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Abstract: Transparent display is one of the development directions for future displays, with huge application poten-
tial in fields such as smart windows, wearable electronic products, virtual reality technology, and touch screens. With
the emergence of new luminescent materials such as organic, quantum dots, and perovskites, the brightness, efficien-
cy, and stability of light-emitting diodes have rapidly developed. However, achieving high-performance transparent
light-emitting diodes with symmetrical luminescence on both sides remains a challenging task. This article starts from
three new luminescent materials, namely organics, quantum dots, and perovskites, and summarizes specific schemes
for achieving transparency using different transparent electrodes. It summarizes the characteristics, advantages, and

disadvantages of various transparent electrodes, and finally prospects the development of transparent displays.
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Fig.1  (a)Traditional bottom-emitting light-emitting diode structure. (b) Double-sided emission transparent light-emitting diode

structure.
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Fig.2

(a)The structure and EL diagram of the first TOLED device. The real photo of TOLED in the working state(b) and in the

off state(¢). (d) Device structure of inverted TOLED. (e)Bottom and top emission spectra of transparent OLEDs with 60

nm WOj; layer, and total device transmittance showing the visible part of the spectrum. Properties of transparent OLEDs

with 20 nm and 60 nm thick WO; layers: (f)current density/brightness versus voltage(J-V), (g)current/power efficiency

versus brightness.



1530 K ot

E

iy 44 4

TG NN o (S R R i R R N (R [ 2 S
BT R E(WEF) o BR T Mg: Ag & 4 Z 50, Bk
i (CuPe) /A (L), 2,9 —F 3-4,7 —FKF-1,10-3E
%k (BCP) /Li™ 45 4k I FH F 45 Sk i 1% i J2 1Y
2Rt R CuPc A LY eIt i B
B RE , H 2 2 L K B ok RO B2, RELRE (%) 32 1T
T2 FHEDURE X L2 1 A9 1TO W I8 i & T
R, 2 T 5 003 B TO0 350 Fh A 1 F S R B S TR
[ )& , Forrest A BA 5% J BCP/Li/ITO 1E Sy 17 BH BA #%
AL BUZ /N3 T OLED B Z5 2 1 4% 44 1% A i 412
f B % s ] 0L % 3 A9 909% , H: T 4E B JE Fll EQE
((1.0£0. 05)% ) ] 5 4 ] >R FHJEE 4 Ja B A 1 1% 42
K48 OLED M 35 , iX J& H y Li il i BCP 4 #f
HsR T AR

ok P8 (0 28 R 25 4, — 26 S o S5 AL ) 181
W WO0;3.V,05 . MoO3 . ReO, Fl NiO, %5 U] AT LA g 25
FAL By 2 G 2R 5 1T0 — 2 H Al i B PH A .
2008 4F, Ried! A1 BA G 55 1 L 1TO [a] Bsf 2y B 45 1 FH
W TOLED, #5 (R 25 an il 2(d) T o i FH WO,
Y A 2% op )2 59 TOLED 0] 35 £ 30 1m/W i1 38 cd/A
Y e A3 P aE O R A 75% (K 2(e) )™ %
AR o 2R WO, 1Y )5 2 £ i/ 1 TOLED #Y #: AE
(E2(F) (), WO JE B4 K df i, A 2 B4 T
ITO T3S H B e S 90 AR ik 8 b oy 9L 49 5 B KL 1
DR T 2% )20 T 2 G2 MR ER . [Fa,
WO, AR & T 1ITO Uil 1) W A2 3 T 25 70
TEA o SR, 28 vh 2 I A B i T 45 1 il 5 1 &2
Fe P, AR ke G 19 A0 K ST A A B AR R R B A
b i) 25 20

— R SY B ) TR W H A TCOs J2 1TO Ay 7
TERMARHE . Hlan, Chauhan 25 AZO VE R B %
AR, 7EA HLZ EJ7 51 A Alqs/LiF/ALZE pjt )22 W]
b 351 A5 DL R W OLED i PE 68, 45 2 1
TOLED 7£ ] ULt X 35 0% % KT 80% , i 1 M g
W AEG T LA ITO AR Sl HU AR 19 2 L 2 44
2.2 ETF UTMFsi# TOLED

