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ABSTRACT

OLED possess many advantages such as low power loss, wide viewing angle and
high contrast ratio. It was widely applied in lighting and display industries. Due to the
lifetime and efficiency of the blue light material in conventional white OLED being
poorer than the red light and the green light material, the long-life green light material
becomes the key lighting technology of the new generation. This study uses the long-life
green light material and takes advantage of the characteristic of the metal-dielectric-metal
structure to induce a blue shift to produce an overall white light.

In this work, the metal-dielectric-metal structure (MDM) is used as the organic light-
emitting device. The optical length of the structure forms a Fabry-Perot cavity consists of
the MDM structure. This study makes use the matching between different grating
structure periodicities and simulates the modes within the electron transport layer (ETL)
thickness to analyze the light efficiency and the emission spectrum. Different ETL
thicknesses are also compared with the different grating structure periodicities.

In the results, this study finds that increasing the ETL thickness leads to a decrease
in the light efficiency. The emission wavelength shift to longer wavelengths, and the
emission color change from blue-green to green in the optimal condition that the ETL
thickness is 40 nm, with light efficiency 16.1%. With different grating periods, the best
light extraction efficiency is achieved for grating period of 466.52 nm, and the height is
70.67 nm. In comparison with pure planar structure, since the excited spectrum bandwidth
is narrower, more the energy is trapped inside the structure, leading to limited
improvement in the light efficiency.

Keyword: OLED, metal-dielectric-metal, grating structure, light efficiency
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B 17 (@7 %%k ; (b)r %% OLED =~ i
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1-4 OLED** B2 f*
BT w P enRPERLF R R G- %ﬁ%ﬂ”ﬁﬁ"&"—‘ﬁ%ﬁﬁx
BRRMARE P B G R B B ok andblle By I H A I 2 AR

)

BT rHR A 2 (5K 5 p A end kiR o R F foi LED %o 1
AR e PR AL LT AP T BED R TRRERP SR
FHE06] T AR Y P EIRF ORI RERRBIL L EFF RIS
#Wihppd > 2x OLED 7 3 A4 BRRP AR & AR FE T { e X TIEAR - gt
# OLED 27 LED ** g p } ehifdk B8E7) 3T 4 1-2[18] -

% 1-2 LED £ OLED if4 B $2[18]

LED OLED
LR 95 80
v i #
3 Kok 60~90 (Im/w) 10~60 (Im/w)
36 10%~10° (hour) 103~10* (hour)
R o F 2 =

& K OLED Fep it £ 2] & Pl penb il » & 2 30 2 & FREFA5
R fo ek A RIGES ok o i R RHE R A ERERY kS 3 PR
oo ERHF L OLED G/mP o* b ahdgsy o B o S X P
B ;_Joﬁ‘}'mw Sk

B

(Industrial Technology Research Institute » ITRI)# % - 7 %

OLED R p $jfr> B g * £ & pan L1 * £ -7 -2 B (metal-
dielectric-metal - MDM)shig 45 - 24 T & A 1 jf:%g, &l > 4ol 1-8 #1570 G vk
ﬂ}]&iz s
A kRS TS  & L T4 2 % PCOLED (plasmon coupled OLED) © ¢ [l

Bl kRl et RHAEH ER 0 Y349 sk OLED B P (R 48 - 5§ MDM

i

1-9 ¥ ¥ &> PCOLED # 2~ % p = 13 Hybrid WOLED (white OLED) % 4;;1#2% %4
gl A E -2 F R Fkpplend X OLED %4> 2+ 7hd T4 137
PCOLED #ri¢ * chik sk iy £»ck 732 15~35¢cd/A 2 & { 72 30 § /] pF » 7]
$ PCOLED # % & 4 OLED pp P & ¥ ¢hi & (3 [19] -

7
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4
e

~ a

Metal

PL

AVAVAVAVAVAV. <
Organiclayer

Metal

Glass

Bl 1-8 MDM 4 & 7 48 £ [19]

Traditional Hybrid White OLED

Al(5)
Blue Fluorescence

Plasmon Coupled OLED

Al()

Green Phosphorescence (MDM)

ITO (+)

Glass

White Light

- 000
Blue Shift I

ITO (+)
Glass
White Light o
Do 0.0
White Light
Material I I
lifetime blue green red

blue

green

red

B 1-9 ®@%e sk OLED &2 v sk PCOLED 2+ $#2[19]

% 1-3 ki E &2 o2 2t 1 [19]

Material of Blue Light

ITRI’ PCOLED from

) Fluorescence Phosphorescence Green
Generation
Phosphorescence
CIE Color Coordinates x+y=0.26 X+y=0.6 X +y=0.41~0.56
Efficiency (cd/A) 9.9 20 15~35
Lifetime (hrs) 11,000 20,000 300,000
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1-5 PPy HPEP

3% 5 OLED 4p M &7 ¥ 4w OLED & § 3% 5 $ritde B « BG) 425 5 o
BB E RSB FHCR CBARF BRI TR R R
a9 OLED E# L akin B85 LB B* 417 40§ e B 1L
B P FIFECARATEAN L LA B TREIBPIELE -

REBERT AP BIAET BA Y L igg s sk OLED 7% pF £ H#
%&ﬁ k2 o kM E R AL ER KRS A o @ EE G ks ) skax
FooiTE RIFRFE - AR & -7 8- & fh(metal-dielectric-metal, MDM) %

WP A e e 3 2R ek B R E T E A gk 0 ARG
ROV A B B Ok 0 R Bk Algs e In(ppy)s » § &= MDM SE
PALTEL A R AOR R BRI RehE SR § LAlga R o In(ppy)s fl 0 %
Bzt R endikaiFd § T oo B A MR TR R % o

£ eb > MDM R 41 46 T 48 & 07 3¢ gt - 4 metal-dielectric
(MD)th» v 7 e & B o F 5 — B2 3 THAZ 4 LR § MDM
BYS A GRS L8 R LBLs TRETHWET HHE
15 9+ (SPWodd) fo 2545 54 (SPWeven) ™ 52 & Fd & > 7 10 5 304 ek 3 g o X
@ MDM B 7 AR G ek Rip et WEA R ST E LA 25 22 B
20 TRMEAEET §RXIBT RN BLPFZFT TR ELEETS
HRERE eI ko 2 M M IR R 0 T K R RSB H S MR
R F LRI RF RO SR R 2 M IRE G R B2 R
17 Nk A T R A 4T B4R > F 44 OLED A m 2 &ix BR4

CE Xl -4 S

2 &

.7.
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$2% HURS RARHER
lF & 57 drg OLED & i B d kip 3 scni st frm = i
1_4«4 ¥ k= RAE s ) 2 s '\?’ﬂ}{l’*F K gk o % 4 OLED

it G ok & (wave optics) 2 A e sk & (geometrical optics)® R 4 & TR 0 A

‘ﬁ’“‘\'l—‘

F AR S 2 iR o
2-1 B2

3 1-1-2 ] §7 12 rei OLED % %41 4 % d o w AL P - %0 %3
TR ARYE RREE T AR S AR 0 > Flpt Ay OLED #ksaf g i@ v T i
AR ™ N TR A AT T R A B v % Ok B AY Rsoft £
LightTools #72& fm = o & k& 22 & f f kil RRITiFi2 ™ F & vk 6ok § o2
R PETH T 5 P e DL &R o < A R Ak B s
CEE RIS -9 SR LI e TN ey o SR S E R e 8 i
Rsoft i& {7 ficg - T #-H ~ 22 »xd 2 kg R g &435-% ~ 3 7 £ 408 LightTools #
Bt o & F oty LightTools » 1 & & 8 e £ 8 hm@h KRB H T € %

BAPUBRLF DS NEFHRAT ST A B kG R TR
B R o 4ot - RRTH R Bk T ARG S P R F S AR R
4 »zefisE OLED s
2-1-1 Rk F

ARG AT HPINA > o] 2-1 Sr7 0 B B oL R B ki Rsoft ¢ e

d

FullwvaveMOD i {7 it > H R 1@ 8 A 5 'L L & pr & 2 (finite difference time

domain > A4 FDTD) - ¥ jo— B @in® T i 2 b= R0z B o 455 L2t b

s

= 4% ;% (Maxwell’s equation) ® e 5 5 #r = f -2 & % 2 42 ;% (Maxwell-Faraday
equation) £ % 32 z_t=(Ampere’s circuital law) 2 €8 A& A L8 I BE H i B E 2

