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Growth and Optical Properties for ZnO Thin Film by Pulesd Laser

Deposition
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Abstract

ZnO epilayer were synthesized by the pulesd laser deposition(PLD) process on Al:O3; substrate after
irradiating the surface of the ZnO sintered pellet by the ArF(193nm) excimer laser. The epilayers of ZnO were
achieved on sapphire (Al:Os)substrate at a temperature of 400 °C. The crystalline structure of epilayer was
investigated by the photoluminescence and double crystal X-ray diffraction (DCXD). The carrier density and
mobility of ZnO epilayer measured with Hall effect by van der Pauw method are 827x10" ¢m™ and 299 cm¥V -+ s
at 293K, respectively. The temperature dependence of the energy band gap of the ZnO obtained from the
absorption spectra was well described by the Varshni's relation, Eg(T) = 3.3973 eV - (269 x 10™ eV/K)TAT +
463K). After the as-grown ZnQO epilayer was annealed in Zn atmospheres, oxygen and vaccum the
origin of point defects of ZnO atmospheres has been investigated by the photoluminescence(PL) at 10
K. The native defects of Vzn, Vo, Znim, and Oix obtained by PL measurements were classified as a
donors or acceptors type.

In addition, we concluded that the heat-treatment in the oxygen atmosphere converted ZnO thin
films to an optical p-type. Also, we confirmed that vacuum in ZnO/Al:O3 did not form the native
defects because vacuum in ZnO thin films existed in the form of stable bonds.

Keywords:ZnQ, pulesd laser deposition, annealing treatment, point defect, photoluminescence

1L.A 8

ZnOEI-VE s HEAZA A2dA dux o kAol 337 Ve AHW Holy MA2A
LED(light emitting diodes)[1-2], LD(laser diode)[3], &3 Z71[4], F=aa5LFH @Adx HE (615l
S840 7itER Qo] FEH e Edolvh wetd $de Zn0 AR & A AE WA a9
B4 77t gustA RYse] 2xm A ZnO A A PHS "2 #HolAx FFpulsed laser
deposition: PLD)7], nFx Aztele (rf-suuttering)[8], 23 #ol(spray)(9], € 3% %71 Z 3 thermal
chemical vapor deposition){10], ¥At 4 #%7l(molecular-beam epitaxy) (MBE)[11}1%5°] it} o] W&
7hed "B oA FHPLDIYL FF A8 3E EZ(melting point)7t ¥& ¥tEA, 438 F3 A8
el Al (target)ll 2 o]l AW (pulsed laser beam)& ZFAIsle Z3 A8 el 49 228 §33 &9
AR 24& 718 AA 9b(thin film)o] ¥4 H=EF PUAd 2983 Pyl 771 24 2
A& ARANTIER Jde dvutg g 4 91, NES] 48 29 7 enz dqFor A4 & Qo
= el vk "2 ol FaY, 3Tk AuehH (rf-suuttering), 2Z o], 33 %7] &% (chemical
vapor transport method)H 22 AFAZ) ZnO 93] 4o @ AFE olFolzad, of37A "2 ¥
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olz ZaAYoz FAAZ ZnO Hote] FLFE o} 43 Zn0 FAWNY HZF(point defect) W A7 &
=2 gtch

£ drddAe B2 deolq FAYLRZ ALO; 71 99 ZnO #9E AFMNALH, R4S $uF
(Photoluminescience)®] A& W& (exciton emission) 2HEHH o} AAY XM 8% I 4H(double crystal
X-ray rocking curve, DCRC) 9| ¥HE x| (FWHM)E A5t dolustch, A4R ZnO ®veg Zn F7] #
A7], xR AF BA70AM 47 dxE F 323 2HEPE EHstn EAEo o IXe
#7134 FAd FE5E AANED X)) FA B TE5E GAEALX) A% B4 23 2oy
b(Do, X)) Li(AgX) ¥ SA W& (emission)d] 93 PL %-$2ol ojw J&e ojx=71& A7 & A
Has-grown)® ZnO wtetst of @] BN dAEd AAS g AuiAHA A A (point defect)E ol
Fetg ZAo] o A7t ) AAEZRE Zn0 Souie WAY AFgE 719l dstd =g
Hojr}

