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Organic  light—emitting diodes (OLEDs)= AW 3H3 A&
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FaES FIAEA F de Aol o] FAle] tiste] WS AU AL
Al AFol shubrt vAl T E2=2 ©] 83kl Bragg scatterings 427

A
o4  A4d¥"  photons  FE WFATI= Aotk sANE 7]E9

”rj_%

D
i
o
ofo
ol
ol
2

=52 photolithography 374°]t} laser interferenc
25 JEsY olgd F FEaE A 2RI AP
o

o e WHEol WA bl weEl 3AuH|ge]l A
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A 2 & OLED 7]|%x0]& 4 A%} T3 ¥

2.1 OLEDS] - YA}

19609t %9 organic electroluminescence (EL)©] ¢k 10um~20um<
F7A$ organic crystale T M9 Ao MEAXFA O T FAFo| New
York Universityol4] Pope°l <2s] 7/1EESAct [1]. 2 3o Helfriche}
Schneiderel 9J&lA Imm~5mme F7& FAE 7= LFA &AL
M=k [2]. sHAIRE ol: AV wFAAES FF Age] 100V
ooz w- Eow FAEELS obF Hdnt. IEstel A4 UtEH A A
Ao AL oF 20d FE W HAA AT

1987 FY 3|ALe A Tang¥ Van Slykeell 2J3lA HxZE 2/5& 7HA =
OLED &xp7F /= Qlal o= 29 2—1° Yeullet [3]. ©] &%= thermal

Zho] ) l+=d small-molecular?] =2¢l (diamine &

ofN Kl

evaporations %3}
8—hydroxyquinoline aluminum (Alqs)) & indium—tin—oxide (ITO)7} Z&H ¥
e 71del F2AIZ Folth ITO+ sH-d=o® ST AFd=ole
magnesium (Mg) & silver (Ag)S 10:1 B|E&E TFAZ ot} o] 2xat=
237 &2A=el vlste] 10V olstet= wf- @2 FF Ass 7HAL 3o
1000cd/m*e] ¥ FFS udch a8a 27 AR5 NdAtagol
1/1000% AERE Al #HlstdA 1 al

power efficiencyE 7MAl&= & ZE&HT wet ddES o]FY. 2@ Hel
19899l Tang, Van Slyke, ChenE< AA &3 9334359 &

2afell A 3= F7HAZ [4]. ol d =g WdT ol AHE-H = dopantE
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19 2—1. OLEDY multi—layer 7+%X%9} organic layer® molecular +%

Small molecular %5 7|RFS. 23 OLED7} W3 e X dutxA] & Al4d ),
Cambridge Universityol4 1990d%°] polymer LED (PLED)E 3gAH
P E=}3FHE Q] poly (p—phenylene vinylene) (PPV) & o]&3fo] W33} © 1
ol 11 2-2¢ yvEhy A [5]. o] &AM = PPV HtEbs Sy ow
TFaEHPeH BFE Qs FEFES oW A¥EHYES T S work

function oxide (indium oxide)”7} UY=FOoZ ALLEHAT ST 22 work

off

function metal (aluminum)®| thermal evaporation® 2 A%t} &% EL
AHERE bgokdt 2o SAEHNoH ol a9 2-2(a) el Z YER ST
o] A29] UdAEELS 2k 0.05% AHAEXNY. 19914de] Santa Barbara
University of California®lA Braun® Heeger7} 4% polymer &2 9]
AREA <l EL T&5Ael tdhstel Aesk #rb vk [6]. Small molecule
OLED”} thermal evaporation &% 3% whHo] PLEDo|A2 polymer
layerg< A FHoY & 3oz FAEHh
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o o]$F OLEDTE gAlgE AFdAlelA I3 d #AALS
tAZgole 7HsA A Eo AL wow w9 s dAfyojghrh. Ay
2009d7F OLED AaAAdTY H2 okgAdel w<% o gk

=
A TS SHAA 7 FEEwdt WHS phosphorescent ¥ EF O sfwtE

riu
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olst Zolt}. 719 small-molecular OLEDo|A 2] 2330] singlet exciton?)
radiative decay® <18t ulFdARra&o] oF 25%°] IHAT. ST
phosphorescent =& E= FALE F59A7} organic molecule®] Eo]7el
w2} spin—orbit HZYH 3ol dojykil o]+ singlet¥} triplet exciton AYE]S]
Aglo] wrAysto 7 Qs AFAA 100%2] exciton®] photon® & AT stA =
Zolt}, ol g3 YR IAase] 10095 74+ phosphorescent OLED7}
g vk glom o= a9 2-2Mm)el & yeEht Qv [7, 8], &% &&S
£ EUE Fe% A¥E p-i-n TXE TESE Foltk [9, 10]. ol
Dresden t38te] Leo IF°lAl Alk®l Zldl phosphorescent &S ©]

Tx9 dstd 120 Im/WE power efficiency’} 84 7Fs3ket [11].
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2.2 OLEDY 71¥ ¥%
2.21 &2 +*%

OLED+= frel, Ay, &etay 715 9o Alztdth. OLEDS] 7| ¥ %+ o
2] organic layerz°] =3 FAFolo] MELAFA o2 FAH Qlrh 1960
ddlel #Hx9 @33 OLED7} iy o]F-9f IHAtelA 271F OLED7} i
T3 YA Small molecular OLEDS] %= HAIE fsto] A4 Bxba« 7}
Ak [1-3]. 28l 838 9 @2 layerg©] F7MEWA A9 a&3 94
do] FobA 7kl Qth

% 2-30l= dubAQl gEstE 729 OLED7F =290 Qv =3 &
=& AFE Fol7] st nAEES] a&5S AMEeta o IS E& A
T FY 285 A7 98] =S work function (WF) 2] &%0] Alg¥ 1 &
Zolle & A 74 2&& 7H7] Slete] @& WFE 7HA& w50] AHEH
ok &2 Wi-elA AAE Photong ¥7]5o =2 WHFAI7]7] fste] Aolkx st
o] AL F e WHEHEsH vtet A¥T9S HILD S =% 435F

< (HTL) Afole] Adel f1A8t] mapael Ha5Slo] 7te&es weth 1Y

I HTLE #& 43 ol¥Eg 7bdok st Al G5 s %3es
wfoob ¥t} WHF (EML) photono] MAHE FO= shte] Mz i
5 oldel WHENS EFSt] WEA Hivl EL %33l E chargert W

exciton FEE o7|H= tol7|k sttt AA £S5 (ETL) I A F445
(EIL) S Z}z} HTL¥ HILo] 433t 71%5S dAAte A FUstA 2LHu
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% 2-3. Multi—layer® OLED &R}
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1745 OLED fAEdolE wE7] 939 Top—emitting OLED (TEOLED),
inverted OLED (IOLED), stacked OLED (SOLED)% thekst 4-%9] OLED
A Aol Aot o] gt} 71¥9] Bottom—emitting OLED (BEOLED) "4]o]
ITO7F ZHE FeE Abgsto] stid=<s At MgAg & WAL &
B ogFor Agsgdud  TEOLEDE  3dHE-4=S Wkabg &%
WA A7 3 eSS R e 5 AdS02 AREseltE [12, 13]. 294

B 22 oA A E Photond 18 2—49} o] ARE UrtA Hrh




a) substrate-/bottom-emission b) top-emission c) inverted top-emission

TEOLED %+ active—matrix TXAE#HolE Fdst7] st Ay
719 e B 7|9 Abgo] Thsdtdl o] lste] on—chip Hlo|H U
27 Zefolw] T3l ultrahigh A A= 5 Tdted &oldtth
F7VA o2 TEOLED tYAZdo9]+= backplane circuit ®X|7}F 7}&3F]
MNFES oF 70% d=Z W5 4 Sl+d o] BEOLEDO 74&°] oF 40%<
Aol miste] w9 & ARolgtn & 4 Qlvk. TEla AN WHEEASI st
HRARE = AbolollA WRARZE wHEWW wlolg vl adE doA
BEOLEDel #ste] o F2 AAAY7 ddass 7 5 vk IOLED+«
shiel 55 T ATE FFOR 2E TXE olop|Ev olE 1d 2-49
A 2 yEeht Quk. o] 2ldle]  active—matrix AZ g o] of A
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backplane A FEA &= n—type EWAAE Q] Ago] shgsith. AWkl
n—type EWAAHE p—type EWRAAHe| vlgte] wj§ & S 7HAL
Atk 283 ofg Me] EMLS AFE-3hi= SOLEDS 9ol dWbaQl OLEDA
Hjstel 2 WlE Aes Eoed oy ansE we d89n Asvt
ARHETGE o] Qlth [15-18]. o]t o|f=Z <lste] SOLED?] Hga &2
A A o2 EMLE] el vl#ste] S7bshs A o] 9lo] #e& AR/

S 58S 9S 4 9tk SOLEDY & v HIYS oy 4729 EMLS
sl wAals wagR Fdssd & FHo FEyk= OLED
A

TEoks shueldt [19, 20].
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=o)X organic =% FYHEY. Z wHH Fermi energy levels

A7) o

74+ HILS A ¥Fo] HTLC highest occupied molecular orbital
(HOMO)Z +F94¥E 4+ JdE= sty [dx7F ETLE lowest unoccupied
molecular orbital (LUMO) 2 FE 4 I EE T 9=t}
B. Axel A5 FF
Ax7F ETLE 97t A¥o] HTLE Eo7HA HI4 1 52 717
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singlet fluorescencel} triplet phosphorescence A}Ejoll A photon®] I o]
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1% 2-5. OLED 4A#9] =z g7

2.2.3 A a8 AAk

—

OLED &z &&2 SFagx dwtst & 5 glom ol ARFESE cd/A
(np) == FYE8E (plm/WE B7|8T} FARE&ES 27
9 g vk AAE RS EE ()0l FRAE HEFAEE (n,) ©lth
QEIAE S o= (=% photon?] 7N/A7EE AsEe] 4ol UF-<F
AaEe] Fole (BAE exciton?] Mg/QI7bE Hske] Jig) ol [21]. 28l n
olg{st Fol= 1¥ 2-6° & YERY Ut

(o
_&"i
&
=
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il
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o

r]axt = r]r}/¢fncoupling = Tlintrlcoupling (1 . 1)

n, < A AA7F AAFSte] excitonel A EE BES olobr]stH o]=
organic To% FYH (H) At (-)Hst M, Ware] F #A-o] gtk
Organic FolA Ast AAZgolv exciton FARES Fol7] faiM= F33
Aol A Wl AE gtgof & Bk ofyel g el £ Y3 dAATt
H=elofyt gtk @F OLED AAtellA dst A v&S Eol7] faix e



Q2 A HF+/organics AH 2 energy barriersS ZAsIAY AF/HAA}F ol x
ok Sdlel]l gty [22-24].  Multillayer %5 AFgstA ¥4
organic/organic AlWelA Ast AAY v]ES =o]7] $8ke] A3} blocking

function®] 7}sskA B}t [25, 26].

N

Holes from anode Electrons from cathode

[ ]

7, } ] i

Electron hole pair Excess electrons
or holes
y | :
Emissive excitations Non-emissive
I species
¢ _
v 11—
Internal emission Thermal
I deactivation
Uc‘oupffng 1—7 _
* * ]c‘oup:'mg
External emission Internal dissipation

Al T
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% 2—6. OLED#A s AAd3 exciton A, Ui 2 o5 wZo] tf

e

y © W3PSt excitond H]ES YERAT Spin statisticsoll ™EW spin-—
symeetric exciton®] S=1% W triplet® =24 3819 = 7}AA 11, spin—
anti—symmetric exciton (S=0)% w+= singletS. 24 1819 k2 7FX A o}
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Exciton®] #4429 wlo] singlet triplete] W 37 ©Eo]2 o FAFH =
singlet exciton< spin #°] EEHA I fluorescences FAAsI=H o]+
ground state?} U¥FA O 7 gspin—anti—symmetricat’]  wiEo|tlh 1A
fluorescent OLED ZAFellX = singlet excited state®] y =25% 9| =
zt=t} [27]. Polymer =459 y %< singlet excited state Bt T =

e HAE Aoz dEA vk [28]. IHeE Bt triplet WHFAlE
AL AAE et dd ol singlet excitond] ¥ fluorescent
Apo A ok 25%9] WYHUSAa &S 7FHel HlE singletoll A triplet AYEE
intersystem crossings 39 Hol¥w o]E E3ste 100%° THFE-
FAaESs 7H o s Aotk [29, 30].