A o BHP A BN L B 0 ot (2. 1)’f\f';7\‘ (2.2)

0H, 1(0E, OE,
- __([=X_ (2.1)
ot u\ oz  dy
E
0E, _ _1(6Hx B 6HZ) 2.2)
ot e\ 0z 0x
10
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Hepogmw BV F 8 L ikas ;‘.El,’ﬁ }f;ﬁa’_']& P R A R-XYZ Z B gl o §
LSRR EFTHERT R LB LA R B PR F 2
ke F LA PR LA ERES LSS AN ok L e

# K.S.Yee “i 91 ch$2[20] » &2 B ¢ et BE A 7 5

(i,j, k) = (iAx, jAy, kAz) (2.3)
M AiE- TREER Slkd T S
F"(i,j, k) = F(iAx, jAy, kAz,nAt) (2.4)

HEe irjokon 5 FHc Ati PR AR > nAts: AR o 7 Ax~ Ay ~ Azk B 5 X
Phoy fhfe z bz B AR IR EESE 0 (IAx, jAy, kAz) % 13 B 2 BT P ek in ¥
[21] o gt pF o € A W Z F{opF e ¢ o £ 2 48174058 (2.5) 754 (2.6)

ety (5= (=51
ox Ax

(2.5)

)

aF"(Lj,k)__Fm*%(aj,k)——F”'%(Lj.k) (2.6)
at At )
PR (25) e (26) F - S RARFIH LHfoBS > X2 UL BLRART
AT TEY > QeSS - B A BHE 27 PR i E[20, 21] 5 4@ 2-2
»:Lr{]— o

4

Cathode

EIL

di po le ETL

A
:;‘:: EML Wave optics
+ (Near-field)
HTL

HIL

anode

substrate

o Ray optics

(Far-field)

Y

Bl2-1 sk F 2 B0k FHET LR

11
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r
. E >
bk g 0w E
: y
! E, E,
4E, !
b H, 1
. H}-‘
Az |
H, H,
EX
7 - Ey
(i.j.,k)
Y “«—»
Ay

X
Bl 2-2  Yee #1# J1Ax, Ay, Az= B = » & $2[20]

APRER A A N RAt R EFFE O THA R AR L t=nAt
PR B BRI AR S t= (n42) Ak 0 0 0k Rl FU L
P vHRAT A BHE AN GjKk AT VAR L e
o BEY A BARN G B 4o (27)850(2.8) 0 Flet 3 UL A R E € 1R

[l A N *’iﬁr@iﬂﬁ%ﬂm&a—%’“ T3 g% o

At
n+1/2 _ ;n-1/2
Huwjio = Hewjo +3p, (EYjm0 — Eyjr-n) (Ez(l o~ Ezj-i0)  @7)
At At
n+1 _ n n+1/2 n+1/2 n+1/2 n+1/2
Exajr = Exjm + eAy (Hz(i,j+1,k) N z(i,j,k)) T eAz (Hy(i, jk+1) — Uy, j,k)) (2.8)

SRR RN R LSS 1L A R A =
AP, v Uy keI AR ARDFRPHE RBREERLT o
2-1-2 Bk

AR Y BB OINA o def] 2-1 477 0 A4 [ O¥ HCR 0 LightTools #7421
o 3 & H R kA PR (ray tracing method)%ggi@ kB RAe T 2R
ks A e+ R (MonteCarlo) izt & o chT o 8z B9 iR B~k
B ® MR o — BEM G MK TN E 2 FRIPN CRRFRTH S v F N G F
D BB B RS ST R DR mA KA RERA L FR Y 4§
SRS SRRt S RLAUREE L R E X Sl A
PEERGH Y > MRt T # % - (Far-Field) B Bk ek 0 T BA 2 HBA

12
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IR A A W T oG T B2 % ¥ (spatial) & 4 B (angular)#m A 2t kb E oo d A%
A2 9rFA 3 0 OLED ~ i 9pgf Iy e AR 2 8B S A4 238 > Tt p 7| 0T
LR X BB R LR L BR
2-2 Ak :}F, =
1. p 3% 3 s (internal quantum efficiency » f§ 4 IQE » 32 3 Nine)

BRI RFRTALP RN IEE I NT IRV E X T AL PNE

TR F22Fd e p IR F 2 F dp P A T F T HER S kS P

3BT F e RS A F ‘ﬁi?ﬁi ‘*f?
2. 3 E 3 2 (external quantum efficiency > f#§ fit EQE » %3 5 Nexe)

MBI FOTE G - BB PP P F ORI R T
H g o858 (29)58 & o

_ J Paec(A)/(he/2)dA
Mlext Iorep/e

3. k48 & »x I (out-coupling efficiency » 32 5 1)

(2.9)

27

RE S sk 20t i@ 4e7%(2.10) 0 B 4

Ti\4
ek
4y

L3g 4 RS RS IV R B
BARF BFIA R F OB 4TEE SRR 3 R BT A R e i
IR R PN N RERCEVE A L S F

Next

Ne = (2.10)

Nint
4. ks (luminous efficiency » #32 5 1;)
ks X FL R (current efficiency) > TR FF R AR SR AR(L)E T
B R Q) E o Ao (2.11) 55 0 B E Bk/x B (Cd/A) HP L i kAL
Ed w0 A AR R EE KR DG otg ff oo
L LA

‘n = — =
YT T Iowen

(2.11)

2-3 WIAFKRZL
2-3-1 kEHEI|PeRIFED

211 [ &9 o A0 R FHCRAH Roft ¢ L % LA PR A
oG hXyzZZBA R e EAR R RS AL AR AN £

13
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- BaRRRLAS > T LB 0 OLED A > AHEREART (7§ X A ih
FROABEFRE A ELH ) AR P E A wo p e P R T ARR R
ERMEIL TR e T ERER R T Fh R ol R RS LD
3 (uniform){=2435 3 (non-uniform)® &= ;2 > 4o @) 2-3 fr B 2-4 #7177 » d >R
ﬁaiﬁﬁ’ﬁﬁﬂﬁéﬁﬁ%%ﬂiéﬁﬁﬁﬁﬂﬁﬁﬁﬁ’%fﬁ%EW%W

A B A AR TR € F 3 E e AR 2530 a2 R
Fo A E il e pa v R AR Fr R SHRONRELT & 5

B AR BT AR R R PR L s

Z cut
04
03
02
01
~
£
5 0
Nt
>
-0.1
-0..
-03
04
-06 -04 -0.2 0 02 04 0.6
X(um)
e X 5 4 e 0k
B 2-3 ®RIn3 72
Zcut
04
03
02
01
~~
£
5 0
N
>
-0.1
-0.. i
T
i
i
03 il
i
il
il
04 | il
-0.6 -0.4 -0.2 0 0.2 04 0.6

X(um)

Bl 2-4 pteziing sk

2-3-2 REBEHEFEREE
ok F i Reoft P > 2 X E R 2 B R & = F 7 Ak (perfectly matched
layer, PML) >~ 5 H @ :f A ig it v & * 4oik 8 2 (periodic) ~ # A2 (symmetric) -

14

d0i:10.6342/NTU201803239



ZLi¥ 8 |4 (anti-symmetric) 2 s % 48 (perfect electrical conductor, PEC) - # 8 J ix i

U T XYZ 2 B ¥ 4ol 2-5 47 0 2 4000 ie * PML i 5 3R AR F]
TAMEEEACL RS2 TE Y OLED ~ 24 L4 o1 B hfFm » Flp
% PML T 5 g g i o

Glass
Anode

Dielectric

PML —, Emitter «— PML

Dielectric

Cathode

B 25 pd e F 2 HAER R
Atk F BRSO LightTools ¥ > 3 % # #5574 che B8 1 € 3% %5 100%:
Yo B 5 T A BAE B FA OLED e sk 35 5 4o 2-6 #7570 kg R

®
TT A6 M A Rt RS S 0 H R F A % OLED A g ek £

mG N R RRT NGRS R @R ko Tt R e R S L
WA R ok AR AR RY 0 AR LE VN o R R AR R )
ok B E s §ARIT T HORE -
) Fresnel Loss X
100%.} Glass 100%.}
absorption absorption
) 100%b reflection "
26 Birks2 HAFRER
2-3-3 A ApARH ALk B en3R B 445 (Fresnel Loss)
d L/ 27 4o OLED &~ i 43 dp &k B4 ERNEE S R