24 539y

2.1. ZnO %2t 4%

Oy 13 ge 32 gold F& A2 (Pulsed Laser Deposition'PLD)& ©]&3te ZnO wetes A3y
th PLD ¥4< #A% e2©® =12 mm, thick = 3 mm) $E¢H2E ZnO £ 2AME A&39c €A 44
€ Zn0 "lA FAEL 2 temPe) AHselA 4¥E F 1150 T, 20 ha 2A3% #&3Ah PLD T4+
Lambda Physik ArF excimer laser(LPX110i, A=193 nm)& A&3dlln, dloj- e wtd F7|&= 10HzZ 1A
3ttt PLD #AZFo ZnO BHAE 40rpmeZ B AAZ D, oAl o3 sputtered B ZnO BAAHS
AlO3(0001) 71¢he] £EE 400CE nAste] A3stdct vg 7] Al(Background gas)EAM Ar 7[A & A&
st , old #Holx oA E 100m]/pulse®t 200m)/pulse® 3 100Pa, 50Pa, 10Pa ¥ 1Pagl Ar 714 ¢
g3loll A 20,000 pulseZ2 LAt ARt

Stainiess Stoel

a8 1. ZnO wel MEE 9i8t HA ol S AAY
Fig.1 . Pulsed Laser Deposition system for Growth of ZnO thin film

22 . A¥T=xE

A28 ZnO w2 X-A diffractometerS ©] &3] £ (powder method)o2 AR TZ, AANFTE
zAsgen, AL oFAA X-A 3H(double crystal X-ray diffraction, DCXD) ZX 2 Z74 35t
o] ff X-Me 34 1542 A9l Cu-Ka & AH&-3tich
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23. & E3{Hall effect)
E 208 ZA%7] A8 AeFA &o 4 nAFD Ao A7tE A7) R kG AzAYE
o Ao 2x & 203Kl A 30K7HR| WA 7|HA van der Pauw W o2 & 29E A3 A

2.4. %I (Photoluminescence) 53

AAE ZnO B2 cryostat Wl U+ cold fingerdl 1173, AF o2 7|3l He-Cd Laser (Nippon,
325 nm, 40 mW)E Aol zAlsyth. w3d Y& W2E IY&3ld chopping T WMzl X
(monochromator) 2 ¥3sl¥ 1 #3439 2& PM tube(RCA, C3 - 1034)2 o} Lock-in-amplifier2 £%
3la] X-Y recorder2 7]&3tth. ol®W cryogenic helium refrigerator(AP, CSA-202B)& cryostat (AP,
DE-2025)9] € =& 42A AL22 WedM FFsAt

25. ZnO uvtote| dxea =d

A48 ZnO BHLE Zn F7] B4V, 44 2 AF 29714 2 dA-2ls. A S(sample)E9 4
297194 dAe 29 A A 2Adsd Fag Mol MY F1 AP F& HH 24¢ T3
of Az 2@eg FUc Zn F7 BV XS] A8 Zn 00015 g& AMHI B AHE 49
Bo) g} ~10° tor FE FAFAA LSE SoM AF BYstd dS(ampoule)®] Zn F7)%e] 10°
torr7t HEE 450 ToA 1A2E¢ IAgstdu. 4 BH7Id0A dx183l7] 98 RPA(rapid thermal
annealing )8 At2 E97]dlA AlEE 900 TolA 58 F<¢ dxg st 1F 217164 dx&sr]
A AlWe Mo Hol ~ 10° tor AE RASAUA LLE HoX AT BYste] FBL 50 T
1N IAesisle. olg) ZnO 49 dxg e ® 19 g

¥ 19Xy =4
Table 1. Annealing condition.

