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Abstract

Over the past decade, interest in optoelectronic devices such as solar cells and organic light-emitting
diodes(OLEDs) has increased significantly in the renewable energy and display industries. In both cases, the
photon-electron energy conversion efficiency is important. Methods for improving this efficiency can be
categorized into two methods: improving the electrical properties and the optical properties. In this thesis, we
will analyze the performance of solar cells and OLEDs by using computational optical methods, and discuss the
study for improving them. Chapers 2 and 3 of this paper are about solar cells, and chapters 4 to 6 are for OLEDs.

First, in the case of solar cells, devices based on perovskite are in the spotlight, because the process is simple
and can be made cheap. Recently the efficiency of them has improved dramatically, and it is considered to be the
most strong candidate for substituting silicon for solar cell application. In Chapter 2, we introduce the principle
of solar cell and the problems of perovskite materials which are already studied. In Chapter 3, we propose mixed
valence perovskite Cs;Aulg as a substitute material and predict performance through first principle and optical
calculation.

Next, in the case of OLED, the light extraction efficiency of the planar layered structure is limited due to the
high refractive index of the light emitting layer. Various researchers have been studying the light extraction
structures. Among them, we have studied a device with 1D corrugated structure in this paper. However, the Finite
Difference Time Domain (FDTD), which is mainly used for evaluating the light extraction efficiency of OLEDs,
takes a long time due to its massive calculation. In order to solve this problem, the CPS model which could be
used only in the planar layered structure was extended to the 1D corrugated structure. In Chapter 4, we introduce
the principles and performance indicators of OLEDs, and in Chapter 5 we introduce the loss channels and CPS
models of OLEDs in a planar layered structure and compare them with FDTD results. In Chapter 6, we extend
the CPS model to 1D corrugated structure.

Keywords

Nano-Optics, Optoelectronics, Organic Light-Emitting Diode, Solar Cell, CPS Model
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GaAst 1.42eve| AFMEMS 7tX|0 A0 1220 EfYTX| SHE A4, 259d &
O O|2%ICt E1NE GaAs®| EE2 Single junction solar cell 2= 288%= X At &= 22 T
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3.1 MR AL
3.1.1 Uniaxial Permittivity

isotropic®t FHES 7t =222 % REUE2 2ZEE LIEHE & ACL O[of M2} ChZ2

Ao| MEstL,

—

D =¢E+P =¢E

J2{Lt anisotropicet REES 7t 222 49 &2 LZEE LIEE + gl HA9 ¥

(i ! T L
Aoz LtELfOFStCt Ofof el Chz2l 40| J & et

Dx Exx  Exy Exz E x
Dyl =[&yx &yy &yz||E,
D, Ex €2y  Ezz] |E z

o W ofX] EERHE0| 9|5 off-diagonal termE=2 25 CHAO|O{OFSICHie. e = ¢T) O|Z0]
71 LutetE anisotropic 29| BAWAO|CH gLt MYrCssto| O|20 M2t ZE hy
H2 MAES basis HEC| MY S Sl diagnoalize®t = ULt 0|5 Ao Z LIEILYH of2iQt ZHCH

D] [e&x O O][E
pyl=|0 & Of|E,
D, o o gllE

M| diagonal term=0| 25 CtE Z 2 Biaxial SICt $FCE A diagonal terms & £0| €2 &4
Al
Ao

% Uniaxial StCt2 SHH Of2f 2| =z g2l

D] e, O 07[E,
D,|= [ 0 & Of|E
DZ 0 0 & Il E 7z

Uniaxial®t O &S| 42 M 0| CHE 3 dako 2 &= (Optical Axis) & Holg &= UA =l



o Rllttarol &0 =217t WQITto) M2t S&-2 CFHE optical responseE 74X A EICH

N fT20| BF Z2 Z27 isotropicStCil 5tH, Ol Aol AZiEl HE E Hofed 5= ULt

3.1.2 MEA2 ALt

2 IIE= Lamjed DebbichifAtO] Q|8 +=AHXUCE SHO| FZ+5H2 electronic HE FX
of o[E3sIH Of= <731 (a)>0 MERH2A LS HESIH <AE3.1 (b)>2 & g
Xto| oA X|0f CiSSt= electronic state¥ O] S == i mYAMl 2HO S+530| *=

FHE2 3R ("(w)2

BAEY = QACE 2TH Cs,Aulles SHESEO| Ofl HSHM SHOIH, uniaxialtt FHEEE
(=]
]

= o
O, whetM weto) o2 SX ol B4

Elc Of ALE ' (w)E 149Vt 1.83eVOA FIHQ| peak2 7K AM1.5Get & alignk|
OfQUCt ALt E//cY UHE optical response?t ML OZ OFsICE O] Zite A20)A HALE

§IO'| 71_‘||_|.E PN ECI-EEI-.[ZO]

© X(=Cl,Br,1)
O Au
©@ Cs

< 38 310 > (a) HRZEATIOE SHO 2P X (b) MER2A LS Sl ALE Cs:Auzls

9| electronic state.
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3.1.3 Kramers-Kronig Relation

Kramers-Kronig Relationit A FoiEl FHE2 S=FE &l 22 A+E(d(w)E 7+

= AUACH

” w’
g =1+- P J i )
w'
Q AolM HAF i= HSHE0 2ot REE2 W, P= Cauchy's integral2 2|0|StCt O|E &
of RNE9 M+EE AMSIY <OA”33>9 F2 M1t F2 MOZ LIEHYRACE Kramers-Kronig

=
Eil
Relation 2 &7 & (Permittivity,e)0| Ol &= (Susceptibility, x)0l HEEEZ ¢ A2 R0

HBEEE WHEU
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o
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@M mI[SH Hiet Z0] 2EM 8lo| 4=XE 58S LEHs SARTES e=6+i"2=2
o
L=}

oLt ol et = FHES dF,

321 A2 AE Cs,Ausls(Single-Cs,Ausle)

NLple[ALtel Anto mep S2e FME0| &4t Hs% d@nisotropy)2 7HX|A EZ &It
ULt Ol= Ho| whgkof A Az|AE 22[AdHOoMS HEYEMN F5FE S = US
o|0|stCt, H2AZAE CsAuleE Bdsts HHO| AlZEl H JEH, HESHAHZ d=32A

o
=
g CsAules 50| 7| H0| +Z0|=F A2l et F=I7HHQl =8 Rlo|= X YAMSt=

2o Cigt BE+E S + UCL O] B2 REUEZ ¢ 7t d2322E CAwlS RTEER

Ssingle =&

322 2|32 AE Cs,Ausls(Poly-CsyAusle): Effective Medium Theory

7] WE0 grain boundary

4o

Poly-Cs,Au,l62| grain size= EfYTX|0Of O|8&|= HtEHof H|sH Of

ofMel itz FAlZ 4= QUCh £t Z22|32(AF WM TdSt=E H2 oz X|gE

| — —
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| GgF2 BHA =ICt o|of el Effective Medium TheoryE O|£3H

Ad BHAM7E OfH S¥Y AZEgez Hete 5 UALCE O 2l

grain=2| Hs&d

o
o
Poly-Cs,Auyle? FHES H|IS

Effective medium theory® Bruggeman approximation??& At&3tRICH

Ex ~Epoly | &y T Epoly | €z T Epoly _

&+ 26p0y &yt 26p0y &7 T 26401y

CSZAU2|67|' UniaXiaI-ﬂ' %

o o =
'IQI'IIJE: «92:8”2; EI-_EQI'E T A

O|F AN <OA'32>2f <AE33>9] H2 M2 LIEILYRALCL.
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st Ats fieiME 222 REES =22ER HEsls A0 HIsH 22 S4A=2HE2
ofgff Aup Zo] S2YigHEl SadUFEAES 50 €2 Mads Ft #UOICh Optical

frequencyOl Al CHE22] 22 non-magnetic ER0|E2 SAMIIEXIE2 10|=IC IEtA

n=+epu =&, n=n+ik

O[tt. O|== “ge[otH ofef Aup Z0| Fal&lCt.

