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ABSTRACT

This article presents a review of research activities over past decades focused on the fabrication of flexible

light-emitting diodes (LEDs) and micro-LED displays. LEDs exhibit excellent material characteristics, including
high radiative recombination rates, high carrier mobility, and ultra-long-term stability. These features make LEDs
promising candidates for not only the future metaverse display but flexible display applications. However, the

brittleness of compound semiconductor thin films poses challenges for creating deformable LED devices.
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Consequently, significant efforts have been dedicated to imparting deformability to LED devices and displays. We
initially discuss a display prepared using a nanowire-assembly process, followed by a strategy involving thin film
LEDs for flexible device fabrication. Vertical nanowire LED arrays are presented, along with a discussion of their
advantages for flexible devices and displays. Furthermore, we review the selective-area epitaxy of vertical nano-
wire LED arrays. Finally, we briefly introduce the assembly methods of LEDs onto backplane circuits, addressing
several important issues, including the misalignment of LED transfers onto backplane circuits. We conclude with

personal remarks on the challenges and future perspectives for research on flexible micro-LED displays.

Key Words: Light-emitting diodes, Compound semiconductors, Epitaxy, Displays, Flexible devices

*Correspondence: yjhong78@skku.edu

1. ME

)

A& 0= 741’—%‘5]9} ek 71719] Zdar

o mat Test AL S HolS = AH HA| 752
dol] RS 3 ARE A A AFsteS
L=, 9], wEpHA A7} afiste] wet o
AEF ol 2R 7hssHAMAE 57 dAS ALY
74] FASIIoF 5k= 7|& Al 8E AL QlTk §F
H, HAEH0] 7l&o] X359 ¥ B Bk
(cathode ray tube, CRT)O|A 2§ 9] Hg fAZ
d|o](flat panel display, FPD)= &3] 20f u=} t

sEeole] Zefapask} TRsoiA, 1A Tgol
A3p] Z71HAck. SAl0l BA O AN 3
B3 5 Q] Hol, A 59 Aol BAY B
% Qe BUES Jba dhebd W)t Sastue)
2okt Aol BEr] ARt ole

U4 Suols f712 FE 1A A4} e
2 7} oiere o grov, ABow sl B
1 9= fAEFlo] E3JE organic light-emitting
diode (OLED) T]AZ#o|t}. o]2}3t 9ol OLED 14
& A B Aol 417 BY 4 o] BT BHsI
ujeg FRo] B X vhie] agdolz B8

¢

=)7] Ao

SHH, F7]|&E "HeA] 7|9H9] light-emitting diodes
(LED)y:= _Tii-g, A4y, 18]%, 1.2 QFgA 59 o
7] St 2214 A mhEe] AAIH 9= 2L
opd “4&%&1] 19] 339 5 ok A= Zge WAl
IEH1,2]. ©]#3 LEDell= M-V 2gka RE=A7}
A3, nAlGaPT} InGaN A 9] ofjjdiut A7} 72}
188 7\4/\143/,} lr_;‘dxn_g r‘ﬂ___}i]-—s}l_—_q] A]-_Q_E]“! 011;1r
[3]. vk QubEQl Bl LEDS] F4 o] ol
e T 4 glol fe tlaZdo] A5 L 8o
29| AL Qo] gt LEDE 9 HAEE 012 Al
ZRsl7] flsire e 2784 Bt Ald HE=
Fug 4 9l LED 39| 27]9} wjgdo] Wzo| 1,
%, 2, 22214 5o viag Waol= 727 oby
38 GHT 5 g I, ﬂawz&e A, 7

£75|, LED
T, o EA], 71, éh, ?L%ﬂi J&ﬁoﬂfﬂ ok
i, , Ul HaEelE At 7]
<=2 Aol Hi3f A =Cfek=E st

b
n)



SAUMTXISEER|, 2024 6€, H3H H1Z, pp. 1-17
Journal of Flexible & Printed Electronics, June 2024, Vol. 3, Issue 1, pp. 1-17

Y

2. 89 CJAEYH0f
21, LI 2lo|o] 7|H 81 C|AZY|0| N TEHH

HHA] SRS e A e W §)
Uz Weoloj(E= L}i‘ﬂﬂ% Ur=2E) 4ol 3
o} Hieefolofi= 270 i~ L E] 230]
Al Zo7} s~y molg & uE Rz FYH7} UH%
7] FHIF 22 oAl UleAolt. wehA 4
A Yienlg 2719 A9 1go| s7te B4 f
e thegide] Hls) 71412 Ex dr)aoz sl
39) 93] 2 W o] o golato] 011?11 | Fepe]
2712 AR A Lheasgolhs,
2 Ueslolole] gL} HkS ixéo}htﬂ olo] Lt
3 @AnjAe Hol g FUF JARAL FAGEY
YA Lheslolojrl BAFE §AI9] 558 o] 83t u
Fxgah 2L o] AGHAT. faFos
LIR= RS dnjAe] "yl e 7 3|
2 HX]E 5to] $7] 1 U 1Y, 5

E
-r‘_lx

S A2 A o] b ofeleh eolol
o 270l T 7150l AR SRR} EE
ol olg MEA 24| 94 aBdol 2%
@0l 9lo] §iAIeh o] 2 s fAHe nE
& Q= theelolo] LED7} 8=t