UTMFsGE R Ag. AuZE) R0 B % H BHL A
1o 155 0 R A Ry — R BEAR A B R AR A R
2020 4F, Song %5 i 2 fiff FH #1425 & LT RUAR (Ag) FI
B CAD i ka2 B 4 BTAR , L ALRIT Ag (9 J 1
I3 HE A3 ) T G2 96% 149%™, 4x )@ Al B 45 2k skt
T T Ag B KRR b i A 3l X FP Ag: AL(4%,
14 nm) {185 A1 1TO FH A% i £ /9 TOLED & 7~ A0

S0 T AR E 7R 520 nm Ab 1Y 1 5 Rk F)
83. 5% , Ji% % AN 00 & 0 ) HL AR (CE) 43 A
36 cd/A Fl 18 cd/A, JiK ¥ F1 150 &8 I 45 1) EQE 43 51
H12.4% F1 6. 5% A2, i 14 T & 4 0 6 ik
L RS & 5 1 63 28, 3 e B, TOUR & )l6 22 I S 38007
f 52, I HL K Z2 BT & 59 169 06 EL AT AH X 5 1Y)
I3 BT/

UTMFs il & 76 4 J@ fle A S it T 48
F14) 52 AT RIS 558 2 77 A 2 1 1 26 3 Hh A B 1) i
WIEE , AT S BOR BHCS F i e EEw . R
T R F W R I AR R AR IR 4 e R R G R
PR AN SR R A BR AR 4 R AR 19 fk 2 R
ML S ES eI . RS A R
SR AY B B ARE, QA s AR A LA R L U 4
J& AW A Ry o 7 55 2, AT LU A /4 TR/
I (DMD) HL B 25 44" DMD 25 44 () 384 58 375 1]
ok A RS TR AR /4 R Ak R
(1 4R (SPROZLN ™, 3 T3 JIE e 2 B8 1) ok 2%
i R A O AT LA R B 2 P 1 3 it
TR B G 2 MR R B (8) T A R I R ™Y

5= 2T ndcoso, (1)
o, A SR A OB B K, n Sk W S L d
REILIRIE 00 A AR o 02 PRI 0 5 K
f5 B DMD HL WA e A 3B R . DMD LR AE i

2 s AR A ;T L3 2o 18 U e A T 4
Ja& B o 2 RN E B, AT LAAR Jy (5 b A e AR H BEL AN
A B i o 3, 0 O A 0 RE DL Ik B i
SR H BH A e A DT i

WO, MoO, J& fili F &z )" 12 /9 A o w4 kL, BB Ky
BT — 7 B B AT G R R, R A
il B 7R A R A g H B = [R) BT ) 5 T A T
AR, o5 — 5 THI RE 08 412 BE 23 7Y T A 4R = 2 1
PERE™. 20154, Choi K H: [R] = ¢ 52 56 v [ 1) fff
FH 22 J22 235 K4 W A A BE R R A i 7 T TOLED,
FH % A1 B #4353 R ZnS (24 nm)/Ag (7 nm)/MoO,
(5 nm) F1 ZnS(3 nm)/Cs,CO5(1 nm)/Ag(8 nm)/ZnS
(22 nm)™', A AL 2 003 TR G A DG M BE A 45 I
FETE S B W EE R R AT A . BT
2 1H RE AT B PH IR R TP ORI A AR R . k4t
MoO; ] LLAT 250 Hit B IR Fi, £ 12 A 34 22 ok 48 5 25 X
WA b JE 3T Algs 9 TOLED 7£ 550 nm &b i



559 1

Ft,

G ARG RS RS kR

1531

7N 74.22% 1 WL OF B 5 BATITO 1 Al
AE Ry JEC HL A RN 00 R B 199 R 375 BH OLED 1% #5114 8
MY, B — W FE M. Kwon H A K B,
LiMn,0,/Ag/WO, 5% Li,CO5/Ag/WO, # 2 4 2% Y i
BT , 5 75t 1 i Y 32 5 % (90. 6% 191, 2%)
A A B (5.4 Q/0O0) , I & B 44 TOLED 7£
550 nm 4b & H 87, 1% (1) 15 15 5t 5, W 2% 5 b
Jg1.8: 1%, Tian %5 F H #4 78 & Mo0:/Ag/MoO;
(MAM) [ £ 2 ® # /F & TOLED 4 1% B B #% ,
A5 30 1 325 BH AR A T DL T N 33 R A T
65% 1 80% Z Al , HL BH 2 9 /3", 3 & fl 97
MAM 254, 446 TOLED f P R, Jc 38 i 15038 14 22
JE 43 51 1 000 cd/m*H1 300 ¢d/m*, TOLED 7E 450~