A
! !
n= ler|+er k= ler|—&r

2 2

ojof H3ll, =&l HelZ0lY S+ LIEtHE & AT (e ot 20| f=g = ULt

E = Eoeikzl k = nko, ko = 277.'/).0

ATK
. . . . . _ . LU
I = E2 — Ioezkzxz — IoekaZXZ — Ioel(‘nkoz+lkk02)x2 — IOeZLnkoze 2kkoz — IOeZLnkoze 2o

_dmx,
1] = |lple %o

L TSOM o migE ofofsttt. ?f Aol 2™ SHOM 20| «HFe HEE Tt

Mottt MIHXIZE 1/e2 EOELE S5AFE A0 < D834 >0 BIFAHERY AM1.5Gt
2 LEERLH ALY

8 T T
Cs,Auylg(Single) |45 E
=
8 Cs,Au,ls(Poly) §
Ig N Amt56 |10 8
S 4 A T &
& 3
3 o
o
O
n
0 ' : 0.0
300 600 900 1200
Wavelength (nm)
< & 340 > Single-Cs;Auyle| S5 Al=(EE), Poly- Cs,Aunlel &5 AlS=(THE), MAPDI32)

il

STHFEE), EHIYEAHEZ AM1.5G(2|AH)
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hANE HA-HE A 2 L 2 Uk CsAul HE
WS I E450| HojLtn, maty FE YA MEHE Hoz A
=

o o
M=z HMzte £ QUL Single-path absorptionS 7Hgst CHEfMEAUC &=

Ag
B AM1.5G(Ay) X (1 —exp(a(iy)d))
]SC_eAJ.‘ hC/Ao d)'

| A0o|M e elementary charge, d= TIHAHZ[O|CH EDH (1 —exp(a(ly)d)E At & CiH|
S5t WOl HIES, he/lye YAFSH EXtO| O|HX|E olOjstct. O mf H& T Ay, =

mn

280(nm)FE SEHO| SSt= Hel ThE A, (nm)7HX[OICt & AMoM & = AR aQ)7t EF
= =
>0 LIEtLHRICE. Of JZOUAM Cs,Auxle?l 2EHQ 71 21 #4 LUEDHS FHRE 52

=

AEE C AUl 2EZE 29.4mA-cm22t 255mA-cm22| MBS MM
S5t Ol= MAPbILOIAM MMEl MFUE 898mA-cm22| 25H] £=FO0|Ct. ZE3t FHE AtEstH
2= saturation current density Cs,Auslg(39.4mA-cm2)7t MAPbI3(26.6mA-cm2)0f| H|sl 1.58f =
C}.

I
o

Cs,Aulg(Single) 1

Cs,Au,lg(Poly)

0 100 200 300 400 500
Thickness (nm)
< & 3501 > Active layer 740 2 Single-Cs,Au,lsl| ™F = (), Poly- Cs,Auylell H

29 @mah, MAPbS| MR (AFN)
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3.3.2 FEM TX7| Al=g oM

Mot Met=S558 EZest full deviceS FEM(Finite Element Method) FXH7| A|&2{0|M0j CH

SERILE full deviceQ| +xE= <1236 (a)>2F ZCL 3HsH WIS 2|SHIMAPDI;

ClHto| A0 E2] AL Rl FEPBIE XHEOLRULE Active layerOl& d232AE CsAuls, E2(3 2

A Cs,Ausls, £ MAPDIO| CHRUE|RICE ITO, TiO,, Spiro-OMeTAD2| &atEd2 ZtZt Holman et
f

al.[Holman, 2013], Kim[Kim, 1996], Loper et al.[Loper, 2015]2| G|O|EH& X5} ULt

(@)

g 1.0 A Cs,AU,I(Poly)
L
o 0.8}
>
g os
150nm c :
4onm [EETOR S 04f
350nm g Cs,Au,l4(Single)
g 0.2
Q
28l Spiro-OneTap < - MAPbI3\

300 600 900 1200
Wavelength (nm)

61 > (a) EfYFX| C|HIO|AS] X, (b)Single-Cs,Auslel] HS4=(Z), Poly- Cs,Ausls

3.
o| S (Tmzh, MAPbI,2| FE4(HH)

<1836 (b)>= EiFE0| CiHO|A0 =Xz YAl I TpIO| MHE active layerO M 2| Ef S

&9 545 LIEtHCE HEZ AN marp, < 800nm)2| BH0|AM MAPbl;= Cs,Aulg2Ch =5 O
£2 g+E54dE 7I7ICh Ol= MAPbi7H FHo| HMot=&F A FFMII =EHE0| & 7| M
20| reflection loss?t H7| WEO|Ct. £3] 500nm FHOAM Cs,Auldle SAFO0| M7|=0 O
20| reflection lossOi| 7| 1otet. 2fLt HHEZ Of2f(Ag mappr, > 800nm)2| SAUA CsAusle?t Of
3| g5 ASsh=0 B MAPbl;= SHA| Z3H7| WE0| BHESZ CsAulg?t @58t 5

L

g5 7HXIA Lt

|>
e

a oyt 22| d232AE CAulll A7 2|32 AHEL =30

H1
i
-+
Ot
my K

or
o

Eo|32| AT CAul/t 82322 ChAulLEN O £2 8+ 4 BRACt oA H
2| AL CsAull &2 =8-E0| FH ZO| index mismatchZt &dll reflection loss7t I B,

HHH Z2|32|AE CsAull B2 HMES Z2HES 7IA reflection loss7t M E0f § H 4
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Of ClHO[AZ S0{7t7| [EO|Ct

ZMHoz o] Fx=0f o FHE= T

CHSH 22254, 29.5, 22.6 mA/cm?7} EICL,

BEHHQ R, Poly-CsAuzlg?t Single-Cs,Aunle 2CH &aHA & #OF ofLf2t M7|BEEE o &
Ct. Single-Cs,Auyle®l 7S HBI7F =2 effective massS 7HX|7]0| H3I7F Li7ts #sfo 29
diffusion length 7t ZfCt [t2kA photogenerated carriersS M37HX| F&E5ls 40| HE8HY

= ACE 2L} Poly-Cs,Auylel] B grainO| ZHESEA HfgHE[0 L0
Aqe ZBZI7F ANLE EXSHA EICE Polycrystale] 7tA4A™M 0| HE0 0|2t

Poly-Cs,Auyle?t ENFTX[ 22| &0 O Hefotct.

