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Optical spectroscopy and thermoluminescence properties of ZrO»Eu®" nano

particles synthesized by sol-gel method

Jae Yong Je

Department of Physics, The Graduate School,

Pukyong National University

Abstract

ZrO2 and Eugtdoped ZrOs nanoparticles were synthesized by Sol-gel
method and their ~luminescence -and thermoluminescence properties are
investigated by~ optical ~and laser—excitation spectroscopy. The doping
concentration /of Bu’ ions in ZrO; is 1.0 mol%. The structural characteristic
were investigated by x-ray diffraction(XRD) and transmission electron
microscopy (TEM). The XRD patternspare compared with JCPDS cards to
identify the' crystal phases of the ZrO; nanoparticles sintered at different

temperatures.

The XRD patterns-confirm-that ZrOz and 7ZrOsEu® were synthesized with
tetragonal and monoclinic phases-sintered at-temperatures of 700 and 1350 C,
respectively. The samples sintered at 1000 C show both of the tetragonal and
monoclinic phases. The particle sizes are estimated to be 225 nm for
tetragonal and 80.5 nm for monoclinic phases. The particle size of ZrO»
sintered at 1000 C is estimated to be 47.5 nm. The results indicate that the
particle size increases with increasing sintering temperature. The TEM
images lead to be estimated the lattice constants of 0.312 nm (tetragonal
phase) and 0.454 nm (monoclinic phase) which are in well agreement with the

values in literatures.
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Both the tetragonal type (T-type) and monoclinic type (M-type) ZrO,Eu®'
exhibit strong red emission peaking at 610 nm due to the Do — Fy
transition under the excitation at 266 and 355 nm. The relative emission
intensity due to the °Dy, — 'F» transition in comparison with that of the Dy
— 'F, transition becomes stronger for M-type 7rO»Eu””  which  was
synthesized at higher sintering temperature (1350 C). This is due to the
lower crystal field symmetry of Eu’" in the M-type ZrO, than that of T-type
ZrOs. It is interesting to note that the emission spectrum of T-type ZrOsEu’’
1s much broader than that of M-type 7rOEu”®’. The results are attributed to
the incomplete substitution Eu’ ions in T-type ZrO,Eu®’ indicating that part
of the Eu’ ions doés not occupy the Zr' sites but forms Eu’ -clusters. At
the sintering teémperature of 700 C, the Eu’" ions do not have enough

thermal activation energy to occupy the Zr' sites in T-type ZrOsEu®'.

The luminescence decay times are estimated to be 0.659 and 0573 ms for
T-type and, M-type ZI'OziEu3+, respectively, at room temperature. Under
excitation at 266 nm corresponding to the excitation at charge' transfer band
of Eu'~ 0% in ZrOs, .the ~decay curves are nearly single exponential for
M-type ZrO,Eu®’, while. slightly deviates from single exponential for T-type
7rOsEu’’. However, the decay curves deviate largely from single exponential
for the luminescence obtained by exciting at 355 nm. The excitation energy
of the 355 nm laser radiation corresponds to the energy located just below
charge transfer band and does not match with Eu”’ energy levels in ZrOs.
The band-edge-excitation by 355 nm results in the excitation of defect
centers formed near Eu’ ions and then transfer the energy from defect
centers to Eu’ ions with non-exponential decay. The excitation spectra
obtained under the excitation at the "Dy level also show different line

broadening, i.e. broader for T-type and narrower for M-type.
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The thermoluminescent characteristics of the Eu’-doped and undoped
T-type ZrO» and M-type ZrO, are investigated by analyzing the glow curves
after irradiation at 245 nm UV light and 6 MV X-rays. The glow curves of
the samples are resolved into isolated glow peaks by Gaussian curve-fitting
method in order to obtain peak shape parameters and activation energies. The
glow curve of the M-type ZrO, is resolved into three isolated glow peaks
with the main peak locating at about 355 K. On the other hand the curve of
T-type ZrO, is composed of five isolated glow peaks. The results indicate
that M-type ZrO, has single dominant defect centers and T-type ZrO. has
several types of defect centers. The glow curves-of M-type ZrO-Eu® and
T-type 7rO»Eu”” show narrower shape in- comparison. with Eu-undoped
samples. The isolated glow peaks of Eu®'doped samples are located nearly at

the same positions as the Eu—undoped samples.
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VUCy)=B{C{+BICH+BICH+BYC™,+CY)

+BiCi+B(C",+CT) (16)
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¥ 2. Bethe®} Mulliken 7139 A3 34

I, r, r, r, I,
On A Ao E T, T, -
Cuy A Ao B, By E -
Cav A Ao E - - -
Coy A Bi As B - -

F 3 Jgel mE g asofdyA =51 £

J 0 1 2 3 4 5 6 7
Cubic 1 1 2 3 4 4 6
Hexagonal 1 2 3 5 6 7 9 10
Tetragonal 1 2 4 5 7 8 10 11
Lower symmetry 1 3 5 7 9 11 13 15
Cubic On O, Ty, Ty T.
Hexagonal Den, Ds, Cov, Csn, Co, Dsn, Can, Dsg, Ds, Csy, Se, Ca.
Tetragonal Dun, D4, Cav, Can, Cs, Dog, Sa.
Lower symmetry Don, Do, Coy, Con, Co, Cs, So, Ci.
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3t 4. Full-rotational group compatibility

Coy Cav
J  Irreducible representations J  Irreducible representations
0 I,
1 D,+ Dy, 0T,
1 ro+r

2 20D, +D,+T,+ 1T, 2t 1
3 r,+2r,+2r,+2r, 2 I, +270,
4 310, +2D,+20r,+23 D[ +2T,+27T,

r, 4 2T ,+T,+3T,
5 2rI, +3Tr,+3T,+3

r, G—p. +2 [, +4 7T,
6 4T, +3T0,+3F, +3

r, 63 Ik FBw4 T,
7 3T, +AR AT, +4 4 20, 3T, A5 T,
Iy
8 5T,/qAr, + 4 4 g Tgl o LT,
Iy
C4v Oh
J  Irreducible representations J' Irreducible representations
0T, of I+
IR Lorg

1 3 1 5 + +
3 I,+T,+T,+2T; 2 Fi+ri .
4 2F1+F2+F3+F4+23 R

P 4orperger e
5F Dye2l, s Dy e Dye3 Fraaptar:

5
6 20, +T,+20, 42T, % ¢ L4 Dt.p+ P+ aop
3F5 1 2 3 4
Ty 2l 2Py 2y e g pher 20t 20
4T,
8 3I, +2T,+2,+201, 8 I'T+20f+20 f+2T
4T,

