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ABSTRACT

It is necessary to develop a low temperature process that can deposit and pattern metal on a heat sensitive substrate because

most flexible printed electronics use high temperature sensitive materials such as plastic. The most commonly used
photolithography process is not suitable for flexible printed electronics because the high temperature thermal treatment process
and chemicals are not compatible with plastic. Recently research has been actively conducted on a method of minimizing thermal
damage to plastic and high-resolution metal patterning by using selective laser sintering after forming a liquid metal nanoparticle
thin film without using existing photolithography and vacuum deposition. In this review paper, we explore flexible printed
electronics such as flexible thin film transistors and flexible transparent conductors using selective laser sintering of nanomaterials
and discuss future development directions.
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Fig. 3. Digital direct metal patterning process on a flexible plastic substrate at room temperature and atmospheric
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pressure; the process schematics; (i) a polymer substrate preparation, (ii) Ag NP ink coating on a polymer
substrate, (iii) laser scanning and local melting of the printed Ag NP ink film, (iv) washing out
non-laser-processed Ag NPs to leave laser-processed Ag patterning on a polymer substrate. The middle row
shows the cross section and the bottom row shows the top view. Adapted with permission from [12]. Copyright
2012, PLOS ONE.
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Fig. 4. (Color online) Process steps for the OFET fabrication by selective laser sintering of metal nanoparticle ink.
Top views (upper row) and side views (lower row) for OFET fabrication process. (i) Spin coating a PVP
dielectric layer on top of a highly doped pt+p+ silicon wafer. Cross-linking PVP on a hot plate. (ii) Ink-jet
printing of gold nanoparticle ink (arrow indicates scanning direction, linewidth ~100 pm). (iii) Scanning a
focused Ar ion beam on an ink-jet printed nanoparticle ink line (arrow indicates scanning direction, yellow
color represents selectively sintered gold nanoparticles with linewidth ~10 um). The scanning was repeated
to make two parallel lines which are used as source and drain electrodes. The gap between two lines is a

channel for OFET (channel:

1-10 pm). (iv) Washing out leftover unsintered nanoparticles, exposing two

gold electrodes. (v) Spin coating carboxylate-functionalized polythiophenes in warm 0o0-DCB. Drying and
annealing semiconducting polymer. Adapted with permission from [14]. Copyright, 2007, AIP Publishing.
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Fig. 5. (a) Schematic diagram of selective laser sintering of Ag NPs for the fabrication of a transparent conductor.
(b) TEM image of synthesized Ag NPs (inset: optical photograph of Ag NP ink). (c) Photograph of a
transparent conductor on a glass substrate (metallic grid in the red-boxed region). (d) Optical stereoscope
images of square-metallic grids at different grid sizes (200 to 500 pm, increment 100 pm). Adapted with
permission from [21]. Copyright 2013, ACS Publications.
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Fig. 6. Adapted with permission from [21]. Copyright 2013, ACS Publications. (a) Transparent conductor fabricated on
a flexible (PEN) substrate (metallic grid on a 5 cmx5 cm region). (b) Test setup of cyclic bending, photo-
graph of minimum and maximum bending deformation of the sample carrier of a flexible substrate, and
resistance change according to the number of cyclic bending. (c) Optical image of a transparent conductor
made of Ag NW mesh (left column) and Ag NP sintering (right column) as-prepared (first row), after first
adhesive tape test (second row), and after second adhesive tape test (third row).

A SEAE T g2 7|5 wiEld= 51 Al ARERE A ITO9) vlset 20| FaleS e
e AzE 549 7H%T°1 27 o, A HEA o] 280 71%6;} FEY W2 A

B2E 20Me ZEATH 49 gijtes A HA EF Ueefoloje}l vu e o 7]Hte]
2] FolA 22 FA Hsf A6t Yie 2 o] o % Ak ZRlg 4= AUk ofe} Zo]
o] 735, A Aol wlsh o] Wil 54 whge A0l @7dolM 23 siEfdo] 7t AE #olA
e & Fop] el e s W 2kt o a4 32 7180 e e} Blugie w A
1 A& 7= #olA £740l 7Fsdit. 22 30li= Hl-go]aL &0 7 A} 7hsotH tia oz BAt

