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A Study on the Luminescence of Non-fluoride
Quantum-cutting Phosphors by Using Synchrotron
Radiation

Student : Ya-Ting Tu Adviser : Dr. Teng-Ming Chen

Institute of Applied Chemistry
National Chiao Tung University

Abstract

Recently, the world is ,paying ‘more and more attention about
environmental consciousnéss | and- the ‘research and development of
luminescent materials ~have. been  directed toward green and
environmental friendly products, Hg-free fluorescence lamp can be made
by replacing Hg by noble gas, suchras Xe, which has also been used for
plasma display panel (PDP). These applications initiate a challenge in the
field of luminescence of lanthanide ions excitable in the vacuum
ultraviolet (VUV) (A<200 nm) spectral region. The problem is lower
excitation efficiency when mercury vapor is replaced by noble gases as
the excitation source. In order to solve this problem, we have investigated
luminescent materials with quantum-cutting (QC) properties. The
problem of low efficiency can be effectively circumvented by QC
phosphors with luminescence efficiency higher then 100% through
multi-photon and downconversion processes.

The occurrence of QC processes via downconversion has been
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investigated in two series of newly discovered gadolinium oxyfluorides
of Gd,OsF¢:Eu’” (or Tb*") and GdOF:Tb’" and one green-emitting QC
phosphate of Ba;Gd(PO,);:Tb>" that were synthesized by solid state
reactions.

In the QC process of Gd,OsF¢:Eu’’ containing the Gd’*-Eu’" couple,
one UV photon absorbed by Eu’" and split into more than one visible
photons emitted via a two-step energy transfer (cross-relaxation and
direct energy transfer). The theoretical quantum efficiency (QE) was
calculated to be 177% for Gd4O-F¢:Eu’* (7%) when excited at 247 nm.
Furthermore, in the QC process of phosphors containing the Gd**™-Tb>"
couple, one UV or VUV photon absorbed by Tb”" can be split into more
than one green-emitting photons ,by.dewneonversion mechanism. The
theoretical QE was found:to:be higher thén 100% during cross-relaxation
and direct energy transfer. These phosphers give visible quantum
efficiency of 170% in Gd,O5FsTh>" (15%) (Aex =226 nm), 168% in GAOF:
b (5%) (Aex =237 nm), and 132% in Ba;sGd(PO,)s:Tb”" (13%) (hex =193
or 225 nm).
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(1) #¢p&k42 (Barium carbonate, BaCOs)
R 99+, Alfa Aesar, U.S.A.

(2) #ipi @ = "= (Di-Ammonium hydrogen phosphate, (NH,),HPO,)
& GR for analysis, MERCK

(3) % it 4% (Europium(IIl) oxide, Eu,03)
R 99.99%, Strem Chemieals; U.S.A.

(4) F 1“4 (Terbium(IILIV) oxide, Tb,0,)
# R 99.9%, Aldrich Chemicals U.S.A.

(5) # i*4 (Gadolinium fluoride, GdFs)
R 99.9%, Aldrich Chemicals U.S.A.

(6) % i 4 (Gadolinium oxide, Gd,053)
R 99.9%, Aldrich Chemicals U.S.A.

(7) & i*4& (Terbium(III) fluoride, TbF;)

R 99.9%, Aldrich Chemicals U.S.A.

17



22 RER G

(1) % &% % (High Temperature Furnaces)
BAAMEDBEHELEESTALAADRA R A BTEFHE 7,056

cm’ > fie #% Eurotherm 818P 31§ #x B2 & it dp s~ i > B F 7 &

1700°C (B ~-%) 2 £ B Lindberg = 7 2 & enfg 58 108 48 3 g 0 4o 4

R % 9,880cm’ 0 B AR FPTE 1100°C (B ~-%) o

CENER TR CE 3

(2) X sk 45tk (X-ray Diffractometer)

X sk ¥£84 1% 5 Bruker AXS D8 advance #3|(Bl4 ) > H k& 2 4F
oo K 5 22KWo X kiRA % 2 RIL S 1% 40KV el (£ 5 B > 4
BT FIREFEFHERT > SHE LMk B2 A4 R E G
1.5405A e Koy X 5440 - BR|F2 3 T3 it 5 20mA - ¥rde o Rl 2 20

