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Abstract: Resolution is a critical parameter in assessing the performance of a display. The demand for higher reso-
lution displays extends beyond the competitive needs of consumer electronics manufacturers to the urgent require-
ments of fields such as scientific research, industry, and medicine, which need high-resolution displays to present
more precise images. In addition, virtual and augmented reality technologies enable ultra-high-resolution displays to
provide richer human-computer interaction experiences. Ultra-high-resolution display technology has gradually be-
come a popular research direction. This article introduces the technical means and solutions for achieving high-reso-
lution displays in various new display technologies based on light-emitting diodes, summarizes the applicable condi-
tions and advantages and disadvantages of each solution, and points out the main challenges facing each technology
at this stage. Our team has long been committed to the electroluminescent patterning and high-resolution display re-
search of quantum dot light-emitting diode displays. This article introduces the groundbreaking research results from

our team has achieved recently.
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(a)Micro-LED; (b)QLED; (¢)OLED; (d) & F i /E h (4% 1% e 2 i Micro-LED; (e)

Schematic of the device structure of new display technologies. (a)Micro-LED. (b)QLED. (¢) OLED. (d)Micro-LED with

quantum dots as the color conversion layer. (¢) OLED that realizes full-color display through color filters.
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Tab. 1 Important performance parameters and characterization methods for high-resolution displays
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Fig.2 (a)Schematic of a single-chip integrated device structure for RGB realization through a color conversion layer. (h)—-(c)

Schematics of multi-color nanowire LED structures. (d)Schematic of a fluidic system. (e)Schematic of a receptor hole.
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15 2% . 3 3 MR B AT LS R 2 460 ppi 1Y 48
PR CE 6(a)) o SR, X B R4 B R
QLEDs By PERBAR 22 , S & F ROR T 5% BE 5 e ik 1
il 2 145 1 QLEDs At R 98— A gt g, X
S RN B ENOE L0 QD v B T i i 22, ol T8
AL i JA RN AR B 2 R R A AR AR RO X
Sl A T R U L

I AN K 2 2 4 L BRI & — A
ZLR B (LB) B2 A R B[R AR5 4 (0 S ws , FR K
LB-TP ¥, H F 50 Bl 7 21 19 18 = 4 JF R B oR ™,

W IR th — Fh s 2 F A Bk & P K-
ﬁﬁﬁkﬂ;ﬁiﬂ@iﬁj‘?ﬂ%o Hy T e R T A
BA MR 7 v BL A R A KT RS,
RS> T2 o FRATTHE 7 S0 VRO B S TE ALK
rh i i 6T 1] s T, A5 K TR B Y S R R
Fom B Sy, ARG R AT A s e R
B e BN DK TR 4R IO 5% % 2= H bR Sk i
F (B 6(b)) o i i BN & 3% g 25 4 1 51t , S
T 53K 25 400 ppi 8 w4 BE R (E 6(c) L (d)) o
R T i DR 4 PR QLEDSs H A I AR I [ A 3



1728 % Jt 2% Eivd 844 B

441 p.p.i.(30 pm) 882 p.p.i.(16 wm) 2 460 p.p.i.(6 pm)

Barrier

(h)

Langmuir trough

Spreading QDs in deionized water Forming a compact Langmuir film Inking

|PDMS[
@ % 00 %

PDMS ‘
‘BBl “PDMS;
sl

T s —

Peeling off Printing QDs Picking up QDs

. Electron .Hole . Red QD . Blue QD

6 Ca) 1R ER R ) & 9 75 53 B3 B F RO EUR R 55 (b) LB-TP /R BAL s () ~ (d)25 400 ppi 21 € R4k (6 80K
Sl 58 5 (e ) B )Z N 78 75

Fig.6 (a)High-resolution quantum dot photoluminescence patterns prepared by gravure printing. (b) Schematic diagram of the
LB-TP method. (¢)-(d) Red and green photoluminescence patterns with a resolution of 25 400 ppi. (e) Schematic dia-

gram of the application of a blocking layer.