%’fﬁﬁﬁﬁﬁﬁzﬁ%$xk’@%Fﬁwﬁﬁﬁﬁzaaé?ﬁ%\ﬁﬁ#
15
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DFESOR G AL > FF R HI R G PSR RIS eI A
12§ o % » Stk REBHE R PF ¢ 12452228 T 2 (Fresnel law) » # kR & 5 » 54

F B4R R0 4058 (2.12) % 7 -

R = (——2)> (2.12)

-4 B
2-4-1 ek RIVpIELZ IR T

—Hm 5 OLED A &RHad 7 & 7 ke 2 EiEa Bkt s B
THEF A G b BRI AR A L g ko £ T e & OLED
P AHE RN THE AL L7 F R OLED 4o 270 85 7 ke
TR nE R > e BlY (d)E ()] B £ BT REL A X P R 6

WY (@) E F B S SRl B R K F 1 e 4 [6] [22] ¢

1P

Metal Dielectric mirror Dielectric mirror
OLED OLED OLED
Dielectric mirror Metal Dielectric mirror
Substrate Substrate Substrate
(2) (b) (©)

Metal Thin metal
OLED OLED
Thin metal Metal
Substrate Substrate
(d) (e)

Bl 2-7 #* a4 T MRS X LR ik Rz OLED R 5 (2)2 (b)
R EREATHE QR A BATHM ()@ B4 B[22]

16
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Hes 4R e fis(microcavity effect) £ - fE~ 2 N Mehk B F PR Ao T H A2
BEmp b AP SRRSO T AR TE R TP Ak e 3 >
(full width at half maximum, FWHM) ¢ %% > ** 2 F & R R B L £+ €73 -
[6] - = H oot OLED éiaphit g o ~ 4 sk kg cngfd § 15g ol 38 o

Bk > £ A OLED i ¥ At B A+ €5 - BF 6 & BIHIBErE P iFF §
i #(ITO) » 4r R 2-8(a) » #“#Fc OLED Bt T 4 £ A 12 » <30 chk ¢ 7 2d 1§

*d'.%

PEART d 0 SR ek € 5d 3 8 Spentadmr S0 3Rk F iy o858 dhjicx
PVESTl o P E L AR B SR B2 e I R G & F (wide-angle
interference) > 4r® 2-9(@) ° ¥ - * & o A kA 2ok ¥z OLED > 4r§
2-8(b) > & i TR RIVETEESET W3 R £ F e FIRfRDF S S
& &+ A (multiple-beam interference) » 4] 2-9(b) » Fpt e RVl { 4 PP & >
#teix U] OLED s » kF P e e 7oy g2 & 17[6] [22] -

17

13k ¥ AL AR
[ I
_l_ OLED T OLED
ITO % oA 15 4% ' R4t 54
3% 35 KR % 35 AR
(a) (b)

W28 (@FHEEAE; () # %A (6]

Exitmirror % / n;
Emitter n,
182}
Strong mirror n, Backmirror n,;
(@) (b)

B 2-9 (a)B & + #(wide-angle interference) ; (b)s& & + #(multiple-beam

interference) -+ & B[22]

17
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fEH Ko 4ot TR 2 gt Bk RIRAT £/ A TR TIRS
F e RV H AL 5 — 48 Fabry-Perot chd JriE 0 e dR VR o aF el ko gE
Ao HoE i % R_Fabry-Perot ehE drip o b oV (13) 0 H A NEER 4o

4ol 2-10 #7570 - R4RIER 0 F RRF KRBT wokd ma I ngpFo Mg
Emfeny Am FIMALEFD 2F &> ML KE LA G F2ITHREFHI >

1557 2§ 2I2(Snell’slaw)da s o 4 & v ke B33 nofon 4 & 8 B 42 F &

G
T

wd o BERE MR N240n3 46 BE TSN BT R T ARG -

L'l'

B 2-10 Fabry-Perot £ 4& vz . BI[23]
LF2-10 ¢ 4 A5 k42> kg GDA 5B E(L) 59 ¢ &R R i
LipimZ @12 ke GDFB 5 /() 5d T o AR TRF Mg S Ap L gy B
BFMeakizi i DFC - ¥ & & L4 d 2 i 0 Aldfidpim i

75 2m e HCE > Fpt v daiF Fabry-Perot £ 3k 3p a4 or 58 (2.13) [23] ¢

- L
F =

cos @

DF + FC = DF + DF cos(26) = DF(2c0s?8) = 2L cos 8
A P = (Zn)m »m=20,12,
“A@=kxX(DF+FC)—2¢p = (2m)m

=> kX 2L'cosf — 2¢ = (2n)m

2L cos® ¢
M 2.13
- —=m (2.13)
18
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HALS LR LR A 2Rz LREr @ 5 F oF & BRI L 27
do(2.14) 0 X3P GIng 5 x b6 T AUTREE 0 N & ke A 6] 5 & B SN R 2

& I b 4 64 5 [24, 25] -

@ = tan-1< . Z"S':m 2) (2.14)
ng? —ny? —kny

R %G STl " Fabry-Perot % 4R vgin= k) OLED ek & £ & ¢
AF LR F LRI E RS S 0 HORREE R F % BB 0iE 2 RdR
£ ARl o 4ol 2211 4T 0 B S A mA R E AR § RRPFE K h
He A4S nifd v 8L E =3 4B+ 6 1 [26] 0 07 rd 152 % 54(2.15)

L= %n n=1234-- (2.15)
idealmetal n=1 n=2 n=3 idealmetal
L
ideal r;]etal idealmetal

B2-11 2 %4B2F3pAN2 SHAF

FABLIREE B O VERANELEL E L EBEF I KRB ETET &
B o 4eBl 2-12 7 0 s B R g B 0% % £ B (penetration depth, Lpen) %
F &t & il endp = £ (phase shift, 8)[24] - 2 & 4 B 5 & 54(2.16)

_AMr—-B) (2.16)

Lpen - 4_7_[

19
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n=1 n=2 n=3 real metal
realmetal | N N
b M \ / / ~
,’ v Vo )
/ \ ‘ 1 A
\ IS¢
I \ \ 7 s
I N7 \
L' ‘ | /\ | /
[N
\ 1y, \ :(
\ 1 ‘ | /7
v I \
| \ 7 MR !
7 ’ N
real metal > - real metal
B 2-12 * 2% &K2BARN2 THFLH
EATHEL R R E R GHRET @ N LR i kR R E A

4o (217) B B AT AR L oo

2L’
2P im=0123 @17)
d b ¥ e g @ % Fabry-Perot = 5% 2 U Sk eml g RALSH MR R 3R AL
e B R E AR B R RRAE T S(U3)ESANBELE

ERATRGMPTRERG L T RAN LB D LR BT o

2-4-2 % ﬁﬁﬁfﬁﬂ—?(SPPs)
¢ 1-1-1 ] &7 4- OLED 5 st fp R B4 Aie @i wgiir g+ £ 4
A o B I R A L5 TR T on i A A > A R G

w7 51%1‘&.?“ F A ARIE - Lo 7 B 5 (surface plasmon polaritons - SPPs) 7

£
24T

>

A

BEOpd RIATREAF AT PR G A FF AN 2ETE
THAL NG o de B 2-13(@) T o FARBE S TR M E R0 B
A EAGRCTERAE B R A F L e B Gi T
i) #r(evanescent) - 4@ 2-13(b) [27] -

%

%

-
i
|k

20
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dielectric &, Z>0

dielectric
AYA'AYA A} \ [Ezl

KV Ve

z metal

metal &4 | o

F2-18 @TEFApsi AT HEHh45 A2 THFAA G (D)
20 TRFLTFRAF N6 LE 2 R F[27]

#$RA TR DLRFLT > PR L TRFEHRY HELLAE S &2
FE ARG BERFEEEEREAT AT R TM A AT HE I &
oo Bgwz de LR AT HEY 220 hT B S0 (2.18) - 54 (2.19) 2 ¢

>

H,,(x,2) = Aye'Pre k22 (2.18)

i Az ifx,—kyz
E)(x,z) = lwfofz kyetP*e™2 (2.19)
E,,(x,z) = —A; D eiBxe=kaz (2.20)

Aot Y Z<0 SR B (2.21) ~ 2 (2.22) % 14(2.23)