WARSEE exciton®] M]E& WERE Aotk Excitono] FA®ThaL

&
rr

sto] A HRALelE A2 ol dF excitone< organic =2 12
£2lolu} exciton quenching mechanismCZ Qldto] HouAE ARV E
3th, ¥7]1%5 OS2 photond HElE WASEE  exciton? BES Yehje=
photoluminescent efficiency® J+= (F#F3st= photond 7NF/F5%
photon®] 7isF) &2 YER™ o= 2k HA bl fste] 100%7F 2
2t} Exciton quenchings AAE AYPS S5 dAo=28EH Hy wixsAY
exciton AFS 279 WH S AAFOoR TJhesiit. aEAEYE ¢, =
5 =3
1dd ol A QR E

o

—

HA st AAfollA 100%00 717k v =

< outcoupling efficiency® ©|oF7|sl+=

il
il
>\I ‘D‘

N coupling
WALSH= photon® H]&& ©]of7] k). Classical ray opticsel]l ¢3H Snell9)
HAoz Qe Mz & FHES 7He layerZt HAHS] 2o e o
JAtzrol AAZAHEY =2 AEE JHAA HE R ANkAE dojuia A
photono] Az} wfo g WAlsHA] Fsta AHsHA = Zlojth o]zl Ak
PArEE A Wog, ., < 0.5/n7 olv [31, 32]¢1W e]W nd organic
529 FHEE oloFr] 3ttl. Small-molecule 7]WFe] OLED: dipole)
go]l WA S THA I AA ¥ n=1.7 FEOIERE .S F 170 YEE
Alrko]l #th 7]E9] fluorescent OLEDOIA FH o] F-FAa&o] 5% JERNA
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e Akskd A9l =2 A n ., HlES Eo17] fl&d 1 e w
o] AlLEo] gyl TIF sy w7] Alde] 23S o] 8ste Aotk 1WE
AAA =AY [33,34] 719 2We AEHE HIAA UFHATA A%
=o]7y [35,36] W& =4 E9 7S AFgstke Aold [37, 38].

Current efficiency (17,) < cd/A 2 ®AEH W t]AZo]oA OLEDY d&&

o

(1] L

Ueh= HAY3 A Eolw o]= luminance (L)¥ Current density ()
(A/m*) 9 v&2 Uebd & Atk Power efficiency (n,)& lw/W 2 %A1
o]+ luminous power out¥ electrical power inputl B &% Fo¥w t}39
FHoE At 753t

TIP:q)rIext_p (12)

A7 Vi BAAL, qb dae, s, = wdets WMo eVE etk
e,/qr & ANEEE eI 0 & 0=[p(A)P(A)dA/[p(2)dAr = FEPE 5
T 1HY #F2ddd o= qVEke] 42 ARV wFo|t)
i T YA gz lete] Aoyt Hw o]l HAsk-
A5 AARA A7l A g AR AyE yvedn il @go]7)zke]
thermal relaxation® 2 <13t T3 oYX 7} A7z AEHZ H= Aol
A71528&s 1HY s3s FeRlo] HeE Zoln HIZode A&
ETL/HTL®Z Ql&to] OLEDS] & ¢to] stolx]aL glom ol ¢ /qV #t= 19

30
A
2
N
1:01,
—|~ ﬂiio
o
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A RrEE 48 sk 9k [39)

2.2.4 AR AN

Aol OLED 249 kAol 4elstel Batr)aZdolld /b o3
ol4% We=i 9tk ol OLED7 3 @l #apo] 50%% Wolx7|
A Azkoz wE Aok
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2—1. Fluorescent RGB

3t

(hr)

Lifetime

@L=1000cd/m"

23,000

100,000

>100,000

(cd/A)

Efficiency

@10mA/cm?

8.7

20.5

11.4

CIE (x,y)

(0.13, 0.22)

(0.29, 0.64)

(0.67, 0.33)

Color

Blue

Green

Red




¥ 2—-2. Phosphorescent RGB &2 9] 4% [53]

Color CIE (x,y) Efficiency Lifetime (hr) Initial
(cd/A) @Ly=1000cd/m” |  Brightness
@10mA/cm” (cd/m2)
Blue (0.16, 0.29) 21 3,000 500
Green (0.33, 0.63) 37 40,000 1000
Red (0.65, 0.35) 21 300,000 500

BA FdEt 229 FHs 587 98kl organicoly AFEe] AME&
EA48 Wo| Abgato] $o™ encapsulation HE oj2]7kx] W Eo] A EE o]
Stk RGB 7} Azbe] w2 Ao i & 2-19 2-2¢ & Yy 3o
[62, 53]. £ 2-1& H¥ AN =43 A4 10REAZF o] o] #|nt
Mo 2.3% A7 Aot} o] RGB 7 A7t e £HE Zu dSS
oujal=d o] Qs RGB OLED tAZdolE 300cd/m?olA ok 1.8%F
A7k S zk=tly H319lth. Phosphorescent E& oA = AutA ¢l RG

g Ale] ol E2.29F #uh #2139 HEAl AR A Ao Bl P9

oy

AAQl tAZ ol FrigS A9kl 100cd/m?olH 27kA 2
Adtk. AT BELS 200-600cd/m?S AFRIEE O E

F7HA BaE JAPFEQ Fio] o 2wk LY & full
color HxZEdole] ALH7|d ofx FFF  AHolw Ty FY A

AAFPEAE AEshe o] SAZ wobgrk



2.3 0LED 7]1&%3F

2.3.1 OLED yiAZdo] A

AZF o] 7= AYstelA cathode ray tube (CRT)+ 100We] €3oH
[64] 2AFt HiaEZdo] AYE Awjs gkvh. Z2¥ARE dAE 1 Fevt
Eutd® &AVFEA o 7o o #on © AL AYARE Qe it
Liquid crystal display (LCD), plasma display panel (PDP), LED7]¥}]
electroluminescent displays %< MEL 7]Eso] HAYAZH S
ZHEFCR JNEEY fuh CRT= A 4L Fsidgso= s LCD=
QA== ol LCD7F AxpAA, FdiE, W9, AFAdIdso] A&
7Vsak7] wlEoldth HlE LCD7F Fdig 717lel A &H e daE#el Alds
AA B AL ARHolAwr F=2 CRTZF HFEen " #AFH =Y
dynld 22 71E AIEE A QQlo] FadY. dAAl LCDy "2aE#H ol
Alel 90% o7& Afrsta flow izt thE 7ol LCDE diAlek] A=
Aoz Rtk wHe vyAaEdHoe] AAFeA LCDE wthAIE w3k 7]=olzt
dZolx] = OLED:= HAaEd o] AlgelA W AdsEs 7 v

— 7P gk

o]+ OLED7} =% 200nm7} HAY+= gF+= organic =°] =3 &=
Atolo] M=% Haoxg FAHE FHeoln 1 9 FE3ERTY 7|eA

<]

7M1 FAE 0.5 umZb HA @h=th OLED: MEpe|=7F deglal
Zprg-s sk, ged wMEF Y AvSErt FA el lmmrt A
deoh 1est A3 OLED "HAZdole = 2mm7b HA o= ¢k
HgaZdol F+de] 7besk ol LCDE wF yrel HA ¢k= Frlolth

A FEjol] FrofbA] k7] wiitel flexibleTt@o] il FANE &

okl 7HH
VI WA Aok
- A 2R

OLED+ 10V o]ste] AdtelA FwstE= LCDel HlE] AdgHo
T%7Fs38th. LCDO fiRE9 Hyge mglo]Eoa ARFECL o=
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OLED tjxFeeli= LCDe mlste] w4 mhE SRHEES 7HAa0 glofA
LCD7} &%97¢ &4l blur7k A4 4 3lgel wlsted OLED: Z1edt
dxdel Qlrh. o] $¥HEE OLEDZF LCDell wlato]l 13w} b whe
Ao FARE L Sl
- HZ o 2R
LCD:= A3 =214 w&el s Festiz
el 2 8718 zdo] Az =4 o4& T
organics  AHAlClA  TF= Pz 2%
HAeIt. o= W FuE 71714 outdoor &l
H5% stdEA 53] Ak A8l Ageith e, 54, o
H

el sl Eastl e w

OLED 7] LCD 7]%&e] Hlste] @& 7bFede dWEsta 9tk 53)
b Rbdstel Sgwr7h A obd go] viol AETEAE
A eR F2 dolvh FFel AAdvbA Fobxw OLED7F LCDe
Hel 7HA= oe7bA FREE Qlste] AlFdrte vtobx] LCD AlE
wEA A Ao ¥t
8HAI%F OLEDeIM &= of#] sfjdslor & H=5e] Ut
-

OLED®]  AAxp =4 wgAe] Y 10AIRE o] dolA Rt

A Mphosphorescence %339l -2 o}z 3HAZF A& ol 3FX|wt



o= 7129 wale] weh WA e vdlo] F3 k@ Aow wa Ytk
o

OLED®] 34 w7} 2ekshAm b Az w@rbsk wsch o) OLED

WA B AEel obx FRE] Fusol A e T Yurs

w5k LCDel Blste] wy] wlRolth kA% ol LCD AFle 237]elE

2.3.2 Passive— vs active—matrix OLED T©TlAZd|o]

2.3.2.1 Passive—matrix OLED

a3 2-7 o YEhY 3l%e], PMOLED: &= A&, organic &, 4= A=Z=&
TAE A F= ARE 5 ARG AR wdE] . =3 559
WAL o] WPk HAR AR FFMRY A4S ITOE PRS TE
AR ARgEle] L AAZITE aEAN ¥EHLOyE 23S HEVE
o}t °l= organic T =oklel U= CF o]l EFES wE U] wWEelth
5 A"EE wEs P dd e AlEewaaE o] g

= W=7lel oYY aMER
712 organic & WE7] Aol &= dEe o€A AHA ¥ Ao
sostth A=A o2 JjE fAHs] 2= ROl inorganic =d&
SHAI717] Y8l BE 22olA "ot [64]. Organic? &= EAEL 7% f=
SHEL an A= vaar 55 dde AVIA e Aot 19 2-

evaporation®|t}. Z1#8 X7k o] WL A U3 el

7T olA = ol AESRtAIE HAS Ae WS 7|E xe d9E
TAE . k= JIE A organicd 25 #HEHYS HAsE 7 221 E59]
Solgith el old 2o &3 FF Atoloa] REE wy] ¢k Folt}.

AE BAZ A APRAA B wet D Absd Hom ma ek,
T



*—; . Cathode

s = Rows
(a) e —— . Organic
—: — > all Active Layers
— plla— — s, .+. “H_\_‘
/ Substrate

Anode Colummns

= e e U Pillar
= Base

Cathode
[Eo IR [ ] — ganics
] ITO
* Glass

(b)

¥ 2-7. (@ PMOLED tYAZdele =24% [53] (b) AMESvAAE

Adsl A7 5= ke 4 [65]

et o E50] 2407019 o] A¥EH 2 HAY 100cd/m29]
= 7RG, FEAgel e Ho FY Zltixl= 24000 cd/m2°] Hu

1 Ee AR dstel 9 ATE
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2.3.2.2 Active—matrix OLED

OLED Active Matrix

Cathode _

1% 2-9. AMOLED fA~Zdo]e T4 %

Hasgo] Atel=e} g =7F &ebztel wel passive matrix WA A
AR} crosstalk FAE Qlste] shAlo] FYX A EQUTh Passive matrix
W o] the S 2 thin film transistor (TFT)E #-83}+= active matrix WHO]
w &t [566, 57]. ©]& passive matrix Wl H|3Fe] crosstalk7F $lal
A ARE FEs|Eele] Afo] gold Filo] Sl

AMOLED ©YAZ#ol= OLED JA& TFT arrays ©ol&3ste] FA438k=
ZQld 74zl JAL gA9 A= TFT, A EHEo] lom o= Id 2-

9o YEl} At} OLEDS Aol active matrix 3|28} 1o HQ3F H o]
low ol HANHAFoE FEHTh st AxtelA AAEE F ZH
Rt ARE AAste dFe sk old WHE AFY Rk

Eeta oju] HAt)AZw o] (FPD)olA de] 2olx Qlorn msid:
g stel & Hodk 7|&E QAo gt
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AMOLED®] I Ads|x2+= 2719 TFTS 1708 A= FA 5o vt [58]
I% 2-10e dERY Q1%e] Tl F% TFTE 2oy T2+ ARF #e
Alojgtet. T2+ &8sk &k A B Ze At &<k A= 7FdH

T1o] &3l F¢F folg A5l V. datax T2o149 V_gsZHE TFHUh
T27} saturation ZEle] o]22m AF{FA I.dse= V_gsol wldsHH o]=
OLED®] F&el®= nlaEgtt. Aol V_datax T2 4% A H
A7E e olgjel olf2 L AHE dAAF FFo] shestth. ol
et slze] sh 2 w2 TFT Hxwso] nlitd/dolth. TFTolA As
AL AfoleA FFe] Aol WA A = 9lom ol yAaZEdo|oa:
AoIME ke Zlojth. FEE A IRES o7l HHdYEE

BAAZ17191%8 Bl =7F A3 E o] 3k [59-61].