Sample Annealing Condition

ZnO : Cu Zn 0.0015g (450 T, 1lhr)
Zn vapour Pressure @ 10 Torr

ZnO : oxygen oxygen, (300C, 5 min)

ZnO @ vacuum vacuum (500C, 1hr)
vacuum : 10° Torr

3. 49 Z2n & 1%

3.1. ZnO9 HETPE U =HH|

3.1.1. ZnO wote| AXY =

HH A4 279 719 2% 400C, 100mJ/pulse #olA A 2 10 Pa2l Ar 714 <¢gstela g
ZnO ¥r2te] x-ray HAFHE 29 29 BATh 2Y 29 HAEFHR FE (kDS ARF] ¥ 63kl
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JCPDS(Joint Committe on Power Diffraction Standards)®t Qx18he gEejolAl £ Al (hexagona) 2 A
AHYS e 4 £ AAUh AAYSFE Nelson Riley BAA e o8t e A4E F gayli2lez 78
A3 ARG E 2=3245A 3 =5.205A °lith o] %EE Chen Fol13] Bud AR A4 a= 3249A
3 c=5.207A T Z YA¥E & F AUk

(101)

40

(1o00)
(coz)

110)
(ro3)
C112)

% 102)

B W ¥ # 6 % % & 60

1y 2. o 4BE(as—grown) ZnO 9fo] X-H 313 24
Fig. 2. X—ray diffraction patterns of as—grown ZnO thin film.

3.1.2. @A go|x S(PLD)E Ol 2Bt ZnOWE}S & =

PLD¥el 9% ZnO et AZE ALOs 1% B&ES AANY) At 7iBg &g 4 3z, 100
m]/pulse #olA oYY 10 Pasl Ar 714 FFstelA vige} 2EE 380~420 T & W ANAN 4%
gt 21 3& 100 mJ/pulse @A oA R 10 Pagl Ar 71A el A ride] 2EF 400 T2 3
o A zZn0 Wute] Fumy 2mMEPCZ 10 KY o 3579 nm(3.2083 eV)oll A AANE HE 2HEHo
744 BatA debstch GAEe] A% wg AdEPL Aol HE AAo HRAA #RFY F AE e
2 ANag wute] Hol Fa L EEh HFE Zn0 wete ofF A X-A ¥E FHDCXD)Y wHE
AFWHM) & 24§ 43 29 49 2ol 100 mi/pulse #olA iz @ 10 Paol Ar 713 EslelA
71%e) £27F 400 C U wHE x| o] 289 arcsec@ 7HF At ol2¥ 4 AHZHE ZnO wute]
A HAzAE 100m)/pulse dolA ozl L 10 Pas) Ar 714 Lol 7189 2=71 400 THE &
4 Aok, ow AFE ZnO e FWL 1Y SelA BE e gol mzA F AFHUEE ¢ F o
A}, ¥8, 71%e 58 400 T2 3o A% Zn0 %o FA%E a-step profilometer2 &3¢ A3,
29 m2 AFHASE & + ARt
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28 3. ZnO H9tol 7|@ R W] Oj B 10KoAM PL AHEH
Fig.3. PL spectrum at 10 K for various substrate temperature of ZnO thin films.

a0 e 00 L] L
Position isre sec)

O3 4. 7|He 258 400TE HFE Zn0 =9o 0/F AP X-4 25 BY
Fig.4 . Double crystal X—ray rocking curve of ZnO thin fiims measured growth temperature of
substrate of 400TC.

a8 5. o M&E(as—grown) ZnO 249to] BEH ALH
Fig.5. Surface morphology of as—grown ZnO thin film