Hyy(x,2z) = Aje'Prekr? (2.21)
Ay iBx kqz
E(x,z) = — > kietP*e*t (2.22)
1
Ei,(x,2z) = — P ethxgksz (2.23)

B g1~ e~ A~ Ao~ Kix~kax~kiz vk ARG AT HILE £ B2 4R i B
BiRtg X d o2 dlcfrz w2 e d SR iEE 2G> N ER Z=02 7
FERE o P Hy=Hy BlAI=A H7 2 X > w ik dics Bokix=kx > * d
Exx = Eax 19 405 (2.24)

2= (2.24)
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Hythd 4 5 18 KA 5 258 0 k™ 710 55

2= B2 —kyley (2.25)
k> = B2 — ky’e, (2.26)
B oo == &% r 59(2.25)8 55 (2.26) 2 & £ 55 (2.24) > 2 !
€162
=k 2.27
B=ko P (2.27)

AEHBE2Z AT FEE e £H2 5 %A T BB AR B|7 #;58(2.27):
B 5 54(2.28)

p=2 i (2.28)

28 Q28T ar f fARITHEG AR H NS fﬁ“ﬂ‘@*@ﬁ*wm/ﬁ"ﬂ
d

Bk /J~+v?€ﬂﬁ$ﬁ1?@;ﬁt;;§rz§%a TIHF o Aol 2-14 om0 B ARRAEST
NS ERE gz?»ﬁi)ipfa’

gAY - g sl

G 2 TRGL PR ik, B A T 4 G ?jﬁ = 4R g i [27, 28]

|
4
[
o
T
3
SN
.
H
=9
b
3
W
"*‘i‘
O
At
g
=N
&3
7
4y
S+
%

photoninair
w = ck,

surface plasmon polariton

Em t &4
Emé€ad

B2-14 £F4% %0 [ SR SN
¥ el = B - L g BA s )T kg (grating) 4 1F 5
& ﬁ’ﬁrnglS"#T»@*%Em@}%p%—r,1ﬁuiﬁpw,lﬁ_g T
REGEEF BT A A2 IR ek, Bk S 0 BT R TR RE F R

3F % 4 i8] &t o £ (grating vector) B #ic i e bR Tk e B 0 ATIE ek i B

22
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e @@ rifkiple E AR X026 LR e B TV rE £H A T
Er 0 H R gRiEEER T SR 25V [28]

Kyinc T mky =kgy > m=123"- (2.29)

BV kyine i »9R2RThw § o ky=2m/Ag N EFH F A2 ki ke B 4]

§ 502302 iF T @A Y AR R R S E Y RE PG LI SR

5=
o
l\l}

3

NS G h 5%
w w = ck,/(\/€25inB)
k| ./ -/
T AA /iy
W Ny | AEx :
— +-  +- : LTIt
g /; /|
VARV
z / I !
y i i
metal &, T/'Lx :./ ' >k,
kx,inc ksp
(@) (b)

Bl 2-15 @”ﬁﬂﬁ%ﬁ%@%ﬂﬁi@:@Aazm@ﬁgﬁ@%aéﬁéﬁ
P % ]

1 ** Kretschmann configuration f= Otto configuration =48 & %41 > & _f|* 375t
FE R A 4 IR > F St wr-(attenuated total internal reflection, ATIR) % e
Fihe T 3]%—*—%)% ' hoR] 2-16 0 F SR iTITH I RF DAY 0 € AHEBY TR
AR & Rd 2 2 F S ?fﬁﬁ}_ﬁ R R HITE G - A T R
?Hﬁﬁﬁ%ﬂ’gﬁw%%iii@ﬁﬁiﬁ%»%%i$39§hﬁkﬁ’*
G O f&?m@m%maﬁéﬁpﬂ’%ﬁ247%ﬁ’ﬂﬁﬁﬁﬁ

1€

ky inc = \/—sm Osp = et = kg (2.30)

Flo- BRI E AR DR R RGBT B EmE T
ST
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B,p

" High-n

metal dielectric

. . S kx,sp e kx,s;p
dielectric i — k metal I —— ks,
(@) (b)

B 2-16 (a) Kretschmann Configuration ; (b) Otto Configuration 48 & 41+ & B

y photon in air
w = ck
) photon in dielectric
/ s w = ck,/(\/e5sin0)
______ /_ ——_———— - SPP dispersion
; o
* +1
dielectric &, kyop X . S | &1
. |
metal & / . / 1
|
. / !
/ I
! > kx
ksp
(@) (b)

217 (@717 ATIR % 2484 7 L0 5 (0) 2 F #eBh, st £ B4 T %7

FThE 7 )

24

d0i:10.6342/NTU201803239



¥3% S R )

AEG AR -2 B B TR SRR 0 4o W 31 4r T 0 H Ak
ARl § AR B e ko S 2 g RARGE > S AR &Y R0 H B
BRI R IR SR EATA T AR DR S APH B SRR L R
R S R PR BRI RN R S S A

A FHABA R REREAN D AL 2ZFL A RTRSRE

Metal { Al 150 nm
» ETL X nm
Dielectric EML - 250m
HTL 25 nm
HIL 20 nm
Metal | Ag | 25 nm
ITO 150 nm
Glass

31 &B-F-2R%H
3-1 X% ERK

2

N

—E_Ep RS %Eﬂ"" J"}#?ﬁﬁ-‘a/{% F=IE. J"hg’- p “Lﬁé? ’93.)%.] B R #-
P50 R A T 4 241 §OTR S e SRR T v L =nA/2 0

5

;gﬁTNT,#%@%@y#%magjﬁﬁm%%ﬁi’ﬁi¢$%%*
Fabry-Perot & 4= iz = 2 3 Bz stk § & T & B4Rl 32
Ag |
A |
HIL 20 nm
B HTL 25 nm
EML ' 25nm
|
J ETL X nm
Al
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FASRPACHTERELAWEL =2/2 U =22 L =32/2iF 7 > 3+

T

VETL 7 R £ 4R R TR o d WO BHE R L2 4R 4

LN
TRA EHESIDPEH o B E 4T

@q = tan™? < 2neriKa ) (3.1)
Nerp? — g% — kAlz

2nyk
Pag = tan_1< - ULl ZAg 2) (3.2)
NyiL® — Nag® — Kag

Ngry > M > Mag > Mag & ETLHIL S AL 2 Ag & K 2 37545 2 kg~ kg 5] 5 Al
Ag feifc e #er R £ Al B Ag 2 dp B T R N(2.16)° > T EA 2
G EIFR A G Ly frLyg > & %~ Fabry-Perot & 3% » 4038 (3.3) > K7 Aot vgF 2
BT PETL A& % 40nm~190nm 2 335nm > H ¥ ny % £ RIEREP £ K 2 3754
Foomdi s BARVERPN LML R o

p
z idy + L + Lag = 5m (3.3)

l
3-2 T aA2 MDM %1#
3-2-1 T o BHHHEIET
B2-1EP P M AR O 2 RR A I U R AR S kg
AIANR Hhdd ke S e R F Y W2 S dof] 3-3 {rF] 3-4 #1 7 o K
T ficded 31

i Al Z
' ETL
| EML Al
HTL ETL
| EML
. HIL o
Ag HIL
Ag >Y
. ITO -
Yo Glass Glass
X
(a) (b)

B13-3 # %44 F (a) 2D #3 5 (b) 3D H#-A
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Z
Y
y
x Glass X
(@) (b)
Bl 3-4 HBiwkFH @ (@ X-ZTa ; (b)3D #3l
# 3-1 T & %4 %8 (unit:nm)
ITO Ag HIL HTL EML ETL Al
25
150 25 20 25 25 40 150
190
335

3-2-2 k% Dipole * 3 %%

B Mk Z AR Y o dipole tc ¥ chin ¥ € B o BRI > F Ak
| & #-ec g dipole iz B 0 =R dipole fk BN Rk B o B RE R
GEAET o 5nm e iErc g dipole Az e R oA X2 e P REFEA S H
koxg g fodipole ¥4 Sk K ¢ BT A B Tk o o] 35 4o vt th e oA
% dipole A2 £3T ETL fw HTL B & pFdyskoe g™ %> L F 5 dp b 7 £k =
Tagaa g A o &a S o o A liREAEY ¢3¢ dipole 2 ¥ b

kRO BT i g o

304

]
(=]
o

]
B b
RS

—a—Efficiency to glass_2D

Efficiency to glass_2D (%)
3

L
017 0175 018 0185 019 0195 02 0205
z{um)