1—1 oA S Z8dt] 7 e B g 5 Atke HolA sS4 3ok

AR 22 7l A4 ARk olejoe H, 2, AtSlord, ] 5 TRt =
off thsiA skt 22 3.1.904  YAEE AREST] 7 HAaEel, 7 ﬂ1

_Il->

o M o ¢

R

Bof AR Gl weh EAX A, f HPE AN 5 Hofo g A}

l'l o°"

£H9] A9 7)) A ERALES FAREA T Ik olo] Sl Hol tht i BUES
59 EAXAHO] A 7FsHE Bok BE 329 A83te] Yoje AAst Hlo]e. HoplA chkt
9 5 AEAo] A9 A dolq 24 BHE T olRolAL Uk UF o UL A5 2 1y

197



[ACIMHXISHSX|, 20224 12, HM1# H2Z, pp. 189-199
Journal of Flexible & Printed Electronics, December 2022, Vol. 1, Issue 2, pp. 189-199

)
T ////;\\/

=4 7|8t 89 7|oo] /At § gk AES T1E
QA sk A=) o] o] zoiHrty B Tt
ofoflA] g Ao 7|Ech

dr 4

ACKNOWLEDGEMENTS

Author Contributions

S.J. Yoon and J. Min wrote the manuscript. J. Min
and S.H. Ko designed overall concept of the article.
SJ. Yoon discovered on specific topics. S.H. Ko

supervised on overall writing process.

Funding
Not applicable.

Declarations of Competing Interests

The authors declare that they have no competing

interests

AUTHORS
A7
2016~3K: NS 71HZ5H X
[BAEO0 Q01 7|He Joz

Eof FAAK MY U 22

ol o

2UTI7|
2014~20174 MSLHStw RMaferast
ni: ol‘A'—ol'Ol

TR0 SoN $US o2 #
Clofet OLiXIS
S

5%
2013~301: MSUEIT 7|HZ3p ma
2009~2013: 7|0|AE J|ASstE W
2006~2009: UC Berkeley SAIE I3
2002~2006: UC Berkeley SS{HIAL
[RHAS0] NE/R01Y FXAK, £3

FAIAKY, ADE 25 90{2(2 HA}
AL 201N 71t Le/O0|E2 53

REFERENCES
[1] Cui, Z. Printed Electronics: Materials, Technolog-

ies and Applications; Higher Education Press:
Beijing, 2012.

[2] Lin, Y.; Gritsenko, D.; Liu, Q.; Lu, X.; Xu, J.
Recent Advancements in Functionalized Paper-
Based Electronics. ACS Appl. Mater. Interfaces
2016, 8, 20501-20515.

[3] Wang, X.; Liu, J. Recent Advancements in Liquid
Metal Flexible Printed Electronics: Properties,
Technologies, and Applications. Micromachines,
2016, 7 (1), 206.

[4] Yin, Z.; Huang, Y.; Bu, N.; Wang, X.; Xiong, Y
Inkjet Printing for Flexible Electronics: Materials,
Processes and Equipments. Chin. Sci. Bull. 2010,
55, 3383-3407.

[5] Wong, W. S.; Salleo, A. Flexible Electronics: Ma-
terials and Applications; Springer: New York, NY,
2009.

[6] Mack, C. A. Field Guide to Optical Lithography,
SPIE Press, Bellingham, WA, 2006.

[7] Redinger, D.; Molesa, S.; Yin, S.; Farschi, R,;
Subramanian, V. An Ink-Jet-Deposited Passive
Component Process for RFID. IEEE Trans. Elect.
Device. 2004, 51 (12), 1978-1983.

[8] Ko, S. H. Status of Research on Selective Laser

Sintering of Nanomaterials for Flexible Electronics

198



[ACIMHXISHSX|, 20224 12, HM1# H2Z, pp. 189-199
Printed Electronics, December 2022, Vol. 1, Issue 2, pp. 189-199

[e]
Journal of Flexible &

Fabrication. Transa. Korean Soc. Mech. Engineer.
B. 2011, 35 (5), 533-538.