_16_



213 Ao] RUE ¥ Ho] FE

AR & Al A e @ gHE dolsuA oqUAE FFSAY WS
A Ak Qurgon Qabs Y EYE UAE Aol AN e oy

Ao o7 E = Holstr ofZlo] vl Ao FHE HEokd o oy I
2

=
g Yoz v

p‘L
X
i,
+
N
W,
o,

WEsEY el 43ate quA delst 9l
ofof ek olel@ olix Aol ojel 7k Aujel sste] AFH] HeHow
ojFolatt. AnH o do| WA o Mol walEe] HE ol 00] HEA|
oo e8] ARt

Mszlpillklp].dt(k=x’y,z) (17)

A7IM = 7S EHEC ] U osk Wi del7hrdoju= A
o] A 3584 (total wave function)E St asds Ues 2S5 g9

e vE 5Eds ¢o How FAHU

U.=0,8, (18)
23 Se A=A EHE po] dFS wA gonw Aol BuE = v
=3 Zo] yERE F St}

M= flpz‘llklp/drz f(bz‘uk@/drlfsis/drz (19)
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dEae] A qtAel wEh A% SE Kronecker delta, § 2 EAISHH

.

[8.5dt,=5, (20)
o] #t} uwhebx Hdol7b dojur] d3 o] A3y FEivE A o dolr

WE M, 00] drh o]23 Ho]E “spin forbidden” olg} F-ET =,

M= [V ar=0 (A5+0) 1)

oltt. =¥t o AL 7 AHY 2AGF R Aoe KolH, 22 o
¥ 5 4 1794 Sl sl mel

Si=
Zro]l 0o] HA fFow, o3k Ho]= “spin allowed” =} FEt}.o] w Hold
E

£

AN A4 A7 454E @7 Telghd 4 162 bod 2ol 8% 5 3l
M:fllliolpfdr EE Y=< U0V (22)

AZIN W9 W= A AT Ee v A E 9] sbedtrolal 0 =

AR} A4 QAR Folt),

(2) de] && »p

oW el ;o A" AZF Ak T AE gl A 2 Aol FE pE HolRE
el AF, (Ml vdsA A =
poc [ W, O] W 2 (23)
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Cwol lM ®4=5H  7=0,1, 2 =2 dyuA &= 242 7,0 T

L Dy Ty, Jpi Ty Ty Tyw Dotk 224 "Dy — Fo, "Dy
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1 1 2
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Le oItk ANFTFA Mol Ty — Dy & AT o] BE Hol5L fFiH A
7152 AolEolth @3 AHEGNA e dol5L Dy — Fo, D —
Fo (= "Dy — F1 ), Do — F2 & Dy — Fy (£E "Dy — Fe 9 B2
wolth 2 A FFaAER QoA Fojd Aotk R — Dy delw A

&9 299 B8 VEES 5§tk o dolo] oA weF e vzt B

RS

i
i
=)
4
jutnt
M

© orthorhombic, monoclinic %=+ tricliniceolt}. F 7§¢] I3 +=

71 Ao hexagonal, trigonal =¥ tetragonal] S EFATE
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ol 1 olAe ASLE <¢l3d(phosphorescence) 0. & FH3lo] RErvE P& H
AR F5e Al WEoL-AY FAld dojus HAez 2

o gAY F59 A WEe Aol dRF AR EHHE Az Abole] A

a9 4= €933 349 duyA E=999 FAW 9 ol AA trapy A E
g AL VA dUx Ty 28-S U Aolu, Iy} Edo uw 1H7
(band gap)®th o Z of3} WALAl d YA E F43td 7F A (valence

band)2] A= A Edl(conduction band)= 7] =i, 7] ¥ WAl oiF

Bo ufe &e A (=109%) ol AR Aza A AFeHA 4
#FS wWEIL A5 F dFEE FAA(vacancy), AA I+ A=zt

(interstitial), &< & (impurity) 53 22 AAZA g 7|est= A4 H o Y
o FAaste HA trapel X H M, Ao WA oqr|E AAdE AR
g

AFEe AF trapd T AT ALolA HAAE HAA} trapo]l L:; AT

ke

H A2 Fotdx v AFE 71Estd trapoll TE A HAX7F trap @ole
AR § & JUAE FF8te] dEd2 o] Ho AFHAAR o] 53ttt
7} A trape A AF F4 (recombination center)¥ A AFEHA FALH

of HEHA e oluA £ E Eojx
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uﬁT Conductionband +———"

JiowmpL
Electron trap
h | TL emission
Irradiation Aé_j
Hole trap !
N | ST

~p 0_..| Yalence band ‘L—-+D

e

(a) Irradiation (b) Heating

4833 HEL AA trapoA 2H| S HE A ZNEF KA, AR 2
= TY v trapol A B H A7 Arrhenius? &2 Fo A},
T = Sil .eXD(—k—EI‘) (29)

q71A Exv A=d oo A+ trape] Z o], & &3t oY A (activation
energy)©| i, ki boltzmann A4, T+ A= (K)E Yebdch weba
st A7 EQL A AL trapoll Al A A 177 d9AE dEHE gE2

exet ARt £IHE 9 FAe dux 29 @ol dEan owu

b
b
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-1 . __E
P=1 =5 - exp( kT) (30)

2 FojA 1 st RAEF9 R (frequency factor)[30]F = Ay P A= oj& R
% < (attempt-to-escape frequency)[31]8} ¥ 27|% 3t}

A AR =84 one AA traps HEAE oz By A7 7
Ae AsFet BAAF] wor vekd 4 AuH32] trapel £ H

107 99 AR olwE %E P Tw oEzge 248 oA Bt

i)
o

=
>

AEr AdASY gt #dol il exp(-EAT)= ExW A= ¥=

(phonon)# 9] FS A &S Tl Aol A dAUAE AEs] &= FEo|H.