[
(=)

B35 dipole .z = %+ & =% gk
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3-2-3 % ETL B R $3g3# 2 B 58
d 2-4-1 § i L 4RI T dv o §pZ RE R AL P & L RIRIRER > €
FETAR TR ENSTE RS 0 & 3-1 & ¢ {345 Fabry-Perot & 4= v o 383t
AL THETL SR A % 5 40nm ~ 190 nm = 335nm > d B 3-6 fiR %
% ¥ 4vo § ETL B & .25 nm 4 %34 4 5 40 nm ~ 190 nm = 335 nm pF » H & 3%
& & w5 497.5nm ~ 527.5nm ~ 532.5nm f- 517.5nm - % @] 3-7 <7 CIE ¢ &+
ORI L e Ea ",% TETL AR G 25 nm S A 1 S b His = 47
PhRRSDETL 2 #kppd KESI KRBIHI - x E% & 0.1~

B3 ~025 F ry EiE A
0.55~0.75 & » ¥k 3as > 4 ETL B AMEZ 4 o HF ek £ ¢ AL R E B H > £
SR R RO S R R 5T BT R AL SR oA PR Y 2
5 & 3% 2 1 Otto configuration 8 & #8438 (7% % > W#te % 4oB 3-8~ B 3-9 -~ H
:Hoaﬁ&n%ﬁ’&%kﬁxﬁéaf,ﬁ%$ﬁ$ﬁ%ﬁ%a?${@$ﬂ
BPCH 0 F S FARA R A G DT S PR e 0 B ek T
EF GRS N AT E TR OB EME %’aﬁaﬁ%aiﬁé

Iz
PR AT RARFEIILF P A R A 0 T T M s T 0

e —};‘{;

|

-

BN R W ?ﬁiiﬁ‘»%%ﬁ]ﬁ A A E - _&fnag)gi;};“g%g@#wu%, ¢w
fod KIS Y kK EEARR 0 50 A6 RS & HR7 B ETL
BT eng kg % Vg F ETL B AR 4e > F M2 AL g L E R £
Bl Hgkgpd d F%d BBIHI o

N

1 .
——PL

0.8 —e—ETL-25nm
——ETL-40nm

06t —ETL-190nm| 1
——ETL-335nm

o
a

o
[\

Normalized intensity (a.u.)

400 450 500 550 600 650 700

o

Wavelength (nm)
B 3-6 7 ETL 5 & 2 47 3%
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0.8} ® PL
A ® ETL-25nm
® ETL-40nm
0.6} 5 : ETL-190nm |
> ® ETL-335nm
w
004¢f
0.21
o A A A
0 0.2 0.4 0.6 0.8

CIE x

8
R(%)

60

e PL
0.8 ®  ETL-25nm
®  ETL-40nm
ETL-190nm

ETL-335nm

0.0

no 0.3 a4 0s 0.6 n7 0.y

R(%)

(b)

B 3-8 OLED T g 2 ¢ ¢ &(ETL 5 & 5 25nm) ()TE ; (b)TM

Radiation region Non-radiation region

60

50

30

20

10

60

Rl 3-9 OLED & g2 ¢ 474

R(%)

29

Radiation region Non-radiation region

60

50

40

R(%)

30

(b)
H(ETL & & 2 40nm) (@) TE 5 (b)TM
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Radiation region Non-radiation region

60 60
50
% 2.6

10 2 ¢
0 18} %
60 0 20 40
-1
kx (um™)

(b)
B 3-10 OLED % & 42 ¢ 4c# #(ETL & & 3 190 nm) (2)TE ; (b)TM

Radiation region Non-radiation region ion region

60 60

50 50

40 40

30 4 30 <
20 20

10 10

0 0

60 60
kx (um™) kx (um™)

(@) (b)
B 3-11 OLED % & #4f2 ¢ $¢d S (ETL 5 & 5 335nm) ()TE ; (b))TM

3-2-4 7 ETL B R #2323

54 32597 3k ETL B R T EQE» ¥ s it ¢n ETL B & 4 40 nm »
EQE ¥ i 16.1% %+ » ETL B & 5 335nm » EQE * 5 9.62% o 4t # ¥ #ip|4 ETL
BRAE R AgLh g (#TERME R4 TRIERE I A d a2
P ETLERARSELE 3 £ B2 FFehd o TR E R R ERNA hi B
4 A ITOAg chfh G b oo 380 i B4 4 & ETL A& ¢ > Fo0 ETL B R 3 4 32
- 4% 53] OLED =+ #gid > 4 6 T 4oef @ Lt ITO/A Jr 6 1 i & i £ hiff
29 % 5 BF A ETL ¢ 0 Flpta 3 3t kB o gl o T i54F 3-25 ¢ 2

ETL B A& T chit 4 F ke % o
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%32 7 ETL B R 2 d1k»ck

devices ETL-25 nm ETL-40 nm ETL-190nm  ETL-335nm
. 0
Efficiency % 14.1 16.1 11.9 9.62
(into air)
. 0
Efficiency % 19.1 224 15.8 15.3
(into glass)

3-2-5 # F ETL }S-Iii’iﬂ‘iik\#iﬂé.’g‘
Boho) &0 B 221 § el 2 k4F34 3 b ETL B & %+ OLED p e
m ?,J]%fr,i%#?* R e A @R DA B oW 3347 0 F TR REL
Pokw RAFRE R A g S T AR HHE T 2 3T e B
AT BEAF IR T ETL R KBEEX 39 vy S @
%z % w2 dipole >t~ poag £ 4 # chfFA) o # 9 dipolex 2w 2z 2w 4 g 0
ALHbax>efrzde kv @ > @3 > e TER TG > 5 TM
#oo e TM bentiin™ - £ (e AT DR 6 84 25 TIEN DR G
MR e 3 2-4-2 3k 2 i 0 4 VRS R oo § ETL B A 5 25 nm - 40
nm pF o L e RR 3-12 {1 3-13 0 WY T P g 3] AUETL 4= ITO/Ag & £ | 7
FARI A e 0 g ETL B &K 4 3] 190 nm % 335 nm ¥ > A 5|4
3-14~ B 3-15 %77 » 7 7 L AUETL % 6 i 6 T Henis B4 A P AR5 - 1
A ITOAg A d s At % > d 207 oo e ETL B RRAY RS 45 g:jf;
B B AL o RrEZRC ITOA R G 3 B34 > &4 508 £ B4 5
TRABE R A -

.7.

Poynting Vector Magnitude @ cT=6.0515um [Mon#9 (0,0,0.29)]

0.9969

Z (urn)
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Poynting Vector Magnitude @ cT=7.5335um [Mon#3 (0,0,0.29)]

0.9969

Z ()

(b)
Bl 3-12 OLED T & gz s 4 # BI(ETL & & 5 25nm) (a) dipole * = X

(100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=6.0515um [Mon#9 (0,0,0.297))
0.9969

T
2
2 i
0.0
0.9969
£
2
2 |
0.0

(b)
Bl 3-13 OLED T & gz s 4 # BI(ETL & & 5 40 nm) (a) dipole * = x

(100) ; (b) dipole = % z (001)
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Poynting Vector Magnitude @ cT=8.0275um [Mon# (0,0,0.373)]

Z{um)

Z (um)

(b)
Bl 3-14 OLED * & g2 it £ 4 # BI(ETL & & 5 190 nm) (a) dipole = & x

(100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=10.0035um [Mon#3 (0,0,0.445)]

Z (um)
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Poynting Vector Magnitude @ cT=7.5335um [Mon# (0,0,0.445)]

Z (um)

(b)
Bl 3-15 OLED * & Sg2 it £ 4 # BI(ETL & & 5 335nm) (a) dipole = & X

(100) ; (b) dipole = = z (001)