3.2. ZnO Y{9t9 & A I (Hall effect)

AFg Zn0 ¥ van der Pauw o2 & ATE 293K oA 0K 7R &% ¥IE FHN &G
FES OJET p e Y 69 Ve 2y 6eM REurst Zo] o] FE(mobility) 7t A2dME
299 cm¥V - sec .29 Fujita[14]e] A7s} o] 77K AN 203K 74X = AA 4@ (lattice scattering), 30K
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Ax 77 K7ANE BEE A& (mpurity scattering) ol 7191§ o2 AgzrEch, £wtAl ¥ E(carrer
density) € % VT o A& &9 A5 Hulol wet daln Qe o wol &% 4o gJ&t n gL
29 77 2ok 8438 oA Ey = nxexp (-E4/KT) 288 29 79 Inn 3 &% I/T 9o 98 7]&7]
ofx T A 58 meV ATk EW & AFH Yoz BH T A4S0 &9 golojH Zn0  wute
self activated(SA)el 71Q)8HE n ¥ VZHAL & £ YT}

MOBILITY {cm¥/volt - soc)
T ——r—r—rr

3

3
3

TEMPERATURE (K)
8 6. ZnO %ol 2x0] IE 0|5k HE
Fig. 6. Temperature dependence of mobility for ZnO thin films.
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d¥ 7. ZnO #iate| 2=0f IE 2K 559 Het
Fig. 7. Temperature dependence of carrier density for ZnO thin film.

3.3. Zn0 Yoto) BES AHEYY YUY AYEy
3.3.1.Zn0 Yoo B4 AHEY
ZnO sl 2ol mEE BFS 2MEYE 208 KA 10 KA £E8 @784 258t 19
gl Rgth BEF 2¥EYoR ¥ 2% JuA (el e BES AT (0 F

zatm (ahy) ~(hv—E,) o gAz 28 Gz 8¢ Tt ¥ 200 Bgbeh,

%

-
=

warese 3 3 1 3
t i -
-

OPTICAL DENSITY (Arb. Unic)
[ S

5 e £
WAVRLENGTH tam)

38 8. ZnO Yjote| R0 SESE BE4 AHEY
Fig. 8. Optical absorption spectra according to temperature variation of ZnO thin film.

R 2. ZnO 4ot Rzo oEsts ¥/ AHEY
Table 2. Peaks of optical absorption spectra according to temperature variation of ZnO thin film
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Temp. Wavelength

(K) (nm) Energy(eV)
293 3679 3.3701
250 3675 33737
200 366.7 3.3810
150 366.0 3.3874
100 365.5 33921

77 365.3 3.3940
50 365.1 3.3958
30 365.0 3.3968
10 364.9 3.3975

239 9% ZnO wurel &4 T J3% direct band gapd 2% A& L Vel loh Direct band
gapd] €% 9 &AL Varshni4] [15]¢]

aT?
EfT) = E0)— 757 - g 2 2=an Atk 714, EO= 0 Klxel oy

A, as} BE AFoln, E(0)0E33973 eVelD aE 269x10™ eV/K, BE 4635 KTt

®
:

Ee(0) = 33979 eV
a - 269x10 ‘eV/K
B =463 K

ENERGY BAND GAP (eV)

ol
[
S

0 1‘53 300
TEMPERATURE (K)

3J3 9. ZnO wate) Rxof W ofuix Y ( 4M varshni YHAS B #)
Fig. 9. Temperature dependence of energy gap in ZnO thin film. (the solid line represents the
Varshni equation.)