2.3.1 €8 349 glow curve

dEFA ¥} A= I(t)% Ztestes Sk ARkt AEol AdE Al

% (concentration)® =5
__dh
I(t)= dt (31)

ojth, Al 2%E T/ Agde AZFEY] FtE 493 A=t

S7tete]l HAAE o & ¥ Azpel F7F g oA dzak ga

SRR %o uE F A=E e glow curvets 349 peakE ¥

AstA Aok A8 719 peakEs 7HA glow curver 43t oY 7t th

2l 7hel trap &1l ©3F glow peaks°l THH o UEvE Aot ol &
A Ao B3 BRE AS F

Hd
ot
)

o

12
3
ot

AMsa A9Y @Y By e

Jm
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3 Hx9 o224 Awe 19453 Randall®}t Willkins[33]el ¢
ANAZZ FAel o glow peakel

=
ol7] | AFAATF AEAHA Fa 5 AdGTHa A
[ex]
=

AL 49 483 s dolyAol 93] trapol 3 H A
27} trap =l A HEU R o]@dt= &o Hldeta, = xgH dz =
of dyAor wHgrta 7HAstA T A A% T E33 74

T I(t)¥ Maxwell &3 upet
_ . dn o~ __E
I(t)= —C at C s n-exp( kT) (32)

2 2P CE FT0la nd 2% TolA9 289 Az dxolt;. wat
A AR ZARAL S 2= gl el Z el 27 BEE n 2t st

n=n, - exp| —S—f eXp(__k’Er_)dT] (33)

o 2 e}t a, Randalldt Willkinsell €] 8k 1323314 o] glow curved] 4
<> o 2

I(t)=C-n;-s-exp (— kI?P)

-eXp[——E‘ fTT exp(——=)dT ] (34)

o] 711 344 & mlEstel peak &%= T, & 7% F JoW, T =

_33_



=g exp(—k—l?r) (35)

AE 7F2E0o] €AHSHE glow curved I =
A Eel| wdstz S/B7F A WA glow curved Y 25 AL &og
SIRSa=

1948 Galrick ¥ Gibson[34]2 A X 3 Eo] A3 23 wgapgol H-¢

trap = ZHE S HdAte] ofHES ¥ HAAYES AlFeol ddgtia vt
Aote] 438 % FEE v 2ol xdsA
sty - Y 4 .
I(T)= Cdt =Csr8 +n°- exp( kT) (36)

o] 71X s'&| A A% ¥ (pre—exponential factor)e]™, s=n,-s'2 % Fi A

Hog 71de v 23 WF A Y3k glow curved 2] o3 Zu
i
E -
I(T)=C:n;-s- exp(——kE,IT) ] [1+n0—?3— fToeXp(—W)dT 172 (37)

g 3447 37 o ® RdEE 1A % 23 WA digk glow curve
of oAM= Ay 4 ¢l glow peakE°o] 4 Pl wEbA A&
AxdESs gt B dvbAQl wgapao] gk ool FastA HUAr
19561 Adirovitch A At trap®t A ¥ trapAlelol A el dat 55& A48
t}. Adirovitch[35]9] 93W AA trape] WEE N, 4% trap? UEE p,

A7 trapel 8 HAY] WEE p, A& trape B FYH 7] Hol HEoe

0

rir

AfgAze] s p, d=ddd d= AFAdAe] A2d dES A,

o
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rlo
ol
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lo,
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=
o
)
=
=
lo,
N
Ho
)
2
i)
=
lo,
T
=

=—-d —p 4.y (38)

—d/ s exp= B — A, e N -w) 3
a2l Aol A Ao R Fhelet & W, A A4 £ dstel wEel
AR eof St h=n+n Ol O1AS ARF t=2 W Z3H

dh _ _dn , dn,

dt — dt T dt (40)

2 2 4 dow, 4 383 4 39% 4 400 ddsw b 2

dn
T=s -n-exp(—k—lj:r)—nc-[h-Ah+(N—n) <ALl (41)

(38), (39), (41) o Al Mo 21L& A=A} trapT A F trapAtolol A el A%
3

& Agee ARggAelAw, o 459 M4 A 7 & fln Ba
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FH glow peak 9 5A4& UedlE WiARFES A48 44 571 gl
w2k 1960 Halperin® Braner[36]& Adirovitch®] o] 2o X & A =} 9]
L7t A=diz of7ld AFdze D Ha w9 =31 (p>n.) EIA
219 o et E o] At 7 2} €] A A 3 & el H] 3 nf] - ER=N]
(140 | Lo 2 Aagan. gad A e Bes 2ol ey

F adh

s-n- exp(—k—l?r)

D™ [h A, +(N—n) A, (42)
o He v 4 38 NP AFF FES ST 2o
AR VN 2
()= db - dn_ (43)

gt oo dt Wy b AR ) A ]

2 430 A A AF o] AT 1A R AARJNAE AL -h>(N—n) - A CIEE
Randall?} Wilkinsoll ¢t 13} g d-& et = 2 349 & U3,

ALHFol $AT 23 wHHge] 7

_,d
ke
oy
)
2,

= AR trape] U&7
AdEwdg A 7HAE ¢ Jdoem® Nynoli, Ay -h«(N—n) - A &=
ZAFE FBhe] A 43 A &5t 2a wR AR A9 d¥F AEE 5

2o

I(t)z__dIL_ S—‘Ah

2 __E
at = N'An)'n - exp ( kT) (44)
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o714 543 A §- S - Ay —g'=—S90=2 %W Garlrick®} Gibson® 23}

wreba] 12 = 2% g Aol ol glow peakell TiEjlA = 44407 FE
3 ¥l Halperin® Braner®] glow curveel] W3l o221 & Al&3sl= AHT A
HAH o2 AAEo|oF & wAHFS WF A (kinetic order of TL) me =
Yokl trap FHAZFE S AAY ol gES XIPAYES mTol H
o 7hg st Aol oS Agstt37-39]. =, 4¥8% e
I(T)=—C—cc11rtL=C-s' 3 % | exp(—k—ET) (45)

12tE 2347 oW =rol ] "2 A f=golt} w g A p=19 1
2 dbagabg el A9 2 459 3= Randall®} Wilkinsol]l 913 2] 63 =93}

o, ml 9 A% 4 5% ARse dga 4EE Faw e 2

I(T)=C-n;-s- eXp(—k_I::r)

R 1

Tm-ng o X5 3 A3 (46)
ANA g=nilogolv] o] A& m=1d B9E A Ao Wy

ol ek glow curvedl Aotk e]an 13 Aol A-of vpriA =

4621 & mEdte] 0 2% Fo] peak &%= T, S T73td thga 2

>

TH
[(m—D=F1 [ “exp(—5)dT +1
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_sm-k- T E_, (47)

2.32 X Zuj7} A5 B4 WY
(1) peak shape

AP SAL trapd] 235t YAt e ARl ofa] UEhaL trap®
AAasol 4 A& ol WEH = glow curves si4skel A4S = vk 4
g% glow curved YA FYF¥ Ma L5 T FAHF ux|, AEF At
th 7he &, 2AMIE, trap £ 2, AZFAA] T2 ol wel 2Ad
o 7h2Ed AP trap 918 BE T2 AF 2HOE FoARm
Ao AF5L F2 G4} U AFF LA 2 TR A
& X gujsf Aol o Ea o8 79 glow curveRF-H A& HrEtr] ¢