Ueslolo] LEDE o83t 4l TS o] As
591 7Jat9] o) e T Agstal, A
@ WEe tjewt 2. iesjolo] LEDE wlut
(mother substrate)o| 4] A4%SE & 7]A|1A9] 3 75
Licefolo] LEDS] SPR-E FEd] R7|moA &
1Al Ao SRt grflof] F4ARAA Lieeto]o]
29 (suspension solution)S A|Z3HHE]. A3t
BE JIAHE ARES] FA7IE Aol BARIT
ol AW T (spin-coating) = E=F 7| AE(drop-
castingyZ SHH Urelo|oj7} EfZlehA EAbE D,

||

0

E}
=
El
=

_r" el

"g
H‘[
Ei

rE
5
i
_;
=
&
5

& AT
ML W 4 UrkFig. 1), 1% thzslolo] LED
9] YAE Elsta AR 2412l 1(electron-beam
lithography) 59] 2= A 3AHES AA A= AR
317 Hr}. o]t Yicolojo] LED ojAlE o] oJgt

A7} AR WA wolghe] Aoke W) 9k, M2 th

£ E4olu 7152 7 &2 Aol e 44
o] Uheojolo 52 3 7o) ofst AT 4 9l

& Aol Aae et
20039 s AEle A&st AHL o)L n-
£} GaN Leslolofet pefel Si Lheololole: k2t
AAAZ] & 8.5t 18R} EatAE 7]|Tho _—_ii/_\_tl]—
el o5 Askn B WA (1) WY T
ofg|o]o] pn-olFHY Wieetolo] LEDS Xﬂz}é’ﬁ‘:}
(Fig. 1(b)[8]. A= A ARt F H2}o]of(p-Si
A n-GaN)of| AFE FUFO =X icefolo] =X
v} HeEo|A  AFEFAUE(electroluminescence)
DE 7 AUSITE 3 F 7] HHTE Lhieetolofof A
$8 eros FetonM, T Y] WHE 2
Gsjol A 7o) e Ao, ez B
B % Sl K88 ISl ek oo} v
Q1 g Ao} BIAEGHE Lheslolo] LED ofgo]e)
HEIEA 47 PO FETS wolh T,
oIt 449] Hissiolel A2 3 e il
Uhesjolojg wjxjsk Hatail A3 Bt A
o] W3- of8l A1o] o] 425lo] ] FI
S0l ez A o AUl Al

2o
of)
oft ¢
_>;
i

E

E

o
N d

%
K
rRp

e g
l-ﬂ
i
é
2
oy

we,
)



QOIQEINSIAN], 202441 6%, HEH AN, pp. 1-17 /Q'/
Journal of Flexible & Printed Electronics, June 2024, Vol. 3, Issue 1, pp. 1-17 e /’é\'

Fig. 1.

RRYE

=

\l

(a)5 7|0 =-E L2 E 1ep FHAX} (b) (1x2) A2 AH Of2][0|e| L} 2E (ep HE B A
S9 ngxt Jm
{.ﬂ

1

: - n

RIS A= YS 0|8t Lt 2E 1D HE

1 MHz

T Rl VLB )2 t=1600 nm

» Arrayi 7
; -
Semi-arrayed s | | -
b | 3
r P .\. 4 -
Non-arrayed - ; s

_Arrav_e_d _ 10 ".'_“

Nanowire-based lighting devices fabricated by drop casting and ink jetting techniques. (a) Flexible nanorod LED
assembled by drop casting method on flexible template. (b) Display image of nanorod LED consisting of (1x2)
crossbar array. Adapted with permission from [8]. Copyright 2003, American Chemical Society. (¢) Schematics
and scanning electron microscopic image of self-assembled nanorod LED array though electrophoresis alignment
method. Adapted with permission from [11]. Copyright 2022, The Royal Society of Chemistry.
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Fig. 2. Schematics of process for flexible device. (a) Damage/fracture of rigid semiconductor film-device against bending
and stretching deformation. (b) Chip and array device transfer onto flexible substrate, based on dicing, singu-
lation and selective area growth. (c) Direct growth (or Advanced epitaxy) of semiconductor on 2-dimensional
materials for separation and transfer-free flexible device.
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Fig. 3. Advantages of vertical nanorod LED arrays for flexible display applications. (a) Use of conventional semi-
conductor fabrication process for nanorod LED via lithography, etching, and deposition techniques. Adapted from
[24,25]. (b) Monolithic (integration) growth of red, green, and blue light pixel in an one batch growth using se-
lective area growth. Adapted from [23,28]. Adapted with permission from [26]. Copyright 2016, American
Chemical Society. (c) Ultra-high resolution sub-micron pixel of GaN PN junction LED with InGaN/GaN hetero-
structure. Adapted with permission from [22,26]. Copyright 2009, IOP Publishing and Copyright 2016, American
Chemical Society. (d) Nanorod LED as a self-light guide-wave results in high brightness and color purity.
Adapted with permission from [22,32]. Copyright 2009, IOP Publishing and Copyright 2016, Springer Nature.

Adapted from [33].
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Fig. 4. Selective area epitaxy of LEDs for flexible display applications. (a) Schematics of selective area growth proce-
dure for epitaxial growth of semiconductor nano- and micro-structured LEDs (or crystallites). (b) Selective area
growth of ZnO 3D structure and its exfoliation via remote epitaxy. Adapted with permission from [39,43].
Copyright 2020, American Chemical Society and Copyright 2021, AIP Publishing LLC. (c) Selective area growth
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mission from [44]. Copyright 2022, Springer Nature.
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CRT: Cathode ray tube

FPD: Flat panel display

OLED: Organic light-emitting diode
LED: Light-emitting diode

LCD: Liquid crystal display

PSS: Patterned sapphire substrate
AR: Augmented reality

LTPO: Low-temperature polycrystalline oxide
TFT: Thin film transistor

OM: Optical microscope

SEM: scanning electron microscope

AM: Active-matrix

PM: Passive-matrix.
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