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Advance in femtosecond laser fabrication of
flexible electronics

Liao Jianing, Zhang Dongshi’, Li Zhuguo’

Shanghai Key Laboratory of Materials Laser Processing and Modification, School of Materials Science and Engineering,
Shanghai Jiao Tong University, Shanghai 200240, China

Abstract: Consumer electronical markets are now promoting a rapid advance in flexible electronics with high
integration, miniaturization, and wearable properties, which in turn puts forward new requirements for the fabrication
of flexible electronics. Photolithography techniques are advantageous for their high accuracy, but it is
disadvantageous due to high cost, complexity, and low efficiency. In comparison, femtosecond (fs) laser micro-
nano fabrication, as a high-efficiency and simple technique, has shown its capacity and potential for the fabrication
of flexible electronics. This review summarizes five fs-laser based techniques for the fabrication of flexible
electronics, including laser synthesis of nanomaterials in liquids, laser-induced nanomaterial chemical-reduction,
laser-induced nano joining, laser electrode patterning, and laser surface texturing. The corresponding mechanisms
are briefly introduced, followed by a demonstration of typical flexible electronics and their properties. Finally, the
challenges in this field are analyzed, and our perspective is provided.

Keywords: femtosecond laser; micro-nano fabrication; flexible electronics; nanojoining; nanomaterial synthesis

Wi BEA: 2021-11-30; WZEMEekimHEER: 2022-02-11

E&WH: el R RIEERIBAZEIH 2198 (WF220405017)
“BIE1EE: AL, zhangdongshi@sjtu.edu.cn; Z=#[H, lizg@sjtu.edu.cn.
R R ©2022 H IRl B v B AR5 i

210388-1


mailto:zhangdongshi@sjtu.edu.cn
mailto: lizg@sjtu.edu.cn
https://doi.org/10.12086/oee.2022.210388

BiFET, 4. S6H T, 2022, 49(2): 210388

https://doi.org/10.12086/0ee.2022.210388

1 81 B

W 5 SR B PR A SR A 2 TR G,
{5 i AU a2 8 T DR
TR Tt DIRESS I . SHEE M B VA =
OIRA . THRESSAE T WE BN AU B | SR | I
J1. WA KA BRI AL LR S s
T RS SRR VRSO T S D RESi
L

AR BA R LER TR | 22 B E L5 S
TGP, RIS RIBLR ., Jese . mss e fEfe
PERE, 7EmPERE T AR R T B A R TR
BIRYUCKMRZ T RS, TR RL SR
KB T IHRESSHE . AORBPRY G BT 57T Bl
b/ = B T S = B T e = B T
TSRS BRI R A AR, LR UER I |
WIpEAE . A L B W NS HTT (J5T
R ik, AHBIERAORMRL, faERfes
W AR EATUREE | BOGIE RS B A
KAPRHSEE . 56 R . I TIf SR ALA REE R 1
. E R BB AR L2 A A TEN L, e
Z) T Al 2 o/ MRAIE N ST e 3 B A 5 i
HER, (HHFEN K SRR, T+ 550
AH R RORNARES Y, TERARER, R
Pe2E L ARG T/ MR I BEAR T ELR AR X
Jrik, AR, R e ENER, (E TR EEAR
A EMR SR A2 A, I BRA R A BT 2k A
HLAEH, DB EOER",

EESEHOET " RO AN T, AT
S BRAFE A B 57/ 53 T ORI A,
AT LA /43 1 ROBE BN bR R 25
U RRRL A R WO TR IR T2, 1E
TERGEHITE, WA TG R FibesstY | &
TS R AU S R, HE
A— 2D 2 e B i e A ETY i P SR
USRS R Ty A B A ] — R b i g e i,
HESEHOCHEON B3, WIS A B AT RS 4
JBAAB I HIARGRSE", (EIN T 45 H R 553 BreAR |
GIZERAR . B0, R RO,
TRKGERL WEE D RN, AT ST
Pl RN S A B w5 3 BRI 58 987 T, ab T 5
LY BGOSR RS, T TP 1%

PRI A SO I T AR B R A
TS24 TLAR RO 2 SR it A8 B AR AR T
EITE LIRS PP ORI R&
e TREPBOCAORFRREIR . REPHO AR RRE S |
REMROE R A RO R IS AL, JFXS L
BETAHSC T M R i SR P vl SR R RO PERE . e
GG I BB AN K