Bi 103 80 & Fahs s 200 FHEF2F A4 10K > £

TR R A0 ko AL AR AR B

18



s MR IR SEsE 2. 20 B o B8 41 * DIFFRAC plus

Evaluation #7 %8 rJ® #icdy 2 Bl o

AT BT
fig Ty R T

e
fal T, ST
LIsagRns o Ty Toll 9 |

1
=
-
o
E
I

F14 : BrukerAXS DS advincs 6 X & 454

(3) ¥ etk ik

RFPTEFTHR G R RETRFDEZTHRIRKE - KR
EF R -BRACEKLAEE -SEFRFNEGHAT IS H
kiBa T o THLIBRAZIREISEERR B AL TR LR
o P23 kRnARAT AEXEST 437 kSR q
FHEHERAEE 2R E®RF R Fr EFAM R R T REND
KR E T B KR o

(4) E 7% b kg 2k ik (Vacuum Ultraviolet Spectrophotometer)

19



quarz window

glass window coated

with sodiurn salicylate

Turbo pump _
Ll Stepper system
. -'.12:'-
'J" 1
AR N ﬁ‘—wﬂﬁ:j@ {;ﬁ ?mBL 03A (HF-CGM High
1’"\ :"'L '-'Th:.:-."'.'_

Flux Beamline)#7 2 3% 2. Jo {:f“ é@% B & kv (Photoluminescence
system)» & & B fle 15 547 4 ¥ o S NE G bk 1F S el
B0 IR A AT PR K Lo k] o F SR K Y B L
70 Pk AR FHAE A3 35 0m T 350 nm 2 kR kR
#* CaF, T2 AP RREE g HPEELRARR - Rmp LR
BEEAT kst LR BRI RIT > FE T EET 107
Torr 11 7F 7 BALRIE o BIRIPFR LF L FmE R G SAksec ¥ R
FATHE RGP F gy L £ R L5 300nm 3 800 nm v H Sk ik Sk

B 5 05x0.5mm; § R RpeF KFHR o FRH AL FFIR LS 1250m

20



2 300nm - HEixEpHE 20x2.0mm e
(5) % b —7 Rk EFH K (UV-visible spectrophotometer)
AT AN AR SRR SRR p A Hitachi 2 &

AP AEL U-3010 % b —7 Lk RFHR(FLEB - ) feid OO0 F# »

7k (Integrating Sphere) > #F 4w A & & & = 190nm I 1000 nm o
¥

w3
- i
[ 4

.'"E': . ._:.:-;:h.
B~ - P Hitachi 2 7 4% o

TR KR R e A A A IR
(6) #H-% st 4 T F Bttt (FESEM JSM-6500F)

o E LG U2 P (JEOL) “TA fW2 #F% HiFfH T+
B st o 87 5 JSM-6500F » & + # % #3-»c%| In-Lens Thermal » %

)
—=

B35 253 500,000 % 4T RE 1L 20kV o 247 &R 5 1.5nm

(@15kV) ~ 5.0 nm (1.0kV) °

21



2-3 RN AL

ARG BEALF BEUA T ¥ NEAERGE &
B FF AR T H KRS 2 ER R A S X kst
RAERH A AT LI R AHFHY SR L 7R R
(A<200 nm) & {7 F L MHF P2 AT o IFFEF T A0 M IR
RERIL > FHERI22 @) it o B S 2R RRF A 2
3P BERETLR MR HE ~ MBS E T RY - ik ih
MeP ) r 5~6 A m2 T RRinht ko g F bR
2o HMmE B R REALPAMMY ke T ER R RR
Lo T R M B TR i flen 3 2T FF o

TR R EREFEE S AR

WL e R BRF 4L CAEF REE A LW

22



2-3-1 Gd,O5Fs:R* (R=Eu,Th) ¥ k42 & =

Gd203 +2 GdF3 — Gd403F6
EE e IR g R 2 A e GdhOs & GdF; > #-H B IR

T # a3 R A B ts 0 x5 IV 4RER 4T

U

Mg ~ BIERN 0 ¥ 600~800CHERE 8 BF o B KA AP T

b}
Rd

U

BIEH B GE T AT (R gk 2 X kSTl ¥ EVA S5 R T
B DI S GAOsFs S5 v > JE I E Db it & H GE