&)
—'T1
. 7 lﬁ Q
VData _Q_Tz .l i
Vas
: \// OLED
Vena
- Vcom

738 2-10. 2709 EdAAEHZE TAAE AMOLED =4

AMOLED+= ¥#] amorphous silicon [62, 63]¢]4 polycrystalline silicon
(poly—=Si) [64, 65]=2 WH=ET A-Si 7]HFe] TFT+ fAaZgo] A ddoA
TAdE7 o gHA dth skARE TFTO Astols®rh g wow
lem®/VS g Eeolth Poly=Si 7| TFTE a-Sigh whEls 43S 7 x
Aed & Ask olFEE MK la (70~100 cm®/VS) =
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2Zdlol

TFTE ¢

ATkt a9

o =2

2 W

video rateZ

3% 2—3. Passive vs Active Matrix

g5 7)o Agrelty. A-Si 7]¥ke] TFETe] H]gke] poly—Si
2 IFES BEY Y AY

TAAZO] EojERA ¥ WS

o ¥ ®e FFL 9 5 Aot

A o o=

gray scale H¥E 7R3 I
74t AMOLEDS} PMOLED o] oj® Zo] ¢
AgstA = I &xol wet dsk EAlolth [66]

Itermn PMOLED AMOLED
[S%]

& EEZ|ATOLH] a-Si/Poly-Si TFT
I 5um 1um

83 T} 2

[ds]

Crosstalk = HHO|Of A oie

HRYc 120mA/cm?2 1mA/em?2

e ~10V 5V

=1 1/2 ~1/3 |

ohe ‘dsHst US A2 gl

37| 10in TFT B4 =30l I 7|7}K|
[7t4] e &7t

FH o= full—color OLED YA Zdol&
27k W o]
o] g3at= Wil Sl
ATH (1 2-11(b)) [68-72].
tjete] dotR A ol w9 B
E 2 ol ve AZE T HRAE AFESH

LCD YxaEdol
& o] g3t Zo|t}. Full-color fAZd oS o] &3ty £33t
Azsta 1 e HEE  color—filterE Hlo] E3&A wlESo]

Atk AA

[e]
wge ma

weto] =2

ol-&at=

TAs7] fsk A=) o] FojX| AL
2 +=d white OLED (WOLED)e®lAl color filter¥&
(1€ 2-11(a)) [67] RGB WHFAE o] &st= Lol
WA color filters AF&st= WOLEDe]

WY 2AEDS A

i 9loew [73] F 7Y
€} [74, 75]. o]eldt
7ol @ Eor
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1920 x 1080 x 4 pixel = 8,294,400

o] Ut
WOLED : 4 Pixels
Color Filter
—
=== oD

RGE OLED : 3 Pixels

1920 x 1080 x 3 pixel = 6,220,800

o

32
2

G

2

(a)

1% 2—11. Full—color OLED

AFE-3l= White OLED (b) RGB %

(b)

A& olE T3t W (a) Color filters

%

JAE AHE3= OLED

o]9}= W E full-colorE F&3t7] 93 RGB zZ+zte] W3S o] L3t

o] gtk ol: AES vhAaE
ZHste] mEE Woltt (76]. ol

ZIEo®E 1.4We AHARES 7HXI

full—color AMOLEDZ RGB ZW&A =

T AZgo]9 A7) 284x240 Aol 9l

7NZEo 2 0.4We A

5 =
RGB &dAl AgAel o2

olgstel WEs wh gtk [77].

s
=
N

olgato] ztzte] WHAE AuwAow
ATEE 80% HEES 74X 60cd/m2
S

19999 Kodak¥} SanyoollA 2.4%13%

o]

I 7FE2 25%%°" 150cd/m2



AelA A wlelaEmE Y eyt A = QlojM mAdaE fEsidel
alignsti= Zlo] F Q3™ sgexE dolAd ek s&exdels viaa
AdeRIMES AT el o8 ARAr. zZ Azl AHgst A F
SEA7IE AL A E AREE W oA e E s gReld [78]. oY
W2 color filter® <1 Wl &XAo] 7] wlFo] =2 luminous efficiency &

AARE B oleigol HurEt,

Y
[me
i
>

2.3.3 OLED #A=Z9] A3} F¢

OLED 4249 A% A3 5431 AFA organic MAZ HAatFele]
aA 9wt ggan gipre A3 2Ado dik F9E organic/AT
A wEe]2 Held Fo] Fasdtth He A Ae FAI}] AsIME
Ast B4 AAs| A EHAQ st FYS 9§ wEo]S Ui o)
et ¥ AMe| = OLEDY Aol dds st F9o fa yge =3
Zoltt,

2.3.3.1 A3} F¢ nig o]

A3dt/organic AlHeld Ay Ak F w4, & 4, )T highest
occupied molecular orbit (HOMO) 2} lowest unoccupied molecular orbit
(LUMO) ¢+ #H® Ast Fermi &9 Epel #3 Zojry. A3t/ organic
Ao 58 AFE (Evacd)E 7HF38HaL ¢, < organic =49 ionization
potential (IP)¥} 38} Usgts ¢ o Aolojw ¢ = U9} organicE4 9
electron affinity (EA)ZFe] =pojolt}. 1P} Epi= ultraviolet photoemission
spectroscopy (UPS)olA Z47ls38t EAZS X% IP#y HOMO/LUMOS$]
Aol 2 redlith. dWrA o ® 5453 organic =49 AWM Eyace +ashA
2ttt [79]. IAFAHE =5 ®EWel T organic =49 AWAAE
AelrEe] vwgdAd oz Qo] dipole T #o] g 4 dow Az

752 A=A, stk A, il A71F dske] AuiA el wel A v
27
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[80]. ©o]¥ 3t dipole Ao ZE Z7] THIAEL HIIE o7y o= 4% H7|
7Vs3dteh. 43k dipolel] =7 2l&)

]_Evac(M} 'y
Aol dipole barrier A
A= s Y
—TEvac(M) Evac(O)r—1 on —EvacO) T Organic
EA EA
o LUMO y LUMO ¥ -
A IE “$ |E : \ =
¥ y*Be 1 1
o EF//, < _.J:Ar._ - Vr—
I
£ \i ¢8h = Er Homo 1 Metal E
I
// :t ¢Bh = EF:HOMO“ ¥ Y 1 157
HOMO HOMO f *
// / L
Z _

[a}]
—_—
(=3
—

(c)

g9 2-12. Organic—

al
b
)
=

el quyA foloas JdE (a)
dipole¢] = AF (b) dipole¢] A= A (c) organic¥ %9 UPS

A dHE &
.

w&—organic olyA wolo] 18l JWEErF 18 2-12(@)°l # dEhd Uk
2 O A7A Fxe mEE JI3FEE =04 9 Uz
¢, =IP—¢ OF FE7|T 5= glom 4 =9 —FE4 T F7E F Juk. 1Y 2-
12¢] (b)eoll W= ¢, S ¢,, & IP-¢,+A 9} ¢, —EA-A = YEE F itk
OLEDelA  dalFdelA ol st #ALE yekd Zojt. dwtdow
o}

qUA F9 organic ZolAQ AFH FHZKAA HAABAE wWE
Dipole 782 Seki [81—83]° 2l Aletd A

o

1M O IFERE old #dd



ATE YA [84—-86]. &S —organic AWM oy F9 &= UPSY
ol hy =21 HEE 40 eVE AHT A Slo F55 WA S F9
molecular beam evaporations %3 organic 3<% =gt ¥ 2-
12(c)& =53 organic® UPS AHEHS YeU L Uth. 5&5odA L%
cutoff= Fermi edge® YWERNI 1o %9 cutoffE AFEHE LER
Uth. Organic £49] F&sl= S5 =dol Wt w&5olA e ddFe o=
AHEY L organic 4% E WA Hvk. 2LEHE cutoffi= organic =42
HOMOZE YeEh 1 #£9 Fermi edge® %2 Fermi =Y olA2 HOMO
AAE YehfE Aoy o= a9 2-12(b) o Ve vk 9B O 2] cutoff
ol XFEAE HFe 9gE v Ast Fd wiglole mpojolAE
A7Fgrel wel Mske] image forceel & Eol&™ ol ¥ 2-13°] YEh
Att [87]. Image force: carrier® zst <lgo] 23t Autoln o]=
Ad=/organic Aol Agl xeol &8 A M52 WA ko] A €]
A xeol sds TRIHo] i TrHHoR At Ee ov|st ol E
image forcei= U2l 2o o3 A4 HAt),

2 2
—e —e

F_

= = 2.3
47r(2x)2 e l6mex’ (2.3)

A oA

&
i)
kel
e
B
i

2

= P +eEx (2.4)
TEX

Schottky #igo] 9] A7]= YolAm ool o8 dU/dx=09 =& 7

Ay = |25 (2.5)
4dre

AZIM e WY FEES olopIst o] #2 °F e~3eotts THITH

29

fx--! _CI:I_ 1_]| -_.fj]_ T]'I_



O 2-130 w53 7] Aol Y o\ AE dolo 13, =

A
19
ik

o

¢, . Aol d7)7Fe] Q7bxE™ Yottt o]= image forceg}t U

N
N
.
2
~

X
It

ad mael @ Aotk [87

AREAQl OLED ZAzbelA v ¢ wig]o]7l 0.3eV olstetd A2l A
sAeke AstEY A dS/organic AWM AES ZHAA "o o3t
Aol sk organic T2 F8IE ol AR ow HAFE =AY
o ARULEE Ve AR Jbeetth A dete] diRe A7 gradientE
o] AFS 7FAH&t}h Organic ol #Fof&Eo]l Qluta
T H-YgFgoRHE AFEE Zlo]il space charge

limited current (SCLC)+ Mott—Gurney2lS = Zo|t} [88]
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2
JSCLC=§E % (2.6)
AZIA pe At ol E TH7IM Ve I7FE A, L &AL HolE
skt
T Hie]el7t 0.3eV ool A= blocking && dAH L A7 FU2
Agen. oleg Agelt U Aeks WA WolA Hu ARHom
injection limited current (ILC) 7} SCLCH.t} ¥ & zZropx| Al Ht}.

2.3.3.2 As} 4] WAUF

Ad=/organic AlHeA sl Y& F4F thermionic emission?} Fowler—
Nordheim (FN) HE¥ oz drule] gt} [89

Thermionic emission> A Jxo] wiglolE Hol dstes RS olok
715} o] Aol Vb F2 AH oUAE o] wigoEY ¢ 2 o

AFAE 7Hd W F37t Thsstal ojmj o] AREE Jree

Jp=AT’ exp{—%} (2.7)

o]7]4 A= Richardson F5olth. FN HYH
Edek= A olofrlsty A A 3ol wjElolE Holrt
A7tz o] FoyHE Ktk OLED &AfelA = AFds] %2 Schottky oy A
Hgjojz AF-—H% 54l w2 vpo]oji AolA FN BEd gE 7HA

rlo

FALelsl Bl ol Helo] 2

rlr

Egsel 47149

ki
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Ty T T
3
_ | 4
V(x) o
A
Conduction Ipand edge at X=Xy,
E o r ! i .
-
™ A¢PF

~ Conduction

TG band edge at
Tunnel?g\ R

Zero field (E=0) E£0

g9 2—-14. A7|AL <17}RE 9% HUYY TAT

t

AWtA 2l Organic =8¢ W Ast o]gL® Qslo] Fd Hat= d=2
} 2+ backflow HF7F @A Backflow 5+ thermionic ¥
ol Alzke] e wey BAgsk=H o] organic =& AW AdE0]
A=o2 vAl Zop7b= A olopr] dhth. Backflow AR+ dA=5ol4e At
Tof vldely AT = v 2 UERd S ok

in
N
o

]

=

d

Jgr =v,P(0) (2.8)

r

i)

SEE v =AT?/gN, & YERE 4 il Na= organic 22 A9

N

1
Fa UEE ooyl T+ AU2LEE 7M7Y, 2xF AFe o7td AFE
backflow AHF=Z wjd 8 4 Qlom vty o] & FE L}

(ow + ) =T gr = (2.9)
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2.3.3.3 &AM A+

OLED®A S=FE4S Agsts Aoe oA 7A] e ALgo] it} S=L
Bottom Emitting OLED (BEOLED)oA = w2 FHEE 7FAoFslal top—
emitting OLED (TEOLED) oA+ =& HIAIEE 7hxjofsit), 181

fols
i
b
ro

45 Fd= AN falde H2S Ade =9 7 e =2 AV ARES

7}

R:)

of sl & AF Telw Y AFHL AUk Fv 41 eV o4

o ARFE Aol Ft

Kir

OLED ZAFellA 71 Atz o=z 2oli= = EHL indium tin oxide
ITO)oIt}. ITOx= =2 AERS 7R3 Gl £2 FHYEE M= n-
type RFEARA FE& As UE (<107 cm )9 W2 g (3.5~4.3)%
HolEth [90]. ITOY w¥wheke AHE ¥, chemical vapor deposition (CVD),
sol—gel's AA7FA] WHO® A2 7hsaltt. o5 7P dWbA o ® 2ol A
2~HEHPE o] & ITO ez o] F&oln] ojuf (0-14% SnO?$} In0”)
E+ In/Sn Faol AFEET oY AelA 28d S 200% olde] =&