HSL7t fast diffusion

=
A
e

S450| HoiA

WD 2HY(,)2 ©FZF 02 W CIHIO|AOAM MEEl= MYS 2O|TICt O|8Eo = T
E2FQYe die 70 ZHOFOFsHX| B T2 Radiative recombination 2 QI8f JjHs| 2t HHE 74
HOp 2 dMECH

Single pn junction EEHEOMS] MR TR, J2|1 FXF AO[Q] &A= <AT37>0] B
O{ ALt photocurrentl| &2 AX|L} reverse-biased BEFO|LC}. Ideal diode equationg AMESHH

reverse-biased WEFS 29| pn junction current= Of2fjQt Zt0| EH EICE
pn )

I=1,—Ip =1, — I[exp(V/Vyc) — 1], Vp = kT, /e

I,2 photocurrent, I, forward-biased current, I;= saturation current, T, =
= HX|2| thermal voltageO|C}t. O A0 1 =02

Tt gelotH of2fet ZCt

2E 0|2 v, .= B

Voe = VrcIn(1+ 1, /I5)

Al

Al o

Lt © ideal caseZ 7PHstn QooZ HAE B

BaCf.

caxzg

= 34 O oc o
Ay 8 AM=EES

—

[apA Cf

SUHLH 04V HEZ FHHACLE
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FIRe g, HENRUEE v=02 UYHLEZN F& = U0 mEM BHEMFIE | =
photocurrent I, 0t ZHA| =IC}
E =hv
P - n
E-field
Ir
; + V-
AYAVAY
R
< J& 3.7 > single pn junction E2FE0IML| FFet Y, d2[1 FX ALO|o] 2HA|
3.3.4 Fill Factor
EREXIOIM 22 ofef Alez g &= QUCh
P=VI=V({, - L[exp(V/Vrc) — 1])
9 AME Yol oish olEsto Rot2 FEE = MHO| Z[Of7t &= MYur MF{FE FOHCL
dpP
W =1I,— I [exp(Vmax/VT,C) - 1] - IS(VmaX/VT,C) exp(Vmax/VT,C)
o] 4 & HelstH
V. I
o) t)
< Vre P Vre Is
O| =ICt. 2| A2 Newton's method § FA|SfMN wiHoz EH vy o O| Mo MZ | .S T

gt = QUCL Fill Factor(FF)= OF2{et Z0| Ho|&IC}

dziLt 9 A YA| ideal caseS 7t™StD
=2 0

X035 Fill FactorE
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3.3.5 PhotoConversion Efficiency(PCE)

PhotoConversion Efficiency(PCE)&= Of2fiQf Z0| A4t 5= QUCH

_ Pout,max — ]max X Vmax ]sc oc X FF
Pin Pin Pm

P2 deviceO EEoF EfFES| CHRIHAEFT MHEEO0[H AM15Ge| 8% P, = 1000.4[W/m?|0|
ot @ A3t FEM FXZ|A|Z2E0|8E Sl Tt MRIEE iSO AHLHE Poly-Cs,Ausls2l

PCEE 21.5%01 E5t0 Ol= 2[4l MAPbX;(X=Cl, Br, ) EfHX|0f H|AZt SF0|C O] 28
2 CsAulsdll Z[Hstel dotd A4S Sof O SHE & UA20. €2 Y2z ALt PCEE

Single-Cs,Aulel] A% 18.5%, MAPbI;2| &% 20.8%0|C}.

4 41 EQ

#g

w

Olot

0|22 AMA2, Cs,Auyl 718He] CIHIO|AZE 21 50nm2| active layer2= FO{H ds52 7t

+ ZO|C}. Glass/ITO(150nm)/TiO,(40nm)/Active layer(50nm)/Spiro-OMeTAD(70nm)/Aul| T+Z0j

Active layerOf Poly-Cs,AuylE T 2% FHEe= HEMEFEEE 250 [mA/cm?O|0 PCE
HO

g 42 PCEE 87%7HX| EO{ZICE O Ziuts <O8

[l
L

x

= 182%0O|C}t. HIH MAPbLE
3.8(a),(b)>0l *+HES=E LEULCE.

(@) (b)
¥ PCE (%) o PCE (%)
£ 200 £ 200
= c
P 20> 20
Q )
2 2
g 150 % 150
o) 15 5 15
o o
‘3. 100 ‘2 100
9N 10 9 10
‘s kS
1]
§ 50 8 50
k= 5 G S
3] S
= =
3 50 100 150 200 250 300 350 50 100 150 200 250 300 350
Thickness of Poly-Cs,Au,ls (nm) Thickness of MAPbI; (nm)
< & 3.8 > Spiro-OMeTAD2} Active layer &7 HZO| [E (a) Poly-Cs,Auyls2| PCE, (b)
MAPbI52| PCE.

2= 0/0] LT HREATFIOIE CsAul2ES EHEHR| S HEZM MZYSIRALE Cs,Ausles

—_ =

1
131evel MEot HEWMS JHX[=0], Ol SQEISI0A Of4X Ol HEZ 1.34ev0| 2HE X0

=
Ch. 7IE2| Pb-free HZEATFIOE EfYTX 2 EED HUY I Cs,Aulees HEMENS 7HA
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O O|ZQlg} 50nme| &2 FHZE =2 dE8+7F 2HEC

FIPEQl &8 AEP0|8E2 &3 Poly-Cs,Auqle?t ClHFO|A 2z HdIXez FATICHH
H

30mA/cm? O| 4o ME ULt 20% O|4&2| PCEE 7IE AZ 0&FE = ULCH

o BYe oo YIz|AT2 BHE 4 U7| HRO|, 0 AW} YO2 CsAulE 7IHoE

o thin-film EfFTX|E = X A9l REETL E Aoz 7|CHE L)
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4.1 OLEDS| ¥2|

A

U &3 / AEFY S (Hole Injection Layer, HIL) / B3 3&35(Hole Transport Layer,

|0

=2

r|r

OLE
HTL) / Z& 3 (EMission Layer, EML) / ™ X3 & (Electron Injection Layer, EIL) / ™ Xt=& 5 (Electron
Transport Layer, ETL) / =2 & O|FO{MULE LS LHELHH= Sakof w2 =5 =22 530 F

o
= o
Y=oz A4 BY L2302 3¢ &7 2F REFHI2= AYECCL

ClHO|A o] S50t ¥=E Sl FYUE TR 50| EMLOA ZedtH excitong H-ESHCtL O]

on=
excitonO| AtHH™ Ht=2 Fof AXE LHE5H=0|, O &Xtel oHXl= |FI|LEEL

WD 2

o
o MetA ohg2 ofefet 20| A2 el

1 hc

0 — Eg
olof et MEsH HEWS JHE R7|22 MESIY sh= MZO| OLED CIHIO|AE A& =+
QULCE.
42 OLEDS| g1t MATE

421 AELXIRE

OLEDS| d&2 E/ted W 7IY 5% X E= 2AF X2 2 (External Quantum Efficiency, ngqg)Ol
o

Ch npoe= FTYE HoF &= O] &% #22 FZFE photon =2 Fol&| =0, Ol WREIA=

ot

22 (Outcoupling Efficiency, no,)2 522 EH

4 1o
3
(0]
5
>
o)
C
Q
=
C
3
m
=
o
D
(@)
=}
<
=
3
N
=]
0
#
i

NEQE = MIQE X Mout

422 WEAXR

OLED 22 FYE MA MLt BXI2 XgEls AL OfLICL HIIH HO|AS S8 OLED

W2 S HAHs YHBOIM exctond BASHSH, MRS AHO| Mot HUY EE NFE

MENS JHRIA| ECh HEE exciton OLIXIE YESHBA Lo| EI|E o1 ol E7|E st
=

Ol Ol ZZ radiative decay®@t non-radiative decay2 HBEICE O|F <18 4.1>0{ LIEILHRALCE
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Cathode