T

Gd203 + (2-X)GdF3 +X TbF3—> (Gd4_XTbX)O3F6 x=0.1~23 %
Gd203 =+ (2-X)GdF3 +x/2 Eu203—> (Gd4_XEuX)O3F6 x=1~15%
i FUpL ] 7]2-7—3’*1& g 3+ T 2 A2dnde Gd,0;~GdF;~TbF; B Eu,05°

MH BN IETSE SO R B 0 % r § (V4EH Y

U

BH B~ FEEN N TO0C (B R R)ERLS B p RL P

fon
et

!

A A
WoF Jeti92 A4t 7 XRD RIR £33 E % % 0 kR p s A
o




2-3-2 GAOF:Tb® ¥ sk g1z & =&

Gd203 + GdF3 — 3GdOF
R E B BIFEEGE F R E 2 Ak GdyO; ¥ GdF; 0 R-H B TR
oy =E S =ERCEY: RV SN I S °F

U

B ghE ~ BIER P 3T 600~800CHESE 8] PF o p A 4PD

bk
fg

¢

BIE 7 FE T AR ek &20 Xk YRSt Bl 0 22 EVA SESTRIH T
B R E 5 GAOF S ot » 7 e i £ 3 5 2

—

Gd203 +X GdF3 +X TbF3—> (Gd]-XTbX)OF x =3~9%
5 st vt IR 3 R 2 A2kt GO~ GdFs ~ TOFs » #-4 &
WIRTeFEIE 3 R GBS 0 s 5 VAR T

<:

Bp 4~ BEEN 02 T00C (B BIER)EL 8P p RN

%8
-

fon
&w

BF 2 AT XRD B2 T8 7 2 5 % o k3§ ple A
17




2-3-3 BagGd(PO,)s:Th* % kg2 &

6 BaCO; + Gd,0; + 6 (NH4),HPO, — 2 Ba;Gd(PO,);
+ 6 CO,+ 12 NH; + 9 H,O
&K O p S T E 242404 BaCOs ~ Gd,05 22
(NH.)>HPO, » #-H % > B #3553 R & B3 > 2o r 3 (Y45 8

U

P 4mE 2~ F RN 03T 1100~1400°CER 8 BF > p R FFE 3

B

para
BIEH P iEr T B 52 X Sk ¥EETB3E 0 &7 EVA @E%ﬂ;&*%’
Eﬂm%}WBwﬁ@mk%%%W% o md i £ i

)

3 BaCO; + (1-x)/2 Gd,0O5 + 3 (NHy4),HPO, + x/4 Tb,0,
— Bay(Gd,, Tb)(POs);s x = 1~17 %
iR E R BIFEEAE g EE 2 A4 4 BaCOs ~ Gdy0;5 ~ ThyO7 &2
(NHa),HPO, » #-2 ¥ * 5 sk} iR & B g » 2cr § 1 453 40

9
B smE o~ RN 0T 1300C (B R R)ESR 8 o p RiAG
IER

U

BF iRz AP XRD BT TEFE F %R REE e A
i




Y23 BEpits
3-1 Gd,O5Fs:R** (R = Eu, Th) ¥ %4

3-1-1 GdsOsF6 2 S W B 152 & =~ 373

B3R YT B 2 Gd4yO0skF30.0 * 2 XRD pattren L3 £ 3 1973
# % 0333=<x=0.395 pF > : Tetragonalz_ & % > B+ = 2 &, 3

FE? ]33:]2021 AL B EC s E-ARZE TS » = GdyOsF¢ £~ i unit

cell » — iFunit cell® 7 7 miF £ 7 + 2. H JCPDs¥m%e 5 026-0658 >

%= % H %aaﬂgiﬁiﬁf*"

42 GAOIFs oWl 5 0 8 5 i
Gd,0sF;
Crystal system Tetragonal
Unit cell a=5.597 A
c=5.499 A
V=17226 A’
Z=1

AFEE B RE R HEE Y G052 GdF; & A2dedr & 2 GdO5F
FEAE o H W Arde 2-3-1 & #7if o d 3% GdF; &2 TbF; % s ki 2 0 &
PoBEERFEREEOR b FRAT ORERREPBIF M EEHHT