AM= ol 2Eri/AFS] A s Felok g

T A 55 AAsk= WHS peak shape o]zt rH40]

Fig.2¥x glow curve® Tu, Ti, ToZHE 0=To-Ti, 6§=To-Twm t=Tn-T1S e

th olw glow curved WS Yehdl= 7]skEd <At ug=%i 29| 3
i, w7 RS E o] &3t &8 oyA EE 4 At
2
E=—qk5Tm (48)
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£ E
= T, T T
1000 |
0 -
0 100 200 300 400
Temperature(°C)

a9 5. glow curve U2k AUl €383 AE(1,)7F YEIYE I

29 WABT2 AIF A LE EEE T, 185 2%

gt glow curved ZEGolA _AALEZ ! <lx o]t} ~Halperin® Braner[36],
Grossweiner[41] % Lushchik[42] 52 wi7fW¥5FS AF&3te] 13 2 2% w33}
Ao dial &3 duAE AAse WHS AAS e wEAe] 12 2 23

o o 2k} AR it g B 2ol WERE 5 gl

a; —172—“’*1 m (1—1.58C) (49)
qZ—%L(l—ZC) (50)
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SelC)ord 27 Wl =2l moln, pol B AL u, =2
olet. 4 499 5090 1, & ISt T AN A a0] AASA 2 Aol WD

F8 olUA = g 2k
B, =112 p12(1-2.580) [eV] 51)

E,=2rTi(1-30LeV] (52)

glow curveo.ZHYE S Thd o, 1, §& ©l&3te] dRkap49 gz o

A= g & Sle st dyAdd ek 42> o3 2ol AlAlsATH43].

o
Ex= Cx( 3 ) = Bx(O%& )
(53)

x= 27t o, 1, 68 st ZFmlHaeE AFSE oo dnk Aol digk A
Cx ¢ Bxe &g QA 2% oEAAS FAHH o3 Zo] vehd + 9l
t}.

Co = 252+10.2(ug=042) : By, = 1

Cs = 0.976+7.33(ug=0.42) : Bs =0 (54)

C:=1513 (ug— 042) : B:=1.58+4.2(uy,—0.42)

ol 71 718ketd AR ue A3 WA E o e AA S

A
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of st A 4894 Folzl Qubabael wATAgel Ui glow curved] Ao

Chen®] AAF Ao ostd &3t olyx HHY7F 01 eV < E< 16 eV, 2
<

T4 949 W7t 10° sec '< S 107 sec'd W u, = FA3 A E9t

-
455 A4 Sol A 5Pdoln mol oE@T. 14 @A A% ut

0.42, 22} LF Al A ug= 0528 YERsT 22 23 abd 2 14k g apagel H]
5 g 5o] & ASolng 94 WE9 o] Ao glow curved L

Aol 1k ARy AA vebdu, o ARk W ad A
% glow curve?] A& 3 A3t uot mye BAEZ ALt v 2

i
IR
=
i)
(o]

m = exp (2962 + 7.064 uy) (55)

283 Chenell &3tW 2 538 AL&3ste] A8} oyA EE 2448 H¢ dd
glow peak”} 12 @33 we 15, 23 FFAAY w=68 A&t Ao

=

EH 0AF A vl Ty ToE A% S4347] olele me Ay

st Rol @t AP da SE A

o=

:

e
i
>~
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24 ZrOz9 83 5§54

aEar g el Al 7hA dHskE

AWy A= FYole xnWES <AvtdAY ion
implantation®] ¢J8] AA = FHA(thombohedron)o] UTHA45] EAFF LS o
1170 T7HAl bAetthrt 1 ol 2=elA = AWAgomr Holste] 2370 T7HA

okgst oz EA syt &5l doju= 2700 T7HAI = WAooz EA g,

= AZYotREH FEolA ke cubicde]l dAAE ATV &
7besta AAM dALeR el A3 ~ 5% Fywsirh glow
[46,47], = WYZat@ AFEEE CaO, MgO, Y03 B SJEFA AtstE 59

=
SHAE 7tk A7PEA S ol o] A= AYol oS X2kt X %EH 1L
|AE oFHA A7 TS RFo 77 Sl&) ARFY AnAA ATS A
AAH, F71 A" AE ARAs Ee] B9 E YA AR FXd
M AAE ey d2dAE ks A 2SLolE A5 ¢ drE o &
3] ZrO2 Y0341 &) ¢ eutectic composition®|A] L&A S HAFT o ZHN o]
o] o]FEE AAA7|L-ALA NN AT 2 Ho| 2EE A20]3}

=
o1[4849] & FA. FHFe] (B AATE7F o] (HldME dgE AH

2.4.1 @ALA ZrO,
SALg A 2FYekE Zr o] o] TS At o]y AjE o]l dom jhiol
22 39 Zr o]y AZH = O} 479 Zroled AFEHE OnE ¥
Ao I ZrOp Aol 221 Aol O Ot
Zr o]0 AgHo & FHE HoFa Zr-Opote A 4WA Ao A
109.5°%= 9} o] 7}
Uil o2 7 Op ol 252 Zro 4uA|S] Z=e ZpgAl AdE o] lomE 47
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o] 5ol YWA fluorite T+F <holl AtAo]& Ao A HojFoz

E

QS

242 B3%A ZrO,
A

|

ox

el kAol 23 238 A HolA

4

= Zr o] &3 208 A Holx 9=

A 4748 Azl

w
Gl

ol

ol

243 4%3 ZrO,

oF 2680 ~ 2730 CA}o] <

ojt}. 1# v} CaO, MgO T+ Y039 7

55l

)|
_

}g_

TR

i

7R =

gl

=

A A =sols) v}

A el

}

9
pul

7}3

3|

%
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4 3% H

3.

ZrO; Y= F3A A4 WY

Fis

-Ae] 9

a
=

3.1.

ol 4

Nfo
3

olo

To

)|

4o

el
4

ol

o)
Gt
o

2) 58 A(wet ge)o] Az

3) 11x Adry geDol €A

A

A=2717F 1 ~ 1000 nm

I

7

o)

KN
=

Zol= A 2314 (colloid suspension)

ol AA 9

REIE
o Aehel s Az 50,

i B

ok
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5|

B

3
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Distilled N ZI0NOy), | Eu,0; ¢ Dilute HNO,
water 10ml 0.022mmol Sml

Ammonia | s | Citric acid
water 13.2 mmol

Adjust the PH to 7

Transparent
solution

L

Stirring at 80°C for 3h
in a water bater

L

Dry at 130°C for 24h

!