Singlet(25%) Triplet(75%)
§=0,mg=0 =1,m, =-1,0,1

Radiative @ (2) Non-Radiative
Ground State
(§=0)

< 18 4.1 > OLED WoilAM Zdst= TAte| SAt2o| Hetihd

WEREAXAgE2 FYUE TR 4= O] 2ot photon =2 F2|&|H, H3I #&(Charge Balance

AL
T
b radiative quantum efficiency(n,,q), SIS -5 H2(r )2 522 BHECL

‘l'l
Q
(@]
—
o
=
<
SN—r
=

MQE = Y X Nrad X Tst

MOl A& M=o HAP A CHATDIO| radiative decay & T U7Z|0 n0q X 72l 22 A
Cf 0.252 nFECH Ozt QIEM =L Thermally Activated Delayed Fluorescent(TADF)2| 7HH S
SN Npag X rse= SR 10| ZEIRIMCERS2N EEGE OLED LR Z FYE HA & 2= LESUAM
excitong YISt RStn Ortfz 3=E Mt 7t =6 FYE A oiH ddE
exciton?| =& Mot dHOZ HOISICE SX|= injection layer?t blocking layer?| 7HEE &%t

o
exciton confinement $7t& &3l O] GA| 10] 77k R CE.

metd LS 2E= 80| 10] 77t Mzl MEX|7) Botel mat R ¥XgE8S =0|7

=]
=
M E dFERES H0l= A0 71T 2AHQl HEX7t & = UCH

2 2(Outcoupling Efficiency, noy )2 LM ZE &= CHH| AXF StOZ WY Lzt ZE

2 FolEiCt HAFTCE MEE&= /7122 =2 =EE(N1.7~18)2 QIgt HEHAIRL dipolel]

0
-I>f
rLtI

evanescent field2 Qo &M E2t=& E2t2|&E(Surface Plasmon Polariton, SPP) 017|2 Qldf &

TERE0] MetE oF 80%2| OHARX|ZF &R ot 2 AAEICE Ol SdAl7|7| 9o B
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424 m{ATHE
Purcell 1t= 2H40| 2|5 DipoleQ| XHEA HE0| hiatk|E HA0|DH, 1940HECHO| PurcellOf
o|s LZAE|QULCE O M SkAtE|= MEZ Purcell factor2 Ho|stH Of2fQF ZH0| LIEFLICE.
3

o= (a) ()

A/neE ST7| StofAQl o] mEO|H Q& quality factor, V& mode volumeO|Ct I{dEE =

radiative recombinationZt2 SEAIA|7|E2 SO YEAXZE0| HS ZL stx 1XE MHY
S| CIXFRISIOY Purcell factorAIStH LHREUYXIZ S0 HX|= 22 £ 4= UCh O|= ofgf F4lo

2 mHEC

Nraa X F
Nrad X F + Nnon-rad

* —
Nrad =

B oSlo) ST YIS SHOL0) K2I7|T WHOR Yol WXLILA o
S RZO|D, MEWAFRZE 2V ojs SEYS YIS IHLD QYW sy
— =
= =3 C
— =

F % 42>0f LIEFLHRACE 19874 Tang EHALO]
ols{f MZHEl Z[ZO| OLEDE HITHYUHAARICL O|2 Qs HMHULF XS TRMHO| M w7t
! a
2 42 8o LRIt
o2 WMLIZEA| RSHA EICH 9O LteEs WA CfH] TFTR 2[20] 7}
XX 2 RO HAZ I E(Aperture ratio)2t Sh=0H|, TV S0 AFEE&= CHYHC|IAE O]
1

1 2|27t 20 O|X[= Lo HX|o ADEE & AYL|AZ 0|0

=
Q
o}
Q,
wn
—
@]
=
_|
M
d

z
AFBElE OLEDO| ZR0lE 3|27t T80 2 Y3 OIHCL WRtN THNE 24 ClAS?
01 2HS7| SIsiAE MELZWA0| B0, 0|23 MUUIUAS KU OLEDS| B
5882 £O0INX e A0 £ 9o SHo|ct,
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~ cathode
EIL/ETL EIL/ETL
EML EML
HIL/HTL HIL/HTL
TFT Anode TFT Anode
Glass Glass

4.4 FDTD A|=Z2{|0[M2| otA

[EHEA|ZH A A - (Finite Difference Time Domain, FDTD)2 A4t 7| Xt7|EH(Computational
XA o2 FO{HLCE FDTD= A|ZFEHOIAM A LS|

Electromagnetics)0f =
AS T ROl A O|MOM e = RUACt= FEO| UCH Eoh FES T
2 A

>
ooy
I
0
0
J

of @2 Fi+d

XOo| X EN

[ B |
L0 HListol AlZho|l 22 ZZ|d F&Ed MES Zololol 2T & Sl EMEOl AUALE

Exciton2] L& dipole®| emissionCZ 223 =

= YMIIER, 2D A0z Feot ¢ olE & 8l 3D A[EY0[d0] B+HO|Ct =

oF CHO|Zo| Hijetoy et YETEHO| H2tX| 22 HiEOtLt AlZ2|0| S SHOFStLY.

CESH excitonQ| AR HiE P2 Incoherent 1HYO|7| [E20] CHO|Z9| QX HZ MZL A
=20|MZ sHofetr} et HHBEYAZTIL Ofd ZR CHO|E9 X 22 AZYol8E &3t
A =M ot AxE ALStE O 2 AZHO] 250 XXt MetstA| A ECE MEtM o
ASHEOFO A A& QU= FDTD A0l 2 HFEFZE 71T OLED AXtof Cieh Altto A
SISt el MER ALtgAlol @FEC 2 =20Me AZer Agnt 34 (Rigorous
Coupled-Wave Analysis, RCWA)I} #&2S 0|85t 1A} 22 FZ& 7T OLED £Ate| &otH
SdS ErCt WEA A5k -l tish Mestaxt Sioh

-



=AMz X3 =Z(Corrugated) =00 Cieh S{A 0| SO0{7t7(0] A, BHSEF=0| CHdH
o

M 2MBICE ETL EIL EML HTL HILE S7|22M M2 2HE0| H|2sloz, AstxozLe 2
2 Aoz I3ttt |7|20 M= holeQl mobilityZt electronl| mobility2CH &R I8 FE
electron transport layer7t ZLH= X|HO|A excitonO] LMSIH 0|2 ZHHCZMN dipolel| X

£ Hojg = Utk 2 =20ME nee’t 10[2F 7P JeB 2 2ot exciton2 25 dipole

Aol YA 2 80| M2 CHE =& AO[Q] AT AT Fo ekl Ita=(wavevector)

olof olsfi, Yol ot FOo|M CHE 3+ FCZ O|SSIHEtE +HYS Ot {FX|ECt Ol <1
2l5.1>1t 20| TEAk(Total Internal Reflection)O| 2l e JESICH O =HES Oi(k)E
E C

H
f==(k.)2 NormalizeStO] =EateF Oi=0f E =4 HFHLIEZS FAHCE ZHE

u=ky/k,=sinf

Of If ug 7IEL2Z2 dipoledA WY Lt2 &S Ctg Ul 7HX 2E & otLZ2 27 =+ UL

(@ O0<u<1/n, OlOH, DHEO| FZ=EX|l 8O AX ftez WHMUZ = U= FL(OUT,
Outcoupled). (b) 0 <u<1/n, O|X|TF OfHO| S0 AX}p o= WMLIY 5

Absorption). (c) 1/ng <u<1 O|OJA TEIAIZ Qls| AKX} Hoz HMLIZE = gl B WG,
Waveguided). (d) u>1 O|0{A HDT E2t=Z2= Qs X} Jio= WXLIZ =+

Surface Plasmon Polariton).