475 nm 75 Bl N R B H 29 90% B9 06 AH 15 B R fE K
A~ 0] L% CRI 400~700 nm) 78 FE N 19 38 5 K5 T
45% . 2018 4%, Ji ¢ 5 A BA Il F LiF/Al/Ag/NPB [
22 22 TH 3 | B2 16 B Y TOLED 19 4 i EQE H1 T %
RARGEF 30, 2% F172. 1 lm/W™ 53X 164 M 1R
T YA K R A 45 K TOLED 2% 14 9 d5 A 1
HE . HRIT , Chae 55 FEL A & 3% 10 BE AL I 5 %
(0 B AL BE A R b7 2 R 25 )2, 455 8 nm 18 1
RBAM SEEE T B A 91% 1Y% 6 M i (2 TOLED,
I Bt EL AT H 0 B9 s R A 350 h LB Y 5 A, e A
SEA MR fE S RO R AN 3 TR o S A E i
BN S I HRIT T % W ' A R B A Y B O
fit 13 FH B 7 A AT B

(a) (b) 1.00} Bottom em (¢)100
7nS 0
0.75} lo 90}
ZnS/Cs,CO4/Ag . 0.50F B
£ Py < 80F
Alq, S 0.25¢ o IS
. 3 80 <
MADN:DSA-Ph | 0 I I L I I E 70k
NPB 5::’ 1.00} Top emission £ 6
- = | % E r
[To g 0.75 %8 & Simulated data
Glass Z 0.50r ‘38 50 Experimental data
0.25} 6 110
0 \ \ , , , 80 40 1 1 1 1 1
400 450 500 550 600 650 700 400450500550 600 650 700
A/nm A/nm
(d) 150 LiH doped device (e) [ LiH doped device () o
—~ Undoped device 0 { . 100; Undoped device ITO HTLEMLETL Ag L.ﬂ)‘p‘:‘.}g
o 120 o T 10 Transmitted Incident
b 1E-4 S 1E 19000
< L o y E @
= % S . é 0.1 £ Reflected
= 0.1 1 1ol = 00lf 6000 -
= =, F . s
=z 60 1m0/Alq/Alg,: LinGey | = 0-001% =
g ZnSIAg £ g4l T
=] £ E £
g 30p g 1E-5F 3000 £
£ 0/Alg/znsiAg | S 1E-6F E
g E ]
S 3 1ETf 3
TR TR N TR N TR TR O T | lEgb v vy 0
012345678 91011 01 2 3 435 6 738 9 10
VIV VIV 1em

B3 BT DMD AR ¥ & OLED™ . (a) SAFE5H 5 (b) F 3% 5 (o) BERLY 52 BR i o 4835 5% 5 (d) (8T Alqy: LiH 9K
B2 45 J4 281 B LT 28 BE S5 0 R (J-V) 5 (e Alqs: LiH A9 R $5 2% FHB 2= 28 05 A0 V3 485 B /2 8 5 WU (J-V-L) 5

(0 _E A, EO S R

Fig.3 Blue OLED based on DMD electrodes. (a)The device structure. (b)The angular spectrum. (c¢)Simulated and actual elec-

trode transmittance. (d) The current density/brightness/voltage (J-V) of undoped and doped devices using Alqs: LiH. (e)

The current density/brightness/voltage (J-V-L) of undoped and doped devices using Alqs: LiH. (f) The above figure shows

the transfer matrix, and the following figure shows the physical photo.
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Fig.5 (a) Device structure. (b) Current density-voltage-luminance (J-V-L) curves, current efficiency-current density (n¢;-J)

curves of MNEF(no mesh) and MEF(1 mm pitch). Inset is the image of the working state of the next two devices under 5 V.
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Fig.6  Structure, photo and photoelectric performance of TQLED based on DMD electrode.

