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F1E
1.1 AFEDHE 5 L OV H #Y

ALK, Dt 2B il DR IT NI RICKERE A 52 TET-, Fig.1-1
(ZRT B0, LR, R B ERBDEIEO FERIIRESEEL T, BEICDEVITVEL
HIeOITIE SV TEI KL, 19 AL 170> TRIAS NI AT ROW AT 708 D24
LERBIAAEFRICES BRI SN, ZNHONIRITZD N2 DELLMFHE T % | 1
EDOFERITINKHEBRL TEz, Fo, BAALHB A OSBERIALL T, @ BIR - mERX
FIC BT AMEBR L EZRRA LS EAKETL 7 | EEF NI LT T ABANTARG S
72 E DWW D EHEE fi#E 7~ (high intensity discharge lamp, HID)H{EH S C&7=, ZL
T20HALD K DVIZEIB e b2 LT | BRI F7 L E A (solid-state light
source, SSL)EREIZAVDHTIRFEAE LT, BERFE R 13RI HEVT ot AT & i X
Bz DOHY, D HBPIER UGS T D,

1800 1850 1900 1950 2000 2025

1996 OLED lighting

DY |

LED lighting Solid-state light source

2020
HID Lamp Ban on manufacturing and international trading
1938 (Minamata Convention on Mercury)

Fluorescent Tube 2017

1879 Termination on manufacturing

Incandescent Lamp

‘ * Gas Lamp
Bonfire

Fig. 1-1 History of the light sources



Fig.1-212, FRL7z[EEF LR 722D B0 A2~ 7, R HHE T OREHKT
DI A A —NR(light emitting diode, LED)IL, #ERDIEIFUZ LR TREZIR, KH
LRI B EWE OKER) 0B E ROV E G T el NI fi#E 2<a L.,
O B3N T, 21 A HIE O 104FE R BE TR I AT i LT, £7-, LEDD RS
D—HE LR LY —F—RIRS W7 8K —F— X (A —R(laser diode, LD)b, BIE
HT AR DY 7T 7 ROEEE IR (T ey =) LU Tl KA TWD, Fe,
HREE TR0 LR 7 0y 2 7 IO DIV T DR T /S A A [E (% e 55
FAALE ST BND, EHITIE RIEADIEIREL TS LT DA FEEL(organic light
emitting diode, OLED)},, A~ —h7 4 HASLCTVHDF RFE LU TE LA TEY,
WA TRAE R E Eo TS, HIRAEL TORSLEFEMITHAEDEZALEDIZ K TR0
D, TRASEIDTLF T B L ST RR A R T VNN RERZFL T
BY, INETIZARWEHT T P A 2B L3, RIS B ~OIS AL RS T
Do

Lighting Projector

Solid-State Light source
(SSL)

ight Emitting Diode Phosphor Devj

Highly efficient
Long lifetime
Robust
Compact

Storage Display

Fig. 1-2 Solid-state light sources and their applications



B ERFE T F ORI RN I T DALMY | S AR IR 25520 7 23 D B
REV LU TNTGHEALT T NDORERER L7z, RIS OHEE I3AH
BB I ROKI200% LD TR, BRI IR ~DOBEHZNTL o TREZRCOHIBEN R
HFFEND720 TH D, EFET3/L% —# B (International Energy Agency, IEA)D20164F
OWEBECLDE, WA L0FM, RO BRI FTE -~ OB HIZIHE T E T EH
BRI 2 BEIILTRY, Za—, LTS TWh/4ERE FE OHINBh B EHEFF SN D, 2
I, 201 LAEREALOD B ATl IS AL TV IR O 258 )1H 2 & (K150 TWh/4E9) IZ PG5,
ek, FE R CIE, BUEMASNTODIERNIRAE T X CRIAF LRI E X2 7235

D) EHIIEN F1E1,600TWh/FFEEEE L THY, ZHUE, 20164507 a— L J)iH
F8(22,386 TWhY) D EITKITHICH K 55 ZOXIRE RN DE K HAICB W TIE, #HH
ARREREFFO TR —RREICELFHIEEFORERND, J0E =L —(TE LI [E
RFEHFR T ~OEHZ BEFBOREL/2oTEY, 201440 CMER ESN TR0 L% —
AFHE 23T, 20304 ETICIEED & O 7 LIS o D EIRFE L 1T 0FIA
100%1b 32 BEEDTHILTHILTWD, — 5 HERIGIRICKRE T2 7 m— L 22 Bl B
JRE7R > TND, ToEz 1, AEEEERIT201 T ETITHE R DIZE A L OIE THkE L A3 A
H kL7 2R LA o727, Fiz, 20 I3MRICE B G Oy B E U CTREAR TR S, BRI
B SRS BT DK R 5K) (Minamata Convention on Mercury) D#ffif [E ¥ 73201 74F

ZHALED TN EITELIZZ &L, SN ERITFEES I, ZHUTHE, KA 5
Tt JEIT OB 20204E LA LRI ZE 115712705, LTS CL A% BRI FR T ORFE N
FTETEED., 20204 R THBLIL T SN IO B BRI R 105 50 28|15 23 E
PNT100%, 2 00— 3L TR THBThIET HE FHISH TVLEY,

BT NHE T DIHBEEZSOITIERL, TR TOBEFRENGEE WD L7101, —Bed
BV R A IRTANTEREBLT DI LD RO HID, BN E <AL R U a8 Bk it Ol
PR THRONDIEOENIEZ D720 BIEHIDTZ U 7N ETHE O TV I st /)
FEIR A~ T N HZ LB ATREIC /D B HAZ ONNE N A REL 205, £, AU H S CIRERE
DR TE D720, PR B CLEE O/ E(h 2 SOITHELED D2 EH FTRETH D, W
FIUSTH L, EERIEIFUCE > THRREL TEERMERETH D, BIRFLE T ORI
BIERITN DD DR REFNZ 3 fET HIENATRE TH D, DN Tholb A EO4
HASE O DAEED LR Th D, B IEHE IR L ES T, KA T R<E K
DEEEN DN IR SNDT=80 | SEIFRE O JEHT R @, Figl-3@ICR 3 1912, BHTER
mE WG OB E 10 SR i) 5, m K0S T RMEWEVE 208 73 1 np) ~ 3

W DB, (D) TRENDAFNVDOIERN e T T refraction) L, JEHT RS



S 2O BEN AT 2D, JEATH A i TAS A L S A 3 KR &R A2
R TR A GxE 2 5L I Osing3 1 i x TR(DBDNLT 728705, ZDEE,
JEIFFigl-3M)IZR$ L0 TR E IS AS LI & RIC A B CHRVE NS e 2 4 R
(total internal reflection, TIR)X 315,

n,sinf; = n,sinb, (1.1)
ny

6, = sin™! (—) 1.2

o= sin”! (2 (12)

(a) (b)
01 (61 < ec)
Media 1 (n,) Media 1 (n,)
Media 2 (n,) Media 2 (n,)
(ny>ny) (n1>ny)

Fig. 1-3 (a) Refraction and (b) total internal reflection at the interface of different

refractive indices



ZOERSLTOEE, EREStmE M O ER ARG S XA A o THE 1O NE TR %2
OIS TD | 2O T AST LTI B E 2N IR 3 2 &8 TEZR W, 22T BRI
FDIET HHNTHEWPLTT T ~F T AN 2 ROCIROEE RIS DU R A DT |
JEED L2 =R noue JEIR N THREA L TOL I = LT — DIMT A~ O =R L EFR T DL,
NS A LT DSBS L RUE LT 56

