADY G LE R o A F LT LR Tl g A ff

P BT HEES 20 R AAH Y TR Eu’'4% 3¢
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Lz (1.019A @CN=8) @ Eu’ 2.V (0355A) ehgp s Lz + ]
ZB A BT EEA S e eI P i dictn B F A P e Bu
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Bl 44 54 5 wi%H;BO; 5 B AT 8 4 2 B i R
(Y075Gdo2Eu0s)(VoaPoe)Os >t 07 e e~ B 2. 7 F B pk®lod Bl 44
(@)¥ 17 F1(Y0.75Gdo2Buo0s)(Vo.4Po.s)Og 1 51 & EAop)dip s # - H ¢
FRERE A o FIURE B 5 (R 44 (b):3000 ~ Bl 44 (c):6000)
BE-VHFRIIBAGRG A - LA RPIIRK T - 52 ko
BRI Apd o LR 4-4 (d) - 9000 B FREPT H RS R A G

Lk ”F' Baﬂkii@fl'lﬁﬁ%gﬁéo

7" Shannon, R. D., Acta Crystallogr. 1976, A32, 751.
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(a:5D0—>7F1; bI5D0—>7F2; CI5D0—>7F3; d:5D0—>7F4)
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B 4-5 % (Y,Bu)VO, % £ (Photoluminescence, PL) k¥ » &
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®2ES %2 Dy — Do) o ('Fo— Fy) 1L 5 417 > &+ Dy

D) b 3 R EBE M AFTE P R 2F 7 5D 8 Dy 2 s

Bl 4-5 o sk k¢ D, — F, B £of 9@ 0 345 Laporte
select rule » f>f 2 FFengiB R A Z b ey B E AR P d 3 4f
BFodufsA4me T ERER S B 1F o o

A o e RE s F]h o £ 23 R s 91 Byl end 3
B A AR 0 R d TSR R M R T R ES A
g e yoel s Bu’Ter g 4 st 2 00 H °Dy— 'F 22 Dy — 'F, B

AR RS A ML RATE F MY v Mo F i ML AY

|

PAEG R RS o PITA S 2 sl R d § B IREEEG BT
T Dy— Fy 5 Bt htiE o qpF o FAMKRE T F LY <o
Pl E bt in fRpg B M o P Ed D) — F) 5 A B st
W oo KEV P AT 1 3 619 nm skt "Dy — TFy e s R 594
nm e Dy — Fy 2 bdiE Lo sk PR YVO, 1P 2 Y B A S

PR S -

oengls 9 % LED g ¥ Ao R ek F P ER, W2 0l < L%, (2004)
Ok bezy s fried | Bk E g kAT | L1 A0RA, & 5 (2004).
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>/

Yoo ZF P 1200CEE G TE EFKRE L RAA

Fd

5
F o %ﬁ # XRD 45~ % o PP B 05BU0.05)(V1P,)O4 32 {7 fa 4R 4
18 @7 > 2 XRD Bl# 4B 46 #Tm o% V' A PIBkpE o, o
Yeb4iE vs & YVO, 2. ICSD file 78074 &3 XRD B! i § 5§ % P°*
Bo XL GIHE Ae 0 0T BEBPIE R LB MBS A 20 thAS o Befs F PR 2B
VTR H gEBE A R > 9 & YPO, 2 ICSD file 79754 & XRD
F#C e 8 32 YVO, & YPO, T 5 841 84 > Flut§ PTE AP
& VTHE AR 0 3 §REYVO, R nd i 0 @ N S et b

B 20 & B BmA I % o

Bl 4-7 57 Bk R OP 3T 150 1945 XRD B3 & #1179 cha

20 Ni, Y.-X., American Mineralogist, 1995, 80, 21.
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Intensity / a.u.
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> v s U 0— I'4
(Yo.95Eu0.05)(V1.P,)04 (z=0, 0.2, 0.4, 0.6, 0.8, 1.0) 5 71| § & §8 ez
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DI i < 13 Q= 24
4o 4-8 T o HAT kIR G B B 4540 0 5 2 A eh Bul g ko
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Energy / 10* cm™!

B4 o 2R F 5 0 PYROA Bk VPR 90 A 4 51 PO B VUV
PR ”I/{t;ﬁ_‘j‘\ i&,ﬂ " %]’Ell: /;I]? ,IDI}EI 7 Y% v]{ ° MT'»( Eu3+ :f "],IEIJ E_’,’_’I;‘; -E;
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0.4@172 nm)PF» B 32k 33 B K @ T % oid & LI % R F]E_A YVO,
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i 2
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—t—° ¥'F, —L 5 47F
0 — i{j 0 — 0 it
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21 Sohn, K.-S.; Zeon, I. W.; Chang, H.; Lee, S. K.; Park, H. D. Chem.Mater. 2002, 14, 2140.
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25 &b ML o T8 %5 GdVOs £ GdPO, '%11 ¥ E‘h%‘fﬁ‘% e #7351
Az 1 GAVO, ~ YPO, 112 YPO4 = # 4% 5" tetragonal zircon » %

>

37 e 4 14/amd; @ GdPO, B & >t monoclinic’ # % &% % P12,/nl
£

22500 wrrr g GV A 0 € PR e GAVO, ¥ GPO, 0 # 17
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22 Donald F. Mullica; Sappenfield, E. L.; Abraham, M. M.; Chakoumakos,B. C.; Boatner, L. A. Inorg.
Chim. Acta 1996, 248, 85.
2 Mullica, D.F.; Grossie, David A.; Boatner, L.A., Inorg. Chim. Actal985, 109, 105.
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afrcz B F g2 EBR L o FF PR LT LR g GdTE R
BoA Y g 2 dend o A F LG r L B B A e
P Kt ¥ By 20 % o d 3t GdVOs & GdPO, B K B
R FIE GRS aER - TR [ AR GAVO,
Rk e e d Bl 4-11 7 0 mE G Bk 5 60-80 mol %PE » & 1

S /J‘F,‘i'j"‘{’ PR PENT P , 2 oc\ 3 3+ Be , ) L
FHCE e B D) 0 58 4 GBS R B4 B3 60 mol %

2 o 7 A 2k 3 v At 24
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Intensity / a.u.
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o Ay = (a)l47 2 (b)172 nm (a:’Dy—'F;; b:’Dog—'Fy; ¢:’Do—'Fs;
d25D0—>7F4) ° ’

Bl 4-12 % (Yo0.95yGdyEug 05)(V04Po6)04 (z=0, 0.2, 0.4, 0.6, 0.8, 1.0)
SR E kg b ko Bk R B R4Sk 0 7 AL A B
Acht o 00 GBS R R YRR sk ap B AR S BB e A B 4 0 1B
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£H i GO B 2% st adeehafe > P B e i
8 - VO, ~POS 112 EuO Swijcizd &4 Feif e Gd* v 11§ es
Sofoged KRR e B en@iie Ra § GdB R £ B FH(0.2@147

2 172nm) > Bl € & 2 kR SRR 0 &k B R o

1.0
%g};‘ﬂv m (@) »_= 619 nm, (Y,Gd)(V,P)O,: Eu™
1 (VGOVPIO, (b) &= 420 nm, (Y,Gd)(V,P)O
em 4
0.8
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. 0.6 — Eu -O7 (ref. 20, 21)
° uf (a)
g |
G
S 04- PO,” (ref. 21) /
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' (b)
0.2 Ao TN T
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Wavelength / nm

B 4-13 (Y0.75Gdo2Eu0.05)(V0.4P0.6)04 £ (Y05Gdo2)(Vo4Po6)Os 1 B8 mcaf £ 3 2 Wb i
Bl. 38 5 (Y0sGdo2)(VoaPos)Os 2 5 % 2 (Lem = 619 nm)>>42

Bl 4-13 ¢ SRl 2 VO 2 8k k3¥ o f Eu''# ~ A48 - @

N -2 ke 3 LR 2 3+, s —_
B2 VO hit B ¢ R @S P B > RS A4 Bularek > @3 R

#* Riwotzki, K.; Hasse, M., J. Phys. Chem. B 2001, 105,12709.
% Yu, M.; Lin, J.; Wang, S.B., Appl. Phys. A 2005, 80, 353.
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VO ek o JL 417 o B 4-9(a)dt i Fmp F R F % &

PR k2 B R0 P B H 2 L £ 619 nm(CDy—F,)iE {7
Pl o ATE R ZHACB]) 4-13 7or o 223 164-190 nm F e E A ex g &
£+ 5 Y -0 ¢ charge-transfer(CT)?" » o pt 7 fa5ois £ 55 5.0
d Y e 3d #uit ¥ OF e 2P #u I 6 transition @ vk e 0 f BER
RO, (R =V, P)P! st & 218-300 nm f¥ = 4 — & s fcd » 8%
VO ¢ 078 VI CT #7424 5 & 5 178 nm £ 196 nm fs
43 Gd'-0"~Bu'-O” s L ARl A K G E e % o T
TougEy G ARG T e B @i B BR
Gk B4 o ¥ 0> T DRl 4-13 @@t ¥ kAT 172 nm Al v
Yo 147 nm R i iE o
50 0F» T f2EYVO,~ YPO,~ GdVO, 12 2 GPO, % & 14 & 47 2.
PREEFE SN R Fagp 3 MG &%ﬁd W2k $icf83- 5 # 5] &
% %+ z_ DOS(Density of state)¥? PDOS(Partial density of state) ] ° 4p i
R RGN A A REANE 4140 4 B 4-14 (a)F 5o YPO,
% (VB)E @ %7 (CB) 1T < electronic states 4 %] 2 _d O(2p)&
Y(4d)#ie “1 § }I% v iz B ERET 2 YPO, L B8 5 charge transfers _

§ 0(2p) 3| Y(4d)# - £ #-YVO, 2 YPO, 2. DOS BB 4-14 (a)-(b))
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% 4-1YVO4 ~ YPO, ~ GdPO4 &2 GAVO, it 1t % A k- B Ap b Sdcie - T4

C=Fm e v

Gmax 14
Rint X Kinax 7
Y 1.48
Gd 1.4
F =+ X j /bohr
10 \ 1.7
(1 bohr =0.529 10" m)
P 1.38
O 1.44
. ' YPO4 ~ YVOqu 18
self-consistencies
) GdVO, 6
(k-points mesh)
GdPO4 10
The gap between valence and core states (Ry) -6.0

KTT;I— Rmt:Efiaﬂﬂ*%}ﬁ;&'J‘iji;Kmax:§’~J‘ké’iﬁiaﬁﬁv

Energy (eV)

Energy (eV) T
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o - -
§ 3
-5 E 5
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L
A0 RU -
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d| == ||F il
: -5 == = 3
> E—— = o~
‘E Q
[il = " o - S I S S .
a 4
o B
5 Qs
c
w
A0 A0
DOSiatom PDOS atam DOS/atom (spin up) DOS/atom (spin down) PDOSlatom (spin up) PDOS/atom (spin down)

Bl 4-14 353+ 5 #7172 (a)YPO, ~ (b)Y VO, ~ (¢)GdPOy £ (d)GdVO,DOS 7 i, Fl

ESRLE 3
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g3 vt ¥ g IR ¥ Fermi level (Ep) 3 ?)E% i kg 0 B —*ﬁ g
? el YVO, e O2p)2 Ydd)iu# B 5 7 V(3d)fust o d gt ¥ v

YVO, il # 1 & £.2 57 O(2p)~V(4s,5d) Y(3d) & Fé @ 18 3] V-0
B Y-0 et s YVO, il o s 8.0 V(4d,2 &)~ Y(4d, =< &)1
2 OQp,=x B)E s im0 d 31 8 #7(F Pl endd & BT 13T YVOycharge
transfer ¥ &t € % 4 >t O(2p)-V(3d) & O(2p)-Y(3d)2- B » T hec i T
IR I F R ERED V RF EREd o B
GdPO, ¥R 4 » 1 & ¥+ Ep 2 2 ?f}}% 8 O(2p) ~ Gd(Sd) s 11 2 i+
Ep t 1 GA(4)#u3 » Gd e A0 7 A% 378 2 4f % (spin down) 2 %
3% 2. 4f peaks(spinup) o/ H A fE X 5eV =+ o & GdPOs ¥
GA(Sd)#us $13¢ VB J jrfBe v #1174 Gd(Sd)fe O(2p)2- FF 2

FiF* A S @S Mane FM A & oo charge transfer B2 d O(2p)
3 Gd(5d)#use > e H d Gd(4/)F] Gd(5d)p $8 charge transfer 7™ 7 #%
§ % 2 °GAVO, :7DOS Bl # YVO,% 1 GdVO, 5 1 2% B¢+ £hGd(4/)
gLz o B s ip i 2 Ep i & £ O(2p) > V3pd)4 2 Gd(4d)
i b’“r?“}}% @ B3 Gd-O 82 V-0 425 3 7% o d 3 GdVO;,
9 GAPO, 2 4 Gd» # Gd e AF i Fi— 03 & 64 0 %2
4f peak (spin down)¥r % #.j% 2 4f peaks (spin up) » & H 1FEEX) 4 €V -

d 3t GA(4f)ie FE 43T Epo P10t 8 € ¥ 0136 % charge transfer &
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O(2p)-V(3d)fr O(2p)-Gd(5d)e it i f5 & £-d chesy » 12 35 GAPO, 1
2 GAdVO, B %2 DOS 3+ 8 B % 4p 3 v difs » 7 @55 Gd 57 B4

VUV 2386 o it kit L FBRITE 57T EFE -

B 4-15 5 (Y075Gdo2Buges)(Vo4Pos)Os £ (Y,Gd)BOs:Eu " f &
(Kx-504A) i3 kL3 2 b 0 Bl ° 8251 12(Y0.75Gdo2Eugos) (V04Po6)Os
kR R ARG TR S(@147 nm) R BT F(@172nm) 5 F T b
FMAGHFEIT PR RF &Y G REREE > 7 T (Y75Gd,

EUO.OS)(V0.4P0.6)O4 f; —r“i;’r 2o 55% (@147 nm).t'i’ 70%(@172 nm) °

1(a) . — (Y

5 3+
0.8 = i B msquz]':-P v }D_VE'J

0 g

e Kx-SO4A. (Y,Gd)BO Eu”

Intensity / a.u.
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T L T T T T T T 'I L] T T L] T L] T T
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Wavelength / nm

B 4-15 (Y0.75Gdo2Eu0.05)(Vo.4P0.6)O4 (F $) i & KX-504A (m 3) 2 2% 6 k3% 2
Wi Aex = (2)147 22 (b)172nm o
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(Y,GLEWBO; B 52 4% 5 ¢ BR 7 & » b7 d H s %3 &
%t Bu’ t(Y,GA)BO; ¥ ibdpenE f F ALY w0 T Bu'lk
SRR 2 F kA R ot Do—>'Fiif (LW 4-15) 40 F > ki
% & 5(Y0.75Gdo2Eug 05)(VoaPos)Os L & it bfi 5 123 iz 3k F ¢ D,
—TF,» o mtdi A 7 %7 & = (Y075Gdo2Eug05)(Vo4Po6)Os

(Y,GA,EWBO; 5 & % ¢ B i ik o

32425252 CIE? B AEE2Z v o Bl 4-16 &
B &(Y,Gd,Eu)BO; ¥ 1% &(Y0.75Gdo2Eu0.05)(Vo4P06)Os CIE J: #5152 +*

yee

4 4-2 (Y, Gd, Eu)(V, P)Oy /s 5| 8% #ICIE ¢ B &2 1t #2 (hex = 147 nm)

phosphors X y phosphors X y

(Yo0.99Eu0,01)VOy4 0.66750.3270  (Y0.95Eu0.05)(V0.6P0.4)O4 0.6651 0.3295
(Y0.97Eu0,03)VO4 0.67050.3275  (Y0.75Gdo2Eu0.05)(Vo.6P0.4)O4 0.6614 0.3286
(Yo0.95Eu0,05)VO4 0.6718 0.3275 (Y 0.55Gdo.4Eu0.05)(Vo.6P0.4)O4 0.6608 0.3286
(Y0.93Eu0,07)VO4 0.67350.3269 (Y 0.35Gdo.6Eu0.05)(Vo.6P0.4)O4 0.6599 0.3282
(Y0.91Eu0,09)VO4 0.6748 0.3262  (Y0.15Gdo.sEu0.05)(Vo.6P0.4)O4 0.6524 0.3262
(Yo.95sEu0,05)VO4 0.6718 0.3275  (Gdo.9sEug.05)(Vo.6P0.4)O4 0.6338 0.3229

(Yo0.95Eu0.05)(V0.8P02)O4 0.6691 0.3283
(Yo0.95Eu0.05)(V0.6P0.4)O4 0.6651 0.3295
(Y0.95Eu0.05)(V0.4P0.6)04 0.6572 0.3311
(Yo0.95Eu0.05)PO4 0.5946 0.3393
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Bl 4-16 7 &(Y,Gd,Eu)BO; £ & (Y0.75GdoaEug0s5)(V0.4P0s)O4 2. CIE B f iE 2
#(Aex = 147 nm)

4.2 B 7RO S (EZnMN)(Ge, Si)0, & AR Z AT R

oD o P R R AT S YR X

A

Zn,Mn),Si0, > H & ik 52 = > % % (Hexagonal crystal system) @ & #%
) g ry Yy

¥ ks H a=b=13948A -~ ¢=9315A > @ % @ % 5 R3H (No.

ETTRS

148)%0 o -yl v A g3t B p R b L ELE A An g dF e T H sk
RS ARE S ZRAETF LHFEFEEE A& & 105 Zn)GeOy (&

%

= % % ~a=b=14.284A + ¢=9.547A > R3H (No. 148) = ) » i FF 3¢ 1

2 Hartmann, P., Zeitschrift fuer Kristallographie, 1989, 187, 139.
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Bl 4-17 Zny,GeOs 5o ¥ 457 X Bl

Sit IR Bt Ge' A 4 Pl F ;z__mc]_e@ gt Bt 2
W Eg I e H e aﬁ,, anjz ,«»t-ry i G i 2

T e m R ( Tetrahedral site) ’._%'lﬁ*ﬁ rBE RIET e H B

Rl

HAo B 4-17 ° @ (Zn,Mn)y(Ge,S1)O, ¥ £ &8 241 * F a2 Wa > 2 9 %
# T A5 A BRI D A 545 1(ZnMn),GeO, i Mn® . i 4% 520k
B oo ¥ gehk P ZnO -~ GeOr, fr MnO F 323 15 > 8 » B3 8% »
G2 ¢ 1200CHS 81 FF > TP EEG ¢ R A o Fd XRD
7 F Mn® 3320 5] 59(Zn,Mn),GeO, i& 17 48 83> B 4-18 2. XRD
B2 B o “7F $E84iE 7 ICSD FALE % 68382 5L1E 1 XRD Fl:# = >

Pl E o AR ST MPRR PRY X7 A2 fedp o 4

27 Navrotsky A., J.Inrg. Nucl. Chem. 1971, 33,4035.
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) g ‘,?2%!5 anGeO4 R "ﬁ éﬁaaa *%vl“gl." ’f# °

Bl 4-19 %3307 kR Mn 387 5 > 1235 XRD Bl- 5 #7118

afrc2 fte ¥ B2 BV B o RBATT o F IRk R IR o pE

o T2 ¥ BBl Y g2 A 2 RED PR BRERRAE SR K
az 'E,"uxéfi /ﬁfi‘a oo HB’}?#J@QC B E'J%ﬁ’ /ﬁf% 2 = Pt IR
$ A TG PRt d 0 Mo S R A S Zn" @S L E s o B F L

ka8

7

S R R - R B S SR SALE
WAy Y MnTBRERFRIN L HEF BT G RELRN S T

P Bk R RN Mo i B 2 B o

u
N
o o o
Livealinl
>
Il
o
S
(=]
X

Intensity / a.u.