Transparent
polyesterification

" —

Heat at 300°C in
Smin

Powder precursor

Calcining in air at 700-1350°C for 2h

Zr05Eu(Imol%)

a9 7 &-Agel o @ ZroyEusl @4 14,
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5ol gtk ZrOsel Eu® o]&o] 1.0 mol%7t H7te A&E AZetr] $ate] 1
g 79 2 BHgoR At 23 Yole} S EF oo HrtE A2AY

34 5EAES 2AE7] 98 24842 EwOsE 1.0 mol%
AE Z% F EwOs9 TF5 50 mE 80 CTolA] 301 &<t &9 ol = #p4]
S 9ol At 18 AL nitric acidE 5 mlE F38ta Zr(NOs)oF o] 4

&& eI PHE 454

o
g.
=
(@}

Q

Q.
[oN
i
—_
w
Al
3

=]

e
tlo
e
£
p‘L
£
-
ofL
S

b ful [e] AR
PHE 7HE2 "E7] 935t ammonia® o8] ol o] ZFAN FEofshHA]
PHE =A3dth. o8 A ZAH AAZS 80 ColA 3A -5k wwksl 130 C

-

HE s &2 2%E Zgsty] f1ske] 700 C,-1000 C, 1350 CTollA 2|3t
E

3.2. ZrO; 1= B3ZA S 54 £4 B

Azl 24 2% Wshe e ZAY WsE dolH ] fske X-A AR
2 7)(XRD, XPert-MPD diffraction syste, Philips)S A}-&3to] 322 10 - 70°
Helol 20 ZHEE Cu target, 40 kV, 30 mAZ X-A 3" B¢ sk 18
i Al HolH Y EAHAE wAsHZIE JCPDS AESE Hl w4 ST

7ZrO2 Y= d3A19 A =7]%= Scherrer WA A S o] &3] A 31 cHBG1.

Aoty o Add el 4R F4H A7), BEE dotry] fske] T3
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3.3. dolA £ 54 R AolE A9 o7 2HEY SAHY

BoApo A datdgm=el Eu’ o] &S AH olr8ty] 9kl 198 2
o] Nd-YAG (Spectron Laser Systems, model: SL800) @ o)A <] 42} *3}3} 266
nmE YAAIA HRAFA (266 nm 99 % HHAL) 1, 22 AR cryostat Wil 1A
o ARG AlR9 2Ee 2% AoJFA A AT AR U2

4 PMT (photomultiplier tube, Hamamatsu R92)E E3dlo] A5 2 =

)
>,

rir
ol
:‘_l,
o

Zylo] QAR A3 Z(LeCroy model: 9310)o1 4 =A3tdvt. &3 band edged]
defect F-it& o1718t7] 9kl 17l 833l Nd-YAG #olAolA Y} 34
Z38t5} 355 nm @l o] H & WAL A-8(355 nm 99 % WHAH. 1, 28 AA AR
A ARSI 266 nm S8 AR FUE FHOR FA o HFH 7] &3}

o Astelr,

a3 AbolE AY A7 A ER S ZSASH7] 9| 3 do] A FF (N 2"e A
A= 178 A NdYAGS] 532 nm #lol A= HF sk A4 o] 4 (Spectron Laser
Systems, model: SL4000B/G)E ¢17] Fo=2 A&t Aad el Ao ARgH
A A A E(Bxciton) Aol 2R (rhodamine R590 + R610)S AH-&-3th. A1
A AR e O3 2o Ad ol A B AFRE s v Ao W
1 L, 2971 R590 63.0 mg, =57 R610 306 mgs Yorh =9l R5903%
R610 5+ M7 & £3d & Jes 2532 of A7 ¢ £3sto] FAh
g Magoeld FE e AMEE Mas e WHoR WHEs 1 L, 2oy
R590 34.0 mg, 27l R610 124 mgS Hl A €=t} oF 1A7F 2592 &3
H Aadgel A v WelE 570 nm oA 610 nm otk AlEE +E AlEE

=t (holder) & AM-&3te] cryostatell 72Hald o,

a9 83 o] ool AE Y FFA AR A7 v FFANA W

= F4s 5= lens, 2 lens) 270E AREse] H sl F3S &7

b
(i
2
fot
ol
A%}
1=
N
=
(@}

g
=)

(monochromator)2] YA} £2l(slit) o H&E3A. H
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Research Corporation, model: SpectraPro-750)2 A}-g&3to] E33A| AT 345

2 PMTE ARSste] S&eta, HqAd eAdRAaLS AbEete] AlFstsih
o] 7] a4 3FZ=47](New focus Incorporated model: Wave length Meter
T11DE Ab&etel 3FE gelstiglth. tA" edrsmze] Ao W7o A

g g, 14EA71e Age e RS ol gare] HolHE 4, A%
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-
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A
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X-Y RECORDER

TL ANALYSER

TL SIGNAL
POWER FOR HEATER

THEMO COUPLE

|

PM TUBE
QUARTZ
FILTER
SAMPLE
CERAMIC
HEATER

Nr
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4. 23 R =9

41 ZrO; Ux FF A 222z BE 44 &4

g 1094 Eu’'7F 1.0 mol% H718  Zr0.2 €% 700 ColA 2417 &

rEL“

A g 2 fAolA YElY 20 = 34° Fto] Ay 77 279 Hoe g
TElEol YEtyd 9l x5 vEidta a8 A Aok Ao R Hvid &
AA Eu’e 93 e -@skth 700 ColA-247F Eek 2248 1910
X-A "4 92 20°=30.30, 34.78, 35.26, 50.36, 60.2° ol “L}EFL} A& Al Aup
Ale]l JCPDS Zh=(1®l 10 ofe)E gl Avt. 18 1194, 22 2% 1000
= SAMEF AW Aol E3FE ol UE W 700 T Wi FEF e vl E
X-A ALY ¥= 20 = 2814° F 3147 HJA7F A vEdo. 19
129} Zo] £EE 1000 ColA H Z=2p2E=2 F7I8IH YA A @AHA
=

o2 W3l 1350 CToAAE dAFE R YEvha 20 = 28259 31.56 9 UE
Wt
274 2o wWE YA A= 2] 6o B REH FE AT 700 Tl 2 AlZHE

o AZAFA S AF B YA 27 225 am; 1000 CellA 2 AR-EE AA T

A% 475 nm, 1350 CTollA 2417+ FoF 223 Z$E= 805 nmE YEon &
A2w7F F7ketd dAe ari=m FUste A3E dETh o d dAke] A

7l AATxeh HaEm Qe A7 Aers =2 WAdE e &
ok [53]. 5 AW ZrOy= Day Aol @AMy Zi0se Co B C AT o2
EREAE

x2

o

)
=

AFHE 700 CTollA 427 AUAd v d3AE T-type ZrO; U= I3
3

A, 1350 CTollA 427 AR v F3AE M-type ZrO; U= 342 3



w3tk 19 13e T-type 2 M-type ZrO; Ux d3A o T3 Azt &3 At

o

Zolth, T-type ZrO; YW= A9 AAZFAL 0312 nme] i M-type ZrO: 4

FFA e AAAL 0454 nm=z FAH A olHF A= XA 3 E G

H

o) M NE AALE L FUkge wE Ao Av|E Fbsta AAA R

Frhehe 3T Rk

—— 210, - 700°C

Fitting average size=22.5 nm

Intensity (a. u.)