6
2mly | “sin6dO Nn,\2
LY = 1-cosf =1- [1-(22) (1.3)

z n
2mly J2sin6do 1

EETEN MRS, 2T, T IEHE T MBI DAL S HT-D DI LR THD, 722 1E
ZORADIZ, HELEDDF KB IZEIZTHWHILHIGaN(ZE LA L T A ATVY L) D T 3
N=2.4 % OV HEELOFEE I W B DIr(ppy)s (R AQ2-7 ==L BV D)V 20 A1) D4t
FKn=1.8% AT DL, ZEH (=D A~IRD 3 ZERFTREZR T Z AT I, D T7NMZ9.1%, 16.8%
Lieh, ZOIHC, BEFENFE T ORITRILEMICEmL, TORMRLL OB H LR ILE s
RWMEE 72572 2D A EA HEL TTAIVE THE DI e S TE T, ARBFFETIL,
RIENFEFDRICFELL AU TE SO TR BRI ZES - B U R FB % BT~
T BEHRMFEEAES LB RSB O AT LD SRGEFHE A E S TH, FLE
WECTHRAL TOLZERPIZI HENAETOT N TOWRIZI T D5 R 2 2RI HEREL
72O R T BRI R T DI U R & i KEIRIZ 510 57 WA AR R~ T,
ABFFEORRAZLD | FERFE T DI U A Ak TE LD 10~ 30%FE R E9-52L
INFRE T D, BEAFNIENDEIRFE R F~EEMMALHIE T, h—=2LTHREL LEEFRE D
B ERYLETLERBELLNDDO T, KO FT 55315, R DIEAD =RV ¥ —{H % & H|
W FAHAT 5 &, K9300TWh/4EITH & 550 ZHUE B AR 2RI O B 1 TH B RO 24
SIVZVEECT %0 ARFZEIFDEED UM BIZmF 72 AR B 2 R T O THY S %A%
TCIZESBRDWENR KON, J— OB BRI R SR C& D,



1.2 ABFZERm S OAERL

ABFZETIE, BEUAFOER O L= m B4 B &L T, @b a4 5F
B A HESR  EAL T LITHRETL T2 2 TENDZ IR AERIZRRE L . BRI TR -2 AT LR D
RSRINZREIE HA FIEA B O T 5, AWFIEORAK A Fig. 1-4Zr 3, £ 525 THEAIE
W DNRERFE T HDBEREZRL, £ OFCFBING | TN TIRUIEDCIRE S5
J& .| ZERED IR T TE DIDNRATEI NI O W T L b, TIVHO R Z W TIERAT
PITETAGESZ 7R T, HE3F T, FrIZ RGN (1 : LED) (23 TR H U ISR TRo %
DRENIH IR DDDNELITHONTHLED, FHAFELHELETIE, BERRLETOH T
JEH L ORI 32 B3R Tam U SR FR 12T TR O IRD L2 TEAR D
I (5] : OLED) ZHtY L%, B4R TITETIEIAE B OHIH FIEZ OV TR, HH5E T
VL HDEIR O SR I ER S T A 2 2R THY B 97280 O GBSO M RIS O B i 720k
W FIEOMAGDOEIZONTHRL D, H6E TIL, H3~5EH CTHOLILIIGESI#E FiE2 B
NI 7B 5 S 925 A IS B A FERIR IS OW R L, PFESEISH O TR R ST
EIZOW TR LD, I, BBTHE TR Z /ST 5,



Chapterl. Introduction
1. Background and objective
2. Flow of this study
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Chapter2. Light management technologies of solid-state light sources

1. Introduction

2. Efficiency factors of solid-state light sources
3. Emission principle and internal quantum efficiency
4. Conventional light management technologies for light extraction enhancement

5. Summary

!

i

Chapter3.

Light management by the

reflector at the backside

1. Introduction

2. Correlation between light extraction
efficiency and reflectance

3. Total internal reflective omnidirectional
reflector (TI-ODR)

4. Application of TI-ODR to solid-state
light sources

5. Summary

Chapter4.
Light management by the optical
structure in the vicinity of light source
1. Introduction
2. Emissive position and surface
plasmon polariton
3. Evaluation method for light angular
distribution
4. Light management for light angular
distribution of OLED
5. Summary

Chapter>5.

Light management by the micro-nano
optical structure at the interface of
different refractive indices

1. Introduction

2. Built-up light extraction substrate

(BLES)

3. Matching with light angular

distribution and micro-nano

structure
. Application of BLES to white OLED device
5. Summary

N

}

Chapter6. Production process of light management structure for solid-state light sources

1. Introduction

2. Production process of TI-ODR
3. Production process of BLES
4. Summary

Chapter7. Conclusion

Fig. 1-4 The flow chart of this study




28 BRI F OFROCIHBEL LI G B8 I D 10E R FiE
2.1 &

BRI T F DB, FRZRERM RIZRDE RIRRPEFEDREER 2 RESEELT,
ARFETH, EFPHEAEFRIEE TOFRIFHELLOFNRERETHERICOWVTRT, £
NHDOERDHIG | IOV H LA RICHOW T, R(L)ICESNDHERY, AL DiE ]
(ZEORESHIRZ 2T D7D ] EORHAREN, ZZT, SHIZFEFHTILIEDE,
BT 2R ED TR E TEDINTIRDFEI NI OV TERL . ThbDHimz VW TZ
AETILE U A ELCTEEH A2 =3, TNODMERMIEE B EZ 72 T,
AWML HALEE 7 A2 I35,

2.2 [ERFEICFHE T DI AL D= E LA

£, Fig.2- IR IO RIE R T2 RO OEW T L, TV
JLIAy B A(luminescence) & KX DH O T, FEICTE DO E A DI EIR B O RhE IR AE &
BL. BRI D Z D DZFLEF—RIEDE (SURF vy 7)) I Y 5= R F—D
U TR IBIZR D (G T 2) il CRLD, TOEBARETHLONERICLD
HODHNTEDE DI THIASND, BRBEICIVHELNLEDE L 7 LIy A
(electro luminescence, EL)EFEON, HNAZIZLVELILLHE D% T 4 ML IRy A (photo
luminescence, PL)EFES, HEAOLEDIEF | fik, JR 4~ TONDBABEIEENDIELIZEL
Thb, BIRIHZOLEDDRIA ThHHAKEELIE, O L7 hra LIy b A% A TH
ESEDLIENDL, TDINTFHRINTND, BRSOy 7 IAFTHWLRD A
LEDD K& 5313, LEDISF LI F AOELGE , ZOF AELEO— a2 WL Thik~7R &
IO W Z S E S DE AR T SAADLOPLE AR E bR A etz A0 Tnd, —
75, LDIE, LEDD ¥ @I RS E A § 50 2L TL—F— & kT 2%+ Th
Do FENHEE OB IZLEDIZEE R TUEDMIIKELRDH, L —HF — SRR SH 5720
B HZLEDU FIZEZ<EATLLENRHD, BRI, BIRLEWELL T OEHR TIE
LEDEUTHREED A, 6D IEITLD i GEIRZR O ZE) b i S g L e > T
WD, LIZDo T M2 DR R (AN LTeE ) =X =T L TERLILLL — T —
HeDTRNF =D ) [T BLAYICLED JVEL 2D, AFETIE, BFFEOT —~TH DN
B U B 92 BRRGRAIE AN AU 7R LED E OLEDIZ DU T, R BRERE S 2R 1l 2 7R 3,



Organic LED

La

4
Electro
— Luminescence |—  Light Emitting Diode Laser Diode
EL with
resonator
— \
X ,
SSL EL XPL 1
White
Light Emitting Diode
Phosphor Device
Photo
1 Luminescence
PL

Fig.2-1 Variation of solid—state light sources

LEDROLEDD I, ELAMFDHALD B A FE N 321 D 23 SRl R O D4 2 % Fig. 2-
20”7, — MR, EAF R FONRIZV A — VT T 783y (wall-prug efficiency:
WPE) 3 L UM & %)= e (external quantum efficiency: EQE) TR ES ., ASEHI, &
FEVIZE 2 Y6 H F1Pou IO TR Q2. DB L UQ.2) TREND,