&)
1

103 ! ! ' ' ' x =0.004
0

- T T T T T T
10 ] x = 0.002
° _: J\_.k W
od
T T T T T T
10 20 30 40 50 60 70 80

20/ deg

B 4-18 %37 F Mn™"jE & (Zn,,Mn,),GeOsXRD ]2 2_ 1
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14.40
1 o a/bparameter
] © ¢ parameter
14.35 { {
o<¢ 14.30 - } } }
Ny ]
(D) B
E 4
S 1425
- = =
Q
= 9.54 -
) =
A~ 9521 =
==
9.50
)
9.48 I , I . I , I , I
0.2 0.4 0.6 0.8 1.0

x / mol %

Bl 4-19 42327 F Mn® ik B(ZnuMny),GeOy 8+ # #2881

5 7 Fe pe i #ic (Coordination number, CN) 2 7 »cH g+ L T
B4 v fe = Mn*'(0.66 Av@ CN =4) & Zn* (0.6 A@CN=4)
A Fap s L mAnit o Ao e e Ge' (039 A @ CN =4) p
Mn* shdg+ 22 (0.66 A@CN=4) < ] » Fp 463 Mn™ ¢ Brie
rZnt e =T e sk s g AR B R B Mn®T S 3T Y i Zn®

= Tjﬁ»’;fio

B 420 = 2 10 wt% NHyCl 5 253 &) L T - s
(Zng 994Mng 006)2(Ge4Sipe)Os 7 Fr i+ B F 2. F F BHcE e o o
4-20 (a)¥ M 'JF:] E'J”ﬁ 5 SadpeniFas s FiE - H 3000x( [ 4-20 (b))

A BB H I MRS S B RRR A ISk H 3

47



15kV X100 100pm 15kV  X3,000 5pm

15kV  X6,000 2pm 15kv  X9,000 2pm

8] 4-20 (Zng.994Mnyg 006)2(Ge0.4S10.6)O4 % &2 SEM #° fg'\ : (a) 100X ~ (b)3000X ~
(c)6000X el (d)9000X

Bl 4-21 % (Zn,Mn),GeO, 773 % (Photoluminescence, PL ) £ ¥ »
d 3 Mn* 8_d-d 73 58 > 5 Laporte {F# =¥ #4|eh > #70 Mn®
T RILRA B AEE P F R AF Y ZnyGeOy A R A 7 el B 1

L @vE: Mn® @ dk o gbeb s gt B % 520 nm en gt 3t Mn®
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Intensity / a.u
Intensity / a.u.

800 00 +
]
Bl 4-21 (Zn; Mn,),GeO4 (x =0.2, 0.4, 0.6, 0.8, 1.0%) % & L3k 2_ b §i: Aoy = (a) 147
#(b) 172 nm

B PEET O B 421 #UBR IR T MInT a it as A EH 4B 500k A
dedm H e FABRRER S T2mol%PF > ARk g B iE b f gk o
EH B MO UERPE > Rl A2 ER SR E > @ %ks
33 o T 4EE MnT 2 B3R L 1.2 mol% o F)p AT %k
ST g ¢ M ek B F RS 1.2 mol% 0 g a A ] Rk

+ 2 SiYEB L ) o

M ng f:/‘.\ = «'}'5 (ZIl() 994M1’10 006)2(G61 ySly)O4 e Sl ﬁ’s i P ik /%
R o #3558 F 54 ZnO ~ GeO, ~ Si0, fr MnO F 353 15 > § » &

B o i s ¢ L 1200CER 8 TV EF I RAF o

28 Bendera, J.P; Wagera, J.F.; Kissickb, J.; Clarkb, B.L.; Keszler, D.A., J.Lumin. 2002, 99, 311.
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Bl 422 5 7 F SitTB~ % vt G e(Zng 9904MNg 006)2(Ge 1y Siy)O,XRD )
# 0 F Ge'Tw RAL SiTEB R g H EbtiE ¥ ZnyGeO, 2 ICSD TR E
% 68382 BL1E 2 XRD Bli#r> & ot 5% SiT B FH 4 > 7 UG
TATF MERE LR AR BA o Rt F SiY R 2Bk Gt
H bt 2 > 1 & ICSD FAE % 20093 % Zn,SiO, 2. % XRD B
oo d 2 ZnyGeOy 87 ZnpSi0y 3 5 % 554 b § SitiEH Bk Ge*
REALE 0 R § B ZnGeOy R e 1o 3 0 T T M SRR A

U LR 20 8B BT -

Bl 4-23 227 kARSI 3T 15 0 1935 XRD B+ 5 #7118 e

=
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20/ deg

B 422 % F Si*TBe 1% 1t (1(Zng.004Mng 006)2(Ge1.,Siy)O4XRD B3 2 vt i
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L) i‘ﬂ%\f ’ Be
’ Baaﬁﬁgia

o R

afrcZ e W2 B - ZBlTT 0 FPRERE

Ry BEE, 2 A2 REDRT D §BRERR AP
foo 2 B M2 BB S o PR LAkt SiTE R
A Ge BT L k] A F LT LR T

e Bt ¥ BB ME2 B 8 o d 2% Zn,GeO, &

ZIlelO4

5 2
p + g

Ho F SiTRT 2 2P GeTa 7§ AU LA 0 B 423 BT

4t .
Bt SiTBENL

au +v %
4 Bt Geta o

%%]Pxxaa’fé#gi =

/—_‘“V %‘ fL‘

» T

¥ s Sit

(Z19.994Mng 006)2(Ge 1y Sig)O4 (v.7.0,0.2, 0.4, 0.6, 0.8, 1.0) & 71| & &

Parameter value/ A

14.35
] s a/b parameter
] { © ¢ parameter
14.30 {
] i T
14.25
14.20 & =
=
i =
9.50 -
=
9.45 -
i ==
9.40 T T T T T T T T T T
0 20 40 60 80 100
y / mol %

B 4-23 7 I Si*" B~ %0 51 (Zno.00sMno.006)2(Ge1ySiy)Os do 12 ¥ Hoz % 1t
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Intensity / a.u.

CEE R ERY KT g 21
5k k3§20t el 424
R TRy
B 421 F o

Il

A 2+
Al Mn® bt o F Ge't' s SitERA B pF > B 4-24 & k
ha o H Ak i R

i§= -4 > g > +
S E 4+
li 1 /H"l“ i%‘{’trni%'{’t ’ i: =E_ l‘: 1] Sl /KAV\B)\J‘ Ei‘} ¥ al
F ; ) aN 4 ’ 2
=) ¥ I Ge S 3{ =

71 S0, & VUV # Bl o 2 2
RIS ORS g o T e kR e #
g YT o 3

4 T =

' S kY 2 N2 a2 \ B .
7TK s N - + ,
}? ’% li. 5' — - 4 El . ﬁg‘ S
5! 7 igs o E; B‘, 2\ z v ll&. ia.é‘: ) j,>06

2= Ge4+ I35 BN + Fomig =
: 1A% = GeO + R o
s BEET R L R HeE ok

KT fE B

( ) ( Yy Y) ( 5 9 5 ’ 9. FH —~ .
_—(a)l I‘ "‘,\(b)l;zlllll 8 O) e T Z s

B 425 ¢ & '
g %](a)lff’ (b)/=v\ 21 Zn,GeOy L) 7n,Si0,4 2_ 7% k&
=3 4 2o B K

HET AABE MnP g ke wpE

g1k,
: él, - 7 » 2 =
B1s > 3 RS B RS T Mot s g 4t



AR Rk TP BSR4 A2 Mn' et k(4o 421 & ] 4-24)

MR p ke A4 R o

Bl 4-25 9771 2 e kg2 BRI AR BH A& 529 nm
CT(*G)—="A,(°S))it {7 - = FREE T Zn0," cluster e e- L3 22t
E FE L 9.529 eV (~130 nm) > F]t A £ L 129nm sk o T AL T
% ZnO," cluster g % 5 < }I% 4% ¥ GeO," cluster 22 SiO,* cluster
ZEBEBEBAIMPERIMABE RO FOLIEN S 7.232 eV (~171

1.0
ZnO, (ref. 25,26) (Zny o ¥n, ), (Ge, 51, )0,
094 A, =529 nm
0.8 Mn's excitation band (ref. 30)
0.7 /
= band gap of Zn GeO,
= 069 S + Mn's CT (ref, 25, 28, 29)
> GeO, + SiO, (ref. 25, 27)
‘7 0.5
= I I
8 a) Zn,GeO
E 0.44 @ xex2:147 m
0.3
0.2
01 300 4(])0 500 IGOO 700 I 800 300 4]00 500 IGOO 700 : 800 : :

140 160 180 200 220 240 260 280 300
Wavelength / nm

Bl 4-25 (Zno.99aMny 006)(Geo.4Si0.6)O4 2 3 £ 3% » B 5 (2)ZnyGeOy &2
(b)ansiO4 2% Sk ;g (ﬂvem =529 1,11,11)[25-30]

¥ Hao, Y.; Wan, Y., J. Lumin. 2007, 122 - 123, 1006.
3% Mishra, K.C., J. Lumin. 1991, 47, 197.
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L Tkt £ 5 140 — 200 nm 2 RIP B 5 B GeOyt s Si0, i
R 293115yt ok 5 d 2% Zn,GeO, 0 band gap K1 4p % ** 265 nm it £ >
“TrL B¢ 265 nm T R 5 Zn,GeO, 2. band gap B fciE PP o 3
s 194 nm 2 + >t 200 nm # B ek joiE o F A BT 5 Mn® ek

Yok ¥ O 2p 18 Mn h3d #uss 7 it £ 8 4 (CT)2Y

o

2 4-3 Zn,GeOy4 ¥7 Zn,Si04 it FF % )ig'fnf'-?r AP Td 7}%{ B- Ik

\

Gmax 14
Rint X Kpax 7
Zn 1.93
Ja + X jZ/bohr Ge 1.62
(1 bohr = 0.529 10" ) Si 1.53
o 1.53
self-consistencies Zn,GeOy ~ 18
(k-points mesh) Zn,S104
Zn,GeOy 24
The gap between valence and core states (Ry) -
Z1n,S104 3.1
= Ry Erftt R F 5 L5 i Knx P o * ke EF2Z %R

Bl 426 5 Zn,GeOy ¥ Zn,SiO, & d 122525 & #1418 1) 2. DOS B 2
PDOS Bl > % 5 2 ApM K 2 585|304 4-30d Bl 4-26(a)F 4v i
ZnyGeOy ® » /i3t-54r 0eV 2 B enif 4 2 & d O(2p)fr Zn(3d) gL

’—"L'rTET/F*J% v @ A3 34e 15eV B en@ E A Bl Ed Zn(4s,4p) ~ Ge(4s, 4p)

31 Kim, C.-H., % % & 45, 2000, 21, 349.

32 Lee, Y.-H., % & # 48, 2005, 26, 183.

3 Lewis J S, J. Electrochem. Soc., 2000, 147, 3148.

3* Sohn, K.S.; Cho, B.; Pzrk, H.D.; Choi, Y.G.; Kim, K.H., J. Eur: Ceram. Soc., 2000, 20, 1043.
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Energy / eV

Zn Ge (o] (b) Zn Si (0]
(_H (_H

A —r S
4s 4p 544s 4p 3d 2s , 4s 4p 3s 3p 2s
15 x5 x5 x5 x10x10 x5 15 x5 x5 x5 x10 x5
10 | > 10 %
[}]
>
5 o 5
e
0 EE w o B .
-5 L ? -5L L }
DOS / atom PDOS / atom DOS / atom PDOS / atom

B] 426 13- 5 118 2_(a) ZnaGeOy ¥ (b) Zn,aSi04DOS 7+ 3, Bl 2 Wt i

113 O(2s, 2p)idrie a5 F T e Ge-O & Zn-O 4k A 4 o F
I 4-26(2) 22 (D)3 4t R 87 125 T Zn,GeOy ¥ ZnySi0, 7 K B
#1181 DOS B E 244 %7 1270 & ZnpSi0, ® - j&-5eV 7| 0 eV i
L OQp)fr Zn(Bd)ius ¥ j* § 22 34w 15 eV & chilh 3 p] 4d
Zn(4s,4p)~Si(4s, 4p)r4 2 O(2s, 2p)fis #7ke = > Bl A= §i-O & Zn-O
R A ORI R KRB TR Y 2 geF ekt £ 5 147 nm (8.4 V)
2 172 nm (7.2 V) » ¥ 1 4&3% 3§ (Zng.gesMng gos)(Ge 4Sig )04 ¥z 147
nm (8.4 V)2 172 nm (7.2 eV)z jc3 %18 » ¥ it 7 Ge(4s, 4p)-0O(2s,
2p) ~ Si(3s, 3p)-O(2s, 2p) 14 2 Zn(4s,4p)-O(2s, 2p):i charge transfer > 2

i PLE %3§4p 3 w2 & o

B 4-27 % (Zn9.994Mng 006)2(Ge 4Si06)O04 £2 (Zn,Mn),Si04 (P1-G1) 7

S g Bk o d B F 8 IR(Zng.994MNg 006)2(Ge0 4S10.6)O04 14 147 nm
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2172 nm R K s o018 2 a5 R T BT R e g A A
B OfE B E TP (ZnggosMngooe)2 (GeoaSipe)Oq 7 % ik iR £
(Zn0_994Mn0‘006)2(Geo‘4Si0_6)O4 ::‘.\ ?{3 rr-p"'—L 145% (@147 nm) > 164%(@172

nm) °

1.0

(a) (Zn0.994Mn0.006)2(GeO.4Si0.6)04
o84 o e (Zn,Mn) SiO,

0.6
0.4
0.2 1

00 2 e IR0 o SN

1.0
(b)

0.8

Intensity / a.u.

0.6

0.4 1

0.2 A

0.0

400 450 500 550 600 650 700
Wavelength / nm

B 4-27 (Zn9.994Mng 006)2(Ge0.4S10.6)O04 (F #) e 7 &(Zn,Mn),SiOy4 (J $1)2 3 £ k£
320 A = (a)147 and (b)172nm

% 4-4 (Zn, Mn)»(Ge, Si)O4 & 7| ¥ %48 CIE ¢ R Ji 2 v* $#2(hex = 147 nm)

phosphors X y phosphors X y

(Z1.00sMn9 002)2GeOs  0.251 0.686 (Zo.90sMngo06)2GeOs  0.2580 0.6913
(Z1.006M19.004)2Ge0s 0.2524 0.6927  (Z10.994Mno.006)2(Geo.5Si02)04 0.2447 0.6936
(Z10.004M19 006)2GeOs 0.2580 0.6913  (Z10.994Mng.006)2(Geo 6Sio.4)04 0.2401 0.6960
(Z10.092Mn9 005)2GeOs 0.2566 0.6924  (Z1g.994Mno.006)2(Geo.4Sio6)04 0.2330 0.7008
(Zno9sMng o1)2GeOs  0.2542 0.6926  (Zno.90aMno.006)2(Geo2Sio.s)O4 0.2141 0.7054

(Z00.994Mng.006)2Si0s  0.1822 0.7070
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(Z10.994M1.006)2(Ge0 4Si0 )04 L & i3 &4 1 p > Mn” ¢ *T,(*G)
AL Bk o RS &A CIE S RRELED « o
4-4 3|03 pled Rz CIE ¢ B Az i B 428 27 %

(Zn,Mn)ZSiO4 U (Zﬂo.994Mn0.006)2(Geo.4Si0.6)04 2. CIE B ffE 2 Vb i o

(Zn,Mn),S104

(Zn9.994Mny 006)2(Ge0.4S19.6)O4

B 4-28 1 &(Zn,Mn),SiO4 £ (Z1n9.994Mn 006)2(G€0.4S10.6)O4CIE Bk 1% 2_ b i (hex =
147 nm)

4.3 A I REE % K (ZN,MN),BcOs B BE X B 3R

PR R B BRI E I Z B VUV LG s

T > Fek A k- EAAR G VUV g F R enf P iEE 2 RY o
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Flp A AT G S S R BT 3E ZnBeOy; B A M 7 Mo’

IR MAET o ZnBeOs chfa R Bt 5 2 2 & 4% (Cubic crystal
system ) > & ¥ F #ic a=b=c=7.4659A » % B % % I4sm(no. 217) -
ZnBOp L F - B Zn" iz~ A A B R = = AT iy

= = & ffe = (Tetrahedralsite) » ¥ Fl7 = B ¥ h+ » 2 S8 5440

B 4291

FE] 4-29 Zl’l4B6013 BBB 'ﬂz" %ﬁ'—ﬁ' TE F—g]

(Zn,Mn),BeOy; % £ 88 %41 FH a2 WF > ¥t E ohk B4 ZnO ~

35 Smith Verdier, P.;Garcia-Blanco, S., Zeitschrift fuer Kristallographie 1980, 151, 175.
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RS T REG Sl kA Ti5d XRD #7 Mn* '35 s¢ 1t b eh
(ZnMn),BsOy; & 7 4p #-2_ > Bl 4-30 22 XRD Rl » > #75 S84 20
B ICSD F#E % 100290 5458 XRD Bz & » 2 & 7 &7 %7
B Mo kR FRY > 33 A4 fe4p 0 4 3§ B ZngBOps R

EIBB ’g_%gl' “ﬁ ’EF‘_ °

3 !L x=0.07
57
3 A oo N
18—_ T T T T T T
5 3 JL x=0.06
3 Y SR U R S
) 18_§ T J[ T T T |X:0.05
S 5
< E A—J\_/\__J\_,_._/;A—/\_A#_A_\
™~ 18—_ T T T T T T
2 5 x=0.04
QL 18—_ T T T T T T
I JL x=0.03
— 53
E A !\_j;LA—,;A—/;,\_A_\_¥
18—_ T T T T T T —
SEM
5
03 T T T T T T

20/ deg

Bl 4-30 3323 F Mn*"E B (Zn,xMny)4BeO13 0 XRD B2 2 v+ i

Bl 431 24333 k&0 Mo 35 15 0 $295 XRD Bl 3 #r #
a2 fote ¥ e B W o BB 0 BARR R BB e b
¥lcaz @72 Ep 4o AP0 RS LTS B d oS Mo
BRR ARSI Y s kehk o A F e AR TS A

Gk ] B F Bl L P B e A 0§ BB R A ¥ 4 mol
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C

% o BT BRI HF B AR R 0 0T AL

ETTNS

R + -~ Y NN . 2 L sa s 2
2 M B e dbedr s gk LR B TR o

R

7.48
s a/b/c parameter

oL,
= 7474
Q
=
<
>
e
Q
=
=
o]
5 7.46
=¥

7.45 T T = I =14 Sl =) T T T

1 2 3 4 5 6 7
x/molt%

Bl 4-31 #5273 F Mi® Sk A (ZnjxMny)sBeO3 & % Bz & 1

T,

=I5
6

S
\'rq‘\

=22 A5 2 N Y s 2 2+ YA DS VNN PN
rm - G TiE o Ay Bw fR PR B T o MnT & ZnT g T

7 e E B (011 A@CN=4) tw fe =35 P ip > Mn®' (0.66

2N

A@CN=4) g3 Lg% | » FIQ ke fpdpd L Sip 3 o

Fp Mn® s ¢ LR~ Zn' R fme ¥ ob o MnTTe ZnP 0 s - 4

) -}\. f}’ﬁ

’

w7’ AR 0 A BUAEF 5= % At BT Mot R

§ HdF 2t~ ZnP i o

-\

B 4-32 5 B i 1 % 5(ZngosMng g4)BsO13 7 e 3
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BEACE: oo o B 4-32 ()8 Tt 1 & e R T i 0 1 S kg

BhpEiEo A kB K]l B B A E A B F Ao F] 432 (b)
PR3 ILA Bdethd 2% 5 F 25 Sum 3 RPIFR &8 /£ 4 lum

AR TS - RINE TR R T I3 ARPIR Ko

BB B 432 ()L B

15kV X100 100pm

15KV X6,000 2um

15KV X9,000 2um

Bl 4-32 (Zno.osMno.os)BsO1s 1 2. SEM & : (a)100X ~ (b)3000X ~ (c)6000X £
(d)9000X

(Zn,Mn),B¢O,; =773 & (Photoluminescence, PL ) & 3% 4] 4-33
#0570 d 3 Mn® 3t d-d § 5 x84 Laporte iF # 2 ¢ FAR 2 4] o

FtF & A ZnyBOp LA Fejric R0 BiEd Mn* @ 2%k >

61



Intensity / a.u.

Intensity / a.u.