[9] Link, S.; El-Sayed M. A. Spectral Properties and
Relaxation Dynamics of Surface Plasmon Elec-
tronic Oscillations in Gold and Silver Nanodots
and Nanorods. The J. Phys. Chem. B. 1999, 103,
8410-8426

[10] Ko, S. H. Research Status on Flexible Electronics
Fabrication by Metal Nano-particle Printing Pro-
cesses. Particle and aErosol Research. 2010, 6 (3),

131-138.

[11] Buffat, P.; Borel, J. P. Size Effect on the Melting
Temperature of Gold Particles. Phys. Rev. A.
1976, 13 (6), 2287.

[12] Yeo, J.; Hong, S.; Lee, D.; Hotz, N.; Lee, M. T.;
Grigoropoulos, C. P.; Ko, S. H. Next Generation
Nonvacuum, Maskless, Low Temperature Nano-
particle Ink Laser Digital Direct Metal Patterning
for a Large area Flexible Electronics, PLoS ONE.
7 (8), e42315, 2012.

[13] Ko, S. H. Low Temperature Thermal Engineering
of Nanoparticle Ink for Flexible Electronics
Applications. Semicond. Sci. Technol. 2016, 31
(7), 073003.

[14] Ko, S. H.; Pan, H.; Grigoropoulos, C. P.; Lus-
combe, C. K.; Fréchet, J. M.; Poulikakos, D. Air
Stable High Resolution Organic Transistors by
Selective Laser Sintering of Ink-Jet Printed
Metal Nanoparticles. Appl. Phys. Lett. 2007, 90
(14), 141103.

[15] Zschieschang, U.; Klauk, H.; Halik, M.; Schmid,
G.; Dehm, C. Flexible Organic Circuits with
Printed Gate Electrodes. Adv. Mater. 2003, 15
(14), 1147-1151.

[16] Sirringhaus, H.; Shimoda, T. Inkjet Printing of

Functional Materials. MRS Bull. 2003, 28 (11),
802-806.

[17] Ko, S. H.; Pan, H.; Grigoropoulos, C. P.; Lus-
combe, C. K.; Fréchet, J. M.; Poulikakos, D.
All-Inkjet-Printed Flexible Electronics Fabricati-
on on a Polymer Substrate by Low- Temperature
High-Resolution Selective Laser Sintering of
Metal Nanoparticles. Nanotechnology. 2007, 18
(34), 345202.

[18] Ko, S. H.; Pan, H.; Grigoropoulos, C. P.; Fréchet,
J. M.; Luscombe, C. K.; Poulikakos, D. Litho-
graphy-Free High-Resolution Organic Transistor
Arrays on Polymer Substrate by Low Energy
Selective Laser Ablation of Inkjet-Printed Nano-
particle Film. Appl. Physic. A. 2008, 92 (3),
579-587.

[19] Gordon, R. G. Criteria for Choosing Transparent
Conductors. MRS Bull. 2000, 25 (8), 52-57.
[20] Lee, J.; Lee, P.; Lee, H.; Lee, D.; Lee, S. S.; Ko,

S. H. Very Long Ag Nanowire Synthesis and Its
Application in a Highly Transparent, Conductive
and Flexible Metal Electrode Touch Panel.

Nanoscale 2012, 4, 6408-6414.

[21] Zeng, X. Y.; Zhang, Q. K.; Yu, R. M; Ly, C.
Z. A New Transparent Conductor: Silver Nanowire
Film Buried at the Surface of a Transparent
Polymer. Adv. Mater. 2010, 22, 4484-4488.

[22] Hong, S. J.; Yeo, J. Y.; Kim, G. H.; Kim D. K;
Lee, H. B.; Kwon, J. H.; Lee, H. M.; Lee, P.;
Ko, S. H. Nonvacuum, Maskless Fabrication of a
Flexible Metal Grid Transparent Conductor by
Low-Temperature Selective Laser Sintering of
Nanoparticle Ink. ACS Nano. 2013, 7 (6), 5024-5031.

199