Pout

Nwp = v =NvNe 2.1

— PO‘U,L'
1V,

Ne = NiNext (2-2)



ZZT, X EIERHE (feeding efficiency: FE), miZWNER & 720 (internal quantum
efficiency: IQE), nexlZJEE HLEH= (light extraction efficiency: LEE)T#Hh5, (2.2)DV,
EERIECE A DORCICTFE T 28 7. T2 biEME active layer) ICFIINE NS EE
[VITHY GG DR R vy 72 F —[eVIIRE—ET D, 72, i EplIEHITRK
X@3)HTENENEZBND,

sp
=— (24
Isp + Iy + 1oy

Ni

ERT, RIZT A AT EDBEASND E T ORGP EMRE - EKE O Bftiihii e
BLESIRGUR S DEFHMETHD, £z, lsplF BIRBUL TGS EIT. lnd IR S E
Wi ld TEHEE DIV L TeA — /" —7 n—Ef Th D, LRLEFER TR HE T
(ZRAFRLZWE I EIEIZ I DR KAy IO ARG GBI, A — N\ —7n—E R3O
R THEBICBIT DRI L0 D, BT DI, ST E TR el TV 4 — V7T 7 B2 >
SE A BT DRI Z RN TR THY | FEOLFE FIERE a2 L TEE %)
TTHD, 2.3H Tl SMBEFREMLT D “SOT7 777 —THLNIETF Rl
LB R gex OB DR IE LRS00 EFBITHOWT, B FICHR A DRI Z 22
RISBIATRT D, — 05 AR TH B 3% e ] L3 272D DRERFIEIZ OV T, 2.45Hi

[N

10



(Inr+|of) 'Va

Loss at
electro luminescence

Loss at light extraction

Loss at circuit

_______________________________________ Io —
POUt
Contact / l |
Clad layer vl Rsé ________________________
| |
| | | I:)int
Active layer | |\ | =% nr SD.

Fig.2-2 Efficiency factor of solid—state light source
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2.3 BRI EF T DI BLE N &1 2= O E S A

AKHiTIE LED&OLED ¥ e U B0 N & - 2 =R D IR E BRI DUV TORT, LEDE
OLEDTIZ, il 451910, LIRS IR AB0 & SESERIFFRDFRARDN, AEIIC
IERICHDTHLHZ L HEN LD E KL TEL,

2.3.1 LEDDFE N R & PN 120 S O IR E ZE K]

LEDIZ, B FmE M OB 8 R Lk — AR BN E Op R BRI L D pn#E BB S AT
AEFHIMUIZBRICEA SN v 7 O FFE A I L > OV Ry B AR5 DM 19T
0D, FARMNZIp G THLIN, FHBATIIIRITSR DB EH B IO OERY
LB R A ESED TRPRENTWD, pnfEZESIF2EBOES | T720b RO Y-E
RIZEDBE THOREEA L, BEOHERIZIDBE THLI~T &GN DD, ~Tahk
BT, pnfEIRD TR LF— SR Yy TR DT80 | S T O R L — EEE DS
HERLSID, TORER, BIENE DG (B O%E) IZF v VT OIEABIZLALE BT
DRV, ZONTREREHWHIEIZIY, AT DX YU T A HI# T 52 LN AIREL 72D, FF
[ZLED CIIHEECh A 1) L3 5720127 T ~T utEn < Vb TE -, Fig.2-3
2B Y= TIA<HWLIVTWDIRILLED,, n-GaAlAs/GaAs/p-GaAlAsH 7 /L ~7 ot
HEOMEERR, & OFig. 2~ E DT RVE — U ZR R, 47V ~T oL, Fig.2-
3DINTAT G DA GDINTL D THD,

GaAlAs GaAs GaAlAs
l (active layer) l
- EL
=
n* pr p

Fig.2-3 Schematic of GaAlAs/GaAs/GaAlAs double—hetero structure

12



Ec
(conduction band)

electron

Eg

/| 000000000000
(a) (valence band)

hole

(b)

Fig.2-4 Energy level diagram of double—hetero structure

(a)static state (b)charged state

Fig. 2-4@ITBEELHIINISIN TORWGE ThD, £ AllEn-Ga, ALAs THY | ZD TRV
= NURF Yy T ENT, RAXIZHEDN, 2eV(ETHRLVNERE THD, iz, I
GaAs THYEyIL1.4eVERE TH D, A H1Tp-Ga ALAs THY | EglT2eVELE TH S, 72
HHOGaAsIZNEG/NSND T, THRNAF— NN TRAEFHFFTFDIINIe->Tn5, LTz
D3> T, ZOE S EH T JE (well layer)beb 5, Fo, FEMIFTTELL TZDOGaAs)E THELLHD
T, 1EMEE (active layer) EHFFTALTVD, ZAUITK L, WD Ga ALAsE I E TR /L3F—3
YREY YT PREND T, FRIOHFENE R D LR > TS, Z22T, ZILHDEIE
REBEJE (barrier layer) et PRI CUND, Fig.2-4b)%, & 7L ~T & 2o 0B E (IE
INAT ZEE) ZEIIIL TR EEZ 7R T, 2 DOn-Ga ALAsDOEF BB EIL THEOH 7
B\ E D, — T ARDOp-Ga ALASOSIZTE LB B THFEIC-%5, bbb, #
FREICE LN ZELZE THBANRINRLT AR5, M RAICIX BRI ICL->T
RNEFREOLIRMEL, LI IRyt 2R RIGLNHEEL 2> TS,

13



BEDENHELEDDF N BIZH OO TWAREE X, 20X 7 v ~T iz X — R

HIZEN R LA A 2R T 5% B &7 H 7 (multi quantum well: MQW)R§IEE 72> TD,
EAFHIIZZETRPALIE TN~ T oG L AR TH DAY, HF & - FEEEfE b Hinm 2
FEECTHL, HE~ iRk iE Th D, BIRSIE, 5 nmo(Al:GaososinesPFH
J& &4 nmD(AlgsGaos)oslne sPIEREfE 23~ 40 @ D IKL IMQWHEIE X TE LT 228 T, ¥
JVAT RIS CH BRI D E T TALOFLIAD B R e @ | RIS A%
RETHZETHEMEE BT DX YV T B 2R EmD 5, 77205, 2 TRUIZ P
lota/NSSTDIENFREIZZRD , WHE & 2= s m =35,

LEDIZEEDNDMEHE, T XL AW EER TH D, (LAY BRI -V IEDGaAs,
GaP, GaN, LU -VIFEDZnS, ZnSe, ZnCdSe, IVIEDSIC72E %L DFELED B DAY, LED
THAEE SN TODDIIII-VIETHD, FET DO AT OFIHEAEM ., BLO
LEDDEE TR IESHL, TARAF =/ R¥ vy T Eg(eV)BFE IR Y 5, LEDDFE
He R D um]ix, =X —E N O ROREBRRAND, Egx AW T, RA(2.1D)DEF0E)
Nbe 22T NIT T 7 ES(6.63 X107 m*+kg/s), iZIEDIRENER[HZ], clT i (3.00 X
10°m/s), EIZE /¥ —[J=kg-m*/s’], elFERF E(1.60X 10" J/eV) THD,

E=hv
hc
eky = T
hc 1.24
o5 = g wml (2.5)

Table 2-11Z, &ML SN DK ML E W EER O LR — B 277 T,
ZOHTH, RIFE K, REFVEK, PAME K O20144EE ) — VB2 B2 B Ox 5L
72572 InGaNR i o~ SR FE A A A — R OMTAED N H EBH R LL, TR FRICMA CTH
EAEIRDOLEDINE A T2 ZETHO =R 5T R CTLED THiZ 500722 &3 B - 7
AATVADINTHE A L7 O BEHERER L7572,

14



Table 2-1 Compound semiconductors for LED device

Material Typical color and wavelength

GaAs Infrared (890)