W, 600

Ve, e
Qe /i

B 433 (Zn1xMn):BeO1s (x = 1,2, 3, 4, 5, 6, 7%) % % %3 21 5 l: Ao
#1(b) 172 nm

=(a) 147

2 E g Mn R BT F o Bl4-33 2 B or 2 (=3 538 nm %

LA st 2R Mn® T pOREE T (')A, (CS)E e Y

¥ ookod Bl 4-33 7 10 B Mn® et an B AE R 500k AR e

Hbe o dekan Bk B BB kR 5 4mol% o £ F Mn¥ 35

JER BT 4 mol%PE o Bl € A A RRIRRIL G 0 i 3k g R R IR

55 ¢ 1T 4 MnT 2 b B3k R S 4 mol% o
Bl 4-34 3B R 5 ZngBeOys 2 5 % k3 » H A7 A5 Mn™ 5

kv pE > 3R 350nm 2% % W b Bk s i ¥ MnZgseie

v
|
2
[

3R el R AT Mn el AR ek F]

VT‘
=
Fi
[
pial
=
B

4 Mn* ek (4eBl 4-33) > @ AR ke 24p R o
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1.0

(Zn,, Mn_ ) BO,,, monitored @ 538 nm

/ ZnO, (ref. 25, 26 BO, (ref. 32)

[ I

0.8 1

0.6 - P Mn's excitation band (ref. 30)

Mn's CT (ref. 25)

2,,=147 nm
A, =172 nm

0.4 -

Intensity / a.u.

“ Wavel::;lh /nm
0.0 e
140 160 180 200 220 240 260 280 300

Wavelength / nm

Bl 4-34 (Zno.osMn 04)4BgO13 2 o8 % 3 (Aem = 538 nm)™

-0 0P B F 2 ok £2 538 amCT('G)y—> A (°S))ik 7 e K 3 R
B o8 2% Aol 434 1% o d 3T ZnyBgOys ¥ 1 ZnO," cluster Z_ e-
P -PUS L FE S 9.529 eV (~130 nm) & 27 4 £ 129 nm %t iT
ST AR B BT T AR T L ZnO, cluster sk g% e 3
At & 140-190 nm g BP EF SOl 0 RIT R A o

% BO; groupP® o gt BO; e A5k 2 4 5 2 HHAL s pl €4 B B
oarle e i R R FIALF] E ZnuBeOss gl L3R

AR+ > Flm g4 3 fa% B 1BO; group » T A ¢ i S G#

AR e Bt £ 194 nm =+ 2 X L& 200 nm B ooy

36 Perdew, J.; Burke, P.X.; Ernzerhof, M., Phys. Rev. Lett., 1996, 77, 3865.
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W o A uHET 5 Mnt e 22 07 (2p)E Mn(3d) R chi B &4

(CT)[29,34] .

%] 4-35 % =) ZH4B6013IWFFWF i\ ”'Lr'fg DOS }%]5 PDOS %] ;ﬁ

;J‘_E;";inﬁﬁ 73 & 4-5-d B 4357 I‘—"é;Zl’l4B6013 ¢ £ A8 1?0

# 4-5ZnyBeOps e g H R w3z K AP M S8 - T 4

Gmax 14
Rmt X Kmax 7
Zn 1.93

J + L & /bohr

10 B 1.38
(1 bohr =0.529 10" m)
(0] 1.38
self-consistencies (k-points mesh) 22
The gap between valence and core states (Ry) -6.0

Kﬁ-?\;j— Rmt:Efiﬂaﬂﬁ&:*ﬁ’*'l‘i:fi;Kmax:ﬁx_‘k?’EB%QWL}i

Zn B (@)
—r— e T st
4s 4p 2s 2p 2s
15 x5 x5 h x5 x5 xb P

10

N

Energy / eV

1
(%)

wai’m e

-10 DOS / atom ~ PDOS/ atom

B] 4-35 1242+ NS Zn4Bs013:DOS 7+ ,E, B
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eV 2 B i A chi & FRedud i O2p)fr Zn(d)> @ A3t 44r 15eV 7
B EF 2 3 & 2 AP E_Zn(4s,4p) ~ B(2s, 2p) % O(2s, 2p)#Lid » #114
T LR Zn-0 22 B-O4t A 2 <1335 B 4357 3+ B 18 5] ZnyBO;3
e PEZ 0B @ L 44eVo pt #icim ¥ PLE k3# ¢ 2 absorption edge(280
nm=~44eV)ip & o ¥ b AT G RIE KFEPF > AT H 2 e kR
£ % 147 nm (8.4 eV)& 172 nm (7.2 eV) » fd B 4-35 7 1 desh §

(Zn0_96Mn0,o4) B6013 128 ’]/{/;;f);? Sk %ﬁ‘; » ¥ ;; ')ﬁ O(ZS, 2p)-B(2S, 2p)."1 z O(ZS,

2p)-Zn(4s,4p) i charge transfer » 7~ 22 % it PLE 63 4p 3 v= & o

%] 4-36 f‘—;» (Zl’l().96M1’l()_()4) B6013 —‘;’Ei (Zl’l,Mn)zle4 (Pl-Gl).ﬁﬁ ‘:E._:v’;’} Sk Sk

1.0

(a) 2y ——(Zn, Mn_)BO

0.8 - 0.96 0.047476 " 13

--------- (Zn, Mn)ZSiO A
0.6

0.4

0.2 1

0.0
1.0

(b)

Intensity / a.u.

0.8

0.6

0.4 1

0.2 H

0.0

77T T
400 450 500 550 600 650 700

Wavelength / nm

B 4-36 (Zn().%MIl().(M) BsO13 ('? %‘Q)‘f‘»’"ﬁ‘ﬁ r%(Zn,Mn)zsiO4(}§i %‘Q)L ok ’ID;H'L L
#: Aex = (a)147 and (b)172nm
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S Lo d B0 T LB S 147 nm & 172 nm sk & s o8 2
Tk Gg R OB R EE fF A G B 2B (Zng.oeMng 04)BeO13 3 (Zng.96Mng 04)

BOys & 7 o2 27% (@147 nm) ~ 26%(@172 nm) °

% 4-6 (Zn0,96Mn0,04)4B6013 ,:li 5'J ’Lﬁ‘\ =3 ’E%’ CIE ¢ B J& Z_ vt ﬁl(kex =147 nrn)

phosphors X y
(Zng.9oMng 01) 4B6O13 0.3461 0.6025
(Zng.9sMng 2) 4B6O13 0.3384 0.6235
(Znp.97Mnyg 03) 4B6O13 0.3338 0.6404
(Znp.96Mnyg 04) 4B6O13 0.3332 0.6500
(Znp.9sMnyg 9s5) 4BO13 0.3375 0.6441
(Zny.94Mnyg 06) 4B6O13 0.3349 0.6557
(Zng.93Mnyg ¢7) 4B6O13 0.3387 0.6470

(Zn9.96Mng 04)B6O13

wauml

(Zn,Mn)SiO4

%] 4-37 'ﬁ}i ;Ep'ﬂ(ZIl,MIl)zSiO4 l;’? (Zn0,96Mn0,04)B6013CIE EL*E“—L L ﬁi(?\.ex =147 nm)
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(Zng.0sMngos) BgO)3 3 & drc s i p 5+ Mn” 0 * T (*G)—>°A,(°S)

2Bk R EEE TP CCIES RARRKRE Sh? R & o &
4-6 7| M etk &2 CIE ¢ B A2 vt i) o B 4-37 ;]%r%

(Zn,Mn),Si0; 2 (Zn 9Mng o4) B¢O13 2= CIE i f% & 2 V& $i o

4.4 J 7RI RME SR Ca(La,Th)SisOm & A M2 A7 %

CaLa4Si3Ol3 Z_ & %ﬁ%’]‘#@&rﬁ 4-38 #17 » ;FI- be ’EE )i’::%[\ = 7 5 ,:l‘.

(Hexagonal crystal system) » # & 1‘;&”#7 #AH G a=b=9.651A - c=

. -""-' 3

-\,_

7.155A ~ 7 B # 5 pe, /m(no 1767;1 caLa4sl3ol3 SLte? 3 A f8 Ca’

B e La e - g smmé ﬁﬁ% BRI LT S X
2

P L
£y TH

E} 4-38 CaLa4Si3013 BBB ’?ﬁ “é:—ﬁé?‘r i g]
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ﬁ" Ca1 'eral m’}’é *EP\—:’ ';&'41‘2 _L;:I'ﬁ' CaZ ’eraZ *)\;"ﬂ#BP‘F' ’

B F T 3 4o Ca’ e Lay e 282 Cay'fr Lay™ He 2fie 2355 5 6 48

v

(Polyhedral))» # Bl A %4 = B2 4 B% B3 5 a Si'tHi=ie &4

fo

. > (Tetrahedral site) » 2 % FlF = B# ¥ h + [37] |

Ca(La,Gd,Tb),Sis03 % kAE R 5 {1 * HE 2 Wa - HF%HHT
A5 A BIEE o ¥ - PFE G A% Ca(La,Tb)Siz0; i1 Th B if 35 32k

hN

e

W

#2t g 2 F Jgd CaCOs ~ La,0;5 ~ SiO, fr TbF; #7 32 3 18 »

FEB e ERRFF P L 12000 8 pF > TV EFG § ok

[
o

i
[&)] oo (&)
| 1,1 |

=
(6] [e]e]
i AT P ENEN R
>
Il
o
—

iR

o
]
()
[e)
e
\S)
9

Intensity / a.u.

] X =0.
° {W
03
T T T T T T
10 20 30 40 50 60 70 80
20/ deg

Bl 439 #2327 F Tb k& Ca(La;Tby)sSiz03XRD B3 2 1t

37 Schroeder, L., J J. Solid State Chem. 1978, 26, 383.

68



B¢ & $pdpig 20 iove & ICSD FALE 5 10082 54528 XRD Hl3# -

SEMCHC R R R A 0 AT AR RSB TY kR BRP £

AL H G 4 A ¢ B CalaSiO;s B F il R -

B 440 5133548327 kA Tb 33 2 Ca(La;Tb,)sSi305
XRD Bl 5 #riBehafrc 2 Hi¥ i@ Bl o BT 0 %
Bk REBH e Rt Y afrc By LR SRR
FR P T LS La L m 5 ) 3 LD G LB Fp g
Bk R SR Bl lE Y ME2 T e A T2 THY

;}7};@%@]]\ R BAEBRER A ’ﬁ REZL > &T fr’ﬁ“#i’&%

N

FIA 42 T Jae ~ HARRE =

9.8

o a/b parameter
9.6 = © ¢ parameter

9.4 o

9.2 1

7.23

7.0 4

Parameter value/ A
\\
ARV
\\

6.8 .

6.6

6.4 ——r
0 5 10 15 20 25 30
x / mol %

B 4-40 #3273 I To" k& Ca(LaixTby)sSisO1s 8 1 F e % 1
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15kV X100 100pm 15kV X600 20pm

15kV X3,000 Spm

d i seie CaLa481.3.013 m{Tb“; WA AT T
Flpt B LIE G Lo  ein s e o B Y TO 3 £ La' 3 2
o gtob 5 d 3t T enge 3 £ 2 (098 A@CN=7-1.095A @CN =

9) & La’ehip 3 L= (11A@CN=7>1216A@CN=9) 4aif -
@ Tb L F3i&r La'feimz? o @ » Cala,Si03 ¢ Ca’ g3 X

E(1.06A@CN=7> 118 A @CN=9)s2 X7 & Tb* dg+ L 7 4p i »

fe 3SR AT gFend BT v i i ~ La’ ahfe fe gt #h o b 3 Tb
FEAM A e ? REAET G kR EE e oSt (026A
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Intensity / a.u.

@CN=4) # =B,

B 4-41 % 12 10 wt% NH,Cl 3 243 &) or @ (8 2 & i i 4k &

'.-h

Ca(GdooTby 1)4S13013 # Fo 3~ & F 20 7 F BMcR oo M2 < &

100 & ﬁfxﬁi EB:('Q"—"E] 4-41 (a)) ’% I Ca(GdogTb01)4SI3OI3 E’f”;{,ptl“‘:—':
Hoo A RABGE g > T AT 2 EHA S 100-400 pm o F
Mt B 40 D600 B (4o ] 4-41(b))is 0 BIF F FIE — Bk R Hhen

+ -
=~ W I

W
\ﬂ-

dofe AarEZ - R kA e o ApF s o H G
FubulF k4ot BBk o 3 B X AE T 3000(4c B 4-41(c))fs 0 ¥ 4

;?EE_,_Z‘ J—E,EI ﬂa;P"‘ BB‘}_‘T\I—\V} P, 5 7‘ %EIJE J‘ ’J‘ ] ,?~ 1 5 le m FJBA}._-

Bl 4-42 Ca(La; xTb,)4Si303 (x = 0.25, 4.25, 10, 20, 30%)% % £ 3% 2_ L i Ay = (a)
147 2 (b) 172 nm (a:5D3—>7F4; b:’D3—'Fs; ¢:°’D3—'Fg; d: °Dy—'Fs;
615D4—>7F4; f25D4—>7F5; g25D4—>7F6)

3% Kunimoto, T., Phosphors Research Society, The 311st Meeting Technical Digest, February 10, 2006
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S Ll AR A R R P g da

B 442 % Ca(La,Tb),Siz0y3 7% sk k2% » B] ¥ #ic B SR 2 b4 7
AN I WA K et Ti%?%%%lflﬁﬂ%O nm->415nm % 437nm ¥
AT D= TF (I =4, 5, 6)amc k5 3t ik & K B B e
490 nm~544 nm~588 nm - 623 nm £ E_F AR f + Tb +°Dy—"F; (J
=3,4,5,6) )i BPe v # TO B0k B M 4 pF > BER TH'(CD;) +

Tb ' (Fe) — Tb'(Dy)+ T (F\) e 3 % f2 4 5 5 4 > Fla 13 2 D,

Fl4-42 ¢ ¥ 0@ AR 5 B TO g sk B okl 0 A b SRk R
Bk B Ak R S 10mol% T s Ak AR B R 0 P F Bk
B 10 mol%pF2 2k ip R E g B Ra § HFekk < 3> 10 mol%
2 5> TO Bk R Rk n R 5 f M > LA G A2 ERIGR

ERCACE R B AF AL &2

39 Rap, R.P.,, J. Electrochem. Soc. 2003, 150(8), H165.
* Jia, D., J. Lumin. 2001, 93, 107.
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Bl 4427 3018 T 2 B is4230 L 2 9 % 10 mol% o

1_

S FEECA 9 Ca(LageyGdyThy)Si305 7 Gd™' Beif it B~ ik ik
B oo #3238 & F gt CaCO; ~ Lay0s ~ GdyO; ~ SiO, fr TbF; & & 547
Br¥aa s B BB % AL EBRAF P L 1200 8 ] pF

WG ¢ B RAS o 53 Gd Bk R 1 Ca(LagoyGd,Thy)sSi3013
2. XRD Blz4cB) 443 #7575 o & La’ & 24k G B~ s pF > H 4sts
% & Cala,Si;0p3 2 ICSD F 4L & & 10082 55.1%# XRD Fl:¥# o & £5%
F GA Bk et G B e o TRRTE AT hdEbE A F MEsT 4 20
* % A o @ 3 Cala,Si;Or382 CaGdSixOp3 5 5 % i > vii— ehi B

2 G a3 L 4 Latlnap s o m ¥ GdiE o Bt La*

;El

SRR

ﬁH-

}3 2EER i

Hoom PR E 20 A3 &R BB

eI Fe o

Bl 4-44 54537 kR Gd 85 2 Ca(LagyyGd,Tby,)4Si;01; 2
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3 y=0.6
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03
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3 y=0
i {WW
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20/ deg

B 4-43 7 I Gd*'+t 5B~ % CadaaggsyGdyTho 1)sSiz013XRD Bl 2 1t iz

ftk#cadrcy G Bk AL M G B - B 7 0 ¥ G
B30k B AR B 4o Pt 0 S 1 FliCafee 2 B Y L R o R G2
F L G L s Y L L ) AR d 3 CaLla,Siz03 ¥ CaGdySizOy;

3

ETIRN

FR4 0 I GV BT R 2R LaTh 4§ AR AR B
4-23 B bt GAVBeR GIE RN 2 SR Y G RELR T

p7 e GdU AR Bt Lat T e
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1.0

Intensity / a.u.

1 o a/b parameter
9.6 - R
1 T - ¢ parameter
9.4 —
1 i
oct! 9.2 4 T
B b o
S5 9.0
'S ] ™
T 88 =
(] T -~
S 1
g 704 .
S 1
< 1 -
R 1 =
65 = -+
) -
b S
6.0 I , I : : : : : , '
0 20 40 60 80 100
x / mol %

444 7 F Gd™" B P 14 Ca(Lao.9-deyTb0.1)4Si3O13 AR E

Ca(Lag 9.,Gd,Tby 1)4S130,5 (y=105:0:2, 0.4, 0.6, 0.8, 0.9) s 71| ¥ £ %8

kLo R 444 5t o Ba KL 8

IR

Bl 442 5702 > 5 & Al eh To st o # G B~ 2304 La™ ' > 4 ]

4-44 7 r1 R k5 B G

@

IS
®

o
o
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B 445 Ca(Lago.,GdyTby ;)4Si3013 (y =0, 0.2, 0.4, 0.6, 0.6, 0.8, 0.9) 3 sk k3 2 Wt
# Aex = (2) 147 #2(b) 172 nm (a:°’D3—'Ey4; b:°’D3—'Fs; ¢:’D3— Fg; d:
5D4—>7F3; 625D4—>7F4; fZSD4—>7F5; g35D4—>7F6)

Peik R R4 H b AT R GO E ZH R AT
Ao T el £ § 20 e ol £ £ (L W 4-46) 0 vk
b GATF U A Rsc VUV &5 B enigvho d 3t G B 5 & o
BB TRt La T H 5ok d GdT R 2B Lad s H ki B i
% Cala,Si;O3 A48 e £ ¢ wprrCala,Si;O;; LA ¥ 5 A
3k I 9 (~390 nm) » e B) 446 36 Bl(CaLa,Si;0,; 2. 3 % % 3#)7
Foo e ke o T e » A2 (5 A can AL

BHRAZ AL A AEBIE RS o TV M R4 Th b (4

B 442 &7 [B] 4-44) > 7 CalasSizOp3 2 %8 ar %00 & @R 1 8 %

L4 lum Iiﬁ’iﬂ F/JIJDm 9:-_-% :«:"a.rvg o
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1.0

] b 7Dj (ref 38, 39, 40)
0.8 -
. Tb3+ 9D
= 0.6 (ref. 38, 39, 40)
3+ 8 6~ 8 6
E\ 1 Gd ( S7/2_) GJ’ S7/2_) FJ)
2= +Si0, (ref 25, 27) ST
% 0.4 _ 4 Gd 'S, —T
et Cala,Si,0,,
= ] *,, = 147 nm
0.2 -
0.0 | | | 50(; | | | |

140 160 180 200 220 240 260 280 300

Wavelength / nm

B 446 Ca(GdyoTbo 1)4Si303 Hrzd % ¥ o4& Bl 5 CalasSiz03 2. p 3 8 k3 (Aex =
147 nm) #1424

Bl 4-46 #77m 2 s ke BaplEUE- 1 R B FH 0k £ 542nm
CDs—="Fy)ie 7Rl > %3 7 160-200 nm # B} HE %42 > ¥ iR
p »+ SiOs cluster sz e 1w ek s p g EE 4 G ¢ 'Sy,
—9G; & %S, F; A Bk 3 ho ft £ 5 273 nm 2 276 nm At #ci?
e 5 o L GRS 0 8S,—> L BT o 1 B A 4 T
o d 2 T e g 3 il h 4 TR Ry Foo & H 4f5d

2 F R A fEp Yk G Do 'Dye Fpt Th H e g A B R

*! Tian, Z., J. solid state chem. 2006, 179, 1356.
* Liang, H., J. Phys. Chem. Solids 2004, 65, 1071.
# Sohn, K.-S., J. Electrochem. Soc. 2000, 147(5), 1988.
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7&@_[38’39’40] . fi.