5510 4

ETw, 4. BESH LED SR 1729

o PR T — R R AR 2R
ST TR O BELHY )2 B S 08 A e U R RO
T R e BT A R B (R 6 (e) ) o 23X i O 9%
il B 19 QLEDs 43 #E % 8 9 072 ppi, fix K 52 B Al
I KA & F 208 4y 5138 2] T 262 400 cd/m® il
14.72% , £ W45 bR ¥ G 0 T 2= 4 R 1k BT i
I W T A QLEDs . S X T R 1918 Z 0 # ok
Hor ok THER R AF 09 & R s SR AT AF A —
S T L PR 1) G A ) B, ) 40 15 31 S T X 0 4
AT ZF 5000 RGBSR W 3% TF aT LA o 4%
TFAR R 5K oh L I %

5 BE&fRER

ARICA AT =R o 2 R ORI AR
R RIS B g A R O SR o KT, N T
T g 73 B R R BORT LU LA /5 i —
AT R . B RBREEE AR N T
PR R B I 7 T 3R 5 R FE N BOxE ) i T
M W BE AT AN W B R OB . O AR S
B AR R RS B9/ T BE S BOIK Sl L s T
ERBR R EMBIERENE. K5 EREN G
BRI, RE A K ICH R BORBERS R AL Ay
ORRI, R BEE R R RCT RN, AT BE 2l ok
R AN 3 B B R R LA TR R, 3 7 TN 58 A
4 R e T R B R T ok B AHORG Wf B) (R2 A
T I 2 75 i AR REPE [R) R, L QLED 2 A S 1], B

& % X #:

% i 1] B 14, QLED 18 2 i 22 i 4 T I
A LTt 4kt QLED , 15 4 QLED Y 5% & R [ 5
IRTE Y P e iU R e 95d & E = R NG v
FH o BD 2 Bl — BERE R R R R R . A
[T L NI /o £ B N B - B N TTE 7o X =R TN
A AR

SR 2 R A AS [ A R B ARGE TR
W] f % 3% 5 . Micro-LED $ A i T H 5 K i fd
F 75w, 38 FH T KB & B R R 28 A
OLED 5 A A] DL R AR B 4% 5 B Fl 22 P Ak, 8 - F
VR AR %55 %5 3T IR & 7 7 QLED 2 AR il 4 (1) i w
S5 A1 R I AT ) O B S A R A T R
A BE S A R A% AT S8 ) A R 43 B S R 2

SOk UL B R AR 3 DL S AT
Tl EAE BT R T & B 2l e
NN HE B R B, 3K 3 Micro-LED .
OLED . QLED % 3 A1 1 /R 3 AR R Wik 5 % 1) L
RUAL TN 1R 00 v B S Ak . X RO R 4
AREAG & H R 76 0] & 2 BE ot R £
K AR (0 T AR S W, 3 BB R B R s ER A
Bl T T 1 M 000 B S8 22 ) B A BR HE s A N2
Fa R (Sl

AL G AR R WL R AT A
http://cjl. lightpublishing. c¢n/thesisDetails#10. 37188/
CJL.20230136.

[ 1 ]ZHENG YT, YUY S, CHEN W, et al. High-resolution light-emitting devices for display applications [J]. Sci. China

Mater. , 2023, 66(6): 2128-2145.

[ 2 ] HUANG Y G, HSIANG E L., DENG M Y, et al. Mini-LED, Micro-LED and OLED displays: present status and future
perspectives [J]. Light Sci. Appl. , 2020, 9(1): 105-1-16.

[ 3 ] SCHUBERTE F. Light-emitting Diodes [M]. 2nd ed. Cambridge: Cambridge University Press, 2006.

[ 4 ] NAKAMURA S, HARADA Y, SENO M. Novel metalorganic chemical vapor deposition system for GaN growth [J]. Ap-
pl. Phys. Lett. , 1991, 58(18): 2021-2023.

[ 5] NAKAMURA S, SENOH M, IWASA N, et al. High-brightness InGaN blue, green and yellow light-emitting diodes with
quantum well structures [J]. Jpn. J. Appl. Phys. , 1995, 34(7A): L797.

[ 6 ] LINT, KUO H C, JIANG X D, et al. Recombination pathways in green InGaN/GaN multiple quantum wells [J]. Na-
noscale Res. Lett. , 2017, 12(1): 137-1-6.