GaP Yellow-Green (565), Red (700)

GaAsP Yellow (583), Orange (610), Red(630)

GaAlAs Red (655)

AlInGaP | Orange (590), Red (635)

InGaN Ultraviolet (365), Violet (405), Blue (465), Blue-Green (500), Green (520)

2.3.2 OLEDDOFWJF L N 2RO E EK

AR TITOLED DIV JFHY N DWW CE 2 (EARMITIZLED RIC =L 7 kLI
RV AZE DRI BE T HE LR A E T D), — MR A HAE, B2 X
TAF I T BRE TSRO EFCH D, OLEDIZM b DM EHIZ NS E R BB
MO EAILL T F RGP (Fig.2-5)nbAER S L CD, K EFIEAWITIL, nfET- &M
(TND R B RICEIERINDEF R AR FE ZEES BIZHY, ZonE 13 AEH O
W% — BT OBETCSOSE RN RYE 7T 52 LIV ER D, ZIHOM kL2
ECHEEE L S CTEe A COME DS A FIINT 5 & B 5 1E FLAS IE FLig 25 =
(hole trasportation layer: HTL) ~VE A EZ 4L, B2 AR5 5 F 2% % F Wi 1% J& (electron
transportation layer: ETL) ~EAIND, EAS-F 1T (E+EIEFL) 2338 (emissive
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Fig.2-5 Example of materials for OLED device
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Fig.2-6 Schematic and energy level diagram of standard OLED device
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Fig.2—7 Recombination and emission model of OLED through the singlet and triplet

energy level
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to minimize TIR (Enhance T) to minimize absorption loss (Enhance R)

/////

Fig.2-8 Principal approaches to enhance light extraction efficiency
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‘Without Photonic Crystal With Photonic Crystal
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(a) Green InGaN LED employing (b) About 3 times of PL intensity was observed
2-D photonic crystal structure with photonic crystal structure

(a=1,000 nm, r=400 nm, d=750 nm)

Fig.2-9 Study for the introduction of photonic crystal structure to LED?”
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0 0

ZZT, Ts0)To(6) 13SIRYE. PIRIEDO S ZEIR = | 0,0 13Fig.2-101Z7~ 9 A0 A (aziumuth)
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D RS SRR BTN | S OEERD LR AR LGN THD, ZORNRITHE
HLU. Tl FRL A2 K S L CORERD LR R % 50 2 B AE 7 03 Bl M VBRI I
ReANZATDI | Ir(MDQ)o(acac), Ir(ppy)x(tmd)7 & D AL 1 2 7= 3~ B BA B A
IMRRSILTUNVD,

E|l E1l

Horizontally oscillated source Vertically oscillated source

p-polaralized factor:  psin ¢ cos@ p-polaralized factor: pusiné
0

s-polaralized factor: cos s-polaralized factor:
p ucosg

Fig.2-10 Polaraized angular factors of horizontally and vertically oscillated source
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Table 2-2 Light extraction efficiency for horizontally and vertically oscillated source

Refractive index Random Vertically Horizontally
orientation orientation orientation
1.6 28.6 % 5.0% 52.2%
1.7 245 % 3.7% 45.4 %
1.8 21.3% 2.8 % 39.8%
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5.2 28T K ThD (F3RICBWThatla R~ 3), — I, SO RE @D oG
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n, cos 6, —n, cos 6,

= 2.10
v n, cos 0, +n, cos 6, (2.10)
n, cos 8, —n, cos 6,
= 2.11
g n, cos 6, + ny cos 6, (211)
2n, cos 6,
t, = 2.12
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2n, cos @
ty = R (2.13)
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Fig.2-11 Optical path at the interference between the thin layers with different

refractive indices
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Fig.2-12 LED with DBR located between the substrate and the lower cladding layer'®

26



TAVUTKEL . T TO LT Ikt 2 RO 34 1) b9 24 & % Re (S 5 ) SO 8
(omnidirectional reflector : ODR)EFEA THY, LEDFEF DL LA =R M LR HST
W5, BilZIE, Gessmannbid, [E AT NFE T ORITRBENZEEFIAL, &8 EE ARk
FFOMNARIEHT R DA/ 4G (SI0.728) B ANT22LTH(2.23) T/RUTE BT E2h R
DPFHIL, BRI ANTHK L TNT AL E DI LSRR GHLNLZEERL TS, &
72, Kimb i3, SHIARIESrRDOMeF 2 L AgdVd SR OERWAIL DA & HETH
B SRPFONDIEERL TNV D, ZORIE ThilTEHb D 7:< DBRIZE T2
DI SR RN IR C& Y, ZOME CIRIEST R IOV TS ESE 2 TRA 2
SNTWD, R EIXEmS LG ENL N | FROEENLD AT REE 2 T,
ODRO 4 5 2405 6 | 2 3% B B BB iR L DO RuO, 01 TO™ Y | 8 DU N, TIW72E %
BALAEEDIREIN V0D, bobb I E DK 22K (air—gap) & Fl| FH L 7ZODR™%, —
RRERINTND,

—J7. OLEDIZ% L TDBRRLODRAFR A L7l XIFEA L LbiL7ey, RhAxTIy gy
Behy 7Ty al NFROGE T I B A R EME T8 O MO E & E
FetE s CTHERZ R ZA L MBI RO 20 Th D, LEDDOSGE IR G
DI | Mag R E % Ay v D RITTERR L . B OYEE AL CEEMEZHERF 52
EMATRETIH 7273, OLED TIXEF N A FEH T D7D ICRE TOAL X I RLET, HE
PEDIR B FIWDZ L3 TE7\, AREIE (BT E) O T34 T T Rm L
728 DR BAILAT-RFZEI 22 S TOD AN, BEBHBIZE IR I35 HOA B TH D,

F7-, FRICOLEDR T O EH K H B I & BA AW A5 6. T7hbb Bk (HiE) &
SROFEICHDEHE LG EGITIE, £l 77 XERTY R (surface plasmon
polariton :SPP)IZEBH AAEANAELHZEMIELHBILTNDY, ZHUTAHEE &4 8 D R
HCHRAETDE A DT TAVIRENND TR NLX =B Ty 7 SNDHBIR T, OLEDE T
FIEFICRERT= RN X —DRILIRDTD EEDBLETHD, IHITIE, OLEDFE F451
S H I R DL IREEIE L5 TN D T | R D m £ L Fm (s A H
ER BN T BB, Wb HPurcel 7 AR CE e\, SES FRMFFER T E
RNFHREET VT L, SR B L THRSRINZ TSI TN, ZDHt |
OLED D% st & B 1 A oD BEBfE 2 1 51 L 72 BR O YL IR0 HE L 2h R B L OERIZ DWW TORL
b R — Bl % Fig.2- 131277 9, FE 8 LMo BEEEAY NSV EEIESPPIZ KD A R &
WZERHIENTH D, HREABET ZE THAMMIIED, SPPEKITIEA T 2523, ZDAk
SYIT B A B DR E VR T DT | R A HEE O R TR AL, AHEN

27



25 92 Ry (Waveguided mode)lZZE SIS CHHESE O TR TR DS FAR K0 — I &
Wz FEAE) . ZOIIIKREIRE AL > TNAHSPPE—R AT 57012, BilZIE, /4
ARV VO JE Wi % G T &4 o0 L A A 9~ 2 2 & CSPPA I -2 T BVPR0
W (10nm) LA F D& J@ @ & S5 Fl 0@ 8 JE & oy B L 7 — B IEA L5 28T Fok
IR B8 O ERN IR IR BT TR R E DR RSN TV,

bottom emission on low index glass
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(a) Schematic of bottom emission OLED (b) Simulation and experiment result of
OLED (a) in various ETL layers
;measurement result is EQE

Fig.2-13 Quantification of energy loss in OLED device®
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Fig.2-14 Light propagation path with (a) plain interface and (b) microstructure
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Fig.2-15 Light extraction efficiency enhancement with patterned sapphire substrate®®
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Fig.2-16 Light extraction efficiency enhancement with ELE structure on OLED®*?