%

% it & 0 spin-allowed fr#i 4 5¢ £ 7 spin-forbidden
£ 210-250 nm R ehdi 3 w2 JT B 4G >0 spin-allowed s8R @ &
240-270 nm ¥ e 33 2 dT B 6>t spin-forbidden =g :8 - & wxgiE

2 A7 b §) 446 i o

B 447 % CaLasSi;03 % CaGd,Si;0; & d 5 #7i8 ]2 DOS

B % PDOS B > 38 A7 ApM 2 Sd8cE@ 7> & 474 ()7 wix
CaLasSiz03 % » /i *0-10fr 0 eV 2 B ehip & 4 & d O(2p)ehirds “1 F
L;Je v @ A3 040 10eV B @3S P Eud La(5d 4f) s #rie = > F)pt
¥y La-O4Eg A 2 - 5 10Gd B tvLa 8- 3 I CaGd,sSi3043 2 DOS

B 2 PDOS B] 7 & Cala,Si;0132 27+ v v jip Gd o7 f fieds 3K

2 4-7 CaLasSi30q3 st P& 2 fiﬂ;ﬁ;‘l'—% Ap R %’}ﬁﬁ:f_ﬁ_— ﬁ%\

Gmax 14
Rint X Kinax 7
Ca 2.32
La 2.29
F + 2 jZ/bohr Gd 2.29
(1 bohr = 0.529 107 m) Tb 2.29
Si 1.38
O 1.38
self-consistencies CaLasSi;013 16
(k-points mesh) CaGdsSi3013
The gap between valence and core states (Ry) CaLasSi3013 6.0
CaGd4Si30:3
i Rt EBhERFIE ] LE Kyt B ke EF2Z5%AE
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Energy (eV)

La 0O Ca Si Gd 0 Ca S

oo S S D d P s P s P S p s
10— f %d s ps ps p s T _flJl):r :, Is i s . s
: ¢y ! ; B
£ (a) 3 ¢ 8 10 ; (b) ! Lo
{ H Plor
= | ,'; H 1 : {
5 | i Pl b
= | | = 84
- 5= | H
| 3 2 % B
0 — — S— " - |.‘r | |
o —
50
g |
e = ! - £ | |-
f—; ‘i ..? L -5 -.-'_LI_‘—_—"_ - = | L : {
40—~ ' - : [
1 | 10 ! 1
DOS (a.u.) PDOS(a.u.) DOS (a.u.) PDOS (a.u.)
DOS / atom PDOS / atom DOS / atom PDOS / atom

B 447 2% ":“L—Er Hir fg—L(a) CalasSi3013 —*’E’(b) CaGd,4Si;013DO0OS 7+ N k8

3 R 2 % Gd 2 f#ud ¥ ~ % spinup v spin down A FEF% >
% ACHUS 5 spinup PR SRR RE G TRt Pl T TR S
FREIE o T b0 30210 o eV 2 i B K p ot O(2p)n Tt
@ A3 040 10 eV B e H A RiEd ' Gd(5d 4f) s rie s o Fpt ¢

vF Gd-O4t$ A 24 > Flam 11 Gd B~ La s > § 85305

|l

il g it

A Ak R o A RIE R o TR Y 2 i ekl £ S

147 nm (8.4 V)&« 172 nm (7.2 eV) > j’%d

B 447 ¥ 1 fET. ;{rﬁ g Ca(La,Gd,Tb)4Si3013 128 ‘1'( /}i"% =3 %g ¥ ﬁ‘; ’ﬁ

O(2p)-Gd(5d,4f) =1 charge transfer » ¥ 7 it PLE sk 34p 3 v= & o

%] 4-48 7‘% Ca(GdOQTb01)4SI3013 -,‘ZL-’ (Zl’l,Ml’l)leO4 (PI—GI)F‘;; ‘—,Eé"% =3

22 t # Bl Y B Ca(GdooTbo)sSiz0rs 3e b4 55 B A B 5 7 52
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1.0

_ (a) e T Ca(Gd Tb, ),S1.0,,
0.8 —P1-GIS (Zn,Mn) SiO||

0.6
0.4

0.2 H

0.0
1.0

1(b)

0.8 1

Intensity / a.u.

0.6
0.4 +

0.2 +

0.0

-7 7T
400 450 500 550 600 650 700

Wavelength / nm

E} 4-48 Ca(Gd0.9Tb0,1)4Si3013 (? ﬁ)f‘”'ﬁ‘ﬁ %(ZH,MH)QSiOd}i 5551)7\ ’gf £3 ’IGF'H'L L
#: Adex = (a)147 and (b)172nm

60%(@147 nm)£2 120%(@172ynm) 3% 1 5 K 2 Fe st ff A 5
B 3Pt B2 kY o Th A RF 2 R @ Bk

s Mn2+7; %ﬁ‘ Sk é- - %%‘h ";3:-&"]' ’ _q:]l«u' Ca(GdolgTb0.1)4Si3013 Z_ ’;i-ﬁlj"lé 7%;

k2

A A RN E R &2 47% (@147 nm) & 67% (@172 nm) > § vE s

Ca(GdooTby1)4Si3013 L & crc it i p °Dy—'Fy B8 - e it &
RS H oM REAF R CCIES AR § & o & 487

7tz CIE ¢ R iRz vt > @ Bl 449 5 (Zn,Mn),SiO4 F
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F 8 Ca(GdyoTby1)4S1303CIE % B 2. V- fi2 o

4 4-8 Ca(La,Gd,Tb),Siz013 /4 5% £ 4 CIE ¢ B /i 2 1* #2(hex = 147 nm)

phosphors X y phosphors

X y

Ca(La.9975Tbo 0025)4Si3013 0.3297 0.5515  Ca(LagsTho,)sSiz013  0.3442 0.5826
Ca(La.9975Tbo 0425)4S13013 0.3432 0.5785 Ca(Lag-Gdo2Tbo 1)sSiz013 0.3422 0.5746
Ca(Lag.0075Tbo01)sSi3013 0.3442 0.5826 Ca(LagsGdo4Tbo.1)sSiz013 0.3420 0.5757
Ca(Lago075Tbo2)sSi3013 0.3473 0.5831 Ca(Lao3GdosTbo.1)sSiz013 0.3406 0.5776
Ca(Lago975Tbo03)sSiz013 0.3453 0.5814 Ca(Lag GdosTbo.)4Siz013 0.3484 0.5771

Ca(GdooTbo1)sSiz013  0.3454 0.5745

o | | e—
1 = Z1n,S104: Mn*
) | B

. [ | [
| |
b |

0.2 0.3 04 0.5

E%?] 4-49 'ﬁﬁ r%(Zn,Mn)ZSiO4 l’E’ Ca(Gdongb0.1)4Si3013CIE /;l_Jf%T'—L
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4.5 FAGBAETH A 2RI CRE R

% Tite FREFEAET 2 kB Ame yF R A
MEFFAREZH P REFDEF o Ra »d gl MEETHRE 2
Boohskooragrst o e § FIH B kat % A S ATy BT
AR BEAR 0 Flpt b 30 F ki ﬁ“ffﬁXRD BIE ~ A= S b -
#EHFS CIE R E X 8cdpie 733 AL F et v ApB g o

JLE L L4 fEE BT & Bkt o

4.5.1 Liy(Sr,Eu)SiO, = 514

1395 Saradhi 4F ¥ 2 77§ Ti,StSi0, 0% 48 512 LiEuSiO, 47 F

W HoAp b2 BRIt A 49 ¢ o

% 4-9 LiEuSiOy 2 b 1 3 Hdichh— 7 4

e T W #c R & 4 o

- & Li e =
- #8 SrH
- 48 Si" e =)

a=5.027 A P32, =k
c=12.470 A (No. 152) (trigonal crystal system )

Liy(SL,Ew)SiO, & sk # t2f1* a2 ®ag » n3 22 F ki

Li2C03 N CaCO3 > SlOz ’f\f’ EUZO3 = ﬁjé‘fi”:’%‘ f; ’ ,Bé_ » "3;:: ﬂ'] i"j fl‘% LN 10%

* Saradhi, P. M.; Varadaraju, V. U., Chem. Mater. 20086, 18, 5267.
* Haferkorn, B.;Meyer, G., Zeitschrift fur Anorganische und Allgemeine Chemie 1998, 624, 1079.
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1.0

sample : LiSrSiO,
standard * Li EuSiO,
0.8 - (JCPDS No.01-089-0133)
=
\f 0.6
2
z
Q L
g 044
0.2 -
QO_WTfMTTﬁM%J' LI I B B L R R N I A N
10 20 30 40 50 60 70 80
260 / degree

B 4-50 %2 g2 97 & & Li,SrSiO4XRD B3 2 1t i

g FRRF AP T00C R 8 T EFS I B AAD o
XRD #f Li;SrSiOy i& 17 b Af 4§ #®r7ifl (¥ XRD B3 4o 8] 4-50 =7
70 4T MESPE % 2ex & JCPDS TR E % 01-089-0133 5L4E % XRD
!

Bl 4-51 % Liy(Sr,Eu)SiO, 2. % £ k3 o B¢ 3% 568 nm % % ih
B¥ st L But e 41°5d—df dcdt o d 3t Sd U ehE S 2GS

gt e B b R TRB TR 4t dof B R 5 RS

Wbt 2 ik st R §RLMES C BER BRG] P A
Lo IR TS F s B B 3 RE R P2k Bl P OB
;;9_1;’.;!] °
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Intensity / a.u.

Host Emission

T
600

Wavelength / nm

B 451 Lix(Sr,Ew)SiOs 2 £ £ 3%

o
o

Intensity / a.u.
o
S

Host absorption

l

— monitored 568 nm
---------- monitored 363 nm

Eu’": 4£-5d transition
(ref. 43, 44)
|

llllIllllIllllllllllllllllllllllll

225

150 175

250

Wavelength / nm

] 4-52 Liy(Sr,Eu)SiO, jr 3 % 3§




Bl 4-52 5 Liy(Sr,Ew)SiO, thjcsd k38 1 b & 5 #-1 p| B 7 2t
Bu ' shdoif 4 kL £ 568 nm: 4 5 418 R B H A ME g A
% 363 nm o YR RN T LF IR B 4-52 cha M s £ G
IRk BT B R RS A A st o KA 0§ B B
B 18 0 BE AR BTSN v 2R3 b 40 But endi ol o E -1
PR T B P 3 T (T 2 s R (4o ) 452 F RN et
F)E 5 A IRA Rt 175 nm 2% ST id & & 3T 225 nm 2 15 i
Bojz o FARINA 175 nm = 4 ol B R Rehd MenE R 0 &
PURRA S e 5 A R BT 0 X A 3T 225 nm 3R A R i

M@ﬁéﬁ%ﬁ’@%%EfﬁMHdﬁﬁﬁmMo

45.2 (Sf,EU)gMQSlzog —‘(531'9’13

5 o il StsMgSi,Og 2 48 B S Hcdp 750 4 4-10 ¢ o

% 4-10 StMgSinOs 2 & H  HHcdh— [+
BEB ’F\:z“ ’#: Q;t BEB ,:lf
a=54A~b=9.6A -~ c=8.635 A" | 4= & % (orthorhombic crystal system )

(SI’ EU)3MgSIZOg &S ’Eﬁ EJ ‘f'] *E {ﬁ« /é"‘ ﬁf\l % » 1 'fx‘J' ;'E_' Z_F )E%#';"

% Daud, A.; Kunimoto, T.; Yoshimatsu, R.; Ohmi, K.; Tanaka, S.: Kobayashi, H., ICSE2000
Proceedings 2000, 128.

4 Liang, H.; Tao, Y.; Chen, W.; Ju, X.; Wang, S.; Su, Q., J. phys. chem. solids. 2004, 65, 1071.
* Klasens, H. A.; Hoekstra, A. H.; Cox, A. P. M., J. Electrochem. Soc. 1957, 104, 93.
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1.0

sample : SrMgSi O,
standard : Sr,MgSi O,
0.8 - (JCPDS No.00-010-0075)
=
\f 0.6
2
2
Q
E 0.4 -
0.2 H
10 20 30 40 50 60 70 80

20 / degree
Bl 4-53 52 22 47 & & SrsMgSi,OsXRD B3 2 1t i

MgO -~ SrCO; ~ SiO, fr EuOs A2 EEag 16 % » 45318 47 > & 15%
EFBRF A7 L00CHEE AN 7 e J R ARP o fF
d XRD ¥ Sr;MgSi;Os i& 17 % Ap ~ 17 &% 2 XRD B3 4- | 4-53 #7
7o AT MESHE % 2% & JCPDS FREE % 00-010-0075 54k # XRD
Eﬂg%[4& o

Bl 4-54 % (Sr,Eu);MgSi,Og 2. % £ k2 o ] ¥ =3t 461 nm % + &

B it L BEu’'eh 41°5d—4f dcit o d 20 5d PR R S R B b

R

&

HA o FA R BB D HE R ST 0 dof g

-~

i

A Y hospominst i §AA e S BHERMG § P o

g



Intensity / a.u.

Intensity / a.u.

1.0

5 A =147 nm
1 r ---------- A =172nm
0.8 - .
0.6
0.4
0.2
0.0 T T T T I T T T T I T T T T I T T T T
300 400 500 600 700
Wavelength / nm
Fﬁ;] 4-54 (SI’,EU)3MgSi208 ’% sk JD;‘H-
1.0
monitored @ 461 nm
0.8
Host absorption
J / rp
0.6
0.4
| Eu’": 4f-5d transition
(ref. 43, 44)
0.2 H //// \\
0.0
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
125 150 175 200 225 250 275 300
Wanelength / nm

B 4-55 (St,Eu)sMgSi,Os jfcs % 3
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B 4-55 % -1 ;P B 7] % Eu’ éhd * 2kt £ 461 nm 1§ P @
 (St,Eu);sMgSi,Og jpe s 6 3# © Bl 7 = Rl £ 170 nm T h 5 4 %4z
R AR SIO 2 g g2 pretit o o WL Rl K

220 nm-280 nm #= Fl2 % B B F ST T B2 e 4£-5d cpg i 14047,

45.3 (Sr,EU)88i4012C|8 —‘zfﬂ' ;‘E

L"\;‘l: oe Ftl; SI'gSl4012C18 2_ 7]‘5 Fﬁg é.{l'- ’Ep{ﬁﬁ;ﬁ%\ 3|J 24 4-11 2 4-10 =
% 4-11 SrgSis01,Clg 2o o0 £8 f‘%ﬁé@::}j?— ﬁ 4

S 1 ¥ e B il £ 4 7
a=11.1814 14/ m _ fﬁsrﬁﬁiff_

2 2%k (tetragonal erystal system )

c=9.5186 A | (No.87) — 78 Si 4 =)
1.0
sample * Sr.Si O Cl,
standard * Sr,Si, 0, Cl,
0.8 - (JCPDS No.00-037-0616)
=
S 064
2
RZ)
<
O
E 0.4
0.2
0'0_""|""|M\'ﬂ'|""|""|""|""
10 20 30 40 50 60 70 80

26 / degree
B] 4-56 Jfg‘——)-%—"’? s @ = SrgSi401,ClIsXRD Fﬁi*]?&a L i

¥ Wang, J.-G;Li, G.-B.;Tian, S.-J.;Liao, F.-H.;Jing, X.-P., Mater: res. bull. 2001, 36, 2051.
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(Sr,Eu)sSisOCls 880 A1 * H a2 /W » 322 F o
SrCO; ~ StCl, » 6H,0 ~ SiO, fr Ew,O3 A7 B354 16 » ¥ » dp | éh v

b 15%E F BRF 4 7 2 850C R 3 [ TEEFG S R A
P o 5 XRD Bl - 48 7 SrgSis01,Clg da 49 4~ 47 2> 2 XRD Bl
ho Bl 4-56 #7770 #7F HESPHE 2 > s & JCPDS FALE % 00-037-0616
otk XRD Rl > g & AI0A FITHE Y iR S gLiE 3] 20 =
50° x4 wavs 2 Pl

1.0

—_— kex =172 nm

0.8

0.6

Eu”: 4 5d — 4f

Intensity / a.u.

0.4 H

0.2 1

0.0 ] T T T T T T T T T T T T T T T T T T
300 400 500 600 700 800

Wavelength / nm
fﬁ] 4-57 (SI‘,Eu)gSi4012C18 ’;f sk Sk ;‘E
172 nm /}I]? (SI' EU)gSI4012C18 iR ) 2k Jo;-g-'li\."]%] 4-57 #t
oo At KA A 147 nm e T 0 A RITAE > ) 4-57

%FT—’:F 172 nm /;i";f L”T/fg J g ‘H Eu ﬂs[\ SI'gSl4012C18 ;1 _:f'J /}i";? ”"‘i"gi
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b g ¥ bt L K 23t 36l nm 24 o d 3t L BEuttend-fEEE

ASAPMBPT I ER AR P ERBEEE I dfEE L TH

Ahf P B eteatn g S A S B E RS PR

-1 5P BB B 24 (S1,Eu)sSis01oClg i85 i 3 % 4 £ 361 nm #7ip] {7
ok K (B 4-58)° Bl ¥ A& 183 nm FiT e T 5O RE 2 g o
it B adpie E u ey J Mz gew k¥ ? o & 200 nm-300 nm 4
BIp > %3 Bt Buen 4f5d g sojcd o BA R 458 ¢ A
B0 BT i At SrSis0Clg iha 48 ¢ > Eu’ e 4£.5d BB AT & 4 o
SolTiE A Mo R Ty Bt g - B2 ORI R

|34 "I/(Jé o

1.0
monitored @ 361 nm

0.g 4 Host Absoption

N

Eu™": 4£-5d transition

o)

S 06 (ref. 43, 44)
wn

c

3 0.4

5

0.2

0.0

T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
125 150 175 200 225 250 275 300
Wavelength / nm

fﬁ] 4-58 (SI‘,Eu)gSi4012C18 /ﬁf’;? "0;‘5
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4.5.4(Ca,Eu),POCl Z#F %

ié:‘ pe R% C32P04C1 *B fid lif#ﬁi%" 4/\% 4-12 % 4-10 # o

# 4-12 CapPO4Cl 2. fu M iy — T4

&p T2 ¥ #ic TR EIBB & i
a=6.1850 A o
b=6.983 A Pbem A5k W Ca” i

16 916 A (No. 57) | (orthorhombic crystal system) | - #& P>'$& 2501
c=10.

(Ca,Eu),PO,Cl % 8P| 4| * H 2 /{E > N E2F o
CaCOs ~ CaHPO, ~ NH,Cl v Eu,Qs#2, 5353 15 » & » iy 2|3 4m% > &

15%4 7 BRhz 4 ¢ LQ00CHELSH B v EFs I HRhAo

1.0
sample : Ca PO,Cl
standard : CazPO 4Cl
0.8 (JCPDS No.01-072-001)
=
S 0.6
2
B
o
(]
E 0.4 )
0.2 1 9
10 20 30 40

26 / degree
B 4-59 &% &2 57 & = Ca,PO4CIXRD B3 2 v $i

3% Greenblatt, M.:Banks, E.:Post, B., Acta crystallogr. 1967, 23, 166.
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5 XRD p8ti2 (7 CaPOLCl futp~» 178 % > 2 XRD Bl3# 4o Bl 4-59

from oo HoPodrg MEEPME 20 x> % & ICSD FALE % 01-072-001 5

## XRD 3" -

F 7 % F 4-60 ¢ L& 452 nm 0 Eut 4f°5d—4f S sig o d b
P B AR X FSd BT I EB A E > TR IR R
BEPE > FP A A B 460 7 HEF bt o gLeb s d 3 Bu ih df
FRIIBEBEPEL AL 1 Bu”' B 5g e s st it £ AR

‘E' ,;\, N ¢J—«E"‘;:‘£ ;}é’}— Fj’; &F) rrj% o

-1 p) B H 737 (Ca,Bu),PO4Cl g ig >k i £ 452 nm - B £ B

=147 nm

=172 nm
5
<
~
2
72}
S
B
=
o]

T T T I T T T T I T T T T I T T
300 400 500 600 700
Wavelength / nm

B 4-60 (Ca,Eu),PO4Cl 2 & & ¥
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1.0

monitored @ 451 nm

0.8 1
S
<
R
iy
5 .
5 Host absorption
S 04 ' : |
- J

2+ "
PO, (ref. 48) Eu™ : 4f-5d transition
0.9 1 (ref. 43, 44)
0.0 1
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
125 150 175 200 225 250 275 300

Wavelength / nm
Bl 4-61 (Ca,Eu)sPO4Cl 3 & 2

Bl 4-61 2_ s k¥ o B 4-0L 45 E 159 nm "7 ch g S g 7
ot & A At S L& 175 nm=200mm e B 0 E A Sojci 0 R 8
(Y,Gd,Eu)(V,P)O, 5 £ 3 ot > ¥ #F Ik & PO ehwifo 3 L £ 4
%210 nm el B £dp 2 TF SfTE o B ROTE 0 R Bulen

4£-5d &g%g[%,w,su .