[ 7 ] ZHANG K, LIU Z J, KWOK H S. 25.3: Current driving active matrix micro-LED display[J]. SID Symp. Dig. Tech.
Pap. , 2018, 49(S1): 272-275.

[ 8 ] LIUZJ, CHONG W C, WONG K M, et al. A novel BLU-free full-color LED projector using LED on silicon micro-dis-
plays [J]. IEEE Photonics Technol. Lett. , 2013, 25(23): 2267-2270.

[ 9 ] ZHANG S L, GONG Z, MCKENDRY J J D, et al. CMOS-controlled color-tunable smart display [J]. IEEE Photonics



1l 44 &

3

1730 K b/

J. . 2012, 4(5): 1639-1646.

[10] TSATY L, HUANG Y M, YANG S M, et al. High performance ultraviolet micro-LED arrays for fine-pitch micro displays
[C]. Proceedings of the 2019 IEEE Photonics Conference (IPC), San Antonio, 2019: 1-2.

[11] HANSC, XU C C, LI HJ, et al. AlGaInP-based Micro-LED array with enhanced optoelectrical properties [J]. Opt.
Mater. , 2021, 114: 110860-1-6.

[12] ASAD M, LI Q, SACHDEV M, et al. Thermal and optical properties of high-density GaN micro-LED arrays on flexible
substrates [J]. Nano Energy, 2020, 73: 104724-1-8.

[13] CHOIH W, JEON C W, DAWSON M D, et al. Fabrication and performance of parallel-addressed InGaN micro-LED ar-
rays [ J]. IEEE Photonics Technol. Lett. , 2003, 15(4): 510-512.

[14] OUF, CHONG W C, XU Q C, et al. P-125: Monochromatic active matrix micro-LED micro-displays with > 5 000 dpi
pixel density fabricated using monolithic hybrid integration process [J]. SID Symp. Dig. Tech. Pap., 2018, 49(1) :
1677-1680.

[ 15] KYMISSIS I, BEHRMAN K. 44-4: a brief survey of microLED technologies[ J]. SID Symp. Dig. Tech. Pap. , 2020, 51
(1): 650-652.

[16] LIP A, ZHANG X, LI Y F, et al. Monolithic full-color microdisplay using patterned quantum dot photoresist on dual-
wavelength LED epilayers [J1. J. Soc. Inf. Disp. , 2021, 29(3): 157-165.

[ 17 ] XIE B, HU R, LUO X B. Quantum dots-converted light-emitting diodes packaging for lighting and display: status and
perspectives [J1. J. Electron. Packag. , 2016, 138(2): 020803-1-13.

[ 18 ] BRICHKIN S B, RAZUMOV V F. Colloidal quantum dots: synthesis, properties and applications [J]. Russ. Chem.
Rev. , 2016, 85(12): 1297-1-16.

[ 19 ] RICHNER P, GALLIKER P, LENDENMANN T, et al. Full-spectrum flexible color printing at the diffraction limit [J].
ACS Photonics, 2016, 3(5): 754-757.

[20] LEE C H, HONG Y J, KIM Y J, et al. GaN/ZnO nanotube heterostructure light-emitting diodes fabricated on Si [J].
IEEE J. Sel. Top. Quantum Electron. , 2011, 17(4): 966-970.

[21 ] RAY H, WANG R J, WOO SY, et al. Full-color single nanowire pixels for projection displays [J]. Nano Lett. , 2016,
16(7): 4608-4615.

[22] WANG R J, NGUYEN HP T, CONNIE A T, et al. Color-tunable, phosphor-free InGaN nanowire light-emitting diode ar-
rays monolithically integrated on silicon [J]. Opt. Express, 2014, 22(S7): A1768-A1775.

[23] WANGRJ, RAY H, WU Y P, et al. Tunable, full-color nanowire light emitting diode arrays monolithically integrated
on Si and sapphire [ C]. Proceedings of the SPIE 9748, Gallium Nitride Materials and Devices X, San Francisco, 2016:
165-173.

[24 ] HONG Y J, LEE C H, YOON A, et al. Visible-color-tunable light-emitting diodes [J]. Adv. Mater. , 2011, 23(29) :
3284-3288.