Fig.2-17 Light extraction efficiency enhancement with ILE structure on OLED'*
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3.1 #5

RIS T 1E, IO TR R &L, EREDIEST R R TU TR T DM ET
%o ZORSLIDtAE BRI AL, BOZERFIOE T T R4 B 57201203, LI
ZIRAHD DTG THEOERY H LIS L TR EEN L E THSH, LEDTHOLEDTH, 20
P2 40D S S A S 3 Y HY LT 0 SORMANE A 2 540 TN D AREE T, 2O S A
WEOVERY U ERIC G- 2 DO BARMEICOW TR, SHICZTITET DD S8 A
HERR 1 CThHIEERT, ZO NFHA EERFEZFI LRI U O 4 S 205 i L7z #
i S RS R R R T D,

3.2 IO ESEEY L 2h = O FH B B4R
F9°, BRI N FE A ITBIT DA DR B a E B IR 45720, T T /LA
LT Ralb—3iavEaERiLT, Fig.3- LTI AW EF LV E25R1,

Media of solid-state light source (10mm[d, t=0.5mm, n= 2.4, « = 0~1cm1)

Light extraction surface

Emission Layer
(8mm0, t=0mm, y=0mm)

Perfect mirror to disregard \

effect by edge thickness Backside reflector

with variable reflectance

Fig.3—-1 Ray—tracing simulation model for calculating the light extraction efficiency

dependence on backside mirror reflectance
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SRR IR & T S G &2 8 T DB IS J > T RS, Rl E

T3 E 2 A L WD, 7235, B R D

B g8
B

AT 572 | S SO A 100% S L

72 PRI X BRI A I3 272D T 200 T, BRH)e IS Ch Do~ A /rL AT
LA (micro lens array : MLA)&~A 27073 K7 LA (micro pyramid array : MPA))5i8E L7-
(Table 3-1), MLAREIE EMPAREIE I E Y FH A X(0.6mm)Z FEEL | Fifi 7 mE@mS T A
RIRMETIRARANT A= ZZ L T2, MLAMPAL S A 5/KAETREGTL T2,

Table 3-1 Simulated micro—structures for the model in Fig. 3—-1
(a) micro lens array (MLLA) (b) micro pyramid array (MPA)

(a) MLA MLA-1 MLA-2 MLA-3 MLA-4 MLA-5
. Z
Aspectratio=H R ;
Component/ Radius — R /\
Appearance Height=H [~ R H
of Array g :
Schematic o | mosasn | annanan | anonon | AAAANA
Aspect Ratio 0.27 0.60 1.00 1.67 2.33
Height 0.08 mm 0.18 mm 0.30 mm 0.50 mm 0.70 mm
(b) MPA MPA-1 MPA-2 MPA-3 MPA-4 MPA-5
Aspect ratio = H'IW ¥
Component/ spect ratio = 1 ces
Appearance =stant pr
of Array :
Base angle = 0 ko<t
Schematic
AnAaaaas | AAAAAA | VAN
Aspect Ratio 0.29 0.50 0.87 1.87 2.83
Base Angle 30 deg 45 deg 60 deg 75 deg 80 deg
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Fig.3-2 Dependence between the light extraction efficiency and reflectance of backside

(a)MLA (b)MPA (c)MLA-1 with absorbant media
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Emitter 1

t=N X A/4n_
Reflector -
n%=§ DBR* x8periods =\ t= AJ4n,_
t= AJ/4n,

ny = 2.19(Ta,O), n,=1.38(MgF,)

Fig.3-3 Fresnel matrix simulation model for calculating the angular dependence of

reflectance at the backside mirror
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Fig.3—-4 Reflectance at the interface between the light source and the reflector for
low—index layer thickness

(a) integrated reflectance (b) angle of incident dependence
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3.3.3 FHEMAKE LB BRI AL )7 M O3

Fig.3-51%. Fig.3-3D % J& M1 TR AT R D1 AN K ED 27220~ 35 FEAFIT O S R4
D70, SHICAgE(t=200nm, n=0.055, k=3.32)& A L& ThD, 2D Ial—ar
TIIN=ATHEEL, LittiEs, AgHIRIZ1E DA/ A B A TE R L T2\ b D — iR A7 X
KRS (TI-ODREX BT 572012, Q-ODREMEFT D) BL OAgH L Z Lhlg L7, > 32l
—as iR aFig. 3617,

n=2.4

0
A=550nm
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n t= A/n_(N=4)
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Fig.3-5 Simulated structures to examine enhancement effect of reflectance for TI-

ODR with Ag
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Fig.3-6 Simulation results showing the reflectance between the light source

anddesigned (a) TI-ODR , (b) Q-ODR, and (c) Ag single layer
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Fig.3-6L0 . % #t L7z TI-ODRIZIFIE T R TOMA E TR FENEL, Rine99. %% R LT, 4
FHIADFIHK L TUEEA LB RO~V THD, —J7 KD Q-ODRIZA0FE (I THF
TG > TNRNZ LD L DWRED RO, Rine =98.6% T 72, Fig.3-21RLT2EE
0. FRIZZOFEBTII ST R 1%DEODDEED U h 2 RESEL T 57280 AIRE7R R0 ST
R mOTZTI-ODRIFA R ThH D, —J7 ., IO DI THERD Q-ODRIZKT L THEHE IS
THDHID | FEMALD ATREEIC DWW TRET LTz, Fig.3-T1%, 8 X7 B L QW = EIRO~<T7
Ba AL SEIZLZDORDHER T D, ZORERING . 8T INBINTICL F A TS L THRin
PEEAETRET AR ITREBC LD 2SS LA TIZIETI-ODRD S A4k T
WAZEDHEBEIL, T BB D ELNWZERIASLMNIZ/2 572, Lk, TI-ODRIZ, N=4D1X
JEAT R, A/4nEOE RITERMREITR17 | & BORETIEL > &b AR O K R
T OAgZ B Z A LT 5,
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Fig.3-7 Simulated angular integrated reflectance of TI-ODR with various pairs of

multiple high—low index dielectric layers
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3.4 ERFEICTE T SAASD R

3.4.1 FFFENTIZ LD TI-ODRE AL FMAIE

ATE TRk RHE#H 2R L 72 TI-ODRZ F2ER D BAFE 6 IR L1256 D R B JURREIC
OWTHRET D, £, 232l —a I CTI-ODRE AL D B H L h =R () b 5h A Wik
T 572D T ASAREHTET VEER LT, ETIECDIC, IfFE L LD oHoL —F—TF Y
77 —THNLNSHE G LARP(laser activated remote phosphor)7 234 2%~ Ff Al HE
PEERRF LT ZOLARPT ASARITIEhEE 7 D728 | TI-ODRMNSFEABRAE Hedad M B 13 7e<
IR SRAED I NESN T2 TH D, Fig.3-8I23 32— ar THWEMITET V2 R1, g0
JE T2 1E Ce: YAGRERS # R 2 M8 E L Tn=1.8ICf% B LT, F/o. BTG TR,
A=460nmDOL —F —H TR SN 7= Ce: YAGE AR D AT ML E S BIZL TRE VLT, K
K1, N=4D R Mg, & 137 D Ta,05/MgF, THERL L 72 TI-ODR, el g2 CQ-ODRE
L OAgH A E L, BEZRET L0 O EITE IR AI L O —7{ETHD
530nmiZEX E LT,

spectra data from Ref. 112
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0
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6
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n. t— l/4n|_
(a) TI-ODR (b) Q-ODR (conventional) (c) single