455 KCa(Gd,Th)(PO,), X #F %,

KCaGd(PO,), th¥ = &t p % 5 GdPO, tha 2 » # ¢ — B Gd*'

S Wu, C.-C.; Chen, K.-B.; Lee, C.-S.; Chen, T.-M.; Chen, B.M., Chem. Mater 2007, 19 (13), 3278.
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ik K'e Ca’' B~ ik 272 2 B2 o i g i KCaGd(POL), 2 4 B /6 1 8icdf 71

A4 4-13 £ 4107 o

% 4-13 KCaGd(PO4)2 Z2_gp “?ﬁ % ’f#-ﬁ'{;yi ﬁ EA

o 1o ¥ B T ¥ £
a=6.6435 A
P2, /n
b=6.8414 A (No. 14) (53] H 4 % % (monoclinic crystal system )
0.
c=6.3281 A

KCa(Gd, Tb)(POy), 4 4R 1% Hfit W > 13 £ 2 F fufr
K2CO; ~ CaCOs ~ (NHy),HPO, fv ThyO7 #7355 14 » % » § 1 485 &4
o b ERRF A Y 0 M00CHEE 8 T EEG J A A
# o 5 XRD % KCaGd(PO,), & 7 & 48 ~ 15 8-%_» # XRD Rl 4]
4-62 7 > f7F HEStiE % 2wk & JCPDS T A # 00-034-0125 5548

i XRD B3 -

Bl 4-63 & KCa(Gd,Tb)(POy), i3 sk 3§ » =3 Rl3¥ + Rl % 4
Bl312nm -~ 378 nm ~ 416 nm /2 2 436nm % A Bk 3t Th °Dy—
Fy(J=6,5,4,3)ch5 & ; =3 % %2 { £ F#F 481 nm ~ 543
nm -~ 587 nm fv 624 nm & E_H R A Bk p T 6> °D,—'F, (J=6,5,4,

3 )EE 18 [39.40] _

2 Tie, S.; Su, Q.; Yu, Y., J. solid state chem. 1995, 114, 282.
3 Mullica, D.F.;Grossie, D.A.:Boatner, L.A., Inorganica Chimica Acta 1985, 109, 105.
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Intensity / a.u.

Intensity / a.u.

1.0

1 sample : KCaGd(PO,),
0.99 standard : GdPO,
08 (JCPDS No.00-034-0125)
0.7
0.6
QSL
0.4
0.3 4
02-
0.1 u * h |
O'OM- — W N \”W IT L MR 1 K. RARLL
10 20 30 40 50 60 70 80
26 / degree

Bl 4-62 1% 22 97 & 2 KCaGd(PO4):-XRD Bl 2 v #i

1.0
e Xex =147 nm
---------- A =172 nm
0.8 1
Tb*
0.6 4 "
D,—~'F,(1=3,4,5,6) :
0.4 \
b ‘
024 .,
D,—'F,(1=3,4,5,6)
11 : I
0.0 A

300

T
400

T
500

I T T T T
600 700

Wavelength / nm
Bl 4-63 KCa(Gd,Tb)(POy), # & £ ¥
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1.0

monitored @ 543 nm
0.8 - b 7Dj (ref 38, 39, 40)
=
S 064 |
2
37
=
2 0.4 5
g - Host {Gd"":(°S, -G, ‘o
72 J
'S, >F )+ PO,} (ref48) \
0.2 - 3+ 9
Tb : Dj
(ref. 38, 39, 40)
0.0
LI B B ILENLENLENL A ELE A A R DA B R
125 150 175 200 225 250 275 300
Wavelength / nm

B 4-64 KCa(GATb)PO)s i 5 * 2§

Bl 4-64 581 B EES KCa(@Gd,Tb)(POL), b i % %t £
543 nm o R e R 3E o MY L 140-190 nm BP0

%o qaiple § ok PO T 2 G S °S7,—>0Gy, "Syn—CF B

—~

Y3 i Sy L B e ¥ b B B s R TS i
B0 Ak E 175250 nm e a oz 5 E B ERS ERB 0

spin-allowed B8 ; L £ 260-280 nm &t 33 = fc 54 >t a0 B

¢ spin-forbidden g 18 %2401 .

BPY e A £ 273 nm ¥ 276 nm

Bt BA g R grojoiE 0 b 5 G

54 Wang, D.; Wang, Y., Materials Science and Engineering B 2006, 133, 218.
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4.5.6 Cas(Gd,Eu)O(BOs); Z#F %

X

3 8 fi CayGAO(BOs); 2 4p B 3 Hdlicdh 71 4 4-14 4 4-10 ¢

% 4-14 Ca,GAO(BOs); 2- f R S et~ T 4

o 1o W Hc T B o 4 iz
a=8.078 A
b=15981A | " Hpt ot A Ca e i
. No. 8 ( monoclinic crystal system ) - 8 G
c=3.5519 A ( )

Cay(Gd,Eu)O(BO3); # L4 A {1 * ALz WF » U322 F &
ijf;" CaC03 > Gd203 > H3BO3 ’f‘—" Eu203 531})%"5/5’3 %; B O~ § i ﬁ'giﬂ % P

B ? 0 1200C R 8 B WF EEY ¢ R A H o %gd XRD

1.0
sample : Ca,GdO(BO,),
standard : Ca, GdO(BO,),
08 (JCPDS No.00-050-0390)
=
S 0.6
iy
w2
g D
O
E 0.4 M
0.2 ‘
i U
oo {1 Tl T ITT Blnd kit IR (KL
10 20 30 40 50 60 70 80

26 / degree

Bl 4-65 L8 &7 50 £ & CayGdO(BO;);XRD 38 2 1t 1>

>> Mougel, F.;Kahn-Harari, A.;Aka, G.;Pelenc, D., J. mater. chem. 1998, 8, 1619.

97



3t Ca,GdO(BOs); i {7 S Ap & 7 % » B XRD Bl 4 ®] 4-65 #777 »

f74 YEBTUE % 2w £ JCPDS FALE % 00-050-0390 554% % XRD B3

[551 ,

B 4-66 5 Cas(Gd,Eu)O(BOj); % 147 nm 2 172 nm g £ 3 97
@)z kb o L A H B st R A & T A L 2384 Dy Dy
Do A g TFy i BER BB RS BUTEARM A R USRS
$f3[ CD;— "Dg) — (Fo— Fp) 1L 5 2] Flpt sl F #5 gL25) °Dy
—TFy dric bt 4B 4-66 e gLk s B 4-66 g R Dy F,

AhHE LR - 420 @ 5k 2LEL(=3) A AL A A 0 ST

1.0
\ —Xi_=147nm
P e A =172 nm
0.8 ;
, : 'D—'F,
=} B
S 06- : /
2 :
wn
<)
(]
g 04
[}
0.2
0.0 T T T T I T T T T I T T T T I T T T T
500 550 600 650 700

Wavelength / nm

B 4-66 Casy(Gd,Eu)O(BOs); 2% £ £ 3%
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o B’ At o g CayGdO(BO;); ® 7 s kg5 A 11 b et i 0 2R
M A5 = }}%i}% Ca;GdO(BO;); ® 97 Gd 5 — Fafe i > @ iP| ¥ A
2 e )\ 2 3+ g .. - 2+ SO, = [56] 3+
P 3RA e Eu BB 7 B RS P AT enCaT R AT ER A > Eu
B AR Rt s R 2R B P R 5 Do

T 5 7
F>>Dy—F; °

B 4-67 L #-18 p] B ] 22 Cay(Gd,Eu)O(BO;); thd if 3 it £
610 nm #7 18 | e K o =tk K 5 140-200 nm B e E Ak T
RAEF 5 LW jei 5 & 37 BOyY sz G e °S—>°Gy ~ °Sy >

°Fyexfc ;s @ & 3 200-300am B2 ke o o 5 d But-0¥ e

1.0
monitored @ 610 nm
0.8
, C.T. : Bu’-O (ref. 20, 21)
=
<
= 06 | | ,/
] \
~—
R%
o=
L 3+8 6
£ 044 Gd 'S, -1,
Host {Gd™":(* SW2
S7 e FJ)+ BO,} (ref. 32)
0.2 H
O-O T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
125 150 175 200 225 250 275 300

Wavelength / nm
B 467 Casy(Gd,Eu)O(BOs); j#caf £ 3%

6 Yang, H. M.; Shi, I.X.; Gong, M. L., J. solid state chem. 2005, 178, 917.
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Tk “TA 2 5 B H R E 275 nm HITE g BT X gt

W o 2 R A GdY e S0 s T o

4.5.7Na(Y,Eu)GeO, % #F %,

% 0o b NaYGeO, 2 49 M A dicdg 730 4 4-15 4 4-10 7 o

# 4-15NaYGeOs 2 5 8 S #chf - 4

&s T ¥ #ic T B L i
a=11.423 A L - K
b—6.451 A Pnma ﬁ‘i” g & S B Y
c—5267 A (No. 62) (orthorhombic crystal system ) 5 Ge' (- [5T]

Na(Y,Eu)GeO, ¥ & MR Al * B ez @i > 382 F g f
Na,CO; ~ Y05 ~ GeO, fv En,O587 423 15 > ¥ ~ § (Y4547 > &
250 TI00CHE 8 > w7 EF6 ¢ kAP o & XRD #
NaYGeO, & {7 fp 40 2 17 &2 > 2 XRD Bl 4B 4-68 #7771 > #73 %

44 % 3w+ £ JCPDS FALE % 01-088-1177 35452 XRD @:#"" -

B 4-69 5 12 147 nm & 172 nm & & #c% Na(Y,Eu)GeOy #7 8 2. %
et R R Rl U Bk gl RN URE R ke
A stiE 55 B A "Dg—F>’Dg—F, 0 & 18 5 Eu’' i NaYGeO, ¥ 7 ik 4

e G P E e

°" Dudka, A.P.;Kaminskii, A.A.;Simonov, V.I., Phys. status solidi. A, Appl. res. 1986, 93, 495.
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1.0

sample : NaYGeO,
standard : NaYGeO,
0.8 (JCPDS No.01-088-1177)
=S
S 0.6
2
2
O
g 044
0.2
10 20 30 40
26 / degree
Bl 4-68 1% 22 7 & 2 NaYGeO4,XRD Bz 2 v i
1.0
— i, =147nm
e A, =172 nm
0.8 -
:2 5 7
S 064 D —'F,
2
= |
=
]
s 044
[
0.2 -
0.0 e A e
500 600 700 800
Wavelength / nm

B 4-69 Na(Y,Eu)GeO, 3 & £

101



1.0
monitored @ 613 nm
0.8 H
=
<
= 064
2
o — . 3 2-
Z C.T. : Eu'-O
Q
2 044 (ref. 20, 21)
) \
0.2 5 3+ ~2-
Host {Y" -O"+GeO,} (ref. 16)
0.0 H
T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
125 150 175 200 225 250 275 300

Wavelength / nm
Bl 4-70 Na(Y,Eu)GeO, jirs % 3

-1 5p) B 7 24 Na(Y,Eu)GeOy ihd if %% % L £ 613 nm #7 1 B 3
Bl 470 chjges k3 o Bl P A& 5 130-200 nm *qiT e jciE G oA A ehz
SfcE > § 5  Y -0 GeOythift > @ k£ 4 200-260 nm FF 2

A ek > B Bul O e i r A A o

4.5.8 (Ca,Ln)3(POy), (Ln=Tm**/Ce*") % #F 5

B fi Cas(POy), 2 49 B % HEdicdh 7120 % 4-16 4 4-10 ¢

(Ca,Ln)3(PO,), (Ln=Tm’"/Ce™") ¥ L 4 p] 441 * B2 @ g » 3t

';El_ Z_k f@#’;" CaCO3 > (NH4)2HPO4 ’ff’ CeO4/Tm203 ];ﬁ},'gti;j 3 ?; ’ ,%_ » "3{;
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sk o B 15%3 F BAR g s ¢ 1 1100CESE 8> TF jEFEY
¢k R AP o L1+ XRD # Ca;(POg) {7 fufp~ 1782 > & XRD
B ¥ 4o B 4-71 #17 o ”Lr Y et = >v» & JCPDS ;Ile B %
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Y VO4 Ew*-based phosphors inthree series with compositions (Y —Eu ) Vi—PaOu, (Yoes - GdEvges ) VoaPos)O4
and (Yoes - EugosGd,)(Vy-P.)O, were synthesized and investigated as potential red-emitting phosphors
for a plasma display panel (PDP). The optimal substitution proportions of P for V and Gd for Y were
determined to be 60 and 20 mol %, respectively, for (Ypes,Gd,)(Vy .P.)Oy doped with 5 mol %
Eu**. The vacuum ultraviolet PL and PLE spectra and chromaticity characteristics for the synthesized
phosphors were measured and compared against those of a commereial red-emitting phosphor. Pumping
the (Y, Gd)(P,V)OuEu*" phosphors at a wavelength of 172 nm is more efficient than that at 147 nm. For
VUV excitation at 147 nm, the CIE chromaticity coordinates for our red-emitting (Y,—,Gd,)(Vo.4Pog)-
OgEd* " are (0.6614,0.3286), as compared to (0.6443, 0.3613) for (Y Gd)BO;:Ev?* from Kasei Optonix
Ltd. We suggest that the composition-optimized (Y 7sGdoa0Eug.05)( Vo.aPo 6)O4 can serve as an alternative
phosphor to replace a widely used red-emitting commercial phosphor such as (Y.Gd)BO;: Euv*™ or

on_i: E-u3 ¥ .

1. Introduction

A plasma display panel (PDP) has become regarded as a
promising candidate for a display with a large area mainly
because its emissive features include a wide viewing angle
and high brightness. PDP phosphors are expected to meet
the critical requirements to yield a high luminous efficiency
on excitation with vacuum ultraviolet (VUV) radiation of
wavelengths 147 and 172 nm generated from a plasma of a
mixture of He and Xe noble gases. To improve the
performance of PDP, we investigated the development of
efficient VUV-excitable phosphors. Oxide phosphors with
aluminate, silicate, vanadate. phosphate, and borate groups
generally exhibit strong absorption in the VUV spectral
region! 3 The main weaknesses of commercial phosphors
in current use are the lack of color purity of a red-emitting
phosphar such as (Y.Gd)BOs:Eu'", a long decay lifetime
of green-emiting phosphors such as ZmyS10,Mn** and
BaAlj»Ow:Mn?*, and color degradation attributed to material
instability of a bluc-emitting phosphor such as BaMgAl O,
Eu**. Tor these reasons, the optical and luminescence
properties such as luminous efficiency, purity of chromaticity

*To whom correspondence should be addressed. Tel: 886 35731695, Fax:
886 35723764, E-mail: tmchen@mail.netu.edutw.
T Phosphor Research Laboratory, National Chiao Tung University.
IMaterials and Chemical Research Laboratories, Industrial Technology
Research Institute.
& Applied Solid-State Laboratory, National Chiao Tung University.
#National Synchrotron Radiation Research Center, Hzinchu Science Park.
(1) Justel, T; Krupa, I. C; Wiechert, D. U.J. Lwmin 2001, 93, 179.
12} Koike, J.; Kojima, T.; Toyanaga, R.; Kagami, A.; Hase, T, Inaho, H.
J. Electrochem. Soe. 1979, 126, 1008,
(3) de Jager-Veenis, A. W.; Bril, A. J. Electrochem. Soc. 1976, 123, 1253.

10.1021/cm061042a CCC: $37.00

and saturation, and decay lifetime of PDP phosphors have
been widely investigated. ¢

Being considered as a red-emitting phosphor, (Y,.Gd)BO;:
Eu'* is well-known as a PDP phosphor because of its high
luminous efficiency under VUV excitation at 147 nm.
However, its main emission appearing at 393 nm and
attributed to Ew' yields poor and unsaturated red color
chromaticity. The red emission atiributed to the transition
"Dy — "F; of Ew* is hypersensitive to the lattice symmetry
of the host matrix, and its luminescent intensity is expected
to be strong if the symmetry of the crystal is lowered” The
Eu?* ion occupies a lattice site with inversion symmetry in
(Y.GBO3:Ew’*; the transition Dy — 7F; (593 nm) thus
predominates.® Furthermore, the well-known phosphor Eu’*-
activated Y(P,V)O, used for high-pressure mercury lamps
has been reinvestigated and evaluated as an alternative
phosphor for PDP application as 1t exhibits a greater color
saturation in the red with color coordinates (0.66, 0.33) than
that with coordinates (0.65, 0.36) of conventional (Y.Gd)-
BOyEW"? A quest for red-emitting PDP phosphors with
improved efficiency, brightness, and color saturation has

(4) Okazaki, C.; Shiiki, M.; Suzuki, T.; Suzuki, K. J. Lumin. 2000, 57,

1280.

Yokota, K.; Zhang, 5. X.; Kimura, K.; Sakamoto, A. J. Lumin. 2001,

92, 223,

(6) Lu, 5, W.; Copealand, T Lee, B. 1.; Tong, W.; Wagner, B. K, Park,

W.; Zhang, F. J. Phys. Chem. Solids 2001, 62, 777.

Shionoya, 8. Yen, W. M. Phosphor Handbook, CRC Press: Boca

Raton, FL, 1999 p 190.

(8) Wang, Y. Endo, T, He, L., Wu, C. J Cryst. Growth 2004, 268, 568,

(9y Chakoumakos, B. C; Arbraham, M.; Boatner, L. A. J Selid State
Chem. 1994, 109, 197.

(3
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Table 1. Crystallographic Data for YVO,, YPOy, GdVO,, and GdPO,

YVO, YPOy GdVO, GdPO,
cryst syst zircon tetragonal zircon letragonal zircon tetragonal monoclinic
space group I41/amd (no.141) T41/amd (no.141) 141/amd (no.141) F121/nl(no.14)
a (A} T.1183(1) 6.8947(6) 7.212%7) 6.0435(9)
b(A) T.1183(1) 6.8947(6) 7.2122(7) G.8414(10)
e(A) 6.2893(1) 6.0276(6) 6.346(2) 6.3281(6)

o (deg) 90 90 90

i (deg) 90 90 90 103.98(1)

¥ (deg) 90 90 a0

point-group symmetry Dy, Dy, Dy P

coordination no. Y8) Vid), O(3) Y8 P4y O(3) Gd(8), Vi), O3) Gdi(8), P(4); O(3)
refs ] 9.22 24 23

become an important task for which research 1s being actively
pursued.

The erystal structure of MVOy (M =Y, Ce, Pr, Nd, Th,
Ho, Er, Tm, Yb, Lu) of type zircon (ZrSi0y) was refined
with Rietveld analysis on the basis of neutron powder-
diffraction data by Chakoumakos et al? these authors
discovered that MVO, crystallizes in the tetragonal system
and can be described with space group /4,/amd and Z = 4,
in which M is noncentrosymmetrically coordinated by eight
oxygen atoms. Chakoumakos et al. reported also that the
V-0 distance exhibits a small systematic decrease with
decreasing size of the M atom .? As YVO,:Eu is known as a
typical red-emitting phosphor for which the host crystallizes
in a tetragonal structure, Wang et al. described the growth
and characterization of Y{(Vp 9P )0, crystals and confirmed
that Y(VyePu1)O, belongs to a ZrSi0,-type structure with
space group 14 /amd, its lattice parameters were determined
tobe a =b = 7.089(4) A and ¢ = 6.253(2) A 1% Rambabu
et al. investigated the synthesis, spectral characterization, and
influence of host matrix composition on the luminescence
and ambient decay lifetime of LnPO,:Eu (Ln = Y, La, Gd)
phosphors under ultraviolet excitation.!! Sohn et al. reported
a search on the mixed compositional system of Eu’"-doped
Y(As.Nb.P. VIO, for improved red-emitting phosphors using
a combinatorial method and discovered a phosphor with
optimal composition Yoo{P.o:Vo.osNboos)OaEw?™ of which
the luminescence efficiency and Commission International
de I'Eclairage (CIE) color chromaticity at 147 nm exeitation
is comparable with that of the conventional (Y, Gd)BO;: Euv**
phosphor."™ Their results also indicated that the incorporation
of V or Nb in a small proportion into the YPO, host matrix
acts as a bridge for energy transfer, thereby enhancing the
luminescence efficiency. They thus hinted that the route of
energy transfer under VUV excitation was from the Y—0O
charge transter (CT) to R—O CT in the RO?~ (R =V, Nb)
anion group and then to the Ew?™ center.!* These authors
also reported that only YPO, Eu**, not YVO, Eu?t, exhibits
considerable emission upon VUV excitation. Minami et al.
described the fabrication and investigated the luminescence
properties of full-color thin films using (Y, -.Gd.)VO4R (R
= Eu, Er. Tm) phosphors!® Zhang et al reported a

(10) Wang, Y.; Lan, J.. Zhao, B.; Chen. J: Lin. X.: Chen, I J Cryst.
Cirowth 2004, 263, 296,

(11} (a) Rambabu, U.; Buddhudu, 8. Opr. Mater. 2001, 17, 401. (b) Ropp,
R. C. J. Electrochem. Soc. 1968, 113, 841.

