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Fig. 1. Light out-coupling losses of OLED: (a) Various kinds of light out-coupling losses in a bottom-emitting OLED;

(b) distribution of the different light out-coupling losses in a bottom-emitting OLED as a function of electron transport
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Fig. 2. OLED with various structures: (a) Device structure of OLED with two-dimensional photonic crystal

(33].

(b) schematic illustration of substrate mode extraction by a periodic microlens array [35]. (c¢) schematic diagram of an

internal scattering structure by a periodic grating out-coupling light (351, (d) device structure of OLED with a periodic

one-dimensional grating (371,
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Fig. 3. Luminance distribution of green OLEDs at the

different viewing angles [43].
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Fig. 4. Electroluminescence spectra of red, green, and blue OLEDs with different light out-coupling structures at

the different viewing angles [°3]:
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Fig. 5. Fabrication process of random lens structure
and the scanning electron microscope images and lu-
minance distribution of the device: (a) Fabrication of
phase separation film and transferring the pattern to
an adhesive plastic film; (b) scanning electron micro-
scope images of phase separation film (left) and ran-
dom lens structure after PDMS transfer (right); (c) lu-
minance distribution of the device with planar struc-

ture, microlens array and random lens structure (42],
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IBFT 30.8%, I HAgwm 78R e A1k

FAN, AATREAT 7O ARN, SRR WE I AL 5L
TR AN TR B2, W] DASRAS S8 i B OL A 5
H 2. Pyo % 779 77 DO Al 24 A1 (R 40 £ 45
PEAOCHE & BOR, 18— 2 IR R 5 AF T e iR IR
TR AR T 9K Z LRSI ), AL
VENEUN A 45 & B PET R, AR
SRR, IR HAMH) 7GR E. BAk, 9K AL
REMHENRBAT SR B FBWIRN, &M T g
T RLH. Lee % 7 5 F TG € 58 1k M0 4 3@ 1 ¥2 B0
VEJF B IRAT T AL SR R O R, K v A
B RN TC O R i b AgNW LR 5 T8I, 52 30
THMEE R, &R 10 s, @R
PG IV 2 P A 2 JER R HSSC S A, T DA A BIR P32 e 2> 2%
PREOEI K, B OLED &8 A TR St 1
74%. AN, FEAFEIRLA S BT SIS B,
=R LIV PG TE | B i

'I;uania sol-gel Polyimide precursor

B 10 2 FLIHCH MR RO s i e i e g

Delaminate

(a) il &R R (b) S 7]

Fig. 10. The fabrication procedure and scanning electron microscope image of porous scattering film: (a) Schematic

79]

diagram for the fabrication procedure; (b) scanning electron microscope image[ .

414 FIRE @ik
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fty — ol e Oy 7 B f0 9, LR ER P 11 iR B

-

Textured surface

El11  H A MR EE K OLED S 4t &Mt n &
5] [80]
Fig. 11. Schematic diagram for light out-coupling of

device with a coarsening substrate (801,

FERE 510 2 DO B8 S 5 25 < () 4 S A A, 1S 50
B I 19 0 O AR, A ST 2 O 2k O B AR
SR OGRS AR

Kwok Al Chen [81) 38 3 5 33t 3 FE AR 11321 25 A1 iy
T 3E A7 a7 FR 00 M A Ak PHE SRR A A A, AT ST
JEER, A BOGRE A AR IR T 20%. T H.
B T HIC 24O, #8472 i A R A O B B R e
B R A3 &), e T B4R 5, 3X Fh &) S 22
BRI 75 E - KA OLED #8441l 4. R H
[ B R AL B 5 ¥, Zhou 25 B2 %t OLED 2% 4 5 i
AT H A AL B, a0 B 12 By, REDRE 38 R 2022 ol
Lo AR LR /23 S G AR BN S A1, A6 B 22 (1) 2k
BBl A, AR KRS T 42.5%,
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Hh AR T 28.9%. R i 7 3 S 3R 1
FHRERE, KOUHREBETE 13 pm B, SME TR S
RIMAAREE R KR, Lee Bl T 0, % 5
TR AL PET & i, #UAEIL I PET 25 i 4 58

Z O A B A0, SR e T T0%,
73 A8 I I A AR BRI 1.35% 52 T 2 85%, i
B REL A i 0 5 U IS 48 0, A Rl b T R SR A 5K
JetR.

Sand blaster

—>

Sand ,/i \ /I//
s

<a>/ (b) © / |
—> —>
Glass Glass / Glass
ITO ITO ii ITO

12 A EE R X OLED # 4 e AH R SR (a) REFEILK OLED # 1t & fn =, (b) B
Wi FREE; (o) REHRERIK OLED #3fF ekt iR i 32
Fig. 12. Dealing process of rough surface substrate and the propagation of lights from an OLED device:

(a) Schematics of the propagation of lights from an OLED device with smooth surface substrate; (b) sand-

blasting process; (c) the propagation of lights from an OLED device with rough surface substrate

4.2 HIHEE SR
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YK B Z BN R AL Liang 5 013l 1T Si0,
(B3 SiN, GKAEL, AR EUR 2, MR E
Bl 13 fros. Kb 45 Mk A\ B B3 2L R 5 1TO
LA 2 8], /B PR LS 2 T OLED #8441, L
BT RN L AR JE AR A LA B P9 R g oK O 2
B 3RAS B RE A an 2%l i 9T IR FH R AL

(82).