Fig.3-8 Simulation model for the culculation of TI-ODR introduced in LARP device
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£ BEREG3 BOR 3R O RARFFMEA Fig. 3-917 3, BIEMIT, (@) TI-ODRIZA R IRIZH T
B RZ IR TS, B REHT AR B O BEZ T2 20 LARPO LHIZIEW
RO L THZ ThH D, — 7 ZREIETHEFHL72(b)Q-ODRTITR FHE & LIS C
RESKHRNRELIACB R DR IND, £, n=2.40CGaNE 3t G L LT- L EIT()AgEIT kT
LT BRI R DG DL T3 n=1.8 L I T SR MWV E 1T U Tl T 4r R 72203 R&E<HL
TCNRW2D FURIC L DB U N R OB DRI CND, ZORIEEE JCIRD L hE
DAL RIT, Fig.3-103 32— a7 LV CIE O BT RE A R E &z
HZETHELNS, RFENRBHIEE L L CMLA-3Z2 VT, RO AT ML L S O3
FAREMEAZEL TR LIZHE R, () TI-ODR, (b) Q-ODR, (c) AgiZ oW TENZEH, 95.8%,
78.0%, 83.9%DYEHLY H UMD T2, LIZ235 T, TI-ODRZ VA Z & THESR D K G
(TR L CLO%A A2 IS S R T RE CH DT EVRIES LT,
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Fig.3-9 Simulation result showing wavelength dependence of angular integrated reflectance
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WIZ, LEDT A AB L NOLED T /3 A A~DTI-ODRi# H 2 7L 72, Fig.3-10123 3= —
A AW T VERT, (@)LEDIZER W T, (KB P38 ELED Op-GaNJE O I & &
MATO) &AL TS, KBTI T EO T2 BEhRE L CTHIH TERW 2 | i aicE
B L3 Z 7 MEMZ RS DR HDH, p-GaNJE O Wik J7 17~ D B FHLHE 23 I H 12
INSWZD  ITOD ISR E IR Y7 MNEZ I AL 2D EE BB AE T T 52 b
LD T D, ITOIMEN RO NRINA A D728, @R, B R L IZ& > TOdicidE g
DEEMEDNENWREGLNNEETHDL, o BEFTRBEEEBITREO T IX
Si0x(n=1.46)LZrO.(n=1.97N)F R H L7z, Jeik d L350 | ARJE T8 O Ji r SIHR< | R fr 2
IMRENWFTREELND, ITOSNDEEMEDBL AN OZOMAEDOENEELNZ AR L T
WD KBIZ, SI0EZrO,DIEE A B X Z 15124 D2 8T IS WL E T HZ AR
DR A VRN OIERL TWD, Zha R T 28 | BB 7R EESIOND S 1) A3
REWEDIZITOD Y — =2 7 T OB AR T 2 7 OBRIZ BB FIBEN T A5 AT REME
M, S5, ITOEAgDE ML ) L3572 EOPUE Z i AL T\ 5, —J5, (b)OLED
(ZTI-ODRZE AT LI5E | [ T8 O MU FAET D8 ik & (ETL) AME i 7 5= 2
JE AR E DN EEL, OLEDIFFRFICH IR ThH DT | At atd AT DT E L
72O ThD, FH2E TR B AREITHENSOEEMO &S OETLM B ORI ED H T
WD BUERAE ST D h S EB IR T e BHIn=1.65F2 T, B LD HT7E
120.20L FTHH, S EDL 2L —a T L TIEIOMEIO BRI R THRBEE L, LD
FOUZ, FRIZTI-ODRINN EMA F 1D T WA A TS ES ER B FHENF AT LA FRIIC
BRLIORA TR Z BRI DD,

Fig.3-1112, YL EOHFISME 2B B LIZ E T Ral—ab 1ol i e T, A OfR
FHCB W THIRIEITRIE 2 A/ ANDONfEE L, N&E /8T A— 2 LU T ) SR RO HER % 7
L7z, (@LEDTIL, R ME2IN=0>5HA4Z M T T95.0%3598. 1% 2 F Ty EL, ZNETITALI
Te RIS RO & BT D, ZORERIT, Fig.3-200 7 F 7B E0 HLZh3ITHE L C
BBLERHLITEOFEMLA-3)IZ2 D, EFBRIZIZTI-ODRAN00% 5 A 952 LMK #7720
AR 5 A RICE S TZOZRNIEIT D, —7J7. (D)OLEDIZE W TiL, RinDEAN=07>54127>
(FTIT.9%72598.6% Tl EL ., JEERVHL AR DOAFERIT1.04L 3K o7, LEDIZHEAD L

B LTI-ODROAKJEHTJE DI AT R DV NS B A PR ELI2D720 . OLED TIXTI-ODRHE
T H U R OB Z LD EEL, F2, OLED TIZETLOREE AN I Tk~ /-
BRI TIER0SPP, BB DX vV T RT L R S ICH B B AT 570 . LORFF OB
SEHET,
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GaN substrate

(n=2.4)
Light extraction pattern

(MLA-3)

Active layer (1 = 450nm)
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Epitaxial _[
layer(n = 2.4)
(n=2.1, k=10.001, t = 50nm)

Si0,(n = 1.46, t = N x 4/4n)
Zr0, (n = 1.97, t = 5N x A/4n)
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/Ag (200nm)

contact region
(area ratio = 0~100%)

(a) LED

Light extraction pattern

¢ 3 It Active layer (1 =550nm)

Organic layer "[
(n=1.8)

PEN substrate
(n=1.77)

Low-index ETL
(n=1.65,t=N X A/4n)
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(b) OLED

Fig.3-10 Simulation model for the culculation of TI-ODR introduced in LED and OLED
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Fig.3—-11 Simulation results for the culculation of TI-ODR introduced in LED and OLED
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3.4.2 TI-ODREAZNRDOEFE (FELEDT /A X)

ATEICRXEHL7ZLED 7 /A A2 EFRICEIEL | JEH LR L RA MRS 2720 D%
BRAAT T, HELEDT A AL, HOEMCOWMIEEZ 2 — =27 LT GaNFAR I Z -5 (K
ZMOCVD(metal organic chemical vapor deposition)#: Tk ESECTRIEL, D LIZITO
T AR B TR T D, ZOBE, FEKBIIH A=V % G200 T TR~ DB % F/Mb
THLFEEZBANTZ, SHICTI-ODRERDFHERE ANy F | )8 EZEBFE £ —L)KE T
TER T %, BN AR TV 7 T 7 I T DIDICAgB D RIZEHIZABEZ KA T
%, 7235, B MEIRETI-ODRIBA A BET 5723 . BEFTIZ T 48V 757 4 — 1 IV T84
—=U T EFENET D, (ERILTIET NAAD—EE Table3 2189, RFEBRTIL, FEAKEOIK
JZ, BEER TODH LT A—F LT, RIC, TERILT- T /3 A% Fig. 3- 1205445 BRI E %
ZWT MR DR A G 52 LI KRl L 72, ZORIE R TIHRZEL THE T 5720
(ZANVTF =R A% W TLEDT v 7 DR EED—E DM (rr — AR EE : Te=25C) THH /1 &1
L., SN B2 R AR D, BIRMEIL350mATREE LT, JEED H U RLmm D i 2%
EHHE T HZLIENEETHD72D  JLEW H LR ILReA TI-ODRAR LI X3~ 285 & 7 %h
HO A RIFI 2L —2ar DL HEEA Vo, Eio, BIRDT A AZAL—
RITHINTCOBIRI A TR T D728 | Fig. 3-120E R CERBIEFFEEZT=F—1L, LEI
JEUTHIEG A B TR LTz, P L OMRIE R THRLIVIZAMNES 812 3 4 Fig. 3-13, &t
Bt A Fig.3- 1412~ 7,

Table 3-2 List of the fabricated LED samples

Sample name ITO Dielectric layers Estimated
Thickness factor N occupation Rin
L-1 o 4 60 % 97.8 %
L-2 o 4 40 % 96.8 %
L-3 o 1 60 % 96.8 %
L-4 - 1 60 % 97.1%
L-5 - - - 95.0 %
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Integrating sphere LED chip