[ 25 ] BEHRMAN K, KYMISSIS I. Micro light-emitting diodes [J]. Nat. Electron. , 2022, 5(9): 564-573.

[26 ] PARK ST, XIONG Y J, KIM R H, et al. Printed assemblies of inorganic light-emitting diodes for deformable and semi-
transparent displays [J]. Science, 2009, 325(5943);: 977-981.

[ 27 ] BIBL A, HIGGINSON J A, LAW H F S, et al. Method of transferring a micro device: US CN TW, US9521823B2 [P].
2012.

[ 28 ] BEHRMAN K, FOUILLOUX J, IRELAND T, et al. Early defect identification for micro light-emitting diode displays via
photoluminescent and cathodoluminescent imaging [J]. J. Soc. Inf. Disp. , 2021, 29(4): 264-274.

[ 29 ] HENLEY F J. 18-1: Invited paper: evalualing in-process lest compatibility of proposed mass-transfer technologies to
achieve efficient, high-yield microLED mass-production[J]. SID Symp. Dig. Tech. Pap. , 2019, 50(1): 232-235.

[30] CHANG W, KIM J, KIM M, et al. Concurrent self-assembly of RGB microLEDs for next-generation displays [J]. Na-
ture, 2023, 617(7960) : 287-291.

[31] DAWSONRM A, SHEN Z, FURST D A, et al. A polysilicon active matrix organic light emitting diode display with inte-
grated drivers[J]. SID Symp. Dig. Tech. Pap. , 1999, 30(1): 438-441.

[32] LEEJ Y, KWON J H, CHUNG H K. High efficiency and low power consumption in active matrix organic light emitting
diodes [J]. Organ. Electron. , 2003, 4(2-3): 143-148.



%10 ETw, 4. BESH LED SR 1731

[33] KIMJ W, CHOE W J, HWANG K H, et al. 78-2: the optimum display for virtual reality[J]. SID Symp. Dig. Tech.
Pap. , 2017, 48(1): 1146-1149.

[34] YIND, FENG J, MA R, et al. Efficient and mechanically robust stretchable organic light-emitting devices by a laser-pro-
grammable buckling process [J]. Nat. Commun. , 2016, 7(1): 11573-1-7.

[ 35 ] KWON J H. RGB color patterning for AMOLED TVs [J]. Inf. Disp. , 2013, 29(2): 12-15.

[36 ] LEESH, PARKH L, LEE S H, et al. Systemalic investigation of subtractive contact patterning for high-resolution organ-
ic electronic devices [J]. ACS Appl. Electron. Mater. , 2023, 5(4): 2197-2202.

[37] LIH J J, CHAO C I, LEE C C. Novel pixel design for high-resolution AMOLED displays with a shadow mask [J]. J.
Soc. Inf. Disp. , 2007, 15(1): 3-7.

[ 38 ] KANG C M, LEE H. Recent progress of organic light-emitting diode microdisplays for augmented reality/virtual reality ap-
plications [J]. J. Inf. Disp. , 2022, 23(1): 19-32.

[ 39 ] KODEN M. OLED Display and Lighting [M]. Chichester: John Wiley & Sons, 2016.

[40] ZHAO D J, HUANG W, DONG L W, et al. 67-2: 5.5 inch full screen flexible high-resolution OLED display fabricated
by ink jet printing method [J]. SID Symp. Dig. Tech. Pap. , 2019, 50(1): 945-948.

[41] SHAO L Q, DONG T, LIANG J S, et al. P-190: the development of 403 ppi real RGB printing AMOLED [J]. SID
Symp. Dig. Tech. Pap. , 2019, 50(1): 1943-1945.

[42] LIU H M, XU W, TAN W Y, et al. Line printing solution-processable small molecules with uniform surface profile via
ink-jet printer [J]. J. Colloid Interface Sci. , 2016, 465: 106-111.

[43] XIA CJ, ADVINCULA R C, BABA A, et al. Electrochemical patterning of a polyfluorene precursor polymer from a mi-
crocontact printed (.CP) monolayer [J]. Chem. Mater. , 2004, 16(15): 2852-2856.