L

= JCPDS 50-1089 Card

A ‘I‘ [
10 20 30 40 50 60 70
2-Theta (degree)

2910, ZrOz9] 242 %7 700 TSl X-A 3 dA, AAw ety gt

o] Z7]E 225 nmE UERR
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—— 20, - 1000°C

Fitting average size=47.5nm

Intensity (a. u.)

— — JCPDS 37-1484 Card
—— JCPDS 50-1089 Card

L 1 “. I NM} Jxl“ ! H J'x'l ‘uﬂ“ ‘H }“I_Hh il Ll

10 20 30 40 50 60 70
2-Theta (degree)

2911 Zr029 242 %7F 1000 TSl X-A 31 a4, Ay g Ao 37

ety 9zke] A7) 475 nmE e
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—— Zr0, - 1350°C

Fitting average size=80.5 nm

Intensity (a. u.)

; MJMM\/MM

— JCPDS 13-0307 Card

I ‘ 0 D AN el )
10 20 30 40 50 60 70

2-Theta (degree)

1812, Zr0:9 2Z24& %7 1350 T X-A 3 AA. aAAw velvr

o] A7) 805 nm=E U EFYE
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>«

d=0.312 nm

P\

d=0.454 nm

2913, Zr0ze] AZAREe wE FRHzAEARAE AR (a) T-type (b)

M-type.
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a9 14% Eu¥'Y odudA E=9=olth. 2y A Eu’'-0" 9 datdguw=
= A BASAY. 2" A g EE 7E JEda A R
= 3% U= el 294 266 nm(37579 em ) #H o] A& ZrOxEu®
o] Aatdgme=g o7shA du. a2 355 nm(28169 cm & Eu’'el A

a9 15% T-type 2 M-type ZrOxsEu’ Y= 8379 o7 ~gEH |} o
7] ~HEH =4 A 620 nm ¢ Dy — Fy & ¥ monitoring st T A¥=(Xe)
WZZ 200 nm*FE 580 nm ZHA 27 SHh o7 ~FEGAA 220 ~ 300
nme W& F4 M=k B9 078 AsAgol o3 Astdgduwizolm
T-type @ M-type ZrOgBu® 2% W43t ~sleEs] mgS Rmelty MEo] F&
d7)|=HEY HES Eu’ ohF5 =9lEelrh. 390 nm 2ol Fy — *Le 1ol
-8¥ s 2E 9=k debdal 460 nm F2ell Fy — Dy Holel tl$sEHE v
A7k #FEEG. 18y T-type U FFA 9 of7] AEFL M-type? H]uLsho
k2t Wor 607 nm, 1350 CAAE 6147 nmZ FFWE das 222

Z7bl W Ao 05L&+ At
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<-1a----37594 Cm1 (266 nm)
35000 |— Charge Transfer Band
30000 ¢
§ 28169 Cm-1 (355 nm)
= A,
25000 = 6
5 2 s D,
S 5D,
= 20000 [— 7
5 N [
5 AN SDO
S 15000 |—
10000 Excitation Emission
7
5000 s
0 v_v TFO

9 14, Eu®' oy R 9. 266 nm ¢ 7]= AstAGuwl= of7]o] 1 355 nm o] 7]

= A3 B R band edge ¢ 7] o]t}
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. 3+
L 7F0—> 5L6 Ex_ZrOz.Eu
r — T-type, Lem=607nm
| — M-type, Lem=614.7nm
i CTB
— 266 nm
=5 -
© | l 7 5
— F, =0,
>
5 355 nm
2 L
L
g L |
T T i T . T y T T T T T . T T T g T
150 200 250 300 350 400 450 500 550 600

Wavelength (nm)
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a9 17 2AL2E7E10000 €Sl e #FAL] Fy — ‘Do AJEE
dEdA FAT 47 2FEHS YEHWAT, 2A2%=7F 1000 T Y=
A ZA 578 nm LA W Fy — °Deol ¥ A7 EAsta, 700 T =
GG Ao e ekokd 582 nmo A Hald 27he I ast e
o] ¥ 10, 11, 129 XRD dA %= &<l HAXo] 1000 Tl FAe 4
= T-type® M-type®] sAlel A&k e = A4 w&o] .

a9 188 AL wl 1350-C e M-type Lt @339 Fy — Dy Aol

of7] ~HEo|ty, Mok rartA 2 o6]7] ~HEY 54 A monitoring ¥
F92L "Dy — Fy J-= 1,206) Aol g g2 (g > 590 nm) °] At
18 189 A M-typel 18 169 T-typed 2a Fy — "Dy 97] ~HNEH
o AEe Fu1 FAe 2 Fae @ el AL vaz FHARS & F 3
oo 7bg 2 92 5824 nm ol 91X @tk M-type®] 49 Eu’ o] 1350

To e A s AAG FRI FHAUAE HE F Ak
et FAF 3 M2 gE Zr' AlolEd] Eu’ o] EAEY 7r0, 4%
A el Eu’'el A& FEz A% & 5 o

70y FFANA Zr'" Ao Eu’ o] o] SZoj7td Hatr e o A
o] WAootk +37F o] Lo 47k Aol Eolzbwl AW AL A
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a9 19(a) 2 19b)E Zro.el Eu’7b 1.0 mol% FH7FE  T-typedt
M-type Al89 54 2% w& WE I3 ~HAEdS JellAo. 266
nm# o] 7]3ke] 18, 100, 150, 200, 300 KelA wW&3d4S =AH3 Az} 585
nm AN Dy — Fy Aol 9F At #FEW 615 nm A A
Dy — Fy Aold 93 yax AT 1350 CTolA 243 wAA <]
M-type 2 EHI 700 ColA AZAI AWAHL T-type 2FHEH 713
2 Aole 2FEHNAN Dy — Fy (J=1,2) do] A5 HAF Aololt