Au bump

¢ A

for calculating
EQE

V;: Forward Voltage
I I Forward Current

¢ - Radiant Flux
DC power source meter - A: Wavelength
T.: Case Temperature

T

c

Fig.3—-12 Measurement system for efficiency enhancement effect of LED with TI-ODR

43.7% 43.0% 42.9%
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Sample L-3: Sample L-4:
with ITO without ITO

Fig.3-13 Experimental result of the efficiency enhancement factor of each sample
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Fig.3—-14 Experimental result of forward current dependence of

(a)external quantum efficiency / (b) forward voltage

7. Fig.3-13% 728 L-1~L-3lZ DWW CI AT RN EEINL 7255 | L-5(reDIZ He~THM &
F2hE A A EL TV, 1A EEEITRI6~8% T, BB LELIaL —2a bR D
) _EEELT S TN E— B 2D, — 5. L3S R A A EL T I D67, S &1
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3.5 fEE
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RWREER TR M IR IS LD ZEA KR Z DS, B =D i O EI(95% LA _E) T MM & 12
RDAENE/ N DA Z iR LT,

3. AR KHEOEZ FFEE AL, KA RNBISEMEZ DN FEEE DT DITIE, FEA
FIFE A OHIOH NS THFEER L7222 R BITR) LV A R AL . S
TR EFEMANTE T 22 LICE LT, TORE R, BEIEA/ N FE 0O TR AR JE 37 28
IR NTDTEDA FEFE S BT R TR @O L FEREL TR THLZ L2 R LTz,

4. LEDIZKIL . BEE A/ nODKJE 1 28 (MgFo) JE A5, BRI A/4n D 5 JiE 37 3% (Ta,05) /K 7 3%
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4.2 SRR E LR T TR AEE LB T — D%
AREITOLEDDELN/F — U AR TE T 2 AR 112DV Tk <5, OLEDIZ 1@ &7z
DOJREIEANE 26D | LEDE DS FE R LB i S 8 (RSt a B 3Rk a3y g
BOOLED Tl L722) ORI, BF IR AXUT -+t ) Tho7-
D | EHEH AL LB E RN NS DR O T WA B B L ORI O iR 21T
ILENDDH(Fig.d-1), ZO%E | EE N HMARSE I ChiLL, BBV R A8k
ML 72 ST DI R E D2 FIC IV RSN D, FN R BN g ORRfEZdE 328,

Fig.4- 1R T I ZE1F2ndcos 0T H DD, DA ZE S

¢ = rpexp(—2mi2nd cos 0) (4.1)

TRIND, ZZITnZBE ORI R, rold, BEAE ()8 F2MR) 2L B R O KR
THY, sfit. pRIEDHEE TEThTH

ncos @ — Ny, cos 0,

= 4.2
Tm ncos 8 + Ny, cos O, (4.2)

s ncosbty — Ny cosb

= 4.3
Tm n cos 0,, + Ny, cos 6 (4.3)

TEIND, Fow NalTBBOIEITR, Ol IARNVOIERITRIES LD EJE D JE T ThHD,

Optical interference by the reflection
at the metal layer

phase difference:
rmexp(—2mi2nd cos 6)

Optical path difference: 2nd cos 0

Fig.4-1 Optical interference resonance in metal layer of OLED device
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Fig.4-2 Optical simulation model of OLED device
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Fig.4-4 Contour map of luminance in the substrate of the model in Fig.4-2
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Fig.4-5 Simulated relative contribution of optical modes for the model in Fig.4-2
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Fig.4-6 Appearance and cross section of test element pattern (TEG) of OLED device
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Fig.4-7 Measurement system of OLED TEG device with integrating sphere
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Fig.4-8 Measurement system of angular distribution with luminance meter
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Fig.4-9 Measurement system of optical mode with halfsphere lens

(a) substrate mode (b) waveguide and substrate mode

66



4.4 OLEDS& 1 DR/ 32— il ]
4.4.1 HAAOLED DR/ 34— il
Bl R — 2 DRBRO %8 2 R <, Fig4-2l0RLIzy a2l —va HRERI UYL
W&z A I DR AOLEDH &2 il 1L 7 (R T M 1 2 Fig. 4- 101278 7). Fig.4-4IZFVTHLED
iz R L9 WAdOEE R IE LT, BARRYIZIE, d=(a)50nm, (b)100nm, (c)175nm, (d)225nm
DAKAEZHEGF LTz, ZOMEIEZ TEGHEMEL TIZALL | Fig.4-8DIE & ThIL N F— Lo
F—REMEL, B Z— AT RO OB, BITHEIE /B LUK
/22RO S TR or T L TR BN ~DIRY H L DR D238 Y 0D/ 5 — L 345
DA, KVEEZRDIT, §iE OB NENEORL THDL, ZORNSZ X THITIX, %
FHOIBA~DOIY LI DB 2 — AT FRIFTRE TH D, Fig.4-1012, ¥ 2l —ia T
7oA B OWEBBL G/ N7 — 2 LFig. 4-9(b) DIE R Tl R 2 — o & i L T2 X2 R
BRIZOBIMA—EL TR, FtE LS R EmOE#EdA 75 32 2L ChYE S — O]
IR FIRE/RZ 2 RIZL TS, WD /RE — THRRENR AT L3, BIEFHHI TR D
PR FEAR D JE AT = DNE E D pLR0FEIEALIE DT 4L (AT TIE—FRFC dL L THDA3, Bl3E
TN DRI Gy DI > TODFTREMED 8 5) 70 E MBI TWDEHEE T2, IRIC
T — RO, Ha, T — ) 0 FEJ-RT FL i A Fig. 4- 1 LR 3, MM I3 Fig.4-5
DT =B TD, £THMBE—RITOUWTIE, BB R L ERFE R OMR 08— L ThD,
— 07 AR, FEAR, A CE A DR TR —RICOWTE, DR E & EEL T d=50
nm7>5225nmiZFHZET, JHV B IR E BN EF-L72(51.5%—74.1%), {HL . d =100nm®
FEI T, SPPHNHIZN RN LD 2N M OB M MR R L0 b FERIHE KD I A/ NS &3
AINTe, ZOFBIZONT, RIZUFIZBIT L2 SOMERHLEHE LT, FT—2H 1T
AT E B ORI LD ETHD, ARFTTIRdEFRETT 270 1 E 1k (ETL) DR
L TOWD0, ZORA 2O TN TORINAFEIET HE, dDOEIELHIZr AR RELR
A EHWZETLIZE B O FHHTlE & A ERIN A BLIL W (ERERECK=0) L1 THD
728 | FEMNT CITARIE B S RIS RN ZE AR EL TD, D BIFF YT HEANTAD
BALTHD, ETLEIELSTHZETEFEEMNLDOENENE(LL , WE & 2R IQE) A E
LTS —ATh D, ARE TIENE R ECEW LU0 531 AEELL, FER
IRENTE DFRRZEFR E L THEEN COD ATREMEN B 5, HIE SRR O FEREA K&<T 2%
A LT DRERDBELNIID | dERELSTHI7EF TOLEDEE DRI & D 5, £ DEE,
ATk DIREDNEL 722 LRI TS AR F LR S <72 D DT, ATRER N E VBB LA
< MO IEALEIE RN D E DX VT T AR RO B A B E T 5, [FIRFIC Y SRR U
DI BH R E T HZERTFETHD,