WG| &% THLALT} Glass substrateO| Al HlSHH Substrate mode, substrate 2|0|A] L O{L}H
waveguide2EZ2 MEHoZ ZFY £ ULl 2 ==0M= WGE Sttt 0l <ad

5.2>0] LFEFLHRACE.

SPP2| &% OLEDO|AM =1t dipole AFO[2] H2|7t 74 7| HE20] dipole2| evanescent fieldOf

ogf EHE2t=Z0| O{7|EICt, =2 Kretschmann configurationg &3l 017|&|7|= StX[Tt £ =
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p ()au;Vl/ne L Cmese ] /_| T<w |_\

(i) Outcoupled(OUT)

LR _

® (iii) Waveguided(WG) (iv) Surface Plasmon(SPP)

(ii) Absorbed(ABS)

. /. AN J

<% 52> HUSHTE OLEDONS 2AMd 25

5.2 Ray-Optics 2 &

Ray-Optics 22 FHSYTZE 71T RIILEC0IRRES FFE2ES AMSts WE2 O

b 2o 2do| A of

jo Ol

N, sin 8, = ngy;, Sin Gy,
n, sin 8, = ng;,- sin 90°

Nair

6. = arcsin
ne

&2 isotropic source2 7SI Tl o THA| YUKMZ0 CHSHA X -Z2oHCH . 2tF 2| S22

o
== M= light coneOl2t & EotCt
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Nout =

1 [ ) 1
mfo fo rsm@dqﬁd@zl—cos@czm

Nout an

H&AEo =HES 1802t & M (9| Ray-Optics ZHEZ FHot R7|EQ FFERE2 15%
of =atotch HETET

= e
Plasmon EEDHO| EXHSID Ray-Optics & EZ+& Surface Plasmon model| Hl&2 24 £+ 9

1o
ox

$ Substrate?t @12EZ2 Qutcoupling, Waveguide, Surface

Ch S CHO|Z0IAMS] o] HEME2 CHO[E 9| Of2foA HrARE o] Feks 7| WEo
H

L

o
CoherencyE 12{tX| Qs ZAQl Ray-Optics ZHZE Hast FFE 282 ¢ £ gl

CoherencyE 12{gt Its &=ty A4S MOfetLt

5.3 FDTD A|E2{0|M

OLEDS| ds2 Altst7| s FDTD AlE 0| S 0|8Y £ UL A=Xte= FHIAOER 3D
AlEgo]4d0] E=Ho0 IEr S A/ gYgoR TEsts W3R 2H2H0f| CHs A|Zefo|ME B
5| Ol 7H5E 50 OLED2| ds2 AAE == QUCE A|ZY0|Mof= o #=0f Chsl =8/
dipole0i| CHst AI%EIOIHOI ZQsict mMetM Alg2fo|Me & 23 ZastH, 22 308, T 14
P 29| A|Zto] AR EICE Ol | glojMg AKX ZHztof 0]835t7|0f= 71 AlZtO|Ct O] =

2 0|&sts CPSEEE &

23517] 2t 2™ (Analytic)st Boto 2 OLEDQIMA Q| dipoleQ] HE
4 k= TP gyl

24HQ 2M0| S0{7t7[0 AN MEHBHZ A74oHCE M E B (Transfer Matrix Method,
[e] H =
=

Hio| mE TS AMES T

o
TMM)2 Coherent multilayer &0 A 20jLt= HO| F1tQt HEAL

ot HEE E0{U= 7|HO|Ct O] MEHHY2 scattering matrix formalism2=Z LIELD O]
Z

EJR] —g [E(J;nﬂ)L]
EO—R E(_m+1)L

O &&= <38 53>0 LIEILHRAULY.
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+ + + + + + + +
EOR EIL EU—I)R EjL EjR E(j+1)L EmR E(m+I)L
—- e - - - - imanen i -
Light __ | ~Z°°7°°7 - S I
EOR EIL EU—I)R EjL EjR E(j+l)L EmR E(m+1)L
- | —-— - | -— - - - | -
NO N NJ—] Nj NJH Nm Nm+l

< 27 5309 > MYBALHON 2 W50| Fo

EfRr2 OHHM OES| 2EZRR) BOHAM REZ(+)22 Tdsts 8ol HI|E, Ene 0BR OjE

OIREZRR) BOUAM F()2z TAWst= "ol MI[FS 2lnlstot. £t B, 2 m+1 OHES
Z() BoAM EFR(H2z At 8o HIIHE, Eqye m+1 RS 2R E0AM 25

=
(2= TlAlst= 8o M7|EE 2|0|BtCt. Scattering matrix S&= Oft2fet 20| HH ECt,

—

NE PR ) CPY P T Lml(m+1)

1l oy _ _ [exp(=ipB:) 0
(I” - ;’j[rij 1] and L =L(k) = 0 exp(+i,8i)]>

LM 1y, ty= 242 iDHEOIA jOiEe=z SI0| THE [f HhAL FbA4=0|0{ Of2f Frensnel

n; cos ¢p; — n; cos ¢; n; cos ¢p; — n; cos ¢;
r = TiiTE =
UTM ™ 1, cos ¢; + n; cos ¢ DTE ™ n; cos ¢y + m; cos @;
2n; cos ¢; 2n; cos ¢;
L™ = tijTE =

n; cos ¢; + n; cos ¢; n; cos ¢; + n; cos ¢;

LOIA = O1E & Sutsts &2 99| phase shiftE LIEILIM O|= ofz2fe] Moz Ha|=ct

HEAA =2F EotA = or2iet &

r

Br _Su _pr  _ L
Egx ~ Su ek s
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55CPSs &

CPS RE2 HHBYAXROAM Y mpEe| W YEste CHO|E WEIHHE vl ¥+E H
5to] 2MMo2 EOIHCE CPS R2HE2Chance, Prock, Silbeyl| 0|52 A THEO{R ORI

Lukosz, Neyts, Furno S0i| 2|l & 2| Qi Ct.B0-32

ro

PolariztaionOf| 2t BHALA|=7} Ct2B=2 0] Al L0 A Ltsiorpttt. CPSEEEZ 0| &3
Polariztaion(TM/TE)Z} Dipole Orientation(h/v)0ll 2} Normalized power density(K)E& T5tH Of2H

oF o] Fa|ECt

3 (1 — atm)(1 — agm) 3 1 (A +arp)d+agg)
K =—Re[y1—u? K =—-R
™ (1) 8 ¢ [ “ 1-arm e (1) 8 ¢ V1i—u? 1-arg

u? 1+ afw)(A +agy)

1—u? 1—-amm

3
Krmy (W) = 2 Re [ ] Krgy(4,u) =0

(atmre = riwre €xP(2k,ez%),  atwmre = Timre €XP(2jk,ez™)  and  arwmre = Gfye@TMTE)

07|10 riyrpe MEHBB(Transfer Matrix Method, TMM)2ZE Fst 2|Z O§ES2|TM/TE
PolarizationOf| [t2 BFALA|S=O|C} afy g OlAO| HO| 2[F ATIKX| THIUCH S0te =0t
9| Phase shifting term exp(2jk,.z*)2 &oiE @OICh BIHZE rpype EES OF2fE ODIEES2
TM/TE PolarizationOf UtE BIALAS=O|CE aqyg= Ol RO| OF2fF A TIX| ZHHCE