[44 ] LU G W, SHI G Q. Electrochemical polymerization of pyrene in the electrolyte of boron trifluoride diethyl etherate con-
taining trifluoroacetic acid and polyethylene glycol oligomer [J]. J. Electroanal. Chem. , 2006, 586(2): 154-160.

[45] WANG R, ZHANG D L, XIONG Y, et al. TFT-directed electroplating of RGB luminescent films without a vacuum or
mask toward a full-color AMOLED pixel matrix [J]. ACS Appl. Mater. Interfaces, 2018, 10(21): 17519-17525.

[46 ] CHOI Y M, SHIN H Y, SON ], et al. Two-color pixel patterning for high-resolution organic light-emitting displays using
photolithography [J]. Micromachines, 2020, 11(7): 650-1-12.

[47 ] SONJ, SHINH Y, CHOI Y M, et al. Descumming fluorous solution for photolithographic patterning of organic light-emit-
ting diodes [ J]. Microelectron. Eng. , 2020, 227: 111324-1-7.

[ 48] MALINOWSKI P E, KE T H, NAKAMURA A, et al. High resolution photolithography for direct view active matrix or-
ganic light-emitting diode augmented reality displays [J]. J. Soc. Inf. Disp. , 2018, 26(3): 128-136.

[49 ] RAVI V K, SAIKIA S, YADAV S, et al. CsPhBry/ZnS core/shell type nanocrystals for enhancing luminescence lifetime
and water stability [ J]. ACS Energy Lett. , 2020, 5(6): 1794-1796.

[ 50 ] PANFIL Y E, ODED M, BANIN U. Colloidal quantum nanostructures: emerging materials for display applications [J].
Angew. Chem. Int. Ed. , 2018, 57(16): 4274-4295.

[51 ] KIMBH, ONSESMS, LIM J B, et al. High-resolution patterns of quantum dots formed by electrohydrodynamic jet print-
ing for light-emitting diodes [J]. Nano Lett. , 2015, 15(2): 969-973.

[52] HOSJ, HSUH C, YEH C W, et al. Inkjet-printed salt-encapsulated quantum dot film for UV-based RGB color-convert-
ed micro-light emitting diode displays [J]. ACS Appl. Mater. Interfaces, 2020, 12(29): 33346-33351.

[53] WANG H W, ZHANG Y M, LIU Y, et al. High-efficiency and high-resolution patterned quantum dot light emitting di-
odes by electrohydrodynamic printing [ J]. Nanoscale Adv. , 2023, 5(4): 1183-1189.

[54] FhAedk, FR R, RAEH . WESRFTE b il 38 7200 09 P8 42 Je i FH (1], Ae st &, 2015, 27(8): 979-985.
SUN J Z, KUANG M X, SONG Y L. Control and application of “coffee ring” effect in inkjet printing [J]. Progress
Chem. , 2015, 27(8): 979-985. (in Chinese)

[ 55] MAMPALLIL D, ERAL H B. A review on suppression and utilization of the coffee-ring effect [J]. Adv. Colloid Interface
Sci. , 2018, 252 38-54.

[56 ] PARKJS, KYHM J, KIM H H, e al. Alternative patterning process for realization of large-area, full-color, active quan-
tum dot display [J]. Nano Lett. , 2016, 16(11): 6946-6953.

[57]1 WANG Y Y, FEDIN I, ZHANG H, et al. Direct optical lithography of functional inorganic nanomaterials [J]. Science,



1l 44 &

3

1732 K b/

2017, 357(6349) : 385-388.

[ 58] YANG J, HAHM D, KIM K, et al. High-resolution patterning of colloidal quantum dots via non-destructive, light-driven
ligand crosslinking [J]. Nat. Commun. , 2020, 11(1): 2874-1-9.

[59] KO T, KUMAR S, SHIN S, et al. Colloidal quantum dot nanopatterning with E-beam lithography on flexible PET [C].
Proceedings of the 2022 Conference on Lasers and Electro-Optics Pacific Rim , Sapporo, 2022.

[60] SONG K W, COSTI R, BULOVIC V. Electrophoretic deposition of CdSe/ZnS quantum dots for light-emitting devices
[J]. Adv. Mater. , 2013, 25(10): 1420-1423.