=EolAe 7k Wzbo] HQdtH ole 2 FHES ITOY WAZS Eol7]

H = ITOCl 275+ of2i7kA Aol qley 1 5 2 7 dHEx
EAG 7 WA ITOE Addo® =& AYEE 7ML gloH o] e
°F 2 x 107* Qcm ©]™ passive matrix OLED t]jAZ#o]e] 77]
Saolny Iean ] A WSS fUlEsorg
F Qom At 45~4.8 eVE W ool HE &
oAHAl W=7l o OLEDel ARS A#d tE 59 A=y Ase=
indium—doped zinc oxide (IZO) [91], aluminum—doped zinc oxide (AZO)
[92] o] Utk TEARE o]gfdt A= ITOe| vlete] FeHal Frd EefA
HolAw HMEL7h "ojxm, v AgsE AV R

S(Ag) (g=46eV)oltt &FmH(AD (4=42eV) ] Afole w2 MRS
7EA 3 Qloid ng&9 TEOLEDS sHt Wil d=50z ARG E WHol
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" 2-15. 2 A=A Sel A AR 2dAE 9 wst [95]

A. Ak

ITOONA 3}t Al AbS o] &std dghsol] & JF= =
AT AR Eo] Had nb ity AF AHHE ITO ZTHS AA &2
Alz el Hlwste] dgtrE w=d

1 #¢ W3l phosphoric AF (HzPOE AR wf <dgk ke ®3)
Ap=0.7eV  olw ojuf A9y e HolA= How Wt
Tetrabutylammonium  hydroxide  (N(C4Hg)sOH)E A}FE3tA =4
Ap=-07eV Fk= 7HAu. olglgh Wdk= o]F ol EWHFTY TR & F

Atk 1¥ 2-162 ITO FHoAM o] A Aol o A st =4 =5




GERiD gtk vldlE ke Ewe] A4S A8l delgl: ol
7

Hgo® hydroxyl ¥ 279 o]&3std Fol RitfHe] FAdEHo] Utk
ko] 219 HhdjE o] Fo] Xt}

of
rlo
Mo,

o

(18 2-16(0)). T AF %9 o

Potential Energy

(b

A Vacuum Level

x

o

Potential Energy

7]
Zol digk A ouA Wste] o wA% [96].
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JEAR AbS o] &3 WR> OLEDOA Auv+dEs & =873 xsih
7+ NPB(N,N'=Di (1 —naphthyl) =N,N'—diphenyl—(1,1'—biphenyl) —4,4'—
diamine) 8 ®tete] Ab AH#® ITO weke] FHed ¥ #9970 5473
ol [98]. #AA# e dd+9 7HAE NPB nitrogenol A 4 =7F ITO
FHOA Ak FREO] yehd Aoty o] d whgol ol Hx9 ITO
e Y A=A FEACE O PE A 4 AAE UHAeA #
Zoltk, ITO Y9 Fd2 -S0.Cl, —COCl, —P0sCly 52 p-—substitued
benzene 1752 3}8t4 EH wWsle] o3 of7]® Aot} [99

B. Self Assembled Monolayer (SAM)

(a) B (©)

8 2—-17. F%/organic AL AUAFS EAE. (a) vHAYE H4

(b) A== ol ofaf Hjgol7t stolxl A (o) &=k ol sl Higjolrt

[e)
=olx ¢
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7Y AT organic BHI] oyx] wigle] #AE AHElste] Aol
7bsakm oldl SAME ©l8% & Utk =% /organic AWE ouA F4
tholoj 19 A% ¥ 2-17¢ 2 vEhd o ¥ 2-17@ 8 B
w&/organic AWl BixE ¥ AEHE dEhg= Aot =, &% 3EH
SAM A=A ZFo] gl Aolth. I¥ 2-17M)AXE A=A Fol +5
rHow Fdl glo] AT wiEelrt EolE Zlela Id 2-17(0) el =
A=Ak W o w QlE Ay FY wElolrt Fokxl AdEHle BojFa gl

Campbell ¥ 72 7] w2 [100], Cu AZoA aAFH A7) 33

—

1px

TEZ2} poly [2—methoxy,5— (2’—ethyl—hexyloxy) —1,4—phenylene vinylene]
7b 2709 A" thiol  (HS(C6H4C2)2C6H4-F [F SAMI]  and
HS(C6H4C2)2C6H4-H [H SAM]) F& ol whef vhefsts SAMe Cu ®H¥ef
gAdstA @t Cuoll Blsto] F SAMS Cu =9 d3rE 0.3 eV AL ST &
Folnl H SAM2 0.2 eV AE a7l Belvh. 3ol wet F9 H
SAMZ 4% F4 wlglold 0.3 eV ~ —0.2 eVE 717} WgA A = itk 1
A3 Cu/polymer/Ca TZFE 7MA+= 2A oA F SAM2 tAZ Cu A=Y
AFE =olv 92 st H SAM A= #AaA7]le 93-S s,
Appleyardi=  SAM=  °]&% AezFydez ITO-TPD (N,N'—bis(3—
methylphenyl) N,N'—diphenyl—1,1'— biphenyl—4,4'—diamine ) Al o]A42]
A HigolE =AY F Ase EoFHT [101].  (4—nitrophenyl)
phosphonic acid (4—NPPA) #& WO ZHE upg&Eoz WIS 7R =
B2 E2E o] Gt Al HH AF AR A To] FAH dTFE 0.3 e
ol Eo&HE Atk [102]. o] et W o2 ITO F=5 7F &b
] o] g8 4= 9lt} Hatton ITO ZHE /29 silyation AAPAHS 9]
small molecule chlorosilane& ©]8-3}3 Tt Chlorosilane2 Atste 3wl ¥

A Esto] AAsA H 3 A silylate® ITO A& AA"E UYFALS

<

o

EN
1o
oX,
ofr

],

Olr

& 7HAAL oA ol ETr AdHL Ed 919

Fanbs o lo] & dAY wdAdS 71 oEFe] Ut
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C. Zgk=vl Ag
OLED®IA ITO9 A& F4 542 4 Fek=viy UV @E8 o] &3t
S ASAA Hess FolddE F Adsol WAtk [103]. ol At
TUE e wgelrt 43 F7kE Qla] Wobxy] witolth. Mason¥t
10l FEEC] RS Aol oA Absl A Ede| B AAE
E=EAIA AR F7E s wighel] #do] glSS BEUIdlth A2
7t Aol A=Al AR & o AJdd ol sol3td
Aba7b e wolx 7] wiiolth [104]. Millirone W] Aksl= SplV-—
OH 9 4tsl7} AbaxZet=vl A" ITOY d8FE =3vta st
[105]. Z8 A9 ITO %W Al d7]FelA wzs Has doit
2 A ITOZF B2 &) Sol&3td AHAE 7HA 1 93 ol &
Agstes Adol vk ti7lFel V1A E wE:EHYW WS oA &
Fha-ga 5 AFFEA Ha A 1TO L3859 @S WA o
ITOS CHF3 Y CFy Z8t=v) A= Zg=vt 18439 fluorocarbon
wuk (CFo & ITO el §Js)Al Ha o] ¥ T 2249 S
WS- FA AAAZT [106, 107]. Av F4d A odUdA F9]
H3l7b k= /organic AlHOA o] Fojx # Aol o7l ¥ =1
| &ol&3t¥ fluorine o Aol 7]odsta Aot A=A} A o]
YO gE s A or s&ete o= ITO/CF ¥&=°] t7%2
7ol gk Wdol ety witolth 545 %5 (Ag ¥ Au) SEFEH
TU> CHF3 ®+= CFy Zoh=vk A= Fobd = Stk [108, 109].

N

o

-

o

2L

of\

o
)
rlo
ok

e’}

7]

—

T

o
H

29 Aggds vE Ay FYs NAATIZ] SlsE ol Qledl ol
UwrvH 549 organic TS AYsts Zlolm o]E hole injection layer
HIL) Ex= wH¥Solzta A2 + Qo o] 52 =9 Fermi 9%
HTL®] HOMO &9 Atolel flA|atar lch o]t Altke] 2o F2 oy~
TEE S oAHoE e EA JIHNE AE FYs 7hsA ok

aA P g&o] olx Aty Wi AA JfE F dEdH r)el=

copper phthalocyanine (CuPc) T ITO <=3 HTL Alole AA7]+=

—_—



Aolm oA Ay FJ MAaHt & T o o ZA s
Forsythe?} 719 B8E5L ITO $FO2HE NPB H¥ FEHEFo=9 HY
F9o] AFE o FF FY &S CuPe 59 F747F 0~30 nm=
=9 met JAA Foltv ATAS FJe 8k Aok [110]. 24 &89
S7hHe CuPe 39 Aoz 7hsaizl Aoy ols FA ¥ ¢ &89
gl BAZE Qo] AT AgelA e A A A0 WAAE 2kt

%S v Hill¥} Kahnd ITO/CuPc/TPD AWl UPS$ I-V 5
Ag 2AE AFstel 54S #Este] 2 A3 CuPe o] ITO =3 HTLZ
Atole] flAletd Ay TS F7HAZA T lew old CuPc/TPD Hjglo}7}
ITO/TPD wjgjoj Rt} vrolok 3br} [111]. 2822 ITOS d3g42HE CuPc
SF0l By FUS AAANII=A B AARATIEA 4 5 A B 1TOY
Ashrs T2 o wet WeA Hu o)Z2FE $El CuPcrlt ZEFYel
1;].01:6]— Oﬂt‘ﬂ:—% u]il 7)101_% %} :‘,: %1\3].

e T FAA77] Sletel vy Fow 9 AREEH= A poly(3,4-
ethylenedioxythiophene)—poly (styrene) (PEDOT/PSS) <ld] o] HAEA 9
A SRR Ahder We dr] AREE 7HAA leH 600 Q/ 9
HAG = AYa i ITORY £9 52 d¥,<l 5.1£0.1 eVits 7HH
[112]. PEDOT/PSS+= ITO $lol 23 IOl AR TR GoRE T3
Utk PEDOT/PSS & ¥ FTYUFTLE AREH ITO

_;:E_L
lom ol <qlal M7|AQl £ES JhsAdS EolM AT Ats Eola ¥

ki

-

iR B A

FHE =742 4 9tk [113]. PEDOT/PSSO 4o =
1 e pH ~3 AFolt} o] ITO “doly thE 7y vdss 1EZ

FQom ol axte e AdAA P A 4940
A

o

o} o

W& inorganic =4°] Ay FUE MAAZIZ] YT T Foz ARIEH

ot Uwmvg FA9 w2 d¥FE V= =5 BHE (platinum (4=5.7eV),

gold (¢=5.1eV), nickel (¢=5.0eV)) TdH o5 ITO HILZH HojA

i : 1]|



gom o= w2 A Hay Ay F ARFEs sde 9€s I
a9/ AE mEelAe fAAE HolA ¢kttt @& inorganic WHEAES
NiO [114], CuOy [115], MoOy [116], WOs [117] VO, [118] S& Arjdo=
o s 7HAAL QlojA HILY od8s 83 s sAge] &
Zog vholxy ¥rjEe A "Hoh axAdFe e AT Fe st

ANUA] vjg]o] o] FolE B 7hssixl Zlot

Inorganic 1&#|°lEQl SiO,, SiOWNy, TiO, 52 =9 FHF 07 F 25}
AEAd wHoly wWEASH= v2A F23d9 [118-120]. #i§
Adzole T35 EAZ st luminance ®EEO A5y HFEQ
MRS el 71998+ ded o FY¥ 4¥e 9 HTLlA

oo AT AHL AbsA @k AL 44T FAz AT 7ol

P-=3¥ HILS ol&std A¥Fds =¥ & Uk ol 19 2-189
AR wroloj 13 =AEE BH o = p—=3 ¥ HILo] 3l OLED(a)
¢} p—% ¥ HILo] Sli= OLED(()Ztell p—E3go] Holqlx] Fom Hate=
F=/organic AWl FAH wElolE dolok st Wi
A A= E38" Fo] A= /organic AlWelA wl$- F
] o] HTLS HOMOS A=e Fermi =93t A3t ofyx wnjzlo
7F EAstE g e W74 F94E 7heskAl stk dske vl gk Mgl E

F3g 5 9lek

rlo
ok
=
)
ol
ol
ofj
ftlo
rl:l
iy
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p-doped
region

LUMO/ % B
7
Er / HOMO E
%g +
numéling

(a) (b)

% 2-18. (a) HILe] ¢l OLEDS} (b) P—X3¥ HILo] 2+ OLEDY

oA 9 tholoj 1 EAE

T3 x7]edE PLEDeA WA AEEE$ 9w o] polythiophene #<
Ay 79 AxA aEAFTES FeCly [121], MEH-PPV [122] #& A3}
dAES Qo= 338 Aot AE¥A OLED: p—%3%¥ e diamine

3etES o] &35te] ShCls—doped N,N’—bis(m—tolyl) —1,1’—biphenyl—4,4’—
diamine (TPD) thin film [123]°]Y 4,4’,4”—tris (N,N—diphenylamino)
triphenylamine (TDATA) doped with a very strong electron acceptor TF—
TCNQ [124] 22 283 4 =45 UE -
TEAYS S 22 a8S W AAAE 5 Sl
Hto] p—=Pd WEFH diamine IFEEF

dxE vk Qled ole 4,47,47—tris(N,

Z.