(12) Sohn, K.-S.; Zeon, I. W.; Chang, H.; Lee, S. K.; Park, H. D. Chem.
Mater. 2002, 14, 2140.

(13) Minami, T; Miyata, T; Suzuki, ¥.; Mochizuki, ¥. Thin Solid Films
2004, 65, 469,

polyacrylamide gel synthesis at low temperature of nanoc-
rystalline YVOy:Eu, which exhibited greater luminescence
mtensity than bulk Y VO Eu' To investigate the mechanism
of lummescence and the role of G in the energy transfer
under VUV excitation. Wang et al. concluded that energy
transfer oceurs through the host lattice to Eu* via the overlap
between the charge transfer of Gd*— 0%~ and the absorption
of the BOy’~ group in (Y,Gd)BO;:Eu under excitation at
100-300 nm."™ Yu et al described the preparation of
nanocrystalline Y(V,P)Oy.Eu and RVOy:Ev** thin films and
found that YVO, and YPO, form a complete solid solution
and that the x value in the Y(P;—.V,)O, Eu** film has a great
influence on the luminescence intensity, color, and decay
behavior. '

To seek and develop satisfactory red-emitting PDP phos-
phors, we have thoroughly investigated the preparation and
photoluminescence (PL) under VUV excitation of several
modifications of Gd** and/or P**-co-doped YVOyEuw*-
based phosphors and studied the spectral, optical, and
chromaticity properties of the obtained phosphors. Here, we
report the synthesis and VUV PL spectral investigations of
red-emitting (Y, .Gd,Eu)(V; -.P.)O4 phosphors in several
series and investigated the dependence of luminescence
performance on phosphor composition. On analysis of the
VUV spectral and chromaticity investigations of these
phosphors, we achieved an optimized composition for a new
red-emitting phosphor with great potential for PDP applica-
tion. The lummescence and chromaticity charactenistics ol
(Y1 -5Gd,)(V,-.P)OyxEu are compared against a com-
mercial red-emitting phosphor (Y,Gd)BOy:Ew? " as a refer-
ence. On the basis of these results, we evaluated the potential
app]ication of (Y., EuGd,)(V, .P.)O, as a red-emitting
PDP phosphor.

2. Experimental Section

2.1. Materials and Synthesis. We prepared polyerystalline
samples I two series with compositions (Y- Eu (VP04
(abbreviated Y(V,_.P.)OgsxEw™) and (Y, Eu,Gd)}(V,_.P)O,
(abbreviated (Y —,—Gd,)(V,—P:)04xEu) through solid-state reac-
tions. Briefly, the constituent oxides Y,0; (99.99%), Gd.Os
(99.99%), EwO: (99.99%), V.05 (99.99%), and (NH:):HPO.
(99.99%) (all from Aldrich Chemicals, Milwaukee, WI) were
intimately mixed in the requisite proportions. The mixtures were

(14) Zhang, H.; Fu, X.; Niu, X.; Sun, G.; Xin, Q. J. Sofid State Chem.
2004, 177, 2649,

(15) Wang, Y. Guo, X.; Endo, T, Murakami, Y.: Ushirozawa, M. J Sefid
Stete Chem. 2004, 177, 2242,

(16) Yu, M., Lin, L; Wang, S. B. Appl. Phys. A 2008, 80, 353,
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calcined at 600 “C with 5 mass % H:BO; added as a flux. reground,
and sintered at four temperatures in a 10001300 °C range for 8
h to avord possible incomplete reaction. The obtained product was
then checked with X-ray diffraction (3RD) for impurity phases. A
commercial PDP phosphor (Y,Gd)BOsEv't (Kasei Optonix, Ltd.,
Kanagawa, Japan. catalog No. KX-504) served as a reference for
comparison of VUV speetra and CIE chromaticity characteristics.

2.2, Material Characterizations. We verified the phase purity
of the phosphor samples as prepared by powder X-ray diffraction
(XRD) analysis with an advanced automatic diffractometer (Bruker
AXS D8) with Cu K radiation (A = 1.5418 A) operating at 40 kV
and 20 mA. The XRD profiles were collected in a range 10° < 26
< 80°. Employing synchrotron radiation (SR) as a light source,
we examined the excitation (PLE) and photolumingscence (PL)
spectra excited with the vacuum ultraviolet (VUV) radiation. The
VUV spectra were measured in part with a PDP phosphor-testing
system (Zhejiang University Sensing Instruments Co., Ltd., China)
equipped with VUV light sources (wavelengths 147 and 172 nm).
For measurements with the synchrotron source, the ntense and
continuous VUV beamn was dispersed from a cylindrical grating
monochromator beam line coupled to the 1.5 GeV storage ring at
the National Synchrotron Radiation Research Center in Taiwan;
this beam line has four gratings, and its focal length is 6 m. We
used the 450 grooves/mm grating that spans the wavelength range
100—350 nm. The emission from the phosphor was analyzed with
a 0.32 m monochromator and detected with a photomultiplier in a
photon-counting mode. We carefully normalized the incident
excitation sources and measured the PL signals from phosphors of
the same size; by this means, we quantitatively compared the
normalized PL spectra for separate samples. The Commission
International de I"Eclairage (CIE) chiromatcity coordinates for all
samples were measured with a color analyzer (Laiko model DT-
100} equipped with a CCD detector (Laiko Co., Tokyo. Japan).
Caleulations of the electronic density of states were based on
density-functional theory (DFT).

2.3. Band Structure Calculations. To understand the effect of
charge transfer on the VUV lurminescence intensity in (Y ,Ged)}(V,P)-
O4:Eu’t system, we used the full-potential linearized augmented-
plane-wave (LAPW)'"='% method to calculate the electronic strue-
tures of YPO,, YVO, GdPQ,, and GdVO, with the program
WIEN2K 2 For GdMO; (M = P, V), the spin polarization
calculations were performed. The exchange and correlation energies
were treated within the density-functional theory (DFT). with a
generalized gradient approximation (GGA) for the exchange and
correlation potential within the Perdew — Burke — Emzerhof model.”!
The truncation parameters for the basis set were G = 14 and
Rut % Kowe = T R 15 the smallest radius of an atomic sphere in
the unit cell and K, is the magmiude of the largest k vector. The
atomic radii/bohr (1 bohr = 0.529 » 107'° m) values for Y, Gd,
V, P,and O are 148, 1.4, 1.7, 1.38, and 1.44, respectively. The
self-consistencies were carried out on 18, 6, and 10 A-points mesh
in the irreducible Brillouin zone for tetragonal (YPO,, YVO,), spin

(17) Hohenberg, H.; Kohn, W. Phys Rew 1964, 136, B864.

(18) Kohn, W Sham, L. Phys. Rer 1965, 140, A1133,

(19) Singh, D. Planewaves, Fseudopotentials, and the LAPW Method.
Kluwer Academic: Boston, 1994,

(20) Blaha, P.; Schwarz, K.; Luitz, J. WIEN97, A Full Potential Linearized
Augmented Flane Wave Package for Calenlating Crystal Properiies,
Universitit Wien: Vienna, Austria, 2000.

(21) Perdew, J. P.; Burke, K. Emzerhof, M. Phys. Rev. Leit. 1996, 77,
865,

(22) Milligan W. O.; Mullica; D. F; Beall, G. W.; Boatner, L. A. fuorg.
Chim. Acta 1982, 60, 39,

(23) Mullica D. F.; David A. Grossic; Boatner, L. A. Jnorg. Chim. Acta
1985, 109, 105,

(24) Donald F. Mullica; Sappenfield, E. L..; Abraham, M. M.; Chakouma-
kos, B. C; Boatner, L. A. Jnorg. Chim. Acta 1996, 248, 85
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Figure 1. Comparison of XRD profiles of (Y s —Gd:Eug 02} (Va ePo )04
with x = (2) 0, (b) 0.2, (c) 0.4, (d) 0.6, (&) 0.8, and () 0.95 (synthesized at
1200 °C; 8 h).

caleulation of GAVO, and monoclinic GdPO,, respectively. The
self-consistencies were performed on 18 and 45 k-points mesh in
the irreducible Brillouin zone for tetragonal (YPO,. YVO,, GdVO,)
and monoclinic (GdPO.) structures. The gap between valence and
core states 1s —6.0 Ry; convergence was assumed when the energy
difference between cycles was less than 0.0001 Ry.

3. Results and Discussion

3.1, Phase Characterizations and XRD Analysis, As
summarized in Table 1, the host matrices of YPO,, YVO,,
and GdVOy, crystallize in a tetragonal crystal system with
space group I4/amd, whereas GdPO, crystallizes in a
monoelinic system with space group P2y/n (No. 14). To
investigate the composition optimization of potential red-
emilting phosphovanadate-based phosphors for PDP applica-
tions, we have synthesized phosphors in several series with
compositions (Y;-.Bu)(Vi—P:)O0q, (Y;-Gd,)(VosPoa)O4
Eu*t and (Y, -,Gd)(V, PO Eut. Moreover, all chemical
compositions discussed in this work are nominal composi-
tions.

A comparison of indexed XRD profiles for (Y, Eu VO,
with x = 0, 0.01 0.03, 0.05, 0.07, and 0.09 (see the
Supporting Information, Figure A) indicates that XRD
patterns of Ew'*-doped YVO, are consistent with that
reported for YVO, (JCPDS 76-1649) and no shifting of
diffraction features was observed with increasing proportion
of doped Eu?*; this observation is attributed to the similarity
of ionic radii of Y** and Eu?*. Furthermore, a series of
indexed XRD profiles for (YossEupes)(Vi-P.)Os with z =
0,02, 04, 0.6, 0.8, and 1.0 (see the Supporting Information,
Figure B) were found to agree satisfactorily with those
reported for both YPO, (JCPDS 84-0335) and Y VO, (JCFDS
76-1649). With the formation of a complete solid solution
of (Yo.9sEuoes)(Vi--P.)O4, we observed a systematic shifting
of diffraction angle 28 toward greater angle direction when
z increases monotonically from 0 to 1.0. XRD profiles
obtained from a senes of (Yoos5-G d_,.]_“.Uu_us)('Vu_‘:Po_a)Oq with
y =002 04, 06,08, and 0.95 (synthesized at 1200 °C,
8 h) are summarized in Figure 1. Formation of only a partial
solid solution between Y(VysPp4)O04 and Gd(Vy 4Py 6)04 18
expected, as YVO, (JCPDS 76-1649), GdVO, (JCPDS 17-
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Flgure 2. VUV PL spectra of (Y1 EuVOy (x=1, 3, 5, 7, and 9%): dex = (3) 147 and (b) 172 nm (8, *Dg — "Fi; b, Dy — "Fz; ¢, "Dy — Fr d, "Dy —
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Figure 3. VUV PL spectra of (Y osEug o)V —.P)Oy (z = 0, 0.2, 04, 0.6, 0.8, 1.0): Ao, = (2)147 and (b)172 nm (a, Dy — 7Fy; b, *Dy — ¥y e, *Dy —=

F3; d, *Do — 7Fa).

0260), and GdPO, (JCPDS 32-0386) are known to crystallize
in disparate structures, as indicated in Table 1. A careful
analysis of Figure | revealed that the XRD patterns shown
in Figures 1d—f cannot be completely indexed and become
mereasingly complicated with increasing content of doped
Gd*". When all Y ions are replaced by G ions, the peaks
that are indexed as GdPO, (32-0386) appear (marked by
asterisk). The maximum proportion of Y to be replaced by
Gd was hence estimated to be ca. 0.8.

We calculated the lattice parameters on the basis of the
XRD patterns. In the tetragonal (Yo.esEuges)(Vi-P-)Oy series
with z = 0, 0.2, 0.4, 0.6, 0.8, and 1.0, lattice parameters a
(= b) and ¢ decreased with increasing content of P, which
we rationalize according to the fact that the radius of P is
smaller than that of V and that a solid solution 1s formed.
On the other hand, when increasing the content of Gd** in
(Yo9s—-Gd,Eugas)(Vo.aPos)Os with y = 0, 0.2, 0.4, 0.6, 0.8,
and 0.95. Both lattice parameters a (= b) and ¢ increase when
Y37 is increasingly replaced with G&**, which we rationalize
according to the fact that the radius of G&* is larger than
that of Y3*.

3.2. Analysis of VUV Spectra. Shown in panels a and b
of Figure 3 are the VUV PL spectra of (Y, -, Fu,)VO, under
excitation at 147 and 172 nm, respectively. As indicated in
Figure 2, the emission maxima of PL spectra {or (Y- Eu VO

phosphors are attributed to the multiplet transitions Dy —
Ty (7 =1, 2, 3, 4) of Eu*". In the absence of inversion
symmetry at the Eu** (or Y3*) lattice site, the electric-dipole
transition would dominate. As a result, the intensity of
electric-dipole allowed transitions *Dy — 7Fa4 was much
stronger than that of magnetic-dipole allowed transitions ‘D

* 7F1 5. As indicated by the VUV PL spectra shown in Figure
2, the emission spectra of (Y; . Eu)VO, (x = 0.01, 0.03,
0.05, 0,07, 0.09) are mainly dominated by Dy — 7F,
regardless of the excitation wavelength. To optimize the
activator content doped in the host lattice, we measured the
emission intensity as a function of Ew?* concentration relative
to Y¥*. The mtensity of transition *Dy — 7F; was found to
mnecrease with increasing Eu?* concentration. The content of
doped Eu’" was hence mamtamned at 5% for all phosphor
samples discussed m the followings. The PL mtensity was
found to decrease for a concentration of doped Euw?™ greater
than 5%, which is attributed to a concentration-quenching
effect. When the wavelength of excitation was altered from
147 to 172 nm, as shown in Figure 2b, the VUV PL spectra
resembled, in both shape and trend of the /—A curve, those
obtained under excitation at 147 nm.

As the YPO, host is reported to show strong absorption
in the VUV range,'* we have attempted to design a PDP
phosphor with great VUV efficiency by partly substituting
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Figure 4. Part of the energy level scheme of (a) YVO4Eu and (b) YPO4Eu. Excitation, ermission, and energy-transfer processes are indicated

V** by isovalent P to form phosphors in a series with normal
composition (YgesFug ps)(Vi—.P.)O4. As indicated in Figure
3, the PL intensity of transition Dy — 'F; attributed to
(Y1 osBupus Vi --P5 04 first increased with increasing z value
and then attained a maximum for samples with z = 0.6 (4.,
=147 nm) and 0.4 (1., = 172 nm), respectively. As aresult,
the doping concentration of P was maintained at 40 mol %%
for phosphors discussed in the following. Furthermore, the
PL intensity attributed to Eu** in (YgosEug s)(V1-:P5 04 was
discovered to decrease when the value of z exceeded the
maximum point (i.e., z = 0.6; Aex = 147 nm).

As rationalized by Schn et al.!? for the red-emitting YVOu:
Fu®*, upon VUV excitation, the energy is first absorbed by
the host lattice YV Oy through a charge-transfer mechanism,
which involves a transition between a 4d-like state of Y atom
and a 2p-like state of oxvgen atom. The absorbed energy
was then transferred to VO47~ groups, and eventually, to a
Fu®t luminescence center and then relaxed as Dy — 7F;
emission. Instead of transferring energy to Eu?t, the energy
may be relaxed to the ground state of the VO.* group
directly. But the relaxation process is less efficient than the
transition process in this case; the emission peak of VO~
is hard to find. The whole process is illistrated in Figure
4a.”® The same as that in YVO4:Eu®", the route of energy
transfer in YPO4:Fu™ involves energy absorption by charge-

(25 Riwotzki, K., Hasse, M. J Phys, Chem, B 2001, 105127032,
(26) Zeng, 3 ;Im, 8.-T,; Jang, 3.-H; Kim, Y -M; Park, H-B.; Son, 3.-H;
Hatanaka, IT; Kim, G.-Y ., Eim, 8-C J L, 2006, 1271

transfer mechanism involving Y**—0%". But the energy is
directly transferred to the Eu?t center without passing the
PO+~ group, as indicated in Figure 4b.% As energy transfer
in YPOy is inefficient, a VO4°~ group is required to act as a
bridge between the host absorption and the Fu®* lumines-
cence center by the Y*+—0?- charge-transfer (CT) transition.
For this reason, the PL intensity of transition *Dy — F; was
observed to decrease when P was doped at a sufficiently
large proportion (ie, z > 0.4) into the host lattice of
(Yi.0sEun 05)(V1-2P7 04,

The relative intensity of Dy — "F; multiplet emission is
also an important factor that determines the chromaticity or
saturation of red color; in general, the larger the magnitude
of (CDy — TF)/(CDy — TF))) (R/0), the closer to the optimal
value of the color chromaticity. We also observed that the
RIO ratio decreased with increasing z value or increasing
P/V ratio, respectively. This observation can be rationalized
by the fact that the energy of the CT attributed to Eui+—
02" in phosphate, is too great to make the parity-forbidden
4f—4f transitions of Eu®* acquire intensity from a charge-
transfer mechanism.!?

Beyond investigating the partial substitution of V with P
to improve the PL efficiency, we also tried to co-dope Gd**
into the Y*-site of (Yn9:Eunos)(VoaPo)O4, of which the
composition had been previously optimized, to form
(Yo55-,Gd,Bup p5)(V4Po s)O4 phosphors in a series with
varied y value, Through the structural similarity of Y{(V4Pgg)-
04:Eu and (Yos5-yGdy)(Vo 4P 5)04:Eu, the VUV PL spectra
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Figure 6. VUV PLE spectra of (Y 74Gdy :Euggs) (Vo sPy )04 (solid line,
monitored at L., = 619 nm), KX-504A (dashed line, monitored at A, =
592 nm), and (Yo Gda 20{Vo4Pa £)O4 host {dotted line, monitored at A.., =
420 nm). The inset indicates VUV PL spectra excited at 147 nm.

have similar features except for the emission intensity.
Shown in Figure 5 is the dependence of doped Gd* content
on the PL intensity of Dy — 7F, emission observed for
{(Yo0:—GdEug 05 )V 4P0.6)04 phosphors with y =0, 0.2, 0.4,
0.6, 0.8, 0.95, for which the PL intensity was observed to
mcrease abruptly when Gd at a small proportion (e, y =
0.2) was doped mto the host. As part of the absorption band
of G&** overlaps with the CT band from VO, to the Eu"
center, the Gd**-doping produces more efficient excitation
in the Eu?* center when GA&* is co-doped,®!¢ but according
to the results presented in Figure 3, concentration quenching
1s attributed to excessive doping of Gd** (e, y = 0.2) that
gradually imposes a detrimental effect on the VUV PL
intensity. The optimal dopant proportion of Gd** was thus
selected as 0.2 to form a composition (Yq7:Gdg20Euggs)-
(V.4Pos)O4 that was adopted for the following spectral and
optical investigations.

To investigate the optical properties of (Yp7<Gdgao)-
(VoaPos)O:EW ™ with optimized composition, we measured
the VUV PL and PLE spectra for both pristine and Eu**-
activated (YosGdoao)(VoaPos)Ou phosphors; the results appear
in Figure 6. In the upper left inset of Figure 6, only a broad
emission line spanning from 328 to 600 nm was observed,
attributed to emission of the VO, group. When Eu* was

Intensity fanm.
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Figure 7. VUV PL spectra of (¥ 7:Gdy :Eug 55 MV 4Py )04 (solid line),
and commercial phosphars KX-504 A (dash line): A = (2)147 and (b)172
nm.

doped nto the host lattice to form (Y75Gds 20)( Vo.1Po.s)Ou:
Ew'f, only emission signals of Fu?* were observed as
indicated in Figure 5, which was attributed to energy transfer
from the VO~ group to the Eu?* center, as already discussed
above. The PLE spectra presented in Figure 6 were measured
in the range 125—300 nm on monitoring the emissions
attributed to transitions Dy — 713 (Figure 6a) and VO

(Figure 6b). Charge-transfer transitions occur when a valence
electron transfers from the higand to unoccupied orbitals of
the metal cation and are generally manifest through broad
absorption or emission in the VUV UV spectral region. To
evaluate the performance and potential application of our
phosphors, we measured and compared the PL spectra
(Figure 7) of composition-optimized (Yo 7:Gdo20) Vo.aPos)-
Oy:Eu?* and a commercial red-emitting PDP phosphor KX-
504A excited by vacuum ultraviolet radiation at 147 and 172
nm, respectively. As shown in plots a and b of Figure 6, a
comparison of VUV PLE spectra for (YorsGdo20Euons)-
(VgaPos)Oy (monitored at Ay, = 619 nm) and (YoGdaao)-
(VoaFo.6)O4 (monitored at A, = 420 nm) reveals that several
CT absorption features attributed to PO#~, VO, and R¥*—
O* (R =Y, Gd, Eu) have been identified For instance, the
band appearing in the region from 164 to 190 nm (plots a
and b of Figure 6) is assigned to the CT transition between
Y3 and O !¢ This observation hints that the excitation
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energy is first absorbed by the host lattice involving the
transition between 4d-like states of Y and 2p-like states of
the oxygen atom. Then, the absorbed energy was transferred
to the anionic RO#~ (R = V, P) group, as suggested by
Wang et al.'® We thus observed one band in the spectral
region from 218 to 300 nm attributed to the CT transition
from the oxygen atom to the central V** 10n of the VO
anion.