&= S22| Phase shifting term exp(2jk, .z )2 &oll& ZO|Ct O[F <1254>0] LIEFLHRULCE

< 12l 54 > CPS RHO|NM Blf0| Ho|

O] A2 0|&3dI0f uoj a2t KE FotH 2 eae
£ 7 = QUCH J2Lt O|AHRteZ= OuTlt ABS

27t 2Rt ot2fel #4l2 0|8 £+ ALK

| normalized power density

EE 2oig + gtk Mt FIHEQ A



(1+a")A+a)] 1l1ta|? 11+ a*? _
Re == A —]a* ) +5——F7 @ —a"|?)
1—a 2 |1—aq 2 1—aql
5 Ao A2 +z WHOE MISH= powerE 2O|SICt O| A2 CHZol Aoz otH O &
2 QUCH oHX| EEHE Q8 A+R+T=1022 (1-|a*]P)2 SLe S BEOtE&=

5
=
=
~N
N
N/
—

] (1 —afy)(1 — apy) 3 1 (+afg)(+arg)
1—-arm ] Kren () = §Re [\/1 — u? 1-arg

Kruy(w) = R

u? (1+afy)d +agy)
Krgy(,u) =0
e [ 0 1— amy ] TEv(4, 1)

+ — K! —
KT,TMh - KTMh -

3 /—|1 _aTMl

16 |1 —ar

e 31 Dtaml,
T,TEh — DNTEh = 16\/1——112|1_3TE|2 TE

3 u? |1+aTM|T
8Vyi—wll—amyl? ™

KT TMv — KTMV -

+ — K! —
KT,TEV - KTEv =0

o

ooz s=2= OUHX| FA| 2= OjEOM S22 DipoledM Lt2 & 04X KOi|A

+O
K+

M3 S+ Y2 ¥ + ULk

O|Z Planar OLED2| &4 20f| e} 275 ofefjet dCt

deuz = quKdu

1/ne

1/ne
Out = f 2uK'du  Abs = f 2u(K — K')du
0 0

1 e
WG = 2uKdu SPP =f 2uKdu
1

1/ne

2 UH0 Ol 2+ HFolH ofaf H{EWME Fet ZCt

F=f Kdu2=21 uKdu
0 0

Ol <d&55@@)>2 7&0| H838t0] u-uK d2f=E < &5.5(b)>0f LtEFLHRACE.
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(a) (b)

3
15nm $ E 100"

v

c
100nm a

g

3107
100nm Q.

=

u

Power density per unit solid angle = K'(}, u)du?

n, (A))Z cos @

Pout(/l' 9) = ( X K’[/l, sin 9]

<d8550b)>2 ZUE 0|83 ot FFERE, HAHH, A:¥ OHXZE(Normalized

=
power density)= FDTD Z1tet 2| LX|StH O|F <IAE5.6>1 <HES5.1>0f LIEILIRACE

= =
(N w

N.Power Density
o

0 20 40 60 80
Polar Angle 6 (deg)

< J8 56 > CPs &S O|8of Aditet 2= OHX|ZZ(EZ) FDTDE 0|8 Aitet 2=

g o X 2=t
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< B 51 >CPS ZEut FDTDE O|8%+ 1255 X AxE7E, &AKY, M

Components CPS FDTD
Nout 2135 % 2134 %
Nabs 12.35 % X
Nwe 30.02 % X
Nspp 36.28 % X
Purcell 2.29 2.29
Simulation Time 1 sec 3.6x10° sec

A Axtgt = L} FDTDE &
Zl=4, 3%t A|EH 0]

[[L>

w3k CPSZEL FOTDSH 22| 2t &4 MEel ojux| HIE
M Aol ofLiR| HIFS AMSIEE AME HIIZES Fourier HEHSHY
o0 AlIZLE 049 2@ HaUCh <1 57>2 FOTD AlH0|A

HOIAZI M Aot FFE2E0ICE A0 AO|=7t HES+E, CPS 22O Zit

10+

Outcoupling Efficiency (%)

0 5 10 15
Simulation Size (um)

< J3 57 > 12555 X0 CPS DS M| A ASH BEEF MWL), FDTDE 0|88 A
Aot ZAxEESSTE.
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56 7&0| 2 cps 2ol siM
5.6.1 Dipole2| ?IX[0f 2 H3}

<J&55a>2| #HOf Cis dipoleOl AIZEE BT HE|z-)E HHIIAIFATIH CPS RS N
BIEUACH O|F <12 58a>2t <I258b>0 LIEFLHRACE dipoleO] % H=0| 7Mt2 =5

SPP7} OJ7|E|= H[ZO0| F7t3tCt O|of 2t dipoleO| EML ZH2OI0| fIX|& =& HF=E1E0|

Absorption

Waveguide

0 20 40 60 80 100
Zy (nm)

< 1% 58 > Dipole?| X4t K|S BHSAIZ|HAM ALt (a)u-uK diagram (b)E & A E

562 £FETF2| FHo

M
rE
ot

<J859>= Ag FEH= FHE WSA|Z|HM AHAHE u-uK diagramO|LCt. DipoleO| AgOil ZH7t
AEOf et Agol 1;MI, plasmonic waveguide2E7t 2HMst=0|, A4 Zato| 2™ even-like
mode2| wavevector?}t u-uK diagram@| u>1¢¥ UHC| peakO| YX[BICE Ag = FHIZI S2+E
in-plane wavevector?t 71617 E0| o W& ull FYTX| Adtgr et Ut 2Lt &
HOo=Z 10nmO|¢e| Agl=2 BNIR)ZM=Z Qs ALESHA| @ebz SHHoZ HX|X|=
=L BEOLEDS| 8% FHTS2=2 ITOE AN ITO= optical frequencyOl M epsilonO| 4=
O|E & plasmonic waveguide mode”Zt ZYSHX| Q4O TEOLEDL| &0 H|SH AHAHSHOFSH= ull
dAo| HOZICE Ag FHO| 2 Air-Ag-EML plasmonic waveguide 2 E2| normalized in-plane
wavevectors <J25.9>0f LIELHQUICE FHIF FIHAZESZE Air-Ag A BHO|AML| Surface plasmon
2o Mo, £ 7t OtE 2 even-like mode®| uZt Z7ktCt Agl| FH7F 15nmY [t
10nm¥ f u-uK diagram2 <J1&5.10>0]| LIEFLHRASD K7t X7} Z|l= K| O| even-like mode

o uet YX|otet.
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Air-Ag-EML

4.0 - -
3.5
3.0¢
2.5

520+
1.5+
1.0
0.5¢
0.0

!

20 40 60 80 100
tAg (nm)

< &l

Ct.