—diphenylamino) triphenylamine

(TDATA) or 1, 4—benzenediamine, N— (3 methoxyphenyl) =N’ N’—bis[4—

42
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[ (3—methoxyphenyl) phenylamino] phenyl] = N-phenyl (m—OMTDATA)
doped with a very strong acceptor F4—TCNQ [124, 125] & Zo|t}.
0453k¥ OLED®  [ITO/TF-TCNQ (2%):TDATA (100 nm)/TPD (10
nm)/Alg3 (65 nm)/LiF (1 nm)/All = 100 cd/m® & 9.1 mA/cm” , 3.4 V&
n]-9- s AREEst [AkE ®Hola gt

2.3.3.4 =AM Azl

= =40 79 kA e AMEE ted 2u w2 Y] ARE,
A FYdE FAAI7] A @ A, =2 A, w2 MR EE
TEOLED® &8 v 2 FHxolth
Ao 55 242 vy §5& ARt TEOLEDOIA = ITO7
of &3 =4 F shuoldr [126-131]. #93] @& A= ETL
=29 lowest unoccupied molecular orbital (LUMO) =9 &9 HAA F+Y&
HA wew 2EAN 92 d¥dsE VA= 555 K, Na, Li, Mg, Ca)s2
2] AgdE 7FA AL organic BHC wE 3shd w-gAdS YERdT
2 w2 dg¢ FFo] AFgE =Y Mg—Ag [132], Al-Li [133-
1351 5ol &Fo= AgHET. MgiAgeE 10:19 FyR|E 7HAE A9
AnbAolm vko- AFprw Qs A £ 522 Algsdlel Atk Mgel Ags
oA stetA MAE F=AFM Algs 29 Tl sticking
. ol Li-=3%® Al &3¢ /MAdE AAFdHR A8 e

=
=
F ABm QupEsts golvh Y axbel BHNA B o ey F42

d

A3 AAS= AL F gu7F ok ol st IAFo A e Al 52 wl-¢-
FJesit), Al 2 dHd AR 25 5 shvjolw A2 AdE 32 oA
== a

& W ohet ANBAANA B



HRAME S Holal 9lo] "o W&o Fadt ds sty BqsALE Al Algs
71Nke] aApol A MgogAgor o HlIEHd MR £x F2d ol AyHow w&
Ae=9l Aldt Algy 79 2 WA wEolt. HAA F9E& ETLZ
SHAZ17] fElA ETL/AL Alde] QdedolEHEs AdstAY ETL: =¥k
Yol AMEE AL gl

olo

_4

Al 5594 Ax Fds A8 55387 9% 2% K= 0.1-1.0 nm2
o9 gk LiF S+ Algs/Al Adel 71999l F%d%4¥ luminescence
efficiencyE ©1d¢ MgAg ==l Blal AA /HAAAIZ Zlol ol= ¥ 2-
19 veb dvk [136].

1000
AILIF Mg, Ag,, Al
100 LiF (0.5 rQT:- 15}9‘ LY
LiF (1.0 mm) oy bEY
10

Current density [mﬁu"cm“?}

/78

0 5 10 15 20
Drive voltage (V)

% 2-19. 374 OLEDY AF—A 5. =52 0°] Al MgAg, LiF/Al=Z

212t 4950 9.
44
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LiF/Al & MgAg [137]°l Hlsto] &R bg ol Al &2 342
FHskA =tk 2Elal UPS FAe st A LiF-Al AldelA
3.6~3.8 eVE 7FAaL om 4.2 eVE Al Aol 72 3ok [138]. 9k
LiF &2 oyx] Hjgo] xo]E ok 0.4 eVAE =9 5 vk 183 A3 E
a7k AF—-ASsE 540l LIFE Algsgk Al Abolel]l Atslete] v aA &4
th. LiF/Al 5% =2 organic E4A @34 dAA FU& H3h
vhekat Al ARSI QT

B oE obzy &

AREE D Stk 0.3~1.0 nmE A%t Fstel a&57HE olF& ASE Lo,

Cs20 T& 3 AAERE Algs/Al AldelA vt o vy dFFE = Li-
Al vluste] &2 e Fr Adde] Foh ol HA 9 71 0.3~1.0
nm? obze F4% 3FFE AFo] OLEDAAM HA x27bsshr] wEo|th
ofZte] =& ofAEARE o] g (CH3COOM) S o]

7Vsdttk. M=Li, Na, K, Rb, Cs [140]%°] AH&7}53lc).
2817 olg: Az FAFA o} Algy/Al AdoM ofzyE] Z&

AstEe] el wiEo® R Qlvh obze] o5 A= Al Rbgete] o W
dF7h = ol AR A Fs opIAKIY. I Ay ddad Ads)
T 9 =& EL efficiency®s 78 4 Q&= Aol

obzte] HE=9 Wi g2 ST AREel Bt 1.2 nm F718 ALO3 &
Algs8t Al Apolol YAIAIZ7]= Zo] A FYF} luminance efficiencyE
gEd &9 Qo AT Raw wp gtk [141-143]. ALOs &
stetA o7 Qb sty] el AAF BlE® 3 Algs/Al AW Aoz EAst=
o] 71 A} —quenching &% AFejo] A A el 7]oJsit}, sk UPS =42 Al/ Alb,Os /
Algs TxolA AASHAl H=dl Algg 9k Al Abolell o5 1A Az [144].
ol Al ¢ Fermi %9 Algs ¢l LUMO edgeel A2 o|yA] xoli= Al/ Al.Os3

45
M = off 8



/ Algz TZollA 0.4 eV olH Al/Algz AlH A= 0.6 eV olth. whebA] Al,03 7}
Alst Algg Atolel 1AstAl HH A=k F9] wiglols FAaAE 5 SlolA

OLED®IA Aak 9= 7 12 & e Aol

Kido¢} 19 #5352 Li-E3 % Algy 5& A F#45 EILE Bigk b
A o= Algsel HH A Fols WAAA FHAR] SH5E AlFste] 2t
s FA7IE Foltr [145]. ofAlEs) Es wlxoo]E 22 Lithium ©]
H 23k Wiz SR A2 e FEAA F A= Aolv [146].

P-=3¥ HILZ} ¥l d8]Z n-%348¥ EIL> Pfeiffer?t 1 FaE°l
s AFHEAT. P-=%¥® HILY n-%%¥¥®  4,7-diphenyl-1,10—
phenanthroline (BPhen) doped via coevaporation of Cs #%< EILZ
phosphorescent OLED (PHOLED) Ax#}olA F+&sty Ad 88 77 Im/W7F
sty EQEXE 100 cd/m?elld 19.3%7F vgka AlEHeke 2.65 Viarel] ¥
gtk O Fod A2 1 FEolM mEo]l AL "Holxx ¢kol 4000
cd/m*el A oF 50 Im/We] A a&gtol Uttt [147]. o8& p—i—n aAte
EFo At FYE FF ARACdA EFE FEFOE b W AEFTOR
st We TS 7HA 718 = EHAYS OLED| Hlaf wi-¢

e 7H AUk

oif

S
-

2.4 OLED®] Outcoupling Technique

2.4.1 OLED®] UjF-HRAL &3
OLED 4AA}ollA phosphorescent emitter® 7l2=% internal quantum
efficiency’} A9 100%E E43 ©]% outcoupling efficiency A= &4

shF7F = ol gkt



Substrate escape mode ~ 20 %

A

7 2

Loss due toSubstrate
Glass n =155 wave -guided mode ~ 39 %

(]
S —
S
N\

ITO n=18to22

HTL n=176

Emitting Layer n =172
ETL n=176 | %
Cathode P20/ 00 ﬂ//f//fﬁ’;ﬁ’%ﬁ{éf%’/ﬁ

Loss due to I'T D/organic

wave -guided mode ~50 %

7% 2-20. Multi-layer BEOLED +%9} A Uio] AAEE ofg71A
mode?] optical ray ©eolol13. (Air mode, substrate mode, waveguided

modes) [148]

O 2-208 BEA HW A2 dFelxd A8® OLEDZF RS ass
100% 248 Solx =73FaL outcoupling efficiency (7)) 173 1%
e o] AR AHEHYY OLEDY DC-HFE A7IetAIEY  emitting
layerel A Aoz AAdFsiA Hi ofe FEfe] modeE EASHA ==
0¥ photon®] tiF-EE 9 ¥ Zo] =HE Ao JAF Snelle] HF o
ek A E AREAF(Total Internal Reflection:TIR)3HA] ® T} o= A H
Ho] Az oter QytstA & Ae 24 #Holdss FHeHA et
HIALE = AgAS olobr]al: Aolth UEANIAL  guti= S 7wl A9

substrate mode® °F 30%2] Ho] AHWIE ™M [TO-organice=olA% wave—
47
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guided mode® ¢ 50%¢ o] Aol AA F7|ZFOZ WAs= "o ok
20%° AGA =t} gt B gk}t TlEAtES ol slAsty] $lshe
substrate modification, scattering medium, #Z=oj#olEs H7IA] WHES

ARG or] ol B AE e Fupie] s 34

2.4.2 OLED®|A ¢] Surface Plasmon Polariton

OLEDAAM+= oA Mzt Ui dAHkAl 9Jo|%  surface plasmon
polariton(SPP) mode’} & H|5& Xt Utk 53] Bottom—emitting
OLEDX.t} Top—emitting OLED®|A+= SPP mode? #F&2e 4 Iv 1
HlF2 HA 50% ooz &delA Ut SPPE, metal—dielectric®] Y} metal—
air Aol y&sk WEgoz = surface wavedS D3P 1o 2%

ek O 2 = exponential A A SHE AEES @t}

a _A b .4
Dielectric
6d
b £
+++\>/ = \1/+++\)/ = ‘5m/ =
Metal /t

g9 2-21. (a) Metal—dielectric oA oJ7]¥1 SPP modest (b)

T AMSEO 2 exponentially decaysts A& [149]

SPP mode® electron®|t} photonol]l 2J&te] of7]=E 4 Atk oI 7]A
48
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electron®] ¢J$t SPP mode excitatione plasma®lA] F= AojlE=E
AeEE A 1 B SR tF Ak = A1 photon excitation®l] 23t SPP
mode©|t}. olw photon¥} SPP+= EF #S F342 momentumeS 74 ok
AW A A free—spaceo A 2] photone SPP Xt} ZH& momentum= Zt=t}.
kst 52 A2 & dispersion relatione 7FA|7] w&Folt} o] gt
momentum mismatch= SPP mode”} free—space photon®. % directd}A
coupling ¥+ XS @t 22 o]fFE free—space photon®©] SPP mode®

coupling ¥+ dAE et Jdox B33 SPP modex photon¥

il

T~

couplingS o & Q=H o= prismeS ©°] €359 momentumS HHA O T
v =AY E gratings ©]8€3t%]  photon¥ SPP  wave vectord
momentume  matchAl#  F+  Holth,  IFolA prism9  AelE
Kretschmann configuration®]4} Otto configuration< ©]&3st= WHo]H o]=
a3 2-22¢9 = yEehy Qlu. I8lal Gratings  ©]€3% SPP  mode
extractione 13 2-23°] yElH} QO o]= surface roughness & 3}o]
tj gk ofsli 7}t H sttt

a)
Incident
Beam Prism
En
Surface
Metal: £ Dielectric (Air): €2 plasmon
P>
Dielectric  Surface Metal: g
£s Plasmon

9 2—-22. (a) Kretchmann ¥ (b) Otto configuration 2% T3 % prism2]

SPP extraction®H.