@ dipoley » e Rl Eip R H By e kv RF P o 4 ,‘T‘&{gi;ﬁ,g EIPE R T
vt ke RT ST E TG A L TER - A TERDEFRT » RS
% > 4e@) 3-16 ~ B 3-17 ~ B 3-18 2 [®] 3-19 #77F - [ 3-16 {vK 3-17 ¢ - ~ Zijt»{
ETL B & A S5 25 nm fed0nm > ¥ P igg Flac & ¢ 7 23 A2F B §
ETL 5 A& 425 nm & %3 40 3] 190 nm % 335 nm B > € % R = 304 chi £ 283
ALY Of O PRF R ATH S O ITO A2 v o B A R BT B ETL ¢ i df
% > o) 3-18 ~ B 3-19 #7m o FtF ETL B &R 34 pF > 2R 7 R0 AIETL B
LAG R B A 0 R ITOIAg R o 19 & B chig f o R 4 > Fxid i

W~

k=N

EAamhe @iha 2402 0 T @ik ETL A& 5 25nm v 40 nm e il %
FHY AR B LTt ETL B A A 4o & Lok g E PR 2 gtk o

Poynting Vector Magnitude @ cT=6.5455um [Mon#3 (0,0,0.29)]

X (pm)

F13-16 OLED < & %142 it £ 4 # F(ETL & A& 5 25nm) dipole * & y (010)
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Poynting Vector Magnitude @ cT=5.0635um [Mon#9 (0,0,0.297)]

f)

0.9969

Z (um)

#3-17 OLED % & %142 i £ 4 % B(ETL & A& 5 40 nm) dipole * & y (010)

Poynting Vector Magnitude @ cT=7.5335um [Mon#3 (0,0,0.373)]

Z (um)

F13-18 OLED T 5 442 it & 4 % W(ETL & & 5 190 nm) dipole * & y (010)

Poynting Vector Magnitude @ cT=9.0155um [Mon#3 (0,0,0.445)]
0.9969

Z (um)

F13-19 OLED T 5 iz it # 4 % W(ETL & & & 335nm) dipole = = y (010)
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¥ 4 ﬁ P3RBT R A

A% 3 F7 o FH TR P#&ZPEETLL%-&Tm%;"%‘ PR g B A
W T AR ETL B R 4e > ke k Mg T Bk L AR R EH

S

B K LA N B SRR I ek bk Y M
e D 2 kg B MDM B R 3805 R 8 %

4-1 L ~-’=‘%’F§—ﬁ:&ﬁ:’.—l‘l
Gk BT LB 0 MR G RS T % E 4TI #1200 - 2400 o 3600

g/mm = 487 Fe ek g SR (7 0 ka2 i el LT G A4 P g b g

~ iF

—=

%$

SRR BT B kRS ik o B v ok S D Ron g 2 ki

T F 40T o doRl 4-1 17 0 B Y sp= i B2 F 4 B 5 83312 nm o

416.52 nm §- 277.44 nm > d £ 4-1 ¢ o & B F i 2 833.12 nm fr 416.52 nm
2 kAR SR AR A T 5 277.78 nm 2k k B L HALEHE o

Al z
ETL
EML Al
HTL ETL
EML
itch (A4
pitch (4, ) HIL HTL
ttg N Ag HIL
W, Ag
ITO ITO X
z
PMMA
Y < PMMA v
@ (b)

B 4-1 R 3vkde i4g2 #02)F () 2D #3  (b) 3D 2
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LAl EpEETART LW

Grooves/mm 1200 2400 3600
Egg /IHeight
X v X y X y
Pitch Ag(nm) 833.12 416.52 277.44
Height tg(nm) 107.92 70.67 77.16
W, (nm) 833.12 416.52 277.44
X1y 1:6.26 1:2.26 1:1.03

4-2 3 WL SR L BT

¥ 3-2-3 @3t A b ETL B AR 2 T 6 SHEPFEHOPE > At 483357 F
ETL B AT P t4c b 2 8 ehkip S $AE 5 PR 8 o 0B 4-2 37 &) ETL
ERE S 250nmz T »fﬁé‘ﬁé'“ Sv bk -%fgii%ﬁﬂ % 277.44 nm ~ 416.52 nm % 833.12
nm 2 #g 3% o HAp3 A %] 5 device 1~ device 2 ~ device 3ix= iE W A 0§ B Ik
BdEd REL493 nm A A T A E S 4925 nm ~ 497.5 nm ~ 4925 nm 0 @ B
4-3 1CIE BH? »X B¢ 7%t 01~025/ >y @ ¢ & 05~06 F » Hkppd o &

%4 LES

1
—e—PL
—e—ref1
08¢
—e—device 1
device 2
06} —e—device 3|1

2
a

o
o

Normalized intensity (a.u.)

0 - L 4 - "‘-%-:::?.-:'E_: 0000
400 450 500 550 600 650 700

Wavelength (nm)
Bl 4-2 7 X kg ;—Efﬁ; #:%(ETL 5 & 5 25nm)
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0.8} = FL
* ref1
® device1
0.6 =1 device2 |
> o * * device3
W
O04r
0.2}
0 i i i
0 0.2 0.4 0.6 0.8
CIE x

PL

ref1
device1
device2
device3

470
B, ol

Tt
01 n2

04
X

“an 0.3 0.5

F4-3 3 k%4 B2 CIE BH(ETL 5 25nm)

¥ T 5 S ETL B A K e 5 40 nm > 4
4 w2 B 4-4 ¢ device 4 ~ device 5 ~ device 6
% 497.5nm ~ 492.5nm ~ 507.5nm > % ] 4-5 9
oy iE €5 & 0.55~0.65 ¥ » 4 k3

BE BT b ek T

P AT ek p AR o

—]I+d]z§11’]?7lo/i‘5\A°\ Jﬁ?.]./‘ -‘;‘
4 0.15~0.25
B2 ETL

CIE A:th? »x 8¢ %4

B H e 5 100nm - 4e b = 483 e 38 sk i B HERE o 4E A W] 5 R 4-6 ¢ device

7 ~ device 8 ~ device 9 = iEd A > F KL E L
nm: %@ 4-7 A CIE Bf&¥ > X & ¢ 5%
kppd € LEI R
k£ d 493nm mF L 517.5nm s 4 b = fE 7

B 4-8 » device 10-~device 11-device 12 = iEd &> 3 Lt £ &
487.5 nm ~ 4925 nm > &% 4-9 H CIE BB+ > X E ¢ % £ 0.1~0.25 /&

4 0.46~076 fF 5 L4 ¢ G4 LES B
P & g A—,—%E}g’bgii@mﬁ CERAE gl
[T RN S Yy F I T

RpE gL EREBE DR -

38

£ % 01~025F ry B¢t
o TG 2 ETL BB 3

5 A% 2 522.5nm ~ 492.5 nm ~ 507.5

0.53~0.7 & »
e ref 4 a3
FriE g ek Ap SR o ARG A B G
W # 2 5 507.5nm-
Yy B
BTG S

ERERAE RSB DRE G e
A PRF R L P kg &

TG i
Lo kg

4r % 335 nm

viEd bom o

f

\“1‘
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1 . .
5 ——PL
Ll 0.8} —e—ref 2 i
> —e—device 4
@ —o—device 5
e 0.6 —e—device 6|
=1
£
S04}
N
©
£02¢}
T
[=]
=z i
0 A A - 2 e B ST
400 450 500 550 600 650 700

Wavelength (nm)
Bl 4-4 7 e ixEp kg f’:%%#i #g2#(ETL 5 & % 40 nm)

CIEy

09
0.8} ® PL
* ref2
® device 4
0.6} 0-: device 5|
* device 6
¥
04r¢
0.2
0.2 0.4 0.6 0.8
CIE x o b1 B D3 04 05 06 u7 08

X

Bl 4-5 7 k¥ %ip 2 CIE 2 H(ETL & A& 5 40 nm)

- 1
:: —e—PL
E’O gl —e—ref 3 ]
> —e—device7
g —o—device8
e 0.6} —e—device9|
et
£
B 0.4}
N
®
£0.2¢t
T
(=]
=z goens kL -
0 o TEeE = 5E0Ee
400 450 500 550 600 650 700

Wavelength (nm)
Bl 4-6 7 I iFHp ki .&%*}#i #H(ETL 5 & 5 190 nm)
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e PL
0.8} * EL
* ref3
* ® device 7
0.6 % .' device 8|1
* device 9 0.3
v
04r1 ;
0.2t
o A A i
0 0.2 0.4 0.6 0.8
CIE x Ao 1 02 D3 0A DS 06 D7 08
X
B 4-7 3 ix ke 2 CIE R H(ETL & A& 5 190 nm)
— 1 - -
:: —e—PL
E'IJ gt ——ref 4 ]
> —e—device 10
g —o—device 11
o 06 —o—device 12|
=
T 04}
N
©
§ 0.2
o
0 Tom ETRECE 000 5000
400 450 500 550 600 650 700
Wavelength (nm)
Bl 4-8 7 ik & 4p 2 #F#(ETL & & 5 335nm)
ne
0.8} e PL
& * refd
o ® device 10
06 5 device 111
. ® device 12 B
0.4} "
0.2
o i i i
0.2 0.4 0.6 0.8