3.3.2. 9 8FE(As—grown) ZnO H}2}o] Y AHEY

aF 102 9 A%E ZnO  uhore] 10KolAN £3 R PL 29ER S Ve Ak 29 1094 @349
2149 3714 nm(3.3385 eV)e] B9 AF AAE UE 2WEFH(free exciton emission spectrum)eltt.
A A E(free exciton) & &4F AAHN Aot BEEH stAde AR7L WA 9 337 o9
AUAE zte FAE A7)HH ALY q7|H3 stdzdels o2 thdE A F(hole)o] FA €t o]
o HFe Jgo2HE FE3 Holuyx] RdA o7ig Halelectron)E & F(hole)Z} A E (exciton)E ¥
Atz olgo] AT w A2HWEF Wg wEIc) ojg} Pol A{FARSY AFAHFTY Fpaino2 4
¥ AEL ZFF(coulomb) o] ABeANEY Ztzte] B FAYARANY A2 YIFFAE AL E38
Z A Feie G sojsirt. ol A& AR AAE(free exciton)olg @t 2F A E(free exciton)&
g Azt JFe] AAY SaA AHEY £} ANES BEEoly Ao 2¥E dix F
Aol g AFFA SE87) WE 2FAUAY APAUAE Re)
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QAo 228 10KY u, oA o 32 E.& 33975 eVE 3t 2§ d§ of 4x|(binding energy)s z2

E5® = 0059 ev 24 Hummer{16]7} YA & (reflectivity) 2 -8 AALGE AAE A oy A (exciton
binding energy)q! 006 eVl A9 U} 3714 nm(3.3385 eV)el FEF B AH YA E(free
exciton(E) 2.2 B2HA ZnO AgE AH dAlE(free exciton)o] & HE Aeg Hol JAo ddA
wato g HAEHASS ¢4 £ AUk 3579 nm(3.2983 V)9t 3824 nm(3.2422 eV)8] B$aE ¢l 9N
€ %WZ(bound exciton emission) AHE@oZ AT Guld A E(bound exciton)E FAH E& A
g F7(donor)$t W(acceptor)ol A A E(free exciton)o] £¥rso] I FAAEE ¢5de AS L
th, gojgd AAIE EBEA(bound exciton complex)7t 22 o Arje BF2ANEHL AF AN Elfree
exciton) 2t} Fatgoie] vehdch el AAE(bound exciton)o] WA MATY o WwEHeE Fa
(photon)9] oy} x&

hv = E, — EQ® — Eg-- &)

ot} 4714 EB= lujel oxl® @éoli(bound exciton binding energy) ©Ith. 7H¢ $MF A9
3579 nm(3.2983 eV)e) B %ElE F4 F7 ol A E( neutral donor-bound exciton)?l Vool 7)2lste
AAIE LDy, X)) Ro2 A9 3) Hez®y F¢ FA ¢dd AANE AF v (donor-bound
B~ 2,
exciton binding energy)¥ 0.0402 eVY& ¥ + UL, Haynes ruledll oj3te] E, 288 F4
o] o] &3} oA Epgte] 0201 eV & 4 Uitk PL #9328 3824 nm(3.2422 eV) eV)e 4 ofd Hl
Z+2] (neutral zinc vacancy) Vz 9l 7ol 748 GAE LAy X)22 Bt L9 WA hve 32422 eV
olm 2 (34l o&M, Vz'Q Wil(acceptor)o] T&H A E(exciton) L(As, X)) ¥l (binding
_E_:.EX_ = 0.1
energy) 00963 eV 4& ¢ 4 Ut Haynes ruled 93l E, TEREEH T g o] 23}
AR = 0963 eVES & F AU E=F LD, X 7Yk 297 43 SAsA deld Ae F
a9 Z2AdA n¥de& JeEbd A APk ojn) g 298 Av)e wEX(full width half maximun:
FWHM)gt2 65 meVEth 390.4 nm(3.17580 eV) B3+ F7)-#7 *(donor-acceptor pair; DAP: Po )
o] AFAFoz A% FAF(PL) % olx, 4009 nm(3.9260 eV)E DAP-replica Pi, 4059 nm(3.0545 eV)&
DAP-replica P2,01t}. 4155 nm(2.9839 eV) ¥$8+ self activated (S.A) 323 B¢elz AZddd,

PIHOTOLUMINESCENCE (Arb. Unit)

»
WAVELENGTH (am}

Fig. 10. 8 A&% (as—grown) ZnO 2t2}9] 10 KOjAM HYH AHEH
Fig.10. Photoluminescence spectrum of as—grown ZnO thin film at 10 K.
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3.3.3. @X2gt Zn0 Yt WYY AHEH