Incident Beam

kSurface Plasmon

1% 2—-23. GratingS ©|&£3 SPP extraction. Wave vector”} pitchell whz}

J-53F= electric fielde= s 23 o] xS 4 Q).
E = Eyexpli{kzx + k.z — wl)] (2.10)
olw] k¥ wave number® UWENY I @ wave frequencysS UERATEH
1813l o] A2 Maxwell’s equations ©]g€3te] £31 F &2 A}o]l9 dielectric

functions A E3tAIE A surfaceolA %83} dispersion relations +& &

Sia=
( £1&9 )l"m
€1+ €9 ' (2.11)
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olw] ¢ A& ©]g3te] dispersion relatione “12|A =W tha 1H@ I P

11
w/wp
w=c kg
0.6
msp=cnpf'\i2 ________________________________________________
it i =
,-—"'Jffﬁ
-
061 Wl
k‘ W ( €1€9 )1"""
! C \€ -} €2
0.4
0.2
f!
/
u 05 1 15 2 25 3

k (arbitrary units)

19 2—-24. SPP mode? dispersion curve. kzto] Z2 w] spp mode

curve (red) &= photon curve (blue) & A3l Ado] gt}

2.4.3 Periodic TZ%& ©| &3t I8 &34 2

B e oA E periodic TTERES o] 83l OLEDS FF=3 &S A A
Wl el diste] dolR s Atk WA photonic crystals o] 83k WHo]
t}. Photonic crystal®]§ periodic optical nanostructureE UAE= ZHo=7



ftlo

photon®] %o WIS v A= A5 shrh 1887d F=9 =8TA Lord

Rayleigh”7} dielectric stackelAd F7]4+%E &g3to] 1-DeolA photonic
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A% 2D far—field intensity® RAEWH 7]E£4229 vlw3sle] photonic
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Metal cathode
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19 2—31. (a)—(c) Dual periodic corrugation® E=21% (d)—(f) ¥4l A
g ¥ Photoresist®] AFM image (d)1D—225nm (e) 1D—325nm (f)2D—225 &
325nm.
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t} [155]. o]+ nanosphereZ o] g€3to] ITOES FE2 FHzE wE1 71 o
BHFo®  PEDOT:PSSTS  eHPd=o=  ARgste]  A#l2 organic
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2.4.4 Random T%& o]|&3 Fa &3 Uy

o]l HMElo M= random TFE o] €3 OLEDS #Fa&dA Wil tfsle]
Gotr izt vk 7)) FEEFY MAYUSELS periodic TE¢ TAEH
thE Ao] v Fgoz Y FFE0] periodice] otYEl random A
1 tiE= ol WA refractive index modulation layer@ AREH
MgO/Zr02 S5 ol&% WHelth ol MgOs} ZrO2 layerg THA 7 F
SAA YEhE A o] AR grEEWA ITOSH fe7|we] 24E
2ol 5 Hekshs AYS obe Aotk o2 <t AAZe AVIE TleT
525l 7T5ERE &Y & o oF 35%9 Fas TS o|Fsinh [156].
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Zr02/Mgo T C=2 A3t =obxl AAIZ 4 ray E4 %
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3.1 TEOLED®] 4
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3.2 TEOLEDY &

3.2.1 TEOLEDY] @3gazke] mE B3

34l A4 (R), 54 (@), 4 B Aol wet BE Azo] T
TFede & gl gl Abdelth RGB S WAFelA color filterd
ARGkl A= Wel vk A7k WiAge LCD, PDPS full color
Haseeleh MMzl 7B Fos WA oRr A4Hol = ole

OLED oM ®: da dAFEHo|& Fokolty, RGB TEOLEDS} HA1

)
TEOLEDE %2 ¥l7] =& luminous efficiency, R¥< FEz<t <rgd Al
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WolA HZoll HAAAL A} FEAbEo] Wi s Agsta e
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3.2.1.1 Red, Green TEOLED

Parker?} 19 352 poly[2—methoxy, 5—(2 °~ —ethyl—hexyloxy)—
1,4—phenylene—vinylene] (MEH-PPV) 7|%ke] &4 w3 TEOLEDE '#3i3t
vl Qlth [167] (¥ 3—-4(a)). ©]= Ca (20nm) T+ Au (10nm)° 154
w50 AREE QA wio]ARINIE] F3E Qld] MEH-PPVelA =4 wkgo]
9t v]==%A bis[2—(2 °  —benzothienyl) —pyridinato—N,C 3 ~ ]
iridium (acetylacetonate) & ©]-&3%t A4 wbga|7} 7dke vp Qlvd (17 3-—

4(b)). 7WH)E Zol= 95o4 110 nm Alo]E Algstglom o)== A vy

FRARES WHAZIA v WSl A @ TEOLED ellA =54
FRAREE WHA7)= AAHE AolE ARSsHA ¢l A AEFOA ARt
S54& 7= Ca, Ag w53 o8 23AE AHSE vk ok (29 3-4).
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2t AAISE A AA oAHA Foh s WS 57 AT Aol dolE
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organic =9 Adol&= Z+ZF 0, 1, 2 3% EEoA 73, 205, 337 nm 7} Hojok
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HA T 22 st FEAS ARgel tiste] of7]std ol FE ITOE
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%3 full-color OLED tiAZaole] #ga7]e] e 34% Qeow ),

2]
s WHo R = HTLY FAE Z43sk= Aol gt o]+= BFEC, TFB, and

a —NPB are the abbreviations for poly (9,9 ~ —dioctylfluorene—co—bis—
N,N " —(4—ethoxycarbonylphenyl) —bis—N,N " —phenyl—benzidine,
poly (9,9 ~ —dioctylfl uorene—co—N-— (4—butylphenyl)diphenylamine), and
N,N “ —diphenyl-N,N “ —bis(1—naphthyl)—(1,1 * —biphenyl)—4,4" —

diamine = ©]&3l= Ao R o9 EAGFZE+= 19 3—4(h) -G & e
St BFEC 4 TFB/NPB &9 F4& #HZA3sted CIE Az (0.13-0.14,
0.05-0.06)2 9o =2 A ol EL Aeg dojWlth =3k AlZ <o)



TEOLED °llA AAIE FQ3t o]fF Fol dvh capping T+ ©] &3k ol
ol AHHE3 FAQ organic T& == XWl FFSY] WAEE Folul
FHEE FHust Zol:= Fojg. Ayt ol lE wio]AZIWE Grt
=oj5o] AN #Fe ALt solve Flolth

£ 5°] Chen & Sm (11 nm)/Ag (12 nm) S=°lA BCPE &&3sto] T
E 771 R & &9°eH o= 11 3-6° & vERY St} [168].

=

—

K=
z

Transmittivity (%)
Reflectivity (%)

Wavelength (nm) Wavelength (nm)
13 3—6. DPVBIi (30 nm)/ Algs (20 nm)/Sm (11 nm)/Ag (12 nm)/BCP/air
¢l 4<% OLED &AM BCP FAol wE (a) F3%= Te (b)) WA= R 54

E

75

fx--! _CI:I_ 1_]| -_.fj]_ T]'I_



5
S

-
o
1

viewing angle

(b)
'8 0 8 Viewing angle
b —e—20° N 08 —a—0°
- 40’ © —o—30°
£ , —y—60° £ 60°
- \ 0 = 0.6+ 0
o \ ——30 o —v—75
4 ., £
© \ \ © 0
S i, —
"5 : -—
0 \K‘ Q 02
2 [
® 4 7 -
- -1 0.0 Mg o S
< T T T y T T w T T T ¥ T T T
400 500 600 700 400 500 600 700
Wavelength /nm Wavelength (nm)

1% 3-7. BCP capping =9 %o W& Ztx=¥ EL A~¥EYS] H3l (a)

= 0].0

capping = 1% (b) capping = Y&

—

DPVBi A2 464 nme H& FAIZ vl BCP 52 775 35 nm=
HAE A7IH ERE T & °F 60% & /M % 3k /M4 R & °F 7% =
A zkS 7FA A @) Multiple beam interference 2 ©F7]%+= wlo]| 3 & 7 H] E]
G WAL o] Zolmel wet HagltdEnh CIE A#ie 5 d8S 6 V oA
17 V2 =4 wet (0.201, 0.263) ©lA (0.173, 0.199) = W3tk om o]=
BEOLED °lA2] (0.16, 0.16) @3 A¢] Hls2d Aotk Avt7l multiple—
beam interference 7} BCP S22 Q& 2kaffle] wel AlokztS 0% ~ 7552
=@l webAd EL AFEFo] kg A oln (I¥ 3-7) ol 483td OLED
gaZgolea wg Fas oty ol WHE wmlo|aRINE AHE
Zo]F¢] organic T F FAE AUA FXIEZe] gEA ¢roly RAEE
o] gk 100 nm A2 e 283 o) ¥ =4 w TEOLED
NN Hgo] 7hsst o] WHo] full color tAZe ol 4= wol: RGB
M Az mE ITO T £8e A ¢otx HEz E3Hst ITO whA%
TS 2 A st M TEOLED oA ol#dt H WHE &Ax F29

<

Nobhg welt HelE Az stk WA FRT BY3 A HLss

{

O
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offt
ol

Fol wiabgyl Ea Y AMFo] constructive interference & E3 FaAES
S7HAA T dsdh

2009l Meng < == 9ol F&¥ capping T2 TAE <Qlste] A
TEOLED oA 93dWst7t dojds Exskgltt [169]. ©l& capping 5°]
AE 7H o i dRisty Hoiskd 5 vk Zlolth FA gl Hj
M E]  Aolo] HAgto] Fasity o] W wWHe
Tretetthes ol & =9 W 34 JinlE dojrt 90

20 nm2 $dHEtE o7 w AulE] do]7t 80 nm
3= 12 nm o]t} 183t o] F =2 F organic T FA+=
ks flste] FHAEolof sttk= Zlojth ol& &9 80 nm
¢} 50—=70 nm T Algs $14¥sTS WF9d 456 nm
T Ao EL &2 P4 wAE 7S+ Ats
29 90 nm FAE FHHIE Holel Alqz T vkt
nm ¢ FHd 4 HIE Algs 60 nm FAA RoA: v
ot} (1¥ 3-8).
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3.2.2 TEOLEDY Al 29 W& &7

A 27MAZE Y= g den 5 Akst
TCO) & 7|Hto & &= Ay 5
1091z /el gkt I =9 7B & Aole AAe =& 5 FUE
7HAAL e HbHe] S 2k e W BREE M)A itk &) =
AR E 2 WHE S22 indium tin oxide (ITO), indium zinc oxide (IZO), indium
oxide (I0)s©°] Sl=Hl 7MFA GG FHstal FHE7F 80& ©]/dolaL
w5 o5 MgiAg, Ag, SM, Alsol 3la wHFgshy F3%=7F 70% o] stoltt
ITO% 120, 10 59 14 A& Ased B A7 A7 29", RF A7
AW B, o255 o]goto] FAEH. 7]EL AHE FF A oA, ¥ALE
|2 2 @542 3EEFES organic
=9 MW £AE JPHen IAEY =2 oUAT7F organic o=
AFa71% sty 7% AR AsESe SRR s =171 9k
s A TS50 2 MgAg, CuPc, Li, Al/CuPc, Al, Li—BCP,
BPhen, LiF/Als 2174 EdEo] TCOE Satetr] Aol Agd=ol gt v=

T
olf 3 =7t=o] TCOES Z3:= Z9b Zgl=nl guxE ZHojF: o

=]
=
e s &5 Bl o5 Ay

o
il

>

4=

d

)

ofy
oX
=
R
=
T
X
=
2
>
of
2
p?
o

Shei g
StA| ¥k, organic HE°o] WAL FHE, ol wlg wZSH7] wiitel ole gt
&S gds] g RS ot 1+ & 45 99 F4& TS
W= 28w dth 20069 Kim¥d 19 A7 2850 120 35S S3F4

Eohzmt duAE YA s WS #ask vk vk [163]. o] ¥ 5=
AHEHE o]gdle Zed TEOLEDe|AM e E&aow s 1 x 107
mA/cm® 9 W2 FHAHAFE -6V gupojo]no|r] o] FE u} 9}

TCO 334+ v2A % 532 TEOLEDAA ARE3te] W2 organic
=S 993 Zg=vl UuARRE HBIse o] ed o]lE  thermal
evaporation 7]&S o]&sly] AFHow G 2n7t "3 wiEo|t. 1

A3 TCORY W@ Fi3% TE 7 SoE E738Fal organic & EHIE 93l

[92]



Al, Al/Ag, Ca, Ca/Mg, Ca/Ag, Mg:Ag, Sm, Sm/Ag, Sm/Au, Yb,/Au, Yb/Ag,
Al/SiO:Al 5 o87FA] F4E50] TEOLED =22 AH&Edu. Algrt &52
WA= = TEOLED wWitollA wlola 270l E] &35 Ao w4 v, EL
HAEF, Alopzt o wFEAHC JIFS FUIE vk AAFOE light
outcoupling & ©]&3ste] wlo|aZAME AHE Fole ATEC] B

Qo= o]g st o & tris— (8—hydroxyquinoline) aluminum (Alg® ), TeO? |

ki
rlo

I>

ZnSe, N N ' —tetrakis(4—methoxyphenyl) —benzidine (MeOTPD),
poly (9,9—dioctylfl uorene—co—benzothiadiazole) (F&8BT), 2,9—dimethyl—
4,7—diphenyl—1, 10—phenanthroline (BCP) 5] $It}.

3.3 mlo|a Z 8| g o]&
3.3.1 Fabry—Pérot Cavity

HWy wlo|ma R NE FR= AR S, JHERE 55, 5 AR
AMESIAHE organic To= FAH o ol 19 3-9° e} QT
ofZy} Sxo HY3 710l Fabry—Perot 3R 7|E FAs )L A&

=

A7 [164].