—r’\'fmsr; 67&700C"E\-f‘1‘}%%’ ,\,Jfﬁéﬁ,\figﬁﬁ/ﬁ,{fi ) g]—l-m: :;’-I:_‘I: X

9 A. De Kozak, M. Samouel et. A. Chretien, Laboratoire de Chimie minerale, 1973, 10, 259.
20 Koichi Niihara and Seishi Yajima, Bull. Chem. Soc. Jpn., 1971, 44, 643.
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¥ 5 %200 nm % % ¥ 274 nmen g A sojeE L G e @ 150-160
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band (CT Band)® > ** 247 nmEuir jc 7 F i3 & Eu’ 2. "Dy 'Fy2c % i
Bag o st 2 BV HOLRZED > Bt d NGE-072 GEF L B
e11Charge transfer band/& & { ‘@2 & & » # 160-180 nmpi it i 5 # #
iU g 3 Rl 2 pork i 5 160 nmAL2 B Jz B & Eu’'-F énCharge transfer

band °
3-1-2-2 Gd,OsFsEulie & B4 $ts 4 2 7

# P LG -EUT S B I AL IR F ki T2 Gd
¢ W B G A Gl S EutE e 1 R 2 E i £ @i
H BT Z BSOS e 274 nmsk R B o BT S e
FIGA™ 2 987,y 0 £ k54 B il B A (step®) B 1L T AT R 2% )
TRk (YoRl S L (a) o RA U 247 nmigcs oo 4 GdT2 iy B
fvo G x 2§ 247 nmz =z o &t 247 nm Eu’'-O” CT band Atr §

EF PR AL > FAPT UEF P G R AL P

Eu’"-0” CT band##c# i # 7 it £ 4 £ H 44 £ B S R¥UV

2 Philips Research Laboratories, N. V. Philips’ Gloeilampenfabrieken, Eindhoven, The Netherlands, J.
Chem. Phys. 1966, 45, 2356.
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I
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3+ 5 7 <r - = S N7 5 z H a2 - I <
d 3 Euz "D»'FI 2 X8 F P22 B> wT + 2 ¥l

2* G. Blasse, J. Lumin. 2002, 100, 65-67.
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TERI NG ERDE Sk R R o Mg AL 5 247 nm pF
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Dy—'F > 2 BiEd B A PRES TR F I8 g R RBA  F
(DB~ &2 BERB NP L2895 @ E4 Do 'F o R g 3 -
B f £ pF e lifetime > & (c)Bl#dp4p 7 > % 5 1 ms 2_ 4[] o dEIRI
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Bl= + =  GdOQsFgEu JERE & 3 s 5 B % B

P

BT ropegpd i ERBEagecE SR 3 73T R 7 3k
BEu #3205 o e AB0 B T ISR E 0 A K okd R G b

» $2 4% Dexterfr Schulman ¢732 % > » & % ik & i% ;% (Concentration
quenching effect)z. 448 » 2 d *+E L ¢ g 2 (2 % Eu''-Eu’' /)

H

PlEAf A Y

2 D. L. Dexter, J. A. Schulman, J. Chem. Phys. 1954, 22, 1063.

35



3-1-2-4 ;8 B #Gd,05F¢Ew £ F T 4 sk 2

Bl L= %% FauE AT 2247 nm ® 12 466 nm Eu’'z

Y gz ’L7'
moE T

R e )

B e R 18 2

I BRI RS B Bl 2 "Dy—F

B/, %2
g

VR

A

7
~~

51)2—)71:“1

-~

GdjO;F:Eu’ (7%) *zbt k3 - @ -

AP R AMERR R E RE DS A M e R

AP EME- Ltz A uapREREZ TR E i HE S TR

F R SN S 51
120 = 3‘“=247nm — 298K
80 -
40 - 1 %
. * .J\!\ . (8)
. il Bl Bl ™ ' Wl Bl " - Y (Tl Bl Bl Bl
3120310 350 400 = 450 .0500-—-550- 600 650 700 750 80
< gl 100K
= )
7]
c 40-
§ © ‘ i (b)
£ 0 A
i Bl Bl Bl Bl Bl Bl Bl Bl Bl
120280, 350 400 450 500 550 500 650 700 750 890
| 15K
80 7 |Gd™ emission
™ L}\h (©)
- * [+
0_ A Y
e = Smtm— AR B B e e————
300 350 400 450 500 550 600 650 700 750 800
Wavelength / nm