> IMI E2t=2 Y I0|27}0|EQ| u. EML-Ag-EML2 %, AirrAg-Air2 It Air-Ag-

5.9
EML2 == Moz LIELHRACH H2M FHd2 Ag-EMLO| Surface plasmonZES 2[0|gt

< 3% 510 > (@)tag = 15nm¥ 2| u-uK diagram (b) tag = 10nm¥ 2| u-uK diagram

563 &S FHO| 2 H3t

CPSREO| B2 AMAIZHS 0|83 o] miitut LEHFo| FHE ZHSIHN AFERES
M EUSH, AT <OE5.11>0f LIEFHRACE O] ZADtof =M LAES| FH 7 100nmY
AFETE0| XUh7t EE & 5 QUCH £ TFZ0A Hlol mEE 520nmZE 1¥sID HEAE
HE HSIAAZIN ZE=Y UK 225 A 2o Zits <A8512>0 LIEILE /D
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04
0.3 0.3
w
(0.2 w02
-
0.1 0.1
0 0 0 .
400 500 600 700 0 100 200 300
,\0 (nm) tmg (nm)

(b)
04

<2 511 > @EBS SO G2 ZEE HUX EE (D) t,, = 100nm IO ZFEH of

HX| &

o

(a)

(b)

300 025 025
0.2 0.2
— 200 &
£ 10.15 5 0.15
s 5
g :0.1 0“ 0.1
~ 100 pd
005 005
0 0 . )
0 20 40 60 80 0 20 40 60 80
Ualf (deg) ”all (deg)
< 38 512 > (&S FHO IE A= HXl 22 (b) tyy = 100nm¥ M2 Z='E 0o
HX| 2%
5H0ME HHBMTAERE 7HE OLEDO| Cigh A &t2 +=™SHRULCE OLEDS| ds=2 E7Ist=0
FE2 MO|&= FDTDO EHEES 2E5H7| s dipoleQ| 2 9 OtOjAMQ] ZHWEHZS ALSHAH =
OlLls CPsEES AT 6HOIME & W8S 14 BZTZE 71 OLED TEE &F3}

UAFSHCE.
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FUSYTZOM OLEDE R7I22 &2 2EEZ 23 FFERE0| of 20%0 =utzts =
OIStACE Ol =5ot7| @lof Cret Y#o] AFE|RACE Dipole?| orientaions Z5}H0]

horizontal dipolel| H|ES =O0|7{Ll, nanoparticle@Lt, Xt Lo MZHE LI=FZTE €0
Snell?] HAlS E8 ZHM™M2Z light cone PHHOZ YIS XeFStALE, A%t Lo F7|/=F7] +
ZE 20 YS IEHEAZ2ZM light cone QHZLZ E0{7t= HYO| HIES JUAIZ|E AR
ACLE39 0] & F7|FxE 40 82 2EBA7|= &8, = 11X E27+x2E 717! OLEDY| 2+
o
=

ot0l & =&

@M 5Tl BHSHYTEOA CPSE2EZS O[5t FDTDO| H|3H 10008 Ol S #Th OfL
gt 2EMES HES g A = ASS st W20 2%+ HHstof 0|837|0 &
Ch. 2L} CPS2E2 HMIA| BEUSYFEZE 71T OLEDAT HEF =+ Utt= EHHO[ UCH

o =
ofof 6HOM= CPSEZES 1At 22 =8 7Tl OLEDZ &Fsl= ATFE FHICL

HHSYTERE 77! OLEDS| B2 XS dipoleOA & E If light cone Sf0f QUCHH AdHO|
BA0| 23 i photon2 At St 2 WML 4 @IS0 =L d2u <d8e1>1t &
O £Hustor F7|PxJt QLM 3|HE Q8] photonO| Of2f Floquet conditiondll w2t Ct

gt HeFo 2 HHALE|D light cone 222 S01Z 7|2|E A EICL O|F <d86.2>0] BHAHSHRY

kXi = kXO + mG

CHEE 2o Al Do 2= HI0| HHAIE|= Hatts & = U2 & gl Hol 4t M7=
Moz & 4= gICh Ol LOotL7| flsi Lot At sifA(Rigorous Coupled-Wave Analysis,
RCWA)E O|83tCt k0 Ot Floquet conditionO 2Jsf <126.3>0] HEHE Hiet Zo| H=g Of
kxZl grating vector GZtE Xt0| L= H 7|2] M2 |0, CHE Yoz HEE Y= &
HO|Ct m2tM GEHE AHO| Lis EASQl wgh WAl BotHiE dHEZ S S8z ng

SH 2BZHo2 5 Watez HErs 8o Wl oUX|YREE 7 = A ZNHLE H

S

Zoz FEEL oHx YEE FE + WA ok

my



15 nm |
“ l zy =75 nm
150 nm e 0o 00
Do I A =50nm
100 nm >
Period (P)

< J8 62> @BHSYTZOM UK Z=(K) ()1 SEF=0M2 oHX 2 =(K)

Uy
'y
. L[ ] L ] . - [ ] L ] . [ ]
L ] L ] . L ] L L ] L ] L ] [ ]
L ] L ] . L ] L L ] L ] . L ]
G
‘+—p
—— 8 ———¢ 8§+ 3 & P»
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< 8 63 > 1A 22720 M2l Floquet condition
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6.2 FDTD At

FDTD A|Z220|ME Sl 7o+ <A&6.1>2 HHUSMAZ XY SZ+EE 7t% OLED?| o

S <H6.1>1} #0| Fa|ECh

< #6.1 > BEHSYTx 1A 227FEE 7HT OLEDS| d5
Nout Purcell Simulation Time
Planar 523 % 1.49 3.0x103
1D-Corrugated(P=500nm) 12.86 % 1.93 2.7x104
1D-Corrugated(P=600nm) 13.25 % 1.93 2.7x10%
1D-Corrugated(P=700nm) 1347 % 1.94 2.7x10%
1D-Corrugated(P=800nm) 13.63 % 1.94 2.7x10%
1D-Corrugated(P=900nm) 13.74 % 1.93 2.7x10%
1D-Corrugated(P=1000nm) 13.78 % 1.95 2.7x104

Lok 2t oK 225 < O864 >2F 2Lt

500 600
< 1% 64 > FDTDZ 7 4et HS YT It 1413 22702 4= OUHXZZ (a) E

HEMTIZE, (b) P=500nm, (c)P=600nm, (d)P=700nm

<dg6.2>00M =olgh Hiet 20| 7|7t Z20E =5 S0l 7I2H=2 SXH HEHS gt
= A =g & ACL
BoHsg7x= 22 AMAol ofe 2:fZZ|e0, xydEezol fEgol g7 WEo
o

dipole2 F 5t7] ME0|Ct peakdt
valley AFO|E 57 X|FPo2 LI+ F 15702 A|Z2 0|2 sHstFon, 0|0 Mt HHBAL
ZO| 1080 ZH7t2 A|ZHO] ARE[QUCE [M2tM HHBSHTAXZELC 1KY 2Z2FX0|A A[E 0

M AlZtel Eh50| © E St

N 3704 ALtsior otH, xo X[FHOEt AlZ20]dS 3o
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RCWAE 81t REES SUEOM F20f HEo HAAsor FupAq=S Z7gottt. o] o
=