ZnO 294& 450 TS Zn E9710A LA §< dA48 84, 10 KA §3 ¢ FLF2dEYFE T9 119
Boch dxel ol 10 Keje] Fu3d 2dEHI 3¢ 1084 vastd a9 1ldAdE LEfEe SA
emissionol 93 Aoz Boly ZYe Butal(broad PL) 587t oted Uelux g gl ofd Wizt
(Zinc vacancy) Vz' Vi, Van ' B Vi 7b LT Vz» 8 F4 ot Ael(neutral Zinc vacancy)st 5-&
[17-22]. 24 2o Vz ol 748 AN E(exciton)(Ao, X)oll 98 w3g 2988 02 EASEH [ o
Vel gE R Zn E99716M dHEZ Zne Wztel(vacancy) Vz'7b ZnE YA V. Orb 2lelA,
Vzloll 748 A EA, X)7F 9710l Lo] yehdx @edan nddn, A4 gy ofd E&EL o
2 E7183 o7t olestEe, Lh'etn E7I8A, Vs Ib'e A8 (Va-lo)'s g9 23 348 SA
centerz} ¥A& L, complex acceptorgt LE EFFrh Zn B9 A QA Vi, lsite7t Zn2 YRz,
(Vzo-lo) '8 B9l SA center7} €1914 complex acceptor’t 471%] o}udt SA W& (emission)ol 9§ Z4
< B33 B 92(broad PL peak)® WElUR] ghevda B4 Zn #9719 dAE 2 1 ojdBYg T~
*(donor-acceptor pair: DAP)x|Z§el o3 24 -89 A7z o F7d AAYE 2k Zn 997190
A dajelste 2N Wili(acceptor)d 7 F7H8 A, FA(donor)9) FE HASREH o Ro] 474 DAP B¢
g9 A7zt b Frteiddn 2o L $9ee A9 ¥ ax gted SA F& oAk

PHOTOLUMINESCENCE (Arb. Unit)

WAVELENGTH (nm)

38 11. Zn 2921004 EX2E ZnO 9] 10 KA HWUH ANEH
Fig.11. Photoluminescence spectrum at 10 K of undoped ZnO thin film annealed in Zn vapour.

ZnO ¥ehg A 971904 900 TolA 5% F<¢ Exeste 10 KoM A 2t 2P S 19 12
ol Bairt ¥ 1264 B uie} Zo] I ¥$avt vehA ohysidrt 4 44 WiAE](neutral oxygen
vacancy) Vo'@l F7l(donor)ell T2 E A B(Dy, X)ol 9§ PL H3E L2 L7 glojd R AL £97)4)
A A st Volol 2 W77 AYAR Vo7t folA Vol F4E AN (Do, X)7H 1710l L7t verd
A gevn nAEch SA emissiond] 93 Zo| Y& $9-2l(broad peak)7} M4 B 7dA Ao E
gloj A} ofx, dAel ojHe vYE dtu utE AL SA centers AbA 29| ¥WlA gl (vacancy) Voote F 83

£ FAoth Znd APy BEEEL I ol o, Voot FHQA (z-Vo)''¢l Hele) SA centerst Qvhi
B3 complex donorgl #zb b4 E97leA x5 Vool 4t a7 A Y3 SA center?} §lojA
SA emission] 2| Fo] W& ¥ -2 (broad peak)?t WEMIRA Yolo ok U, AAidAM @A E
SA 2 (emission)¥$2l7F Vel m gtk mhebd, (Iz-Vo)'d Fele] SA center7t HSRE gUATHE 2
AHolu}.

- 241 -



PHOTOLUMINESCENCE (Arb. Unit)
-]

a8 12, &4 BR7I00A4 eX2iE ZnO 2t 10 KOlA Hwd AHEP
Fig. 12. Photoluminescence spectrum at 10 K of undoped ZnO thin film annealed in oxygen.