Bl L= @@ £ 5 247 nm 7 BEAT GdOsFgEw" (7%)
Gtk T % (a) 298K (b) 100K 22 (c) 298K > 12 466
nm Eu’* 2. °D,—'F, % T2 25 &

v

36

Leb s d A RSB AR T2 k7 A VAR ISK B G2 P—°S,),
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AT FTIE PRANMNMNELEALESERA L (KA T E B i
B)prs ¥ R H SR ks R o Bl - L v i GdyOsFe T (7%)
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AGEE R I PETO 2tk (e fls + T 977 )T H e R
B > 12 274 nm Gd™ 2 °S;p— T i G fF- 2 A 5 160-180 nm
fle B Rz Frpredojr o Aok £ 200 nmE? 274 nmeE F ST L
G z it B 5 #m & 5 chd L 4 3 48 B chE T 4f5d2 wye &
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Bl L fE e i il B2 Brrd 2 P58

2 E. Nakazawa, J. Lumin. 2002, 100, 89-96.
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7 Te-Ju Lee, Li-Yang Luo, Eric Wei-Guang Diau, and Teng-Ming Chen, Appl. Phys. Let., 2006, 89,
131121
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3-2 GAOF:Th®" ¥ sk g

14 XOF (Rare earth oxyfluorides) & 1 22 ff2 i* & 4 < ;;u:! 2
H 5 L4 & H 4 4 (ctystal field splitting)z_ 4p B A= 3 0 24 1 & 20
1954 & 4 4 D B2 fa fAp BT AT 2 e dp i 1 £ B T L iR
PLBERGARBERT A FPHEE BRI 2R
(Tetragonal) » 4o 1 3-1-1 & B+ = 9771 o L H F B E 5 1:1:1
=N S A L A ﬁé% = % 75 % &(Rhombohedral)*' » # JCPDs
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Z:t\’.:_ GdOFmpaagiﬁi

GdOF

Crystal system Rhombohedral

Space group R3m (166)

Unit cell a=3.883 A
c=19.3232A

a=33.05°
V=833A°
Z=6

YL S E R 2 & 2 GAOF > H 2w 2 SN Az de 2-3-2 & 41k o d 20
F Rt GdF; #TbF; 2 2172 5 ¢ P f o s 2 2 57 fF52 R > 4

MEFEF C4EM > > T00C T # » EE A~ FF > HXE S8R

2 N. C. Baenziger, J. R. Holden, G. E. Knudson and A. 1. Popov, J. Am. Chem. Soc. 1954, 76, 4734
» Dennis B. Shinn and Harry A. Eick, Inorg. Chem. 1969, 8, 232.
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4ol = = 478 o d 1995 & Holsa Kestila™ 73 4 7% frdy 21 GdOF
PO e R B WYOF 0 2GdiE P o E S on B
(polyhedron) » 4= ™ B = - - - Gd™ % /=% 0.938A°% » F2O% & 7
A etz A BEFEIF P00 v L2 3 =8 4ok
ST B2 L2 AER RS ST EIRZSEMPE e Bk X R

1-10pmz f¥ > % % T Bk o

Bl= -+ - ! GdOF z fiz =7 5 B

v P GAOF H =@ ¢ 2 & 2 iR FHIEF 2001

—~

Gd-O (3) 2.301 A ZGd 0.2422
Gd-O (1) 2.355 A Zo 0.113
Gd-F (3) 2425 A Zy 0.3714
Gd-F (1) 2472 A

3% Jorma Holsa, Eija Kestila, J. Alloys Comps. 1995, 225, 89-94.
31 Koichi Niihara and Seishi Yajima, Bull. Chem. Soc. Jpn., 1972, 45, 20-23.
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32 p. Dorenbos, J. Lumin., 2000, 87-89, 970-972.
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