W Zaz[E2 ot M7tXZ FE2E L

X
<
>
i
>
0
ot

< d865 >= 153 gratingTZE 7% HRZ H0| YAMSt= AES LIEHH Z0|Ct of O TE
case= ¢ = 09 B2 Grating vector?} plane of incidence ?I0 IX|5tH, M7|Z0| ofof ==l
P22 HOIBILE TM cases= ¢ =021 B2 Grating vector?} plane of incidence 2|0 2|X|5tH,
Xt7|1&ol olof ==ol ZL2 HostCt <1#6.6>2 FX0| RCWAE 83t Floquet condition

o Zt WHERO| Aot BEUASE <H6.2>2 20| Albtgh = QUCH

Region
I

d

| ’ S
—f —»| A |

Region
1

¥

< % 6549 > 71X+ Grating FXO|A 2t BE9| HO

X g2
(5
Ag Ag Ag Ag
-pnd .-‘;
St ot

Period: 500 nm
s Wavelength: 520 nm
'}ff n.= 1.8 Thickness: 100 nm

Angle of incidence: 30 deg

< 1% 6.6 > 1Y Grating X2t YAt HO|
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<H 62> RCWAE Hg

off AAtst 1XHY Grating 29| HEAL/FIHA 4

Order kze Kz, air Rs Ts
-3 Imag Imag -0.1171 + 0.1841i -0.0532 + 0.1281i
-2 Real Imag -0.2015 + 0.2897i -0.1126 + 0.4166i
-1 Real Real 0.0722 + 0.1842i -0.1448 + 0.5430i
0 Real Real -0.4095 - 0.5359i 0.0773 + 0.3696i
1 Imag Imag 0.2794 - 0.2272i 0.1134 + 0.0414i
2 Imag Imag 0.0552 - 0.0750i 0.0409 - 0.0463i
3 Imag Imag -0.0234 + 0.0176i -0.0048 - 0.0171i

2t OpROIN ST A0IBHET} S50l B <O

ely
)
L
mo
ne
A+
30
in]

6.3.2 Conical Diffraction

< 18 65>0M ¢+ 02 Z2, = Grating vector?} plane of incidence %0

2E Conical diffraction@Z HO[3IC} dipole2 O0|2{3t ¥

diffractione AF235l= RCWA

o
LN ES

0| &ofiofstet.

6.6>0 HAIE CHZ

polarizationO| BrAl/Z1pA|DICH Heh 4= QUCh= FQlO|, O|o| Ciot s A%

RCWAS| FHH Ol ALupg2 O YIHSEZ XhMeh P82 = =20
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1K F7|2EE 7t OLEDS| AL Z diffraction order © 22| HIAL/ENAH 4SS HHEZ LIE}
LHof S o= nafslOFStLt. Conical diffraction®] AP TEZ &HEEl H0| EIALZ 2ls) TMS 2
HMAE = AUCH M2t X WHoIM o] Ho| HFALZE ojLte 2 TRl Z% thed| TE, T™
ISiA Albtste A2 HESHK| ol HEo| Hatsts 1bg A ¢

22 otHo| 12450l O|F siZAStA otCh EH
HIALA =2 HHEZ LIEFE £ Qe Ol diagnal matrix2 EHEICE 1KY FI7|2x=E 712 4
2 Zt order® BAMA|T} off-diagonal term2 2 SO0{7HA | #HLxIF &
Z

A
M
dBS S 7IE EUSITMT HE JISStE CPSEES 13 227

0.
U
+>

1A F7|2E 7HE &% WO AMel Dipolel| Has& AZSHA ZO0{LHOf LHEFLT Vertical

dipole®| normalized power density= OfzfiQt Z0| Ha| =t

KTMv(uxv uy)

=—Re x| I+ + + +
i [ Vi ( I— a'EE/TMaIE/TM 1— aIE/TMaIE/TM I— aIE/TMa'EE/TM I— aIE/TMaIE/TM

TE/TM aTE/T™™ aIE/ ™ aIE/ ™ a’iE/ T™  TE/TM )]
I= identity matrix, aT¥™2 HtALA =5 HHZ LIEtH BEALAS=HHO| phase shifting termS
2o|C} 1XHE EZ2TFEM XM= power density(K)7F HEO| HE 2 LIEILLZ| 20| weHH

O SESHEICE olof Cheh Fe=toh Aih g2 O Woiste=z

o™= =

b
o
0
}_

»
IS
ox
I
o
]
iQ
S
o
I-H

0z
Jm
O
finl

Qlo| HEE CPpSREHE ME38I0] <2615 T QH0|A Vertical DipoleO CH3H A|Atst Zat
£ <386.7>, <18 68>, <H63>, <H64>0] LIEFLIQICE

]
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Power Density(K)

15 -2
=
> -1 1
Z 1
e >
205 0.5
2 1
O
as Planar
0 : 2 0
0 1 2 3 -2 0 2
u Uy
< % 67> WHSALZO|N @)2Z2t HEHO| CPSEE, (b)yHBHE S| CPS 2 A At Z}

TAHA w7t ot 2Kk oy, u 2 LHEFE 2 2|T0| ER3HY K
2 A Ast CPSREHO| vertical dipoled| CHSF Power density(K)
ZAntel YKX|SHCh CHZE RCWAAIAE A CPS RO H[s] HX| b2 A[ZtO] ZE|B2 o7t

24

(=13 [[H ‘o'H =]

=
Aot

—

9| numerical error?} Z=X|tCt.

pAR=E
HA =

n&2 LpFOFetCt O

i

KA MZDIL 2222 A

< H63 > HHSYTZO Aty E dxsns W 24NE 24
FDTD CPS(Matrix) CPS(Scalar)
Nout + Nabs Nout = 0.19 042 0.20+0.22
nwa X 34.40 34.47
Nspp X 65.18 65.11
Purcell 1.12 1.13 1.12
Time 1.8x103 6x102 1
<E 63>00M BAHERO| CPSRHO| SHOIM e AZret WES| CPSRUDF A|BS
& 4 QIO FDTD ZIOIT YKTS ol 4 YUQICH Dt B2 et cps BHUO| ZP
X FEEHRI Z4BEES 22T 4 gt
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(b)  Power Density(K)

(a)  Power Density(K)

Planar

0
Uy

-2

< 1% 68> @BHUSYTZA (b

<Jd86.7>0AM 600nme| F7|Fx=7F HEEIAS W KO IEHO| FY2 2 LiELE AS =¢
g & ACE 2L L2 X[FHOM K7F 0LC0H 22 S ZHX2= HESH A L4ZADot OfLLt.

M

M

EEPE

< 64 > 1A 227X 7T OLED2| A My & o
FDTD CPS(Matrix)
Nout t Mabs Nout = 2.05 1.86
nwa X 28.26
Nspp X 69.89
Purcell 1.58 1.18
Time 9x103 8x102

HIZot A0t0|AM FDTDR2tS| M

H64>0] 2™ Purcell factorE

matd %7150l @Rt Wt
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AEZ ot KO 3% BUHSHYAZOME JLdE HEU2L 2
g2 ZEOHA| XoIRALE HX| E¥ez EO0l 4rj= As =HQ5AS #Oo|tt BEUSHSTFEE

off-diagonal termO| €17| W{20f off-diagonal termO|Al X7} MASES F5E 4 UChL

<Jd%e7>0] M2 Kgo| 0 OJ2H0| E[&= X[E™O| A0 HMHSIX| UCH, <H64>0 [EH
Purcell factorE H|E%St ZItO|AM FDTDRIO HEHdS 2T = QUACL O|2ist RF9| foloz
=]

PAF BHEOIM Mixing®l= AS M2 D245t §oF =40 277t A= 7t

"
ot

0
=]
580] 7t =0 =elct.

1 - O

vertical dipole(z-dipole)Ofl CHot CHO|E2| O X| HEI{EHK)E ot =M ZE, x, y dipole0 CHBt

CHO|Z9| OHX| H=IEHE FotCt MRZE EHM™ZO| transmittnaceES 12{6}0] AKX} Bio=Z

FEL = X HEIHE(K)S FEHCH OX|Ho 2 b8 El A2 8610 1AHe 2Z27=X0 Cf
=2

=13
o
o @A 7Hol=2telS MIAISHCL

|_

A= AL T Z[0{oF ot gfez TIW sfopy Yer2 ChEar ZC0h AM=Z, FE Hot
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