As indicated by PLE spectra shown mn Figure 6. the
absarption appearing at 178 nm is assigned to the Gd?'—
O CT transition that overlaps that attributed to the CT
transition of Ew?*—~0*" at 196 nm, indicating that Eu®*
acquires energy from the Gd&*™—O*~ energy transfer.?” This
cbservation explains why the observed PL intensity is
sipmficantly greater in (Yo.95-,Gd,Eugos)( VoaPos)O4 phases
than those without Gd**-co-doping. In Figure 6, we also
observed the CT transition of Ew’*—0?*" at 196 nm and an
overlap between the CT transition bands of Gd**-O*~ and
Ew?*—0%". We also noted that the intensities of both the
CT transition and the emission attributed to the transition
"Dy — "F; under VUV excitation at 172 nm are greater than
that at 147 nm. The PL intensity of (Yo7sGdy20Euonps)-
(Va4Po.5)04 excited at 172 nm is much greater than that with
excitation at 147 nm.

Furthermore, as indicated by a comparison of VUV PL
spectra (Figure 7) measured at varied A., we observed that
VUV absorption of (Yo75Gds20Ew.0s) (VoaPos)Oy 1s much
more intense than that of KX-504A. As indicated in Figure
7. under VUV excitation. the integrated peak arca of our
phosphor (Yo.7sGdo20Euo.05)( Vo.aPog)O4 is 55% (i.e., excited
at 147 nm) or 70% (i.e., excited at 172 nm) of that for KX-
504A. These observations hint that (Yuijdq_wElhg},)(\"‘mPﬂlg)—
O, might serve as a promising substitute for KX-504A as a
red-emitting PDP phosphor as future optimization of sample

(27) Sato, Y. Kumagai, T.; Okamoto, S.; Yamamoto, H.; Kunimaoto, T.
Jpn. o Appl. Plys. 2004, 43, 3456,

preparation is completed. Tests of luminous efficiency on
phosphor powder and a PDP panel using our new phospho-
vanadate-based phosphors are currently in progress.

3.3. Results of Densities of States (DOS) Calculations.
The band calculations at the DFT level were employed to
calculate the electronic structure of RMO, (R = Y, Gd; M
= P, V) and understand its physical properties and inter-
atomic interactions. Figure 8 shows the total density of states
(DOS) and the projected DOS curves for (a) YPO,. (b)
YVO,, (¢) GdPO;, and (d) GdVQ,, respectively. The DOS
curve of YPO, shows that the contributions of electronic
states near the valence (VI3) and conduction bands (CIB) are
dominated by the O(2p) and Y(4d) orbitals. The two features
between —15 and —10 eV consists mainly of the P—0O
bonding states from P(3s, 3p) and O (2p) orbitals, The results
indicate that charge transfers from O(2p) to Y(4d) orbitals.
The DOS curve of YVO, show varied orbital contributions
near the Fermi level (Ex) compared to YPO,. As the V(3d)
orbital is located between Y(4d) and O(2p), orbital interac-
tions in these orbitals yield significant contributions of the
Y band in VB and CB. These results show that the valence
band about —10 to 0 eV consists mainly of O(2p). V(4s and
3d), and Y(4d) states that correspond to V-0 and YO
bonding interactions. The orbital contribution of Y VO, above
Er 15 composed of V(3d, major), Y(4d. mmor), and O2p,
minor) orbitals. The calculated electronic structure indicates
that the charge transfer might occur not only in O(2p)—V(3d)
but also in O(2p)—Y(4d). The transition metal hence plays
a important role in improving the electron-transfer efficiently
to a rare-earth atom, consistent with the enhancement of the
optical transition in V-doped phases of the (Y, Gd)(V,P)Oy4:
Eu*? system. For GdPQy, the density of states about Ey are
dominated by the O(2p). Gd(5d) orbitals, and a sharp feature
at the Fermi level 1s contributed by localized Gd(4f) orbitals.
The 4f states contain occupied 4f peaks (spin down) and
unoccupied 4[ peaks (spin up) separated by ca. 5 eV, There
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Table 2. Comparison of CIE Chromaticity Coordinates of Phosphors (4. = 172 nm)

phosphors x ¥
(YyasEug g )VOy 0.6675 0.3270
(Yya7ENg 93)VOs 0.6705 03275
(Yy.95E0g 45 )VO4 0.6718 0.3275
(Yoa:Bug g7)VOu 0.6735 0.3269
(Yo Eug is)VO4 0.6748 0.3262
(Yp0sEug ps)VO4 0.6718 0.3275
(Yo9:Eup 0s)(Vo 2Py 2004 0.6691 0.3283
(YgasBug g )V sPp )04 0.6651 0.3295
(Yo 95Eug 0s)(VoaPg )04 0.6572 0.3311
(Yo 0sEug 04)POs 0.5946 0.3393

is little, if any, contribution of Gd(5d) orbitals to the VB,
indicating that the bonding interaction between Gd and O
to be essentially ionic. These results indicate that charge
transter in this phase is mostly from O(2p) to Gd(5d) orbitals
but intemal charge transfer from Gd(4f) to Gd(3d) might
occur. The DOS plot of GAVO, is essentially similar to that
of YVO, except for an additional Gd(4f) orbital at the Fermi
level. Most contributions about the Fermi level are from
O2p), V(3p, 3d), and Gd(5d) orbitals, indicating the bonding
mteractions of Gd—0O and V—0O bonds. The 4f states are
made up of two peaks for spin down (occupied) and spin up
{unoccupied) levels, which are separated by ca. 4 eV. The
calculations suggest that the contribution of the filled Gd-
(4f) states is close to the Fermi level, which may enhance
the charge-transfer routes in O(2p)—V(3d) and O(2p)—Gd-
(5d), and f—d excitation. Our results are in consistent with
the observation that doping G into the (Y,Gd)(V,P)Oq:
Eu'" system enhances the VUV luminescence intensity
3.4 Investigations of Chromaticity Characteristics. For
practical applications, in addition to luminescence efficiency
and brightness, the color chromaticity 1s considered to be a
critical parameter for evaluation of the performance of PDP
phosphors. The CIE color coordinates (x.y) of all phosphors
investigated in this work are compared in Table 2. For
(Y1-:Eu,)VOy phosphors in a series with varied Eu**-dopant
content, the CTE (x,y) values were independent of the dopant
concentration. Moreover, for (YoosEuoes)(Vi—.P.)Oy4 phos-
phors in a second series with varied content of P, our analysis
of (x,y) values mdicates that x decreases as the concentration
of P dopant increases, whereas y increases, and the chro-
maticity shifts from pure red toward orange-red. As for co-
doping of Gd*', both x and y decreased with increasing
concentration of doped Gd*, but the range of shift upon
Gd*-doping is too small and can be ignored. To understand
the dependence of chromaticity on the composition of dopant
P, we investigated the evolution of CIE chromaticity
coordinates for (YoesEupos)(Vi-.P)Oy (z = 0,02, 0.4, 0.6,
1.0) as a function of z; the results are also summarized in
Table 2. With increasing z (from right to left), the x-
coordinate measured for (YoosEuoos)(VoaPos)Oy decreased

phosphors x ¥
(Yy 5Bt 000V o Py )O3 0.6651 03295
(¥ 7sGdy 2B 0V 6Py 4104 0.6614 0.3286
(Y 55 Gdy sEug g )(Vo Py 4104 0.6608 0.3286
(Y0.35Gdn 6Bl 05} Vi 6Pn 4104 0.6599 0.3282
(¥o.15Gdy sEug 0s)( Vo 6Py )04 0.6524 03262
(Gdg a5Eug 05XV 6P 4) O 0.6338 03229

from 0.6719 (z = 0) to 0.5946 (z = 1.0) with the y-coordinate
remaining almost constant, indicating worse color saturation
in the red. The systematic evolution of the chromaticity
coordinate 1s considered to be related to the stronger VUV
absorption of YPO, than that of YVO, as discussed previ-
ously.™ These results show that our phosphors exhibit
superior color saturation. The experimental chromaticity
coordinates of red-emitting composition-optimized (Yo.7s-
Gdo20Eu0.05)( Vo.4Po.s)O4 were studied against those for KX-
S04A as a relerence, and the color purity of (Yo.7sGdoao-
Euoos)(Vo.aPos)Oy 15 greater in the red than that of commercial
phosphor KX-504A.

4. Conclusions

We have prepared several series of red-emitting (Y,Gd)-
(V.P)O4:Eu** phosphors via a high-temperature, solid-state
route and nvestigated the synthesis, microstructure, and
luminescence properties of the red-emitting phosphors under
VUV excitation. We measured the VUV PL and PLE spectra
and chromaticity characteristics for the synthesized phos-
phors, and compared them with those of a commercial red-
emitting phosphor. Our research shows that using the 172
nm wavelength is more efficient than the 147 nm one in
pumping (Y,Gd)(V,P)O, Eu** phosphors. The composition
of the new phosphor is optimized as (Yo75Gdo20Euoos)-
(Vo.4Po.s)04 and (Y,Gd)V,P)O, Eu?* can hence serve as an
alternative phosphor to replace the widely used red-emitting
(Y.Gd)BOy:Ew" or Y,O3:Euw*" commercial phosphors.
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Abstract: The synthesis, composition optimization, VUV Photoluminescence (PL) spectra, and optical properties, of
(Y,Gd)(V,P)O4:Eu** phosphors were investigated by synchrotron radiation. The VUV PLE spectra and the correlation
among VUV PL intensity, A, and Fu®*, Gd®", and P-content were established. The PLE spectral studies showed that
(Y,Gd)(V,P)04:Eu’" exhibited significant absorption in the VUV range. The VUV PL intensity was found to enhance
with PO.*~ and Gd®* -doping. Furthermore, the chromaticity characteristics of (Y,Gd)(V,P)0,:Eu®* were also found to
be (0.6614, 0.3286) and compared against (Y, Gd)BOy:Eu®* as a reference. Based on the characterization results, we
are currently improving and evaluating the potential application of (Y,Gd)(V,P)0;:Eu** as a new red-emilting PDP
phosphor.

Key words: phosphors; VUV spectra; CIE chromaticily coordinates; plasma-display panel; rare earths
CLC number: 0614.3 Document code: A Article ID: 1002 - 0721(2007) = 0257 = 05

The role of the traditional Cathode-Ray Tube nescent properties such as luminous efficiency, purity
(CRT) screen is being replaced by flat display panel of chromaticity and saturation, and decay lifetime of
in television sets and computer display''!. There are PDP phosphors have been widely investigated™ *!.
two common kinds of flat display panel in this age, To seek and develop satisfactory red-emitting
one is Liquid-Crystal Displays (LCD) and the other PDP phosphors, we have thoroughly investigated the
one is Plasma-Display Panel (PDP). PDP, however, preparation and Photoluminescence (PL) under VUV
is most used in large-size screen while the LCD is gen- excitation of several modifications of Gd** and/or P** -
erally used in smaller size screen . That is why the de- codoped YVO,:Eu’* -based phosphors and studied the
velopment of these two devices can grow up rapidly spectral, optical and chromaticity properties of the ob-
and compete with each other in parallel. For PDP, tained phosphors. Here we report the synthesis and
there are many advantages of it, for example, large VUV  PL  spectral investigations of red-emitting
sereen (up to 80 inch or larger), large view angle, (Y., .Gd,Eu,) (V,_.P.)O, phosphors in several se-
good uniformity, and unaffected by the magnetic field, ries, and investigated the dependence of luminescent
ete. . Nevertheless, it is worthy improving the perfor- performance on phosphor composition. On analysis of
mance of PDP, both the development of efficient phos- the VUV spectral and chromaticity investigations of
phors and the optimization of the panel structure and these phosphors, we achieved an optimized composi-
driving circuits. Several kinds of oxide phosphors with tion for a new red-emitting phosphor with great poten-
aluminate, silicate, vanadate, phosphate, and borate tial for PDP application.

compositions generally exhibit strong absorption in the

(2] 1 Experimental

VUV spectral region'®'. The main disadvantages of
commercial phosphors in current use are the lack of 4 -
color purity of a red-emitting phosphor such as (Y, 1.1 Materials and synthesis

Gd)BO,:Eu’* . For this reason, the opiical and lumi- Polycrystalline  samples with compositions  of
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(Yio,-.6d, )(V,_,P.)Oy:aEu (0<x<0.09; 0< y <
0.95; 0 < z < 1, abbreviated as (Y._r_,Gd.')(Vh_.
P.)0;:xBu) samples described in this work were pre-
pared by solid-state reactions. Briefly, the constituent
oxides Y205 (99.99% ), Gd,05(99.99% ), Eu,0,
(99. 99%), V,0; (99. 999 ) and (NH, ),HPO,
(99.99% ) (all from Aldrich Chemicals, Milwaukee,
WI, U.S.A.) with 59 (mass fraction) of H;BO;, add-
ed as a flux were first well ground and intimately
mixed in the requisile proportions, which were cal-
cined and sintered in the air at 1200 °C for 8 ~ 12 h
with one intermittent regrinding to avoid possible in-
complete reaction. A commercial red-emitting PDP
phosphor (Y, Gd) BO; : Eu®* ( catalogue No. KX-
504A) from Kasei Optonix, Ltd., Kanagawa, Japan
was used as a reference for comparison of the VUV
spectra and CIE chromaticity characleristics .

1.2 Materials characterizations

The phase purity of the as-prepared phosphor
samples was checked by powder X-ray diffraction
(XRD) analysis with a Bruker AXS D8 advanced au-
tomatic diffractometer with Cu Ka radiation (A =
0.15418 nm) operating at 40 kV and 20 mA. The
XRD profiles were collected in the range of 10°< 24 <
80°. The excitation (PLE) and photoluminescence
(PL) spectra excited with the vacuum ultraviolet
(VUV) were examined by employing synchrotron radi-
ation (SR) as a light source. Part of the VUV specira
were measured using a PDP phosphor testing system
equipped with VUV light sources (wavelength of 147
and 172 nm) manufactured by Zhejiang University
Sensing Instruments Co., Lid., China. For the mea-
surements using SR source, the intense and continu-
ous VUV beam was dispersed from a cylindrical grat-
ing monochromator beam line coupled 1o the 1.5 GeV
storage ring at the National Synchrotron Radiation Re-
search Center in Taiwan. This beam line has four grat-
ings and its focal length is 6 m. In this work, we used
the 450 grooves/mm grating, which spans the photons
in the wavelength range 100 ~ 350 nm. The emission
from the phosphor was analyzed by a 0.32 m mono-
chromator and detected with a photomultiplier (PMT)
in a photon-counting mode. We carefully normalized
the incident excitation sources and measured the PL
signals from the same size of the phosphors; by this
means, we could quantitatively compare the normali-
zed PL spectra for different samples. The Commission
International de I'Eclairage (CIE) chromaticity coor-
dinates for all samples were measured by a Laiko mod-
el DT-100 color analyzer equipped with a CCD detec-
tor (Laike Co., Tokyo, Japan).
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2 Results and Discussion

The host matrices of YPO,, YVO, and GdVO,
erystallize in a tetragonal crystal system with space
group 14,/amd , whereas GdPO, crystallizes in a mono-
clinic system with space group P2,/n (No.14). To in-
vestigate the composition oplimization of potential red-
emitting phosphovanadate-based phosphors for PDP
applications , we have synthesized phosphors in several
series with compositions (Y,_, Eu, )} VO,, (Yu_gs_r
Gd,) (Vo sPos) 042 5% FEu®* and Y(V,..P.)0,:5%
Eu** . Moreover, all chemical compositions discussed
in this work are nominal compositions.

A comparison of indexed XRD profiles for (Y,_,
Eu, )V0,(0 < x =0.09) indicates that XRD patterns
of Eu’*-doped YVO, are consistent with that reported
for YVO,(JCPDS 76-1649) and no shifting of diffrac- .
tion features was observed with increasing proportion of
doped Eu’'; this observation is attributed to the simi-
larity of ionic radii of Y** and Eu®' . Furthermore, a
series of indexed XRD profiles for (Y gsEuges) (V,_.
P.)0,(0=z=1.0) were found to agree satisfactorily
with those reported for both YPO, (JCPDS 84-0335)
and YVO,. With the formation of a complete solid so-
lution of (YgssFug 65) (Vi _.Pz)0s; we observed a sys-
tematic shifting of diffraction angle 24 toward greater
angle direction when z increases monatonically from 0
to 1. 0. XRD profiles obtained from a series of
(YU.Q.‘-fl'GdJ'EuD.L‘S) (VpaPoe) 0, (0= y=0. 95) only
form a partial solid solution between Y (V, ¢Py.) 0,
and Gd(V,,Pys) Oy is expected as YVO,(JCPDS 76-
1649), GdVO,(JCPDS 17-0260), and GAPO,(JCPDS
32-0386) are known to crystallize in disparate struc-
tures. The XRD pattern of the optimal composition,
(Yn.vscdo.:EUn.L}s)(Vu,apn,ﬁ)om is shown as Fig. 1

As indicated by PLE spectra shown in Fig.2, the
absorption appearing at 178 nm is assigned to the

1.0
o, :5Gdn.:)(vna_Po.q)o.r' 5% Eu™
0.8
é 0.6
&
£ 047
=
0.2+ “
0.0 T T T T T T
10 20 30 40 50 60 70 80
20/
Fig.1 XRD profiles for ( Yg4:Gdy 2Eug gs) (Vo4 Pp.s) 04
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Gd*"-0" CT transition that overlaps that attributed to
the CT transition of Ev’"-0*" at 196 nm, indicating
that Eu’" aecquires energy from the Gd®'-0*" energy
transfer’®’ . This observation explains why the observed
PL intensity is significantly greater in ( Yo,
Gd,Euggs) (VoiPys) O, phases than those without
Gd** <codoping. In Fig.2, we also observed the CT
transition of Eu’*-0*" at 196 nm and an overlap be-
tween the CT transition bands of Gd’*-0*" and Eu*-
0% . We also noted that the intensities of both the CT
transition and the emission attributed to the transition
*Dg—"F; under VUV excitation at 172 nm are greater
than that at 147 nm. The PL intensity of (Y, 5Gdg
Eugos ) Vi.4Po )04 excited at 172 nm is much greater
than that with excitation at 147 nm.

Shown in Figs.3(a) and (b) are the VUV PL
spectra of (Y,_, Eu, ) VO, under excitalion at 147 and
172 nm, respectively. As indicated in Fig. 3, the
emission maxima of PL spectra for (Y,_, Eu, ) VO,
phosphors are atwributed to multiplet transitions ‘D,
—'F,(J=1, 2, 3, 4) of Ei®* . In the absence of in-
version symmetry at the Eo’* (or Y** ) lattice site, the
electric-dipole transition would dominate. As a result,

1.0
(1) 4 _ =619 nm, (Y, Gd)(V, P)O,: Eu"
0.8 (2) A, =420 nm, (Y, Gd)(V, P)O,
Eu''-O*(Ref. 16, 25
0.6 VoS ( ) (n

\<L fr\“’/’

4 7

Intensity (a.u.)