P BB 2 R S, 9F HL AT DUCRHR 88 44 (1) 56 R
A, SeFE A A T B R, N U JZ &
T BN 8. Change %5 BTUK IR A TiO 44K KT
(932 B Y Z RN B TTO il 5 B s L e 2 [, T
R ELES 2, 856 OLED 23 - I Th R AR m 1
4.3 1. Bl G, 125480 4 R T AT SRR T R
FEAT 59 ZIEJE, H4 TiO2 40K BT IR & X R HRA
FIITO HI 5 38 I R 2 18] T2 B N 38 6 58 A i
SEH, o SiOg 99K KL TR A PDMS JE &% 75 3 1 I
JERH S BN EUR 2, F R D 3 S A X R
3 BRI R, RORIETE T 1.6 45 5%, Chang
5 S M EAR B TiO2 91K KL T 5 ZrOo B B
WKL 35 5] 53 BUAE TG Wk T, T s A B 35 ik I
mFAE A, TE IR A3 3] H % OLED #3441k
HRLFRIL R 46 1m /W, FMEFRUFRIE R 33%. Fik,
XA FEIRL AR R 2R B ge e A B s, 3R
13 7 15T 52 =W WA R SR

Mental electrode

Organic layer
ITO

__ . Internal nano-
Sio, i SiNy scattering layer

Glass

B 13 i ABEHL P U E 9 OLED 23R4 K (36]
Fig. 13. Device structure of OLED with an embedded

random internal scattering layer (86]
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Joo %5 01 fii FH B AL 43 13 1) Ag 4 KR 51y
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Cleaned glass Ag deposition

© Heating
the substrate
(450 °C, 20 min)

Transparent
polymer/Ag/dielectric

OLED fabrication electrode
14 HA B RE Ag 9Kk 348 10 i & i f208 &
[ (61]

Fig. 14. Schematic diagram of the fabrication process

for device with self-aggregating Ag nanoparticles (011,
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BT RR il 0, 7E SR AR T ek B, (RIS
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Vs SRS S0 Bk A NS £ 1 2 S ) s s
B 1.83 F11.65 5 (2 F+. Shi %5 [°] 3t 1 3L+
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1To 1TO
Glass Glass
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Glass Substrate
(=15) mode

Air (n=1) Out-coupled light

NN
(c) (d)

15 il OLED @R A G4 KK F OLED #3411
SRR SRR (a) T OLED #% 1 1 25 44 |;
(b) RAGKHLT OLED 23412544 &; (c) “F1ii OLED
M LA R R BB (d) HAGPRRLF OLED #%
PRI A FR i R 7 e 03]

Fig. 15. The strucure and process of ray propaga-
tion of the planar OLED device and with embedded
nanoparticles: (a) The schematic diagrams of the pla-
nar OLED device structure; (b) the OLED device
structure with embedded nanoparticles; (¢) process of
ray propagation with planar structure; (d) process of

ray propagation with embedded nanoparticles (931
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Fig. 16. Schematic diagram of the fabrication process
of OLEDs with 1D grating, 2D grating and random

nanostructure 961,

|
==
=

P17 R R ) 45 el s e (6]

Fig. 17. Schematic illustration of the fabrication process for nano-pillar array (631,
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Fig. 18. Device structure of OLED with PMMA-PS
nano-structure, and scanning electron microscope im-
age of the Al and Alqs layer viewing from the top of
this device [104],
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Fig. 19. Schematic illustration of the fabrication process for transparent OLEDs with non-period

nanostructure 1071,
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K20 fEFME PES LK B # B RS M2 I ZE OLED 23 hid i s w e [108]
Fig. 20. Schematic diagram of the fabrication process for a buckled flexible OLED on a flexible PES

substrate [108]
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Abstract

Organic light-emitting diodes (OLEDs) possess a number of advantages such as low power consumption, light
weight, wide color gamut, high response speed, and high contrast ratio. They have received widespread attention due to
their tremendous commercial applications in the fields of full-color flat panel display and solid-state lighting. Although
nearly 100% internal quantum efficiency of OLED has been achieved through adopting phosphorescence or thermally
activated delayed fluorescence emitters. However, the majority of light generated in an emitting layer is confined within
the whole device but does not escape into air due to the induced surface plasmons at the interface between metal and
dielectric layers as well as the differences in refractive index between layers of OLED structures including air, glass
substrate, transparent electrode as well as organic or inorganic layers. The external quantum efficiency for an OLED
with a flat glass substrate is limited to ~20%. A low light out-coupling efficiency severely restricts the development and
application of OLED. Therefore, enhancing the light out-coupling efficiency of OLED via light extraction technology
offers the greatest potential for achieving a substantial increase in the external quantum efficiency of OLED and has
been one of the most attractive projects. Up to now, lots of light out-coupling technologies such as micro-lens arrays,
photonic crystal, Bragg mirrors and periodic grating have been suggested to enhance the out-coupling efficiency of
OLEDs. However, the periodic light out-coupling structures have a limitation that the electroluminescence intensity and
spectrum of OLED usually depend on the viewing angle. The angular dependence of the emission characteristic does
not hold true for actual display applications due to its deviation from the Lambertian intensity distribution. In this
review, we present recent research progress of using non-period micro/nanostructures to improve the light out-coupling
efficiency of OLED. In contrast to the emission directionality for OLED using periodic light out-coupling structures,
the luminance distribution and spectral stability of OLED based on non-period micro/nanostructures are insensitive to
viewing angle. Various light out-coupling techniques such as random micro/nano lens structure, light scattering medium
layer, polymer porous scattering films, random concave-convex corrugated structure, and random buckled structure are
summarized and discussed. These techniques have the potential applications in displays and solid-state lighting. Finally,

summary and prospects regarding to light-coupling techniques of OLEDs are presented.

Keywords: organic light-emitting diodes, light out-coupling, non-period micro/nanostructures
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