T-type =HE- A= 929 AFo] s FA et M-type =HE

M-type o2}/ ABA)2] ALlEE X3 Eu’' o]&Eo] HAst= F4 A
Eol7] HEIH EAHLEd wWE AHE"d G I xolzp A @
9kth. 266 nm o 7]E ASHADMEe] 7] ZA Eu AlolEES A or|stn

28 20(a)9 20(b)E ZrOsel Eu®'7F 1.0 mol% 71" T-typed M-type
A &5 355 nmZE 7|3 WEFF =" EHo|t}. 355 nmE o735t 18§,
150, 300 Kol w&&4< =43 233 58 nm HdA Dy — Fi3t
615 nm <A "Dy — Fp Hele] g 2FMEHL 266 nm o7 A$9 2

s
oBL

o] &£xo wWE AdHE" wge I Holrt HolxA et 1y M-type
~AEZ RS 355 nm o7 (2™ 19(h)¢ 266 o 71(1 ¥ 20(h)E= wi¢ o}
2 BgS HA o]E 355 nm o 7lE 1% 266 nm o719 @8 AH Eu’'

& H4 M2 ofr)ste] Eul 2] oA dee] os Fgo] wAIsty] uw
Eo] Eu’ o]&wt o757 wjiEow o ARt}
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7V S7bste Ade YE L P37 v = W] B SAEd o] 7 3u g =
A3 M-typeoll A ¥ 322 Zol A UEFGTE oy A= 124 &4
AR HA7FE EeE] Ado] Axstel F34E MA7I7F S7kstd e 2 ¥
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a9 269 a9 27914 355 nmE o}7]& A 266 nm o] 7] ¢} H] el A
Hl Al St o ggo] AT olf e A¥eomiH FE 35 nm oY

A= A olo oA ake] o]Fojxa HEHOZ Eulze oz A
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[ Temp - 300 K
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44 A} X-A zA9 € FF 54

d PG AFAY A A Hrlste EHAY sE AFE RevE E48F
EAS A W3 Azl 2" 308 T-type Zr029] Yx 3 F A 254 nm
o #ALJAE 308 EAFE AIRE 2 T/secd A¥ 7t2&= 7tdste] Fa
g% glow curveolth. ¥ 30914 Hi= w9} o] glow peakt 303, 345,
371, 414 9 425 Kol Al ERSE

zk 7k o] glow peaki=" w Al Wl Q= trapEel thst B E 7R3 glo
B2 Z trapl di& 2 w7 W5EE AAG7IHE AT dAE glow
curve® Gaussian 4 & o] &3t el glow curve® # ¥ F peak
shape & Al&3tdtt &4 glow curveE R E 73 peak (a) ~ (e)9 peak
shape parameters Tm, o, 6, = 3% 99 2t 123 peak (a) ~ (e) Z4Z9
94 glow curved] tigh &dst oA = Chen®| 321S Ab&ste] T3tdon

g2 ZH7H521, 1.58, 092,093 2 0.64 eV oAUt
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a9 30. T-type ZrO; Ux FFA el 43 F glow curve. 254 nme] A2

S 308 EAL
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% 9 T-type ZrO; Y= FFA Y peak (a) ~ (e)ol wigt peak shape

parameters 3 &4 3} o 4 A,

parameters peak (a) peak (b) peak (c) peak (d) peak (e)
Ti(K) 301.05 334.75 351.05 389.95 413.75
Tm(K) 303.25 344.85 371.05 414.35 452.25
To(K) 307.95 353.95 390.55 437.95 484.15
o(K) 89 19.2 395 48 704
T(K) 20 10.1 20 24 .4 385
§(K) 6.7 9.1 19.5 23.6 319
EeV) 5.21 1.58 0.92 0.93 0.64

% 312 M-type ZrO, Ux FFA 9] d3#F glow curvedE YEHAT
Al g+ 254 nmo ALYAE 30 FAG I oW AP AL ELS 2 T/secol A
t}. 28 3194 ®BE vk o) glow peak™ 3719 @ peak® TAEHY L
| F peak: 355 Kol3lt}.

M-type ZrO, Y= &3 A TR H4S Fat7] Yste] 29 319 &
Y4 glow curved Gaussian fitting o] @Y glow curve® &g $
peak (a) ~ (c)ol ™ &te] 3 peak shape parameters-2 % 109 YeEFU L
U}, 183l peak shape® &2 3+ peak bl(trap b)9} peak c(trap c)o 24
s} ol A= 1 100 FAIS wpe} o] Z+7E 1.02 eVel 1.06 eVel T,
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a9 31. M-type ZrO; Y= 3F A9 E&8F glow curve. 254 nme =< A

S 308 EAL
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% 10. M-type ZrO, Ux= &34 peak (a) ~ (c)ol ™3 peak shape

parameters 3 &4 3} o 4 A,

parameters peak (a) peak (b) peak (c)
T(K) - 338.12 379.55
Twm(K) 313 355.25 400.15
T2(K) - 374.05 421.715
o(K) i 33.93 42.2
©(K) 5 1713 20.6
8(K) = 18.8 21.6
E(eV) 7 1.02 1.06

a9 328 22257 700 Toli ZrOxEu” 1.0 mol% Y &3 254
nme A AE 30&E 7 A F 2 Clsecd] A 7L &= 7dads =
Ast 4934 glow curves YERHIT @83 glow curveE Gaussian fitting
slod & glow curve® et 19 3204 RE vle} Fo] 3P
glow curvet 4709 @Y peakZ | HJow, peakla) ~ (d)eol o3t

peak shape parameterE< ¥ 113 21, &A43F duyx= 247 2.96, 2.95,

0.60% 0.66 eVo] AT},

o]
HAASEL A8 Y trape & #&3t}. M-type ZrO; Y= &
[ex]

FAE 1350 TN sAsgonw o AX FRe 24AF] A ol
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19 32, T-type ZrO»Eu’” 1.0 mol% Ui 3o A3 3 glow curve. 254
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¥ 11. T-type ZrOsEu” 1.0 mol% Y 33339 peak shape parameters

o &3t olgA.

parameters peak (a) peak (b) peak (c) peak (d)
T(K) 299.65 334.45 323.55 373.95
Twm(K) 304.15 339.75 349.15 406.75
T2(K) 309.05 344.45 372.15 440.95
o(K) 9.4 10 48.6 67
©(K) 4.5 3 256 32.8
8§(K) 49 4.7 23 34.2
E(eV) 2.96 2.95 0.60 0.66

a9 338 2227 1000 €T ZrO2Eu” 1.0 mol% YW= &3 Ao 254

!
nm] A&dE 30 ZAGE ¥ 2 CT/secol A¥ 7F2&=E VHEstdA =
A3 483 glow-curveE: YELHTE o] A3 glow curveE Gaussiand
o] &3}lo] peakitzl b TLH 3394 H = wfe} o] AP glow curve

= 4709 @Y glow peak® 8 = loH, peak%=+ Z}7} 307, 348, 382 #

R

i

406 K o]t} peak shapeH o2 F3 o] @A peakE9 peak shape
parameter=-S 3 129 Yetidol. 28] ar 2z} trapol w3 ZA 3 ol YA =

747} 306, 358, 1.81, 0.8 eV o] 2lt}.