LN 2n,d, cos0, -, (1) - D, (1) =k2z (3.1)
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Semi-transparent electmdef

Reflective electrode

19 3-9. Fabry—Perot 7i8]¥ %

Ae g 3ol np¥ dpe mWA organic T =4EY FAE
7HIY. 0o EWY FHS 7F0 28 oA YR a3 T d(4)9)

=

Oy(A)= 22t oF=/organic AHI} organic/s= AlHNA Sl HEALe] o]

= o
Agetde W 4 (3.2)9F (3.3)F ol BHET 5 v}
2n,Bcos6
d)l,z(l):arctan{ng COSZOQO—AZO_BZJ (3.2)
2n0 COSQ (2NmeA B(N2 K"21 ))
®,,(4) = arctan| ——— 2 (3.3)
> nO(A —|—B )_COS eo(Nm—i_Km)

o= E@ 7sdh oA dn B nge & FAAY ZEE Aold B
3 A

A ES oloky] st Aolth YA G0 p—HFOE PP A o]+ p-
HF s—HF 0EANA 0 7HA Y ZdE= &ds] gz2A A4t wiolt,
Ao WALE ALEE o 88 9AWSE P AP VEow
=N/cosO (3.4)
80
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2 2
‘rp‘ej‘/’p)z :{Uop —771;7} _ {no cosf, — N, cos@oj (3.5)

Mop T, n, cos6, + N, cos 6,

n,=Ncos0 (3.4)
’ 0 - N, cosf,
sz(r} e]'(p‘v)z (nm Ulyj :[no COS G, — [V, COS lj (35)
Moy + 17, n,cos 6, + N, cos 6,

olyst FAEL rpet r7b Pkl Sule] wel 3ol whAbe] st HAg
Fresnel A8 7HAal &5 ov|gtth Ryok Rez olvA]l wRAF Alg= =
Putel Sub RbAREolebal YEbAY ng 9F Ny =53 steolgl= organic 59
=453 A=9 =452 7H7IH old Ni=N,—jK, 02 Hisy FH4ES
7FA31 19 ™ Nicosd =A—jB = YeRd = Q. 0.9 0,2 organicH

3.3.2 EL A¥EH

2
Ecav(ﬂ')‘
(I_.RQ)Z{I+RI+2 R, cos(émz"coseo+d)lﬂ (3.6)
i ; A 2
- 4L cosO Eye (A)‘
1+RR, —2,/RR, s( o q>1+q>2j

2 & FE ASERE 1Y golE AN AL, L & F F5 AF 79



Semi-transparent electrode Semi-transparent electrode

Emitting/layer Emitting laygr

/

Reflective electrode Reflective electrode

(a) Wide-angle interference  (b) Multiple-beam interference

79 3-10. AABE Yol (a) Wide—angle (b) HEH Qe HHAA

3.3.3 Full Width at Half—Maximum

Full width at half—maximum (FWHM) < t53 o] xds 4 9t} [166].
A2 1-RR,

X
2L, niRR,

FWHM =

e 1-\/RR, (3.7)

2| > n,d, cos6, +‘®l(l)u+‘®l(l)u IR R,
. 4 4r

T

AEYOl ZFo] FolxE AL npolmznlE] A g Aty
ol 2 (3.7)°l 9&hd } A3 MAE Ry Ry, 5 FWHM & 37}
P& WSS 4 ¢ ok aga o] A ostd FWHME 2Rl Sl

©

%
o

g v

= =
Lol A Tgu g deo) s 3 o] FolAgs Fojtes Ag o F
9lom o] E higher order &% REE Ag3tid 7l dhapgo] dle £=
FWHM @2 S°ms o4 = don 54 B.7)= ol&d Al At
A= 78 3-119] YeERY




IIphotoluminescence

l|spectrum
] ' \L/
M2 cavity

1 = Ry ]
i LCaV =305 nm / L\ i
] z=70nm 34 nm Lcav=610nm:
] 56 nm d=360nm |l
i n=17 \ z=180nm ]
] e / // \
] Vg
1 | Rt= 0.5

1 |T=02 / {/ \

500 550 600 650 700 750
wavelength / nm
2% 3-11. F4 3.D% ol g3 F4 wpAelMe] ¥R mEe] wE EL
~FE-] o] FWHM W3}

RN
o
|

&
oo
|

©
o
|

o
™~
|

o
N

norm. intensity / a.u.

3.3.4 ¥4 Enhancement TE G (A1)

nfo] A2 INHE &3+ TEOLEDeA 2 RAIEE 7HA &= F A50=2 U3
DA = yhe] gl A AHE AWMAIAIA EL AFERS o dIHEA
TEAY 2] oA7A} AdEEe] g vjES vkrth 3% %3 enhancement
HEQ Geav(A)E AHIE A 3¢ 15 7HA & o] e ol st dg=
grlolm o o] @ & Ut
(1+JR(2)) <(1-R,(2))

(1-VR(DR(2) 7
2 (3.8)°l4 ¢+ antinode enhancement ] EJo]il ©]7]A}7} antinode®]]

H

localize Ew] 29 72 7}x 31 AEly go]B 7} o 09 &&= 7FAY et

Gm(l):% (3.8)

8.33
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r = molecular 971#F9] 7IBIE] oA e w3 27 ZoA9 FHS e
Aot} R13+ R2: 747 ksl &3e) WAbES thehdl Zold.

3.4 TEOLEDY® Outcoupling

3.4.1 SPP mode 3¢ &4

Outcouplinge] #3t TEOLED ¢ oy +A wAUSS AZFHe=
BAE7] gaids Aud mEdo] Qi o]: tho]lZ RWEE VA&
molecular WFAE HE|B Fof| AAAA g EHel| ok HES EE
A4S 3l ot Zolth tholZel o8 4" TYe= wlolAZA8E
el a3t ol zterskd 4 vk [170].

F:(l—q)+qIK(u)du (3.9)
0
g=—1 (3.10)
r+r,,

g WiFFAEEel Iy ¥ Ty & WA oAb AAASFTh u &
wavevector ¢ in—plane &S YEFAT Kw + @9 du & 39 &42&
7+ 71t}

1 2
K:—KTMV+§(KTMh+KTEh) (3.11)
= ¢ YE+ transverse magnetic (TM) wave? Kopuy 9 |1&

PN
2=
PN

T3

m}u

o
JH&-3} transverse electric (TE) wave A9 Krn & Kren 9 t}o] 2
Ao AEHe der yed & ok, TEOLED 9 3¢ &4 A¥HERS
D711 = ARt 0 & nitrogen ©] A AREE 2 gl A[AA
far—field Koy Aol et & nelstd frh o]l& &3 f8v F$Aas
(EQE) & =8l ¥ & o o] 53 o] xd .
EQE = 7%{%170,” (A)1,(2)dA (3.12)
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2 RS 74 = ANA &8, x = singlet/triplet AFE] A

o1 7]& 234 Bl 7o = outcoupling &l EQE+ WAbst= w4k H&<

o
o,
[o(A) & BE 12 Feoh

10 SPPt————— " TE
: TEO sxea [
Total
@
2
o SPPO
s
[0b]
©
o
iy
o
evahescent
1T e
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Normalized in-plane wavevector
19 3—12. TEOLED oA 475 nm & 3% th9o)A HA}SF:= in—plane
wavevector © g FPAANEH AAF 0.565 7FA 2] in—plane wavevector
R

b 2R YRS 23389 far—field & WAEY &4 REg= TE0 RE$)

surface plasmon polariton mode® SPP1 ¥} SPPO o]t}

1% 3—12°]+ in—plane wavevector oA Z} BE=o] wE WAL} &2 99
A~HAEHS et [171]. In—plane wavevector® 0.565 7FA]7}F A=A}
elF® WAt TEO REx TE-#3 9o FHuoo &4z o7t &3




waveguide Rzt HFEvY. TM-¥333¥ HY surface plasmon polariton
(SPP) E=9 el AFEHW o= SPP1 EE=$ SPPO REE=7} #Edth
A A 9] outcoupling &L 25% AEZE °F 20%° Ho| TE-polarized
waveguide EEZ £24% 31 50% AXE2 4ol TM-polarized SPP EE=E
EAEE 7% B AA L] EAE ARET 600 nm & WA= SPP RER
Agt 4ol AA &4 5% FAEE AA T a9 olfE 1asl
TEOLED & Gd3}7] YA SPP EE9F waveguide BREE FE35F= 7l o]
& g st

3.5 &

BEOLED e°f Hl&] o % 7H4&= <ldte] TEOLED + A4t OLED 7]
EFRFOE AT glon o]F YAiEHo]l §X wESF TEOLEDE A
&7 YElAE Bty AHE nfo]AEANE o] ELS mEs|of shH ole] gk
Atk ol of717kA] ™ 1ellA 3% o=
2] OLED 9 TEOLEDS®] 7]#4]Ql o]&Fe tfste] doprgtomn o]&L 7]|&
of wxd Auab &9l=i 4D F S8 news magazine, 13 =9
jounrnal E°149 review papers¥ A&usty A7 R FsHE ] A=)
T8 FAUEsE AtReRE Fetete] AHASS vE #wEET 1~37%9

o2t §ES B WEAA 530l 4A OLED AF4 3 Aol e

Ir
1o
l
©
e
2

PN
T

i

A AGEA G e WEse] F2 AEE] jlorw oudt N S
2 el g Wgolu V=2 e V1€ e H5shH OLED#® +

Aol TR ROROER NE AREY THY
Hgolx N FAAGOUA ¥ ATEF] vge] Fgstti wekw:

2]
HFEES FHA4 T oz FAHERIT. wapAFl 7129l OLED

=

86
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Aol thgk Mmolm ol d Y ES Fote] OLED &7t Hx= g H gl
SRy dA g AT4AY OLEDAAEA A lA reasonablesttial o AA] &
A7t A AE BetA, el A RS iAoz eI o
T AFNAFE = olgA dAEHYHE OLEDAAS] dee oS Eol&g7]

Al = waveguide =9 SPP REE Huld JAA|7| 1 wF REg 3l
Al Fart 9low o] FE oAM= AlEdle]ldat wEste] ofo tfgh WE=
= WAk g
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A 4 & OLED 9 AlEH oA By 4 Al

4.1 AEYe]AY &3

rie

wirol A= OLED &xbe] AlEdH ol 2dE &3l FF=a &0 #d 95
2 TE AYUSS B8] % Aotk i tel Zzke] wisel ek
MEAQ d= B ¥ E Maxwell equation® 25 32 4% (finite element
method, FEM) & ©]&3le] F35 ZuQlex mEZ2st AJA HA 2zhs

AREA gus AnelEg 918 Aotk Ed 71E WY OLED &d

(1

AA OLED 2As Algdolddd FAst7el kM 7B 3hadt A5
71Tl HolE Ans REHsH v ol fdA & AlEolAS

Maxwell’s equation<

i)
1%
o
il
o
ofo
ol
2
)
ey
=
rE
o
il
=
[t
i)
[
o,
>,
)
o
=

>

71 7o) H= Tl



ot (4.1)

83 o]l E o] gl Fu EH el tste] Hemoltz’s wave equations
o] &3t Aylstd tha3 o] yEeRd 4 Qi)

Vxu'VxE(r)-w’¢E(r)=ioJ(r) (4.2)

o714 E & time—harmonic A7]&& @, J & AF2EE, e p&= 7
7t BAag §A8% FAES 7k

OLED AlEd o]l 71 & A= 35
o= WAFE I}9] Prg &F 71 dlellA AEE= 9], AR IVFEE e
TF P HE] HIEE YEE  glom o= thE3 o]

r
1:01:
fifo
1o
IAJ
N
=2
[ o
o
Y
5
o

nrad :% (43)

0 gEed WAl gt 9% W %ow Aurt: B9 fluxe L
integration A171 @oln] o] th&3 o] ERY & gk,

lim 1Re(ExH ndS—hmI \/7|E| ds (4.4)
R—>ooS+2 Row
714 S+t WAE RS AAE 9% WFE AT 0 FAUR g

£ YERdTh 218 71821 91% Wk E @Fs7F Poynting ®H ] flux &

%

Fste 999 T P E A AsiAE AAE 2uRE EWdds

EIAD et o oy Q7 EA3sld. el o] Tl

NA EAEE YA TS =Wl UlF vk 2 oA F Y flux
kil



P = j%Re(ExH)dSJri%E-GEdV (4.5)

tot ES
o] 212 H71Aef oigt A8 sz 7HERs) Al S 31 o]i= Maxwell’s
equation oA A7 E AES Q0 s} integrate A|7]d FH T}

[E-Vxu 'VXE-0’E-¢EdV =io|E-JdV (4.6)
Q Q

18] 311 o] & partially integrating A]7]'d

[VXE-y'VXE-0’E-£EdV -
1.
J.(Exy’IVxE)-ndSzia)J.E-JdV @
Q

oQ

A7 SHEe FHE AR Im(e)=0/w o2 TH 7155ty o]E AA9)
g F e tiglste] kst Al71A o 2

B

—%jRe(E-J)dV (4.8)