[61] ZHAO J Y, CHEN L X, LI D Z, et al. Large-area patterning of full-color quantum dot arrays beyond 1 000 pixels per
inch by selective electrophoretic deposition [J]. Nat. Commun. , 2021, 12(1): 4603-1-8.

[62 ] CHOIM K, YANG J, KANG K, et al. Wearable red-green-blue quantum dot light-emitting diode array using high-resolu-
tion intaglio transfer printing [J]. Nat. Commun. , 2015, 6(1): 7149-1-8.

[ 63 ] SUNG S H, YOON H, LIM J, et al. Reusable stamps for printing Sub-100 nm patterns of functional nanoparticles [ J].
Small, 2012, 8(6): 826-831.

[64] KIM T H, CHUNG D Y, KU J Y, et al. Heterogeneous stacking of nanodot monolayers by dry pick-and-place transfer
and its applications in quantum dot light-emitting diodes [J]. Nat. Commun. , 2013, 4(1): 2637-1-12.

[65] WANG S W, HONG K B, TSAI Y L, et al. Wavelength tunable InGaN/GaN nano-ring LEDs via nano-sphere lithography
[J]. Sci. Rep., 2017, 7(1): 42962-1-7.

[ 66 ] CHEN CJ, CHEN H C, LIAO J H, et al. Fabrication and characterization of active-matrix 960x540 blue GaN-based mi-
cro-LED display [J]. IEEE J. Quantum Electron. , 2019, 55(2): 3300106-1-6.

[67 ] LIUX H, WU Y P, MALHOTRA Y, et al. Submicron full-color LED pixels for microdisplays and micro-LED main dis-
plays [J]. J. Soc. Inf. Disp. , 2020, 28(5): 410-417.

[ 68 ] GENSLER M, BOEFFEL C, KROPKE S, et al. 82-5: Late-news paper: high-resolution printing for future processing of
RGB OLED displays [J]. SID Symp. Dig. Tech. Pap. , 2018, 49(1): 1117-1119.

[69 ] JANG W, LEE M, KWEON H, et al. Tetrabranched photo-crosslinker enables micrometer-scale patterning of light-emit-
ting super yellow for high-resolution OLEDs [J]. ACS Photonics, 2021, 8(8): 2519-2528.

[ 70 ] YOKOYAMA K, HIRASA S, MIYAIRI N, et al. Ultra-high-resolution 1 058-ppi OLED displays with 2. 78-in size using
CAAC-IGZO FETs with tandem OLED device and single OLED device [J]. J. Soc. Inf. Disp. , 2016, 24(3): 159-167.

[71] LIJH, XULS, TANG C W, et al. High-resolution organic light-emitting diodes patterned via contact printing [J]. ACS
Appl. Mater. Interfaces, 2016, 8(26): 16809-16815.

[72] LIUSF, HOU Z W, LIN L H, et al. 3D nanoprinting of semiconductor quantum dots by photoexcitation-induced chemi-
cal bonding [J]. Science, 2022, 377(6610): 1112-1116.

[73 ] HAHM D, LIM J, KIM H, et al. Direct patterning of colloidal quantum dots with adaptable dual-ligand surface [J1.
Nat. Nanotechnol. , 2022, 17(9): 952-958.

[ 74 ] TAMBORRA M, STRICCOLI M, CURRI M L, et al. Nanocrystal-based luminescent composites for nanoimprinting li-
thography [J]. Small, 2007, 3(5): 822-828.

[75] FURASOVA A D, IVANOVSKI V, YAKOVLEV A V, et al. Inkjet fabrication of highly efficient luminescent Eu-doped
710, nanostructures [ J]. Nanoscale, 2017, 9(35) : 13069-13078.

ETA(1998-), 55, NP KIA A, Wit FRW(1978-) , ) fm A i mOA, 1
WHoE A, 2020 4F T jE 7 BHE K= 414524 oL B R R0, 2005 4 T b AT
Ty, NG R T R BUROLEF ‘ ¢ R AR AL, EENF R R
4y BT PR RS YRR UL ik B 20 K A L B
E-mail: 11610116@mail. sustech. edu. cn JLF R A A KO F SR 5

s / E-mail: fsli@fzu. edu. cn