CIE x

A 01 02 D3I 0a DS 06 D7 08
X

W49 7 ik kip 242 CIE BH5(ETL 5 A& 5 335nm)
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43 F ik SRS 2 B
T AEAETLAER 2 25nm~40nm ~190nm % 335nm 2 X & Bt 2R
FHpenkp SRl 0 F B AR R dod 4-2 417 0 AP WA e ETL B
BTt 4% 2 ki G2 EQE At il > 3¢ ik 5 416.52 nm >
B A& 5 70.67nm 2 ki B ke d kb o # % 4w % device 2~ device 5+
device 8 ~ device 11 #7¥t & 2. EQE 4 %] 2 8.4% ~ 11.9% ~ 6.4% ~ 6.3% » H ¢ x 12
ETL 5 & % 40nm 2 device5 4% > 4pdxt T 5 Bk refl ~ref2 - ref3 ~ ref4 2
Mk F g E PR ek > R FIE R A IEE B 4-10 ¢ SPPog fzbig i
s BT kR 48 £ ) light lineair p YoiEd HER o A JIt 2-4-2 § 473 2 sk
L A AT R .f%f#i S 430Nnm pBF o BB b e SPPogg B H4F 5] e
light lineair + > e d *t A ik Lipgp Ik e PL B I 5 2xerh BLMF R 7 % > 9700

AP D R B L R 0 Big st B SPPogg fEE AR K R B TIR Ben

-

B8 A oo ko TPt EE G onend A D kg o LT EiE 43 8¢ 7 F
ETLE R ™ 7 Rixdp 2z Lip ﬁ,’rﬁﬁé{éé\# K e U BRTE o
# 42 7 e ik g2 0 ko

ETL-25 nm ETL- 40 nm

devices #ref 1 #1 #2 #3 #ref 2 #4 #5 #6
W, (nm) - 27744 41652 83312 - 27744 416.52 833.12
ty(nm) - 7716 70.67 107.92 - 77.16  70.67 107.92

o
Efficiency% 141 80 84 57 161 108 119 9.2

(into air)
L
Efficiency % 195 130 153 90 224 169 187 139
(into glass)
ETL-190 nm ETL-335nm
devices  #ref3  #7 #8 #9  #ref4 #10  #11  #12
W, (nm) - 27744 41652 83312 -  277.44 41652 833.12
t,(nm) - 77.16 7067 107.92 - 7716 70.67 107.92

Efficiency %

. ; 12.0 5.9 6.4 6.1 9.62 5.9 6.3 5.7
(into air)

Efficiency %

. 15.8 10.3 10.7 10.4 15.3 9.9 10.4 10.1
(into glass)
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430 nm 430 nm

Radiationregion Non-radiationregion Radiation region Non-radiationregion

60 g 60
50 2.8 ///‘7 250§ 50
40 S26 / // 40
2 3 : 9
30 E 52.4 : ////: 30 E
20 S22 < 3 20
10 2 Zr= / 10
0 18t == .
60 0 20 40 60
kx (um™)

M 4-10 OLED < & 42 ¢ 4c# s (ETL 5 A& 3 25nm) (a)TE ; (b)TM

44 A REPORPIEHIELFLBE

232587 FaeT g gz W BAT §EFETL R AR 4> & % & TE v
TMERTF 2@ E -4 TM A 3 > ETL R 3 4 £ 5 s;g;ﬁ:ﬁ:@g;ﬁw VE o2
HTE® 3 "ETL B ARG 4&c g Rl E A BT FAITOfETL P > #fiu &
§o0 MR ELT R b 2 RS A B ETL B R chi i 2l £ 4 F 0
PTG R TERGDERT » § ETL ER 5 25 nm B > 4 P34 5
277.44nm 2_ KA A 1S o AP T 5 B 4o 3-16 H7oF 0 i B S 304§ F1AE
oSN ITO Hot g ¢ o 4eBl 4-10 5757 > @2 T o - Hei 47 Aot
B A nAELL B GHET 0 2 LW 5 41652 £ 833.12 nm 2 Kk G
B RGE A T g AT ] h- RIS s 4o 4-15 fo B 4-19 Fron o fede ki
FHEW 5 277.44 4w 416.52 nm & FAprt g0 € W 5 416.52 nm & ITO K4 ¢
A iy B B g N L 27744 nm o d 0 F Ae o 3 5 416.52 nm etk
M € BT 5 277.44Nm 2 ki KA 2 T G BHEAPRT O LR S ¢ AR
ITO A @ » #fr2 @ Jipdi4e b kdp B ts cndiskon g 2 g0 T 6 QR FF o §
ETL B A 4 5 40 nm pF > 4 1 3¥4) 5 277.44 nm 2 k4w 315 0 AR T 5 &
o 4Bl 317 977 0 i B AN g Fl B ATH I P ITO #K ¢ 0 doRl 4-12 #7
TR T G - B R R L B3 8 R R BT R ER
S LA Sl - Rl D 2 0 doB) 4-16 {o B 4-20 47T 0 &1 T G B AR
TR BANASEFAITOK Y o F ETL BAHB S 5 190 M P> 4+ = f67
P2 kAR B AECTT G B R A BT R BT e SR & 1TO fr ETL
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B OlgE o et BRI 67 L5l £ A S F A 47545 60 ITO 4o ETL ¥ 4eff]

4-13 ~ B 4-17 ~ B 4-21 #75F > 70 @ E ok 486 T3 o § ETL & R 3

bv i 335MmpE > Ac b = f % Fﬁi’tﬁpi%w,&ﬁﬁé » P T 3;%%; » A BT G
.f%ﬁ'f rj-faﬁ fap gy £ A ETL 2 &3 - 4 b ..%é—ﬁ&%;; €73 Lowehae &4 5% & ETL
PREYNY R 4B 4-14 5 B 4-18 ~ B 4-22 Ao 0 S5 L ek 4t 0 T O3B

Do bk IS N ke 2 g0 TR B REF -

Poynting Vector Magnitude @ cT=5.54625um [Mon#184 (0,0,0.33)]

0.9969

Z (um)

X (uen)
Bl 4-11 E k4p .fé‘—;-*f#i OLED i & ~ # B(F ¥ 5 277.44nm > ETL & & 5 25
nm - dipole * = y (010))

Poynting Vector Magnitude @ cT=8.01125um [Mon#184 (0,0,0.338))

Z ()

X (um)

Bl 4-12 % ki 42 OLED ehic 8 ~ # BI(FH 5 277.44nm » ETL 5 & 5 40
nm - dipole * = y (010))
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Poynting Vector Magnitude @ cT=8.50425um [Mon# (0,0,0.413)]

0.9969

Z{um)

Bl 4-13 & ki %42 OLED ehic € 4 % B 5 277.44nm - ETL 5 & % 190
nm - dipole * = y (010))

Poynting Vector Magnitude @ cT=10.1065um [Mon#1 {0,0,0.485))
0.9969

Z(um)

B 4-14 & kip4p2 OLED it £ 4 % RI(F# 5 277.44nm > ETL 5 & % 335
nm - dipole = = y (010))

Poynting Vector Magnitude @ cT=7.02525um [Mon# (0,0,0.322)]
0.9969

Z ()

X (prm)

B 4-15 2 kip4p2 OLED it £ 4 % B3k 5 416.52nm » ETL 5 & = 25
nm - dipole = = y (010))
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Poynting Vector Magnitude @ cT=8.99725um [Mon# (0,0,0.33)]

X ()
Bl 4-16 % %ip 42 OLED «hic £ 4~ # BI(&F#H 5 416.52nm - ETL 5 & & 40
nm - dipole * = y (010))

Poynting Vector Magnitude @ cT=13.9272um [Mon#! (0,0,0.405)]
0.9969

Z(um)

Bl 4-17 2 %ip Zip2 OLED =hic £ » # BI(&# 5 416.52nm - ETL & & & 190

nm - dipole = = y (010))