0.4 PO (Ref. 16)
VO (Ref. 16)
S (2)
Host {(VO y+HFO)+(Y, Gd)*"-O*}(Refl. 12, 25)
0.0 T 1 T T T T T
140 160 180 200 220 240 260 280 300
Wavelength/nm

Fig.2 VUV PLE spectra of (Yo_jfjcllu_zEllu_ujJ {V5.4P.6) 04

1.0 (i) A= 147 am (b) 3 =1720m Lo
1 ——Eu= % [
0.81 R P
El —— Bu=0% SEOBMRIE b E
0.6 S RS | L
= L =
£ 044 Lo4 &
E A ]
0.2 ﬁj 0.2
0.0 v L - 3 0.0
500 600 J00  BOOSOO 600 700 800
Wavelength/nm

Fig.3 VUV PL imensity of (Y,_.Eu,)V0,(0< x=0.09)
(a) A..=147 nm, (b) 4, =172 nm
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the intensity of electrie-dipole allowed transitions
*Dy—"F»,4 was much stronger than that of magnetic-di-
pole allowed transitions “Dy—'F, ;. As indicated by
the VUV PL spectra shown in Fig. 3, the emission
spectra of (Y,_, Eu,)V0,(0.01=x=0.09) are ma-
inly dominated by *Dy—'F; regardless of the excitation
wavelength . The content of doped Eu’ " was hence ma-
intained at 5% for all phosphor samples discussed in
the followings. The PL intensity was found to decrease
for a concentration of doped Eu’" greater than 5%,
which is attributed to a concentration-quenching ef-
fect . When the wavelength of excitation was altered
from 147 to 172 nm, as shown in Fig.3(b), the VUV
PL spectra resembled, in both shape and trend of -4
curve, those obtained under excitation at 147 nm.

As the YPO, host is reported to show strong ab-
sorption in the VUV range™, we have attempted to
design a PDP phosphor with great VUV efficiency by
partly substituting V°* by isovalent P to form phos-
phors in a series with nominal composition ( Yg s
Eugos)(V,_.P.)0,(0=2=1.0). As indicated in Fig.
4, the PL intensity of transition *Dy—"F, attributed to
(Yo 058uy05) (V,_, P, ) O, first increased with increasing
z value and then attained a maximum for samples with
z2=0.6 (A, =147 nm) and 0.4 (A, =172 nm), re-
spectively. As a result, the doping concentration of P
was maintained at 40% for phosphors discussed in the
followings. Furthermore, the PL intensity attributed to
Eu'" in (YgosEug s ) (V,_.P. )0, was discovered to de-
crease when the value of z exceeded the maximum
point (i.e., z=0.6; A, =147 nm).

As rationalized by Sohn et al." for the red-emit-
ting YVO, : Eu’* upon VUV excitation the energy is
first absorbed by the host lattice YVO, through a
charge-transfer mechanism, which involves a transition
between a 4d-like state of Y atom and a 2p-like state of
oxygen atom. Then, the absorbed energy was trans-

ferred to VO,* groups, and, eventually, to a Euv’" lu-

el 1.0
L (a) A =147 nm | [(b) A =172 nm
1 ——z=0 - )
0.8 ——z4.2 ——=02 [0.8
2 +z=g-g ——z=4 | =
< 061 —os 00 loss
= 4 ——z=1.0 —==10 ¢+ B
]
5 04 L0.4 §
= 4 t L =
0.2 0.2
0.0+ o 0.0
500 600 TO0 O BDOSO0 600 700 800
Wavelength/nm

Fig.4 VUV PL intensity of (YgesEuoe)(V, .P.)0,(0<x=1.0)
(a) An=147 nm; (b)A, =172 nm
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minescent center and then relaxed as *Dy—"F,; emis-
sion. Same as that in YVO,:Ev’*, the route of energy
transfer in YPO, : Eu'" involves energy absorption by
charge — transfer mechanism involving Y**-0*" . But
the energy is directly transferred to the Eu’' center
without passing the PO,*~ group. As energy transfer in
YPO, is inefficient, a VO, group is required 1o act as
a hridge between the host absorption and the Eu™* lu-
minescence center hy the Y*'-0*" charge-transfer
(CT) transition. For this reason, the PL intensity of
transition “Dy—"F, was observed to decrease when P
was doped at a sufficiently large proportion (i.e., z >
0.4) into the host lattice of (YgosFugps) (V.. P, )0,

Beyond investigating the partial substitution of V
with P to improve the PL efficiency, we also tried Lo
co-dope Gd** into the Y**-site of (Y. Bug.gs) (Vo
Py )Os, of which the composition had been previously
optimized, to form (Yoo, Gd,Euges) (VoaPyg) O,
phosphors in a series with varied y values. Through
the structural similarity of Y ( V., Pye) O, ¢ Eu and
(Yo.05-,Gd, ) (Vy.4Pps) Qs Eu, the VUV PL spectra
have similar features except for the emission intensily .
Shown in Fig.5 is the dependence of doped Gd** cont-
ent on the PL intensity of *Dy—>"F, emission observed
for (Yo.es—, Gd,Ettg0s) { Vo.u Pos ) 04 (0= y = 0. 95)
phosphors which the PL intensity was observed to in-
crease abruptly when Gd at a small proportion (i.e.,
y=0.2) was doped into the host. As part of the ab-
sorption band of Gd** overlaps with the CT band from
VO, 1o the Eu’* center, the Gd**-doping produces
more efficient excitation in the Eu®” center when Gd**
is co-doped”, but, according to the results presented
in Fig.5, concentration quenching is attributed to ex-
cessive doping of Gd** (i.e., y >0.2) that imposes
gradually a detrimental effect on the VUV PL intensi-
ty. The optimal dopant proportion of Gd** was thus se-
lected as 0.2 to form a composition (Y 45Gdy 2Eug os)

) X =1470m | [ X _=172nm| 0
il —a— =0 fay=0 T
0.8- —oj=0.2 =02 0.8 ~
] ——=0.4 ——y=04 | 3
3 ——3=0.6 ——3=0.6 =
& 06 ——y=0.8 ——3=0.8 [06 =
Fala —=10 — =10 Z
Z 04 Lo E
g b=
£ L
0.2 ; }J Lo2
0.0 N UL s 0.0
500 600 700 800S00 600 700 80O
Wavelength/nm

Fig.5 VUV PL intensity of (Yo 95— ,Gd,Eug 550 ( Vi.4Pge) 04
(0=y=0.95)
(a) An=147 nm; (b) A.=172 nm
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(Vg.4Pp) 04 that was adapted for the following spectral
and optical investigations.

Furthermore, as indicated by a comparison of
VUV PL spectra (Fig.6) measured at varied A,,. we
observed that VUV absarption of ( Yy 55 Gdg . Euggs )
(Vo4 Pys) 04 is much more intense than that of KX-
504A . As indicated in Fig. 6 under VUV excitation
the integral area of emission peaks of our phosphor
(Yo 25Gdg 2Ettg 050 (Vo aPos ) Oy is 55% (i.e., excited
at 147 nm) or 70% (i.e., excited at 172 nm) of that
for KX-504A . These observations hint that (Y, 5:Gd; »
Eugos) (Vi aPos) Oy might serve as a promising substi-
tute for KX-504A as a red-emitting PDP phosphor as
future optimization of sample preparation is complet-
ed.

The Comparison of CIE coordinates for (Y5
Gdyo Euggs ) (Ve Pog ) Oy phosphors and commercial
red-emitting PDP phosphors (Y,Gd) B0, : Eu'* (Kasei
catalogue No.KX-504A) is represented in Fig.7.

1.0

0.8
0.64

% = {Yu TsGduJ}{PuaYn ue.)O.i:Eu!;

o Kx-504A (Y.GA)BO,:Eu*'

Intensity (a.a)

o,ujﬁﬁj =

650 700 750
Wavelength/mm

Fig.6 VUV PL spectra of Yy 55Gdg 2Eug gs) { Vi 4 Py.g ) 04 (s0l-
id line), and commercial phosphors KX-504A ( dash
line): A, =(a) 147 nm, (h) 172 nm

1.0
0.8 [r T iey
=
p7) 0.6 ‘ \"\.
5 .\ s
E 0.4 L Kx-504A: (0.6442, 0.3558):‘:\\
Bl .
e /
0.2 \\ 'l
" i /
0.0 ‘\—'/('Y-u 7<Gdﬂ:J(VuaPa m\oa:S% Eu™
F (0.6614, 0.3286)
0.1 0.0 0.1 02 03 04 05 06 07 08
X coordinate
Fig.7 Comparison of CIE (x. y) values of (Y 1:Gdy 2Euy g5)

(Vi aPo.s) 05 and KX-504A
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3 Conclusion

We have prepared several series of red-emitting
(Y.Gd)(V,P)O,: Eu** phosphoers via high tempera-
wre solid-state route, and investigaled the synthesis,
composition optimization, and luminescence properties
of the phosphors under VUV excitation. We measured
the VUV PL and PLE spectra and chromatieity charac-
teristics for the synthesized phosphors, and compared
them with those of a commercial red-emitting phos-
phor. Our research shows that using the wavelength
172 nm is more efficient than 147 nm in pumping (Y,
Gd)(V,P)O.:Eu’” phosphors. The composition of the
new phosphor is optimized as (Y 5Gdy 2Euges) (Vs
Pys)0; and (Y,Gd)(V,P)O,: Eu’™ can hence serve
as a alternative phosphor to replace the widely uvsed
red-emitting (Y, Gd) BOy : Eu®* or Y20;:Eu'" com-
mercial phosphors .
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Abstract: In an effort to develop new green-emitting PDP phosphors with high efficiency, investigated were the synthesis,
VUV photoluminescence (PL) spectra, optical properties, and chromaticity of Ca(la,_, _,Th,Gd, )4Si30,3 phosphors by
using synchrotron radiation. Upon analysis of the VUV spectroscopic and chromaticity investigations on the new green-
emitting VUV phosphors, were an optimized composition achieved. The PLE speetral studies show that Ca{Laj_,_,
Th, Gd, )45i30,5 exhibit significant absorption in the VUV range. The VUV PL intensity was found o enhance with Gd** -
doping . Furthermore, the 1931 CIE chromaticity coordinates of Ca(La,Gd}:8i,0,3: Th were found to be (0.286, 0.548),
as compared to (0,230, 0.712) for Zn,Si0,:Mn* as a relerence. The potential application of Ca(La,Gd),Sis03:Th as

a new green-emitling PDP phosphor are being currently improving and evaluating.
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A plasma display panel (PDP) has become re-
garded as a promising candidate for a display with a
large area mainly because its emissive features include
a wide viewing angle and high brighiness. PDP phos-
phors are expected to meet the critical requirements to
yield a high luminous efficiency on excitation with vac-
uum ultraviolet (VUV ) radiation of wavelengths 147
and 172 nm generated from plasma of a mixture of He
and Xe noble gases. Oxide phosphors with aluminate,
silicate, vanadate and borate groups generally exhibit
strong absorption in the VUV spectral region'' =1, The
main weaknesses of commercial green-emitting phos-
phors such as Zn,Si0,: Mn®" and BaAl;; 0. Mn** in
current use is the long decay lifetime and requires im-
mediate improvements .

Schroeder and Mathew determined the X-ray sin-
gle crystal structure of oxyapatite Ca,Lag(%i0,)40, and
discovered the disordered distribution of La** and
Ca® in the cation sites since both cations are about
the same size'. The oxyapatite Cala,Si;0,; or Ca,Lay
(8i0,)50; was also reported by the same authors to
crystallize in a hexagonal crystal system with space
group P6;/m (No. 176) and cell parameters a =

Received date: 2006 - 07 - 10; revised date: 2006 — 10— 20

0.9651(1) and ‘¢ = 0.7155(1) nm'!. Essentially,
there are two types of crystallographically distinet sev-
en- or nine-coordinated La’® (» = 0. |1 nm when
CN=7and r=0.1216 nm when CN =9) sites.

We have prepared two series of Th'*-doped Ca
{La;_,., Th,Gd, )4Si;0,; phosphors and measured
their VUV excilation and emission spectra and chro-
maticity . Upon analysis of the VUV spectroscopic and
chromaticity datas on the two series of new green-emit-
ting VUV phosphors, an optimized composition was
achieved. Based on the characterization results, we
are currently improving and evaluating the potential
applications of Ca(La,Gd);Si;0,::Th as a new green-
emitting PDP phosphor.

1 Experimental

Polyerystalline samples with compositions of Ca
(La,_,_,Th,Gd,)5i:0;(0 < x <0.3; 0<5<0.9,
abbreviated as Ca(La,Gd),Si;0,5: Th'" ) samples de-
scribed in this work were prepared by solid-state reac-

tions. Briefly, the constituent oxides or f{luoride
CaCO; (99.99%), La0; ( 99.99%), Gd.0;

(99.99%), Si0, (99.9% ), and TbF; (99.99% )

Foundation item: Project supported by National Seience Council of Taiwan, R.0.C. (NSG94-2113-M-009-001)
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(99.99%) (all from Aldrich Chemicals, Milwaukee,
WI, U.S.A.) with 10% (mass fraction) of NH,Cl
added as a flux were first well ground and intimately
mixed in the requisite proportions, which were cal-
cined and sintered under a reduced atmosphere at
1200 C for 8 ~ 12 h with one intermittent regrinding
to avoid possible incomplete reaction. A commercial
green-emitting PDP phosphor Zn,Si0.: Mn** (catalogue
No. P1-G18) from Kasei Optonix, Lid.,
Japan was used as a reference for comparison of the
VUV spectra and CIE chromaticity characteristics.
The phase purity of the as-prepared phosphor
samples was checked by powder X-ray  diffraction
(XRD) analysis with a Bruker AXS D8 advanced au-
tomatic diffraclometer with Cu Ko radiation (4 =
0.15418 nm) operating at 40 kV and 20 mA. The
XRD profiles were collected in the range of 10° < 24 <
80°. The excitation (PLE) and phatoluminescence
(PL) spectra excited with the vacuum ultraviolet
{VUV) were examined by employing synchrotron radi-
ation (SR) as a light source. Part of the VUV spectra
were measured using a PDP phosphor testing system
equipped with VUV light sources (wavelength of 147
and 172 nm ) manufactured by Zhejiang University
Sensing Instruments Co., Ltd, China. For the mea-
surements using SR source, the intense and continu-
ous VUV beam was dispersed from a cylindrical grat-
ing monochromator beam line coupled to the 1.5 CeV

Kanagawa,

storage ring at the National Synchrotron Radiation Re-
search Center in Taiwan. This beam line has four grat-
ings and its focal length is 6 m. In this work, we used
the 450 grooves/mm grating, which spans the photans
in the wavelength range 100 ~ 350 nm. The emission
from the phosphor was analyzed by a 0.32 m mono-
chromator and detected with a photomultiplier (PMT)
in a photon-counting mode. We carefully normalized
the incident excitation sources and measured the PL
by this
means, we could quantitatively compare the normali-
zed PL spectra for different samples. The Commission
International de 1' Eclairage (CIE) chromaticity coor-
dinates for all samples were measured by a Laiko mod-
el DT-100 color analyzer equipped with a CCD detec-
tor (Laiko Co., Tokyo, Japan).

2 Results and Discussion

The crystal structure of CalasSi;0,; is hexagonal,
and both the doped Gd** and Th*" cations are expect-
ed ta enter the La’*-sites. The XRD profiles for Ca
(Laj_.Th, ),Si,0,; with % = 0.25% ~ 30% and Ca
(Lags-, Thy,, Gd, ):81;0; with y = 0% ~ 90% are
shown in Figs.1 and 2.

signals from the same size of the phosphors;
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(1) 0%, (2) 10% (3) 30% (4) 50%, (5) 70%,
(6) 90%

The major diffraction of peaks for two series were
both' found to shift toward the higher angles (24) side
as x or y increases, which can be attributed to the
smaller ionic radius of Th*' (r = 0. 098 nm when
CN=7 and r = 0.1095 nm when CN = 9) or Gd™*
(r=0.1 nm when CN=7 and r =0.10107 nm when
CN=9) as compared to that of La’* (r = 0.11 nm
when CN =7 and r = 0. 1216 nm when CN = 9)',
We also expect that Gd** or Tb'*
La’* -sites because of similar ionie radius.

cations enter the

To investigate the VUV luminescence perfor-
mance, we have measured and compared the PL spec-
tra of Ca(La,_,Th, )sSis0,5 as a function of Th** cont-
ent under VUV excitation at 172 nm are represented in
the PL intensity in-

Fig.3, respectively. Essentially,

creases with increasing Th'™ content, reaches an opti-
mal value at x = (.10, and then decreases down to
x = 0.30 under both excitation conditions. To improve
the absorption efficiency of phosphors in the VUV
spectral region, we have also investigated the VUV PL

spectra of Ca(Lags_,Gd, Thy,,),51,0; as a function of
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Gd*" content under VUV excitation at 172 nm and the
results are represented in Fig.4. The PL spectra for
the Ca(Layy-,Gd,Thy ),5i;0,; phosphors were found
to increase with increasing Gd** content from y =0 1o
0.90, reaching an optimal dopant value at 0.90 under
both excitation conditions.

Furthermore, we measure the PLE spectra for
CaM,Si;013(M = La, Gd) doped with and without 5%
of Th*" , respectively, and the data are summarized in
Fig.5. We have observed that excitation using 172 nm
is much more efficient than using 147 nm. In curve a
and ¢, the excitation bands extending from 160 to 210
nm is due to the absorption of the host crystals. Upon
the doping of Gd*" ion, the VUV absorption from 140
to 200 nm was enhanced appreciably, and there is a
shoulder oceurring at 170 nm which is attributed 1o the
Gd**-0*" charge transfer. Otherwise, the excitation
band at around 250 and 275 nm are due to the f-f
transitions (*Sy, =*D; and JIJ)EE] of the Gd** ions.
When the host is doped Th'* ions, those peaks from
180 to 260 nm are due to the f-d transitions of Tb**
ions, as shown in curve b and d, respectively.
Therefore , the efficient absorption of VUV radiation

1.0 e 3
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() °p—-F,

— 3~ T
B e LA (31D, -_JFl
J s B “4)°D—TF,
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Fig.3 VUV PL intensity of Ca(La,_,Th, ),8i;0,; as a function

of Th** content (A, =172 nm)

Intensity (a.u.)

Fig4 VUV PL intensity of Ca(Lagy.,Gd,Thy,)s8i,0, as a
function of Gd** content (A= 172 nm)
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can be attributed to the Gd**-0*" charge transfer exci-
tation that presumably overlaps the charge transfer
band of Th'*-0%" solely present in the Gd** -doped
phosphors'7 !,

The comparison of emission spectra of Ca(Gd,,
Thy,1)sSi;0y; and the reference phosphor ( Zn,Si0), :
Mn®") is displayed on Fig.6. The *D,—"F;_; emis-
sions have been counted in the integration range and
the integrated intensities have been compared with the
broad band emission of the reference green phosphor.
Our results indicate that up to 70% in efficiency is
achieved .

Summarized in Table 1 is the comparison of CIE
coordinates and the decay life time ( 7, ) for our sam -

10
3
2
'
g
5
190 180 180 0 20 240 X0 20 X0
Wavelength/nm
Fig.5 Comparison of VUV PLE spectra of CaM,S8i:0;; and Ca

(Mo05Thy s )4Si5 045 (M = La or Gd)
(1) M=La; (2) M=La, Th-codoped; (3) M=GCd; (4) M=
Gd, Th-codoped

10
—Ca(Gd, Tb, ),81,0,,
aad s 2,810, T Mn®
A =172 nm
= o5
&
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&
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oo ; S oot
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Fig.6 Emission spectra of Ca(Gdy o Thy 0,830 and Zn,Si0, :

Mn** (P1-G18) : A, =172 nm

Table 1 CIE coordinates and decay file time ( t,,) of Ca
(Gdy,sThy 4 )48i,0y and Zn,Si0,: Mn**

CIE coordinates (A =172 0m) e
S =153 nm)

x coordinate ¥ coordinate (A =153 nm
Ca(GdysTho. 28130 0.3451 0.5777 2:89
Zn8i0s:Mn** 0.2369 0.7053 17.5
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ple, Ca(GdyoThy):Sis0;5, and reference phosphor,
Zn,Si0, + Mn**
phosphors is much shorter than that of the latier.

which clearly indicates 7,, of our

3 Conclusion

The synthesis, VUV PL spectroscopy, optical
and chromaticity of Ca ( La,_,_,
Th,Gd, ),8i;0,5 phosphors by using synchrotron radi-

properties,

ation in the VUV spectral range were investigated.
Upon analysis of the VUV spectroscopic and chroma-
ticity investigations on the new green-emitting VUV
phosphors, an optimized composition of Ca ( Gdy e
Thy.1)45i30y3 are achieved. The PLE spectral studies
show that Ca(La; . ,Th,Gd, ),Si;0,; exhibit signifi-
cant absorption in the VUV range. The VUV PL inten-
sity was found to increase with Gd** -deping. Based on
the characterization results, we are evaluating the po-
tential application of Ca(La, Gd),Sis0,:Th as a new
green-emitting PDP phosphor.
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