_87_



0.012
0.010 4
S
& 00081
2
2 0.006
Q9
IS
—
2 0004
0.002 4
0.000 -
T T T T T 2 T g T ’ T

T T T —T— —T—
20 40 60 80 100 120 140 160 180 200 220

Temperature (°C)

19 33, T-type? M-typee] EAE ZrOsEu® 1.0 mol% Y= FFA o o

&3} glow curve. 254 nme A2 A S 308 FAL
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¥ 12. T-typed M-typee] EAE ZrOsEu’ 1.0 mol% Yx 332 peak

shape parameters @} &4 3} of 4 ],

parameters peak (a) peak (b) peak (c) peak (d)
T(K) 301.85 326.55 370.45 378.95
Twm(K) 307.15 347.75 381.55 405.95
T2(K) 313.15 368.45 392.55 432.45
o(K) 11.7 134 22.1 53.5
©(K) 4.4 4.6 111 27
8§(K) .3 3.8 11 26.5
E(eV) 3.06 3.58 1.81 0.8

a9 4= 22227 1350 € ZrO2Eu’ 1.0 mol% U 33339 493
3 glow curveZ Y ELAT. 34 glow curve: &9 Ay A A 254
=

]
nme| AL|AS 30 2 7t A

Alg 5 2 C/sece A E _zhe

A

s

A

d)
)

AstAtt o] 9483 glow curveE Gaussian FEZ o] o] peak # 3}
W 18 3404 HE w9l o] ¥ F glow curves 379 @Y glow peak

2 TAEJ S, peak &%= 27} 307, 353 # 395 K o] At

-~

¥ 132 peak shape® o2 3k o] @ peakE 9] peak shape parameters
S vt a, Z trapol g A3 oYU xE 22 2.03, 0.88 Z0.78 eV ©]A
=3

Ew'E 1.0 mol% #7138 M-type ZrO»(1¥d 34)9} T-type ZrO, Ut

5
&

H
ot
ofd

Aol 487 glow curve(1¥ 32)9 peak £EE5L Eu's #H7belA

Al

2
lo

%o M-type ZrOo(1¥ 31)3 T-type ZrO, Y= &% 243 glow
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peak(Z1d 30) &%= 71 2k o] AL trape] 540l £ S ovsiH,

223 peak ®ol ThE AL Eu' olee] ggom Aztwc
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S
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k7]
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18 34, M-type ZrOzEu” 10 mol% Y= ##Ae A3 glow curve.

254 nme| #A9jAlS 302 EAL
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¥ 13. M-type ZrOzEu® 1.0 mol% Yx 33 A 9 peak shape parameters
¥ g st oA,

parameters peak (a) peak (b) peak (c)
T(K) 300.85 334.55 368.65
Tw(K) 307.05 353.45 394.775
T2(K) 312.45 371.85 420.05
o(K) 11.6 37.3 514
©(K) 6.2 189 26.1
§(K) 54 18.4 25.3
E(eV) 2:03 0.88 0.78

a9 35+ M-type ZrO: U= F33Ao 6 MV X-42 500 cGy FAlst
SAIZE A Fol 2 C/lsecd AE 7M28=2 71EstHA =43 43 F glow
curveo|th. 1 350 “HE FH2 U EIIHA ¥z vlef o] 7}

.
=
2+ Y(back ground)e] 250 ColAH 8 FAS F7lstn=z 2 AoAe

i

A

1}
a8 glow curvedl A 7FE 3o o3k H o <f(back ground)S =3
231 43834 glow curve® Gaussian 5 E o] &3dte] 19 359 o] 2 7
o] &Y peakZ E@ 3 F peak shape parameterEd ZA 3} oJUAES T
@ peak (a) 9 (b)) A3t olUA= 22 0998 eVel 1.15 eV
X-A& FAE M-type ZrO; Yx 3349 glow peaks AH¢
AbeE g0 wls] ar2olA Z peak’} LEFRETE o] AL Apo] Mo 9
gl o7 H =] FAT deep trapoll AW HMAEC] 6 MV X-Aoll o =)
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5. 2 &

2 7rOyl Eu”'2 1.0 mol% #H7tste] ZrO, yx F3AS &
At 2FALme wE X-A 3HFL 700 Colr AWAol e
1000 Cell M= AW drrgo] o] EAsH, 1350 CTollA s @A
vEbgtom, JCPDS 7h=29] Hlale A & A ATt ol HA FAg vx F
FAe Hit YA =)= 700 ColA 225 nm, 1000 ColA 475 nm, 1350
TolldE= 805 nmE YElY 2Ad2%7F T7ietd dAke] a7|7F S7kska
gArg oz Wt st on, TEM S4-AfdMes 2Fer 7t AR
o] z¥Zo] 0.312 nmolA 0454 nm=Z =7FES & Flth
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— FiRg 3A FtetgE o] F Aol dA
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T #HEol JE ALE WuHEHG. 1A B SRoA Add Ux FF
= A22% Yx @AM peakd Zo] FA YERSG

g 2Rt s R sdsd Eu’ iz ze Aol A=A EA

shel oluA Aol F Dol B 5 Slek.

P33 FHSAAA T-typee FFFH-2 0695 msolil M-typeo &35
B2 0573 msEA FFFEE AYA =9 Atelo] dA dol & whu#H
thoold @ A Fovbe FRAC st lste] wL2eA Eu’l o]l
A flAE] g A dage] & dojd A3 FFswo] &
, AetAdm= EE2 266 nme band edge

o]
o 2% PR 355 nme FHFFeIA 266 nmi 7] BR5FPe] Frhs
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o] e JdFgow AZAHATH A X-d= £A M-type ZrO, = 33
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