3.3 EFTAEHVTQLED

A1 SR AR S — 287 181 375 B F AR R Ak Al [ A
B F TQLED. 2014 4F | Seo Al [6] F5 738 T —
Tolt 35 3 88 05 PH AR AN A B B9 TQLED 3% 30 F 5%
O AR A SR R A A S 40K ORL T B4R 4
oK £ ok s ) F B B WF, i G T R BE R A SR R
BUULE o A BRI I e A 1) 4 A KR T SR N
KGR AR, IF0 WF DR IR £ 238 95 19 i
G WF (4.5 eV) 7l A8 hp 4.9 eV F1 4.3 eV, Uik
S BEE A S EEON LEE 2] 12)2FM 1 )2
o nE) 8 2, B A iy ¥ 2 B BHAE M ~ 63 000 /]
FEALE] ~ 110 Q/00, B A ~ 100 000 Q/CJ R I
F ~741 /O, & A F7E 535 nm &L 3K AF T 358
cd/m’ B ZSEE  CE 25 0. 45 ed/A 75 7] WG B

B 1L R YK 70%~80% o

2017 4F, Yao 55 R )32 it FH () W 5% # 5 1
FE R W L R AU e/ 2R R OR O R £ T TR (PD-
MS/PET) #f Ji& I % B W2 A 5% (BC) il & T A
B PE AR, O A5 A5 3 T 4B W] QLED™, Ho i &
R AR SRR R 7 s o A i Ak —
UK A2 A 88 05 7 75 B PDMS/PET I, A1 S5 46 1)
2 FL B PR AR 3 29 540 /00, TQLED 7EH F %,
B & 6 W H I K 622 nm &b 1Y 5B 5T K 79. 4%,
ITO il 49 TQLED Ay FF J5 M e K52 FE i CE 4331
J 4 V.30 cd/m® F10. 32 ed/A . A7 84 T L B (1)
TR P, BEL RS L X B0 5 1% 46 4 J TOUHE P B AT L
e % .

W5 A7 B AE 9 TQLED A T 350 H A% 1) 0y 92



1536 AN T 44 3
a) 100
(a) (c) 1000f
8or SO
8 £ 100
T 60k T
g 3 il
= ¢ 10
E 4op O
g z i
& PDMS/PET LN
= 20 Graphene/PDMS/PET EOE Control OLED(ITO side)
Glass/ITO 3 F T-QLEDUITO side)
0 ., T-QLED ) ) ) o1 I ) T-QLED(Graphene side)
400 500 600 700 800 2 4 6 8 10
A/mm VIV
(b) 0.4 0.4 (d)0.25
B L 0.20F
T ooaf {03 =
S E
S S Z 0150
) = =S
£ 021 10.2 é g
2 = £ 0.10f
= £
L oo0at {o.1 3
g Control QLED(ITO side) 5 0.05F Control QLED(ITO side)
£ T-QLED(ITO side) E T-QLED(ITO side)
S
1 I 1 1 ) 1 1 1 1
02 4 6 8 10 ‘ 02 4 6 8 10
VIV [74%
(e) 1.0, plasma processing
PDMS A% a substrate to °
wet transfer graphene
PMMA/Graphene
PDMS
PET PET
1. Spin coating
of PDMS PMMA
Graphene

Cu

a) Spin coating of PMMA

b) Cu etching
c¢) Riasiag with deleaized water

Tep emission

V.Laminating
process

Bottom emission

& 7

IV.As a substrate to

IV.Remove of PMMA 3 times wet transfer graphene
Graphene
PET
PDMS
Graphene Pp%l\rl/!s
MrO

3

TAPC

CdSSe/ZnS QDs
7Zn0 nanoparticles
ITO

Glass

BT A1 S5 BHAA) TQLED : (a) A7 85 5 LB B (F B9 328 560 0, 47 60 D S B R 5 (b) R A0SR /40 it 7 280 R 5 L T

(CE-V-EQE); (e) 5z B 5 HLE (L-V) s () PIRBOR 552 BE (PE-V) 5 (e) AR IS5 Kl 4 20

Fig.7 TQLED based on graphene anode: (a)the transmittance of graphene electrodes and devices, insets are physical photos;

(b) current efficiency/external quantum efficiency and voltage (CE-V-EQE) ; (c¢)brightness and voltage (L-V) ; (d)power

efficiency and brightness(PE-V); (e)structure and preparation process of devices.
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TQLED based on AgNWs/PMMA electrodes: (a) TQLED structure, (b)cross section view under electron microscope, (¢)
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Fig.9 TPeLED based on ITO multilayer electrodes: (a)device structure; (b)luminescent spectra(EL) , insets are near-infra-

red photographs; (c¢)current density and voltage (J-V) ; (d)external quantum efficiency and current density (EQE-J). A

demonstration of an application of TPeLED: (e) TPeLED is covered on the smart watch display screen, displaying high

optical transparency and neutral color; (f)the near-infrared photo shows that the TPeLED above the smartwatch display

screen emits bright near-infrared light.
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