283 Zn0 Hubg AFOIA 142 S 500 T AW Zn0 UoHE 10 KN 24E By 29E
9e 29 13 2ok AN IAASY 2 oW W 2d=s A9 Be EYE Hn A
A3 9L A9 WA %1 Zn0 Yoo AHYRE,

PHOTOLUMINESCENCE (Arb. Unit)

WAVELENGTH {(rm)

O8 13. & E997I00M FXH2UE Zn0 2ot 10 KoM HYUY AHEH
) Fig.13. Photoluminescence spectrum at 10 K of undoped ZnO thin film annealed in vacuum

4.4 g

ZnO kg Ha golx FA(PLD)PLZ ARstddt.  Zn0 9y A 4% =27 100m)/pulse
HolA oz R 10 Paol Ar 71A ¢H3telAM Zlge] 2571 400 T dd Hxm, ol Hd3 2wEH
AALE HE(exciton emission) 2HEFHo] 74 Z3A e, o]F FAH XM aFJTHDCRC)Y #aF
(FWHM) %2 289 arcsecE 7H3 ZUrh Aoy & AHE 23E 43 A FES olfxe 74
827x10" cm™>2k 299 cm®V -s 3¢l n®  detolgich = HAP(As-grown) ZnO  ¥ebe] 10 KU B

3 2dEdozRy 78 APAUA Eacs 0089 Vel agith dem, 4 A4 e (neutral
oxygen vacancy) Vo2l F7lel 748 AN EDy, X)o AHAUAE 00402 eVolth. FHe) ol 3t Ui
Eot 0201 eV @ 4 A%t Zn 2971604 Zn0 #9He AN 10 KolH 393 A9ede
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23% A7 I, B%29 SA Y&(emission)ol AT Aoz Rel: F W& P¥Y B9 (broad PL peak)
7t detAl gstoh $4 @A) Vil FEE AAE(A, X)o) o3 23E X9HUE L[oE EAFGEY L
o) tehta = AL Zn BA7IoIM e IH el Zne) WAel(vacancy) Va7t ZnE MHAR V' @
oA, Vol F&8 HAE(A, X)7F @7l Lol YeuA fevn nddn ¢ SA emissiond] 9%
Z yYe 3 93 ¥92(broad PL peak)7t #&HA ol g AL dis 8 B4 EE gt & o, b}
Vol A% HelQ (Vz-Io)'7F SA centerd! complex acceptorl®l Zn 247]clH e dXa2 V8 Znst
A9 Vzo7b QAR (Vzo-Io) 2l complex acceptor?t 47)A ofyy&te] SA emissionol o} F23 %o
7t FEEHA gevdn £oh AhelA ZnO HHS dMEIt, 10 KA E43 F23 ~HEHd = SA
emissiondl 9% F&F E9dAE EWA(broad) 2HE Yed L BeErt #E2HA olsdct. FA
donor Vo'7t At2dlN dXe)2 A2 Ao os) AYAn 4 F7H(neutral donor) Vo't glold 744
AANED®, X)7t A71A ohate L ¥4l B35 gevn 29 22, SA emission® ##F 2§
27t Jdeld AL, SA emission® PL %529 23FNQ complex donor7t Zn XN @Y BEEEL I ol
& o Vootel AEYH (Volm)” 7 ohuizhs FAIT. Tk, (Vo-lm)" Hei7h SA centerdtd 4
A BYrdA AN G ), Vort Seol st AR (Vo-lz)" BEI SA centerd) complex donor7t 1
o]z SA emission®] A71Z olU3y] WFolct RFelA ZnO uHE dA|dte 10 KolA 33 ~9
EFE F3F A AFNA EXGE 1 o) FEF 2HERH Ao Z& 2EE s Ak o)A
L AF Jag Ao wx ¢n Zn0 ool A n B,

Ay =2
€ =82 20043% #elA RRC Al 23 d+HRE.
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