(1

AA v oolAe] tolE AAE de BxE EUdstd J)=ps ¢-r)
2ol Yebd 4 93 7|4 folE EWlEE= p £ YERQIYE E & 3 A0
A= PobA HolFES {3 94 HeReE E & AAtetd FEA7E
e Ado olgd £H AYS HAIAT7] fee] el vHRE A
3}l o]+ singular electric field Es & Tlo]E XXMM E of E3A]7]

© Aottt olgld HAMS FE A 3RS HAgslal tolE A B
A3} 714 8] Green’s function® Z YERH AT
V1V <E, ()0, () = iop (r+") (0.9

tho] & FAAMEY =H9 FAES g =¢(r) E YEHIL FAEL
p,=u(r) = Yepdn, 1714 E = singular field Es ¢F correction field Ec

2 Yehdly o]= E=E+E. & X d7}s3stt. Maxwell’s equation® wave

equation form= ©|-&3shd



VX VX(E+E,)(r)- 0% (E +E)(r)=

Vxu'VxE (r)—e’cE, (r)+Vxu 'VxE (r)-w’cE, (r)=
Vxu'VxE, (r)-o’¢E, (r)+V><(/,[1 —y;l)VxEs (r)-o’(e-¢,)E,(r)
+Vxu, 'VxE (r)-w’e, +E (r)=iops(r-r")

(4.10)

“18J8te] singular source term A% F# €t Correction field E. d&%
Adeletd v 2ol e & Ut

V></,[1V><EC(r)—a)zeEc(r):—Vx(/,[l—y;l)VxES +o’(e-¢,)E, (4.11)

EAAor oA tolE IAAMAM AT o &S A9 00] ¥
th el ER o] AoA correction field E. &S F3ta49 A&t At
& 5o ket

A7 Fut Qo] disiA dF el tieto] RER S sk WA Az
%9l time—harmonic ¢ 42 YeR)A HT

E(r,t)=Re(E(r,0)e™)

_ (4.12)
H(r,t)= Re(H(r,a)) e’”‘”)

A AF T E o)lEdd B TFEL S ol

ke

& 7} st
B(r,0)=p(r.0)H(r,0) (4.13)

A7 EAY FHAEL e, FAEE p, A/NAEEE solth T, w)E
=5 Yeldth, 18lar olE FFERskAI7]7] fEte] el T & AAR
Ueld Aol EBAS [FHE s=c+ic/o == X3 Maxwell’s

equation oAl A7) diste] 22 AFE YERE tha ) 2o

Vxu 'VxE(r)-o’¢E(r)=iaJ(r) (4.14)
OLED Algd#eolAdelA 7Hd #dE zte FiES vz 35 g #sl
Zolth, o] o] fleto] F71ToE ARG 3] Prg oF AolA AL

A 9] Proe off et vjE&= depd = 3l

32



P

_ Tra
rlmd -

ot

QU

(4.15)

Agv)

o714 © Yolrh MALE s 1% wpel wiere AUMS Aurbe

AA 9 fluxe] =S integration A7l Ao 2 8 4 it}

lim lRe(ExH)ndS:Iim 1 E|Ef as (4.16)
R—>w d D R—o

S+ S+ 2 ‘U

S+ #%% WS YERiY

RE WA &, n #HEE YET Py,
7l QA el At 289 =

A wolel 0F spgefolat. oW Wy
W g9l Eolel Yiel Q= 3915 boundary® AuhE #9]9) #o v

9 % 9lv,

ow

1 1
P, = jERe(ExH)dSJriEEGEdV (4.17)

A7 A7FS AM¥E3tr kst A7)H Maxwell’s  equation?] EE
boundary Q¢°l t3lo] integration AlAoF 3tH o]= a3 Zo] Yepkd &
AT},

4.3 FEM < ©]&3 f|EgAs]

AFHE o] &gt EM A4 Fol4 method of momentum (MOM) [172]
¥} spectral Lanczos decomposition method (SLDM) [173], rigorous
coupled wave analysis (RCWA) [174], finite—difference time—domain
(FDTD) [175] & oAg¥dH=e] led 15 ¥ dATodAes 74 D 15 ¥
gro A =]]Eo] dAl 7 dHtigow ol Algdold WY F syl
FEM [176] & AH&3t2)

FEM & 832 A st sigs 371 918 numerical g ®Holt.
o]+ wvariational formulation, discretization strategy, solution algorithm,

post—processing procedure = o]FolA It} 7|4 discretization



strategy + (a) F3 Q4 =9 G (b) ZF 24 ALHE= 7| gy
(c) reference 849 HlH oA ©E wIFZS mapping F°| ATt o]zt
discretization strategy & 8% Rdlof ojst Fst ghs Ao & &
o] 2t} Post—processing procedurets 3t &4 3|ZHE Q3 Holy
o Foldi= Folnk, & A= de@ts HAiststo] Fgsk ghs Hold
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ay_‘]& ax ]&
u, = Ty op = > 1, (4.24)
o4 j& a _]&
X a) y a)
ol A& e tUaHt Ak
o=@ -2 - '—yJ (4.25)
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A 4278 wol 3t polynomial 2pel &)E3sttt. Al E, & FEM 7] &
e B9 7bselEE NxN WEgAE vhso &87bset HF4o0z 4
o] FHl= v Zoh

(BO +SB, +5°B, + 5B, +S4B4)X(S) =2z, +52,+5°z, +5°2, (4.28)
3 4.1
a,, a,, B, B,, C,(o) forj=1,2,3,4 for region Q, for k =1,2,3,4
.Q1 .Qg .QS Q4
ax (04 a 1 1
a, o 1 o 1
B, B B 0 0
B, B 0 B 0
G aw’ — jPo o’ a’w’ - j2afo- B aw’ — jPo
C, aw’ — jPo a’w’ - j2afo- B’ o’ aw’ — jPo
ao’ - j3a’ B’
C, 2] , p , o' j2af0’ - ple’ oo’ - j2efe’ - B0’ aw' - jpe’
Baf o+ jf o
C, aw’ - jpw’ aw’ - jpw’ aw’ - jpw’ aw’ - jpw’




4.4 FEM o2 Fd3 t}o]& A A simulation
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boundary condition
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SPP in flat metal surface =» No vertical emission.
Light from the emission layer is used for the excitation of SPP

%N AN/

metal

—E,
(Non-radiative)

SPP in nano-structure metal surface = Vertical radiation of SPP mode by nano-structure
(Radiative)
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(Non-radiative)
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a4 417 7 2459 olAAYdd wE sy R EES yEhd Bragg

scattering Y9 %

Bragg theory: H|E EAE52 vjx]o] W& scattering 2= 3-34S e

Zo]A gk o] &= SPP mode?] extractions A3l deolx 2d = Ut
k =kysin0 =k, £mG (4.32)
0=(,N)= arcsm[Re( eﬂ)+mﬁ./A] (4.33)

8 oA A= FZES YEW A ney v FE=EES YERAY. m & A9 EHE
EEUHE yel . G grating vectorZ2H o]} @A A= o)AAYE

elich 2830 PAES UEth o] Ao oJshu ol 4 el g WAL

2 sbge] o3t st hsshd E3 ol AAR g sl disiE Felvt e
3t ol 18 4.18°] YERITH
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19 41994 air—cone WHE A Y7}= dispersion curvel oFo] WolA 4=
7] TO2 WAL= oFo] WolX ) AHEA 07 planardt LAl A= oF 20%
9] photon¥t ©] air—cone WH = Eoj7l= A2 d#x] glom o]o uje}
NNEoz WAkskE AR oF 20%dEolth I el uHA 80% =
waveguide modeY surface—plasmon mode@Z LA HCH ZHzFe] R o )3t

AR B4 Aol Ak dojmw s ezl ojgl el glou

ok

-

Bottom—emitting OLED®] 7-$°]l+= waveguide mode % substrate mode
50%, surface—plasmon mode 30% XS A3 Top—emitting OLEDY]
749-oll&= waveguide mode 30%, surface—plasmon mode 50% HAE= x}x| 3t

.

m

O|AREE A mHo AARE QHS At I FFEeo] dnh} WHEEX
of thste] Hrotr A} gt o]F fIsto] AAl AlEdH ol Aol «HES A
3l o] Zo] ot FEF WigtE do|=A diste] AHuI|Z sHAh o] F A
d AEA YA HAAW AA AN FEEA YeT2E2S ol &5t
Qo o= AFEY oA FE37 o= oy o] Worg FyFxE At
of AlEdolAe a3t

121

f—'! ‘~1H &k

—



Planar Device Nano-structured Device

=» Higher power radiation
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Mol dA Aoy organic ¥HERS el WIEoly crack
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=t} 1% 6.13°] covalent bond$} van der Waals bond2] &2
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Shared Elecirons
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High density
clouds

Van derWaals Bond

High density
clouds

(d)

(c)

1% 6.13. (a) Covalent bond =21%¢ (b) A A covalent bonding ¥ o]3l+=

Si02 AgdE. (¢) Van der Waals bond E2%2} (d) 2 A Van der Waals

bond Ho]YE organic =2 A3
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6.2 Mask—free plasma etching *J#& ©¢]&3 TEOLED
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Abstract

Light extraction efficiency enhancement
from OLED employing stochastic nano—
structure fabricated with plasma

treatment

Woo—Young Park
Department of Electrical and Computer Engineering
The Graduate School

Seoul National University

Organic light—emitting diodes (OLEDs) have been studied intensively since
Kodak company reported the first thin—film organic electroluminescent
diodes in 1987. Currently, the development of OLEDs is being facilitated by
broad applications contributing to the engineering of a next—generation
display platform. The demands for thinner, lighter, higher colour purity, and
higher luminous efficiency are constantly increasing, and the market for
OLEDs is expected to expand in the future and reach $16 billion in 2020

because of their superior display characteristics.

Top—emitting OLEDs (TEOLEDs) have been regarded as more promising
candidates for lighting and display applications compared with bottom—
emitting OLEDs because of their high efficiency, high colour purity, easy

integration with backplane driving circuits, which provides a larger aperture

214



ratio of the display, and manufacturing schemes with flexible substrates.
Moreover, pixels with a large aperture ratio lead to operational stability
because of the lower current density required to emit a desired luminance.
Unfortunately, in the top—emitting configuration, the combination of a highly

reflective bottom electrode and a semi—transparent top electrode forms a
Fabry—-Perot resonator, resulting in strong microcavity effects, such as

narrowed angular emission and colour shift occurrence. Thus, many
researchers and industrial engineers have focused on controlling the
microcavity effect, concerned with the tradeoff between angular emission
characteristics and device efficiency in TEOLEDs. Although wvarious
methods for widening the angular emission characteristics and minimising
colour shift in TEOLEDs has been demonstrated, inherent device efficiency

has not been considered thoughtfully. Among device parameters, the low
out—coupling efficiency (nout) is regarded as the key factor restricting the

luminous efficiency of OLEDs. The total external quantum efficiency (EQE)

of an OLED can be obtained by the product of the internal quantum
efficiency (IQE) and the out—coupling efficiency nout. Although IQE values
of nearly 100% have been achieved with well—designed phosphorescent
dopants, the no values still remain below 20-30% if no provisions are

applied for improvement, which results from the trapped photons within the
devices as bound waveguide or surface plasmon polariton (SPP) modes.
Many researchers have applied periodic structures to enhance the device
efficiency. Previous reports of TEOLEDs using periodically corrugated
structures have shown quite low overall device performance or small device
efficiency enhancement factors. Furthermore, these devices suffer from the
spectral change or distortion of angular emission characteristics because of
the well—known Bragg scattering. Recently, various optoelectronic devices

using quasi—periodically or stochastically distributed structures have been
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demonstrated to enhance the device efficiency without degrading the
emission characteristics, as the widely distributed structures are
comparatively free from the particular wavelengths or angles of the Bragg

condition.

In this paper, we demonstrate the introduction of a polymer etched nano—
structure (PENS) into TEOLEDs to realise a corrugated device that is
effective for light extraction enhancement, through the relief of microcavity
mode and the cross coupling of the SPP mode associated with the electrodes
and the air mode photons. The stochastically distributed structures can be
realised using a mask—free plasma etching process for the poly(methyl
methacrylate) (PMMA) layer. A capacitively coupled plasma (CCP) etch
system has been used for texturing the surface of PMMA. Despite the
numerous efforts made so far on texturing, there have been no previous
studies reporting the use of mask—free plasma texturing in a TEOLED
platform. By incorporating high performance TEOLEDs with optimised
stochastic nanostructures, our device shows a 1.55—fold improvement in
EQE compared with that of a reference device. In PENS—embedded devices,
the angle resolved emission characteristics of TEOLEDs show no colour
distortion and a wider angular distribution compared with those of planar

devices.

Keywords : plasma, dry etching, organic material, stochastic nano—structure, rapid
thermal annealing, capacitively coupled plasma, inductively coupled plasma, light—
emitting diode
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