67



(@) d =50 nm (b) d =100 nm
1§ 1 g
.‘._ o
0.9 = 0.9 .
08 - 0.8 —
3 3
E 07 | § 0.7 [ ] ; ]
g6 . g6 e
05 205 =
E u El ] ]
S 0.4 : S04 5"
= [ = B
S03 S 03 -t
0.2 B 0.2 —
" _ .
0.1 o 0.1 -
0 Ll 0 !
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Incident angle (deg) Incident angle (deg)
(c)d=175nm (d) d =225 nm
1 - 1 -
'.. .'-. .
0.9 i 0.9 =
N |
0.8 i 08 tg .
<} <} s
207 " 07 i
8 H 8 H
g 06 "= . g 0.6 = -
05 = i 805 Fw
= N m iy m
4 " s ;
g 0 = Y = g 0.4 v
§ 0.3 - 2 0.3 .
0.2 s - 0.2 -
0.1 L. 0.1
0

0 10 20 30 40 50 60 70 80 90
Incident angle (deg)

. .
0 10 20 30 40 50 60 70 80 90
Incident angle (deg)

B Dotted plot : experiment
- - Broken line: simulation

Fig.4-10 Experiment and simulation results of angular distribution with various d
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Fig.4-16 Simulation result with the model in Fig.4-2 for R/G/B wavelength

(a) Red (1=620nm) (b) Green (1 =540nm) (c) Blue (1 =470nm)
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Fig.4-17 Angular distribution at d=50 and 200nm for R/G/B wavelength
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Table 4-1 Sample structures and results

Device

d (RB) | d(RG) Voltage | x

y

EQE Luminos Efficiency

A

70nm 200nm | 531V 0.46

0.46

60.1% | 152.8 Im/W

B

90nm 240nm | 544V 0.59

0.39

69.2% | 159.1 Im/W

Current density: 0.6mA/cm?, Pixel area: 4mm? , Color coordinates: measured from front
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Fig.4-18 Angular distribution of white OLED and R/G/B wavelength
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Fig.5-1 Schematic of built—up light extraction substrate (BLES)
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Fig.5—2 Schematic of OLED devices for the evaluation of efficiency enhancement by BLES
(a) blank (without outcoupling structure) (b) conventional ELE

(c) built—up light extraction substrate (BLES)
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Fig.5-3 Efficiency enhancement of OLED with various refractive index plastic films

83



I, IBELTZPENT 4V AIZEBAT T DUV LA 7V MR DR TR 2 . 747 — (@ JE T
o IR 1) OFFE RIS, n=1.49, 1.65, 1.ITIZRE LT, ZOFER, Fig. b~ 4R
TR JRITEROEmOWEMIZE IO H U 1T 228NN oT, W
MOFERSG | R E AR 36 JOGIE FAE & B O I D R 3 il S, B L
BVENYE LT T D, HL | FREEB HUE DM OE R BRI EHE THILE, n
=1. 49D U 72100 TIEEAR O JE T RN ZAL L THORERD LR A3 ) _EL7Zeu, (372
M DFFAEIZ Z o THAR D BT RO THED U= ) LU SHICHHIE F A% 0O
Pz EIFHZ26T B ULEBHE LB 20D, 5%, FRCIEDVDIRNINED
BLESHEAMUEIPENT (/L Lk n=1.7TT DR Z FH T30/ A & e THE R T D,

1.2

1.15 L 2

11

1.05

optical enhancement factor

0.95

0.9 L L L L
1.4 15 1.6 1.7 1.8 1.9

refractive index (n)

Fig.5—4 Efficiency enhancement of OLED with various refractive index MLA
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Fig.5—5 External quautum efficiency of fabricated OLED devices

(a) blank (b) conventional ELE (c) BLES
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Fig.5-6 Lifetime comparison of OLEDs with and without BLES
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Fig.5—7 Ray—tracing simulation model for calculating the light extraction efficiency

dependence between MLA aspect and light angular distribution
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Fig.5-8 Simulation result of dependence between MLA aspect and light angular distribution
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Fig.5-9 RG/RB white OLED devices with BLES and high index glass
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Fig.5-10 Cross sectional SEM image of MLA structure on BLES

Table 5-11Z, Fig.5-NIRLIZT RAADT 727 (GIRPTEH T A) | BLESHE , B L O H
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Table 5-1 Experimental results of RG/RB white OLED TEG devices

Substrate EQE (%)
Device A Device B
n=1.8
blank 22.2% 19.2 %
BLES 48.5 % 53.4%
n=1.8
with fens 59.8 % 65.6 %

Pl ETHRB R E N — R, BB A AOLED, SV A& 100mmA) 2 VERLL 7=, 27

B CIRARIZNELSO BRIA D E BRI ChHH AL | FHBI IR | A MR Ra)Ch Bl S
L. BCENLE LM H B I E ENDR/BL OR/GOR— N MR E O Z 1T -7, 1
B To "L OB 2 Fig.5-10, (A2 Fig.5-11, AT ML Fig.b-12, T E KM
(FEEE1,000ed/m*D &) ZTable 5-2027R9, /SR /W HEFE100em’* D FEIL TH)—1ZFELL TV
HIEDHERSIT, ET R E TN EA 2= A56%. FIEENFIL133 Im/ WAL, T
HR SV TWALED IR (i SR A A ) LRI1SE LA EDOMEREZ R LT, GMEBEIL, GRS 1
JeELTERSILDENERGY STAR®D BUE SR NICH DI LA RS T2, SHITRalI80%
REHRZTEY, —RBIALL THAITHEM AR DE L E 2D, FaFHEIC OV TIE, Y
TV SRR AR 72 TEG AR O 858 47 KT 3RS R D | T0%FF A 34 7 RFRE LA 1| 0% i
W15 TR LA oD ZE AR LTz, JEERY L3R D) LA AE A # i L T OD 3R
R REFEL TS,
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Fig.5—10 Appearance of luminescence of fabricated OLED panel
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Fig.5-11 Color coordinates of fabricated OLED panel
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Fig.5-12 Emission spectrum of fabricated OLED panel

Table 5-2 Properties of fabricated OLED panel at 1,000 cd/m?

Luminous efficiency 133 Im/W
External quantum efficiency 56 %
Voltage 54V
Estimated LT70 > 40,000 h
Estimated LT50 > 150,000 h
CRI (Ra) 84
Color coordinates 0.48,0.43
Correlated color temperature 2,600 K
Emissive area 100 cm?
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Photo resist

LED device
Substrate » ‘ \ » ‘ \

Epitaxial layer growth Photo lithography
2cycle for TI-ODR patterning

- l -
Deposition Lift-off Photo lithography
Sputter (ITO/SiO,/ZrO,)
EB (PY/Ag)
]
Pj T ——
Deposition Lift-off Dicing

EB (Ti/Ni/Au) wafer to chip

‘e & Aubump
|

Package

Flip-chip bonding

Fig.6—1 Example of production process to introduce TI-ODR for LED
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Fig.6—2 Simulation model of reflectance with Al and Ag layer
(a) TI-ODR (b) Q-ODR (conventional) (c) single



Table 6-1 Simulated result of angular integrated reflctance with Al and Ag

Metal (@) TI-ODR (b) Q-ODR (c) single
Al 96.8 % 91.5% 84.7 %
Ag 99.7 % 98.6 % 97.9%
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—— PEN film

Bonding film to substrate for bonding - Substrate

High index resin

uv

) Mold
Imprint

Flip and bond to another substrate p “ Removable bond

Vacuum or N, purged
condition

Deposition } ITO/organic/metal layer
Sputter (ITO)

Vacuum baking

Evaporation (Organic and metal layer)

Flip and remove substrate p _
. Collet
Mounting }
___— Conductive paste
— Bus electrode

\AL;GIaSS substrate

Gel sheet

Encapsulation cavity glass

——S=""" UV resin

Fig.6-3 Example of production process to introduce BLES for OLED
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Table 6-2 External quautum efficiency of fabricated OLED devices with BLES/ABLES

Structure (a) BLES (b) ABLES (c) ELE

EQE 46.8 % 45.0 % 35.6 %
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Fig.6-4 Example of production process to introduce ABLES for OLED
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