Poynting Vector Magnitude @ cT=14.4202um [Mon#1 (0,0,0.478)]

Z{um)

B 4-18 % k¢ 242 OLED i £ 4 # B3k 5 416.52nm » ETL 5 & = 335
nm - dipole = = y (010))

45

d0i:10.6342/NTU201803239



Poynting Vector Magnitude @ cT=7.51825um [Mon#1 (0,0,0.352)]

0.9969

Z{pm)

X (pm)

Bl 4-19 & eip ip2 OLED «hic £ 4~ # BI(¥#H 5 833.12nm - ETL & & & 25

nm - dipole * = y (010))

Poynting Vector Magnitude @ cT=8.01125um [Mon#1 (0,0,0.36)]
0.9969

Z ()

X (um)
B 4-20 & kip 42 OLED i £ 4 % BI(F# = 833.12nm > ETL 5 & & 40
nm - dipole * = y (010))

Poynting Vector Magnitude @ cT=14.297 um [Mon#1 (0,0,0.435)]
0.9969

Z{um)

y

Bl 4-21 2 ¢ Zip2 OLED «hic £ » # BI(&# 5 833.12nm - ETL & & & 190

nm - dipole = = y (010))
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Poynting Vector Magnitude @ cT=12.4483um [Mon#l (0,0,0.508)]

0.9969

X (um)
Wl 4-22 & %4p ip2 OLED shit £ 4 % W% 3 833.12nm - ETL 5 & 5 335
nm - dipole = = y (010))
& TMGLRe™ o ge R dipole # Wl X = & 2 2 % o R f > § &3 F ETL
BB T b b i S 277.440M gL Kk RS  KUR 4-23 - ] 424~ ] 4-25 -
QR ST s

LR k. s TR L LS TR~ R S

B 4-26 Pfig i % ¢ T Ao R A b ETUAL B o B gt ) ehi £

ETL B A ™ 4 ik 4 5 41652 2 833.12 nm bt fi 7] kip 4515 > 227 ETL
Bz T SR T EFRALNT G ,:%ﬁru* P MEF ETL BB 34 B
ETUAL % 6 ehdo 5 5= 55 0 enddt > e & ITO/Ag 7 o (eI A (i
¥l ol A R d 2 ki Bk % 4 BAcR] 4-27 - B 4-28 ~ B 4-29
Bl 4-30 ~ B 4-31 - B 4-32 -~ B 4-33 - B 4-34 #7770 o d B HEEF T % dipole
3z 3w PEEs AETUAI R G P @dEgran £7 500 2T 46 T Jﬁ*z)@xéfﬁ

R L o @ A F 5 ETL B AR G4 RS & w ]\»ﬁi)ﬁ; v #Rm e ITO/Ag

BT € G e £ B ¢ ATt o F dipole Y X 2o P EE s €5 R 3F R B AR
ETLAI %62 & B F st hid > s e il B bl g0 T B k@5 - 9]

=

EAE AR ETL BRT 4l 3 R ke B Rk ki d B LR

BAE MR 2 A i X B S OR F A F AR 3750 ITO K ~ ETL
) A FORWHZ BRAPROTT G S mi2 G oo M T RS H T gy
ERCE L

\
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Poynting Vector Magnitude @ cT=4.06725um [Mon#1 (0,0,0.33))

0.9969

X (um)

(a)

Poynting Vector Magnitude @ cT=5.05325um [Mon# (0,0,0.33)]

(b)
Bl4-23 & k4w 342 OLED :hit £ 4 # B 5 277.44nm > ETL 5 & 5 25

nm) (a) dipole = = x (100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=10.1065um [Mon#1 (0,0,0.338)]

Z(wm)
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Poynting Vector Magnitude @ cT=5.05325um [Mon#1 (0,0,0.33)]

0.9969

(b)
Bl4-24 2 %ip 342 OLED :hit £ 4 % B 5 277.44nm > ETL & & 5 40

nm) (a) dipole = = x (100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=6.03925um [Mon#l (0,0,0.413))

(a)

Poynting Vector Magnitude @ cT=10.1065um [Mon#1 (0,0,0.413))
0.9969

Z (um)

1 0 1
X (um)

(b)
B 4-25 & kip %42 OLED it £ 4 # B(F ¥ 5 277.44nm > ETL 5 & % 190

nm) (a) dipole * = x (100) ; (b) dipole * = z (001)
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Poynting Vector Magnitude @ cT=5.54625um [Mon#1 (0,0,0.485)]

Z{um)

(a)

Poynting Vector Magnitude @ cT=7.02525um [Mon#1 (0,0,0.485)]

Z ()

0 1
X ()

(b)
Bl 4-26 £ kip 4p2 OLED it £ 4 % B 5 277.44nm > ETL B & 5 335

nm) (a) dipole = = x (100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=5.05325um [Mon#1 (0,0,0.322)]

Z(wm)

X (um)

(@)

50

d0i:10.6342/NTU201803239



Poynting Vector Magnitude @ cT=14.4202um [Mon# (0,0,0.322)]

0.9969

Z ()

(b)
Bl 4-27 E k4 ﬁéﬁi OLED sy & 4~ # BI(3x ¥ 5 416.52nm > ETL B & 5 25
nm) (a) dipole = = x (100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=4.56025um [Mon# (0,0,0.33))
0.9969

0.0
X (um)
(a)
Poynting Vector Magnitude @ cT=4.56025um [Mon#1 (0,0,0.33)]
0.9969

(b)
B 4-28 £ kip 42 OLED i £ 4 # B 5 416.52nm > ETL 5 A& 5 40

nm) (a) dipole * = x (100) ; (b) dipole * = z (001)
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Poynting Vector Magnitude @ cT=7.02525um [Mon#1 (0,0,0.405))

E
3
N
(a)
Poynting Vector Magnitude @ cT=14.4202um [Mon# (0,0,0.405)]
0.9969
5
3 =
N
00

-1 0 1
X (um)

(b)
W 4-29 £ kip %42 OLED it £ 4 # M 5 41652nm > ETL 5 & 5 190

nm) (a) dipole = = x (100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=8.50425um [Mon#1 (0,0,0.478))
0.9969

Z(um)
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Poynting Vector Magnitude @ cT=6.03925um [Mon#1 (0,0,0.478)]

0.9969

Z(um)

-1 0 1
X (pm)

(b)
B 4-30 £ kip 42 OLED it £ 4 % B 5 41652nm > ETL 5 & 5 335

nm) (a) dipole = = x (100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ ¢T=5.05325um [Mon# (0,0,0.352)]

0.9969
€
3
= -
00
X (um)
(a)
Poynting Vector Magnitude @ cT=5.54625um [Mon#1 (0,0,0.352)]
0.9969
£
3
T -
00

(b)
B 4-31 £ kip 42 OLED it £ 4 # B(x# 5 833.12nm > ETL B A& 5 25

nm) (a) dipole * = x (100) ; (b) dipole * = z (001)
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Poynting Vector Magnitude @ cT=7.02525um [Mon#1 (0,0,0.36))

€
3
N
X ()
(a)
Poynting Vector Magnitude @ cT=2.58825um [Mon#1 (0,0,0.36)]
€
3
N

(b)
B 4-32 £ kip %42 OLED it £ 4 # B = 41652nm - ETL 5 & 3 40

nm) (a) dipole = = x (100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=14.297 um [Mon#1 (0,0,0.435)]
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Poynting Vector Magnitude @ cT=3.08125um [Mon#1 (0,0,0.435)]

0.9969

Z(um)

A 0 1 0.9
X (um)

(b)
W 4-33 2 ki %42 OLED it £ 4 # W% 5 41652nm > ETL 5 & 5 190

nm) (a) dipole = = x (100) ; (b) dipole = = z (001)

Poynting Vector Magnitude @ cT=7.02525um [Mon#1 (0,0,0.508))
0.9969

(a)

Poynting Vector Magnitude @ cT=14.297 um [Mon#1 (0,0,0.508)]
0.9969

A 0 1 00
X (um)

(b)
Bl 4-34 & kip %42 OLED it £ 4 % B(ix ¥ 7 41652nm > ETL 5 & & 335

nm) (a) dipole * = x (100) ; (b) dipole * = z (001)
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BE) 0 B A 9.62% 0 FIUtREF ETL B & cnfif4r > ks 552 T % 0 R FIAL
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