2 XFNESEMIIZRMNA

2.1 KRS RAE AR RIE R

WOCE RGBT RS | UK R =FhER
BT BT, WA A bR R EREE, AT e
FRAAUE FHT, W@ IETsYe, HAa WA
SRS, T G AR L TR R AR 2
HAH, SEGPRRALL . BIL. B, BiRES
b, SEEAKMR Z RS Y. R THE S AL
Sk, M TR TEARRIBRE, RO & a8 K
R ELAT T A, AT SENERTE 100% B AR
Wi RHE A R B T LAk & BURER w5 A0 AL 3
PET. T ROEE R R b b, o JE AL B
(gL, Ve R, DRI, AT
ST BT T R PE s s . A HE e
HL TR AR GE A 2, (ARSH S
JAA A Z P FL T FH BRI S Ok
UEfiER

R A B SR AR, ADRREOCIRO &
5y R ORI B (LAL, [ 1(a)). HO6WRARTR 2
(LFL, K 1(b). #OGRMES (LML, & 1(c). #
JEWARBR B TR (LDL, [ 1(d)™, o6 A bbb
(LAL) S FIBOGHE [ A L6 AR 8E T 1k o i
Kbk, AEBA IR AR R A K B LT
BRAG B0 0 K J A A2 9 BB R, B AT L BB
ERREF THFFE AR MR R ST 20% o OGO 24
T (LFL) 2R T30 4 ok RLRE s ok R 1
ORI I 125 RE O SR /N U B AR AR, G
HA SR L FREBANEE, EHTREEY . e
TET AR AR AR . OGO
(LML) 7T L P99 e R 038 2o 38O B Dby il
SRS ORES 38 R RO, TP
HE KRB TH YR, BEEHGE. O
FEBRIE T (LDL) D238 5 O 8 B 7 57 A i ok
B LA e 5 0k ) S T4 4, T T R P KA AL

210388-2



BigT, % OGH TR, 2022, 49(2): 210388

https://doi.org/10.12086/0ee.2022.210388

LAL

Laser ablation
in liquid

Colloidal LML

Bulk target

Liquid
dispersion
of particles

in

NPs Laser melting Laser in
out in liquid

LDL

Laser defect I Laser

engineering in liquid " beam

Liquid
dispersion
of particles

Photo-
melted
NPs
out

B 1 sobainsmAR R I FERY,
(a) #ARANR S (LAL); (b) $kaARFZ (LFL); (c) kmAakas (LML), (d) #oti&AR4: M4 42 (LDL)

Fig. 1 Schematic diagram of the laser synthesis and treatment in liquid®”.

(a) Laser ablation in liquid (LAL); (b) Laser fragmentation in liquid (LFL);
(c) Laser melting in liquid (LML); (d) Laser defect-engineering in liquid (LDL)
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Fig. 2 (a) Schematic illustration of femtosecond laser ablation synthesis with ZnO QDs to fabricate photodetectors; (b) Transient

photocurrent generation under deep-ultraviolet illumination for photodetector; (c) Responsivity measurement of photodetector as
a function of the number of bending cycles. The inset photos show the photodetector bending degree””
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Fig. 3 (a) Manufacturing process of femtosecond laser reduction based on Cu ionic precursor; (b), (c) SEM images and XRD pattern of
Cu microelectrode prepared with different laser powers; (d) Copper microelectrode sheet resistance change curve with

laser power, inset: photograph of the LED circuit prepared from Cu microelectrode

[39]
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Fig. 4 (a) Manufacturing process of femtosecond laser writing rGO/PDMS composite acoustic sensor®”; (b) Schematic illustration of

the interaction between water molecules and GO nanosheets™; (c) Prototype demonstration of
e-skin used for simulation of noncontact sensing properties of human skin®®”

210388-6



BEFT, 4. 56 TR, 2022, 49(2): 210388

https://doi.org/10.12086/0ee.2022.210388

JEIR TS (SLM) B CEMEOL = 0 6 A6 8 6
174 AL R R ARG (I 5(a) BizR), SEBLT
ZMIEIRE A A AT B E AL (LIG/MnO,) Ftt
TR 2 AR B U £ . LIG/MnO, FITHOE L 5
LR AL FEEbf RO TR/ AL (5] 5(b)). 18 FDK
AR IR G WMRI I B, etk 2=id i/ a4k b £ 5
EM . REMBOCTERN g E 23T T SR A R oot
FIE A BB K270, 2l GO il rGO. Wi
F GO iy Mn” I it #F GO (138 Ji, 7E it A,
M’ WA ALTE B MnO, 40K k7 o Fifi 25 52 10 ) 4 52
AT, R AAAE S, GO RS AE
REA - IE L CO. CO, K H,0 J1#t LBk, f#iff GO
WEH rGO, [Flif Mn” EIEHK MnO,. Y48 LIG/MnO,
FHBPRA BT LA B A RS, A

SLM  p,

i

Shaped patterns

Shaped beams

B R AR AR TR . BT RO I R, b
SPERETAL (141 5(c)), HMAELHEZ A 128 mFeem °,
PR L HL 250 426.7 Feem (18] 5(d)). Li &5 I H] &
FHHOEIR R (A AL A B K /U5 4 1R ))GO/HAUCL, 1R &

YW 5E] rGO/Au & A M RE A8 Tl L i, %E%ﬁ
1.1x10° Sem ', M T rGO M 2 AR, it
A Au NPs (19 il A AT A 85088 = R L 5% . 1GO 1938
JE AR TOKBLALAY AuCl,, RS/ Au'™
ATBAE LAY 1GO IR (LAY FL IR JFUE I Au 442K
Wk AT FIESEOE, CRREOG AT AR HE R A
) HAuCl, #1 GO i& Jit, HH A H Au NPs 19 % 42 %
JEH R, AR T rGO/Au (B R XK
PO T % 1Y rGO/Au AR L 25 4% (0.46 mFecm )
B3 B O 451K rGO/Au T R 2% L 75 2% (0.20

CCD
S
M =
--:\k 3
e ;
Up.s >
rafaS[

More than 3000 MSCs per minute
SSFL stamping

L L B
\ad

N

¢

N w »
o o o

-
o

Areal capacitance/(mF-cm2)

o

— s

& c

4 mA-cm™ p 104 3

0 0.5mA-cm™ |n g 102 o ] e

T ~f-g ..._._.. = g

Eo "

§ 100 *—\"'\"H\m L 102 §

] =

= Q

Concentric Inter: §10 B 10" 3
3 [}

Cir 810721 ,3\\
310 e 100 1

< 10" 10° 10' 102 10® 10* 3

Geometry

Scan rate/(mV-s™")

B 5 (a) AR T EHIKE A HEH & LIGIMNO, AL A Z W =ER; (b) “ALH$ A LIGIMnO,

Lo HHRE; (©) TR

YRAAL R B LR R AT T 0 BRI

(d) SAGAZ L 75 B ) MK A4 ik 5 F 89 @ AR b 2 AR AR )

Fig. 5

(a) Schematics of spatially shaped femtosecond laser strategy to fabricate the graphene/MnO, micro-supercapacitors;

(b) Schematic diagram of the formation of LIG/MnO, composites induced by femtosecond laser; (c) The area-specific
capacitance of different geometries under different current density; (d) The areal capacitance and

volumetric capacitance of interdigital micro-supercapacitors under different scan rates

[87]
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[89].

Fig. 6 (a) Schematic diagram of femtosecond laser direct writing graphene flexible thermistor™; (b) Schematic diagram of fabrication of
micro-supercapacitors by femtosecond laser carbonization and photographic image of micro-supercapacitor, cyclic voltammetry (CV) curves
of micro-supercapacitors with different bending degrees ( the scanning speed is 1 V/s)*”; (c) Schematic diagram of sensor array
fabricated by femtosecond laser micromachining method®”; (d) Sensor array simultaneously detects the temperature and

[91].

pressure of different objects™ ’; (e) Electrical signal output of the temperature sensor affected by temperature

changes®"; (f) Electrical signal output of the pressure sensor affected by load pressure changes
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Fig. 7 (a) Relative electric field enhancement |E/E,| distribution of the Cu nanoparticle dimer under 960 mW laser irradiation®;

(b) Temperature field distribution of a Cu nanoparticle dimer under 960 mW single pulse laser irradiation after 5 ps®”;

(c) Relationship between electron and lattice temperature of Cu nanoparticles in the first 5 ps under different
laser powers of single pulse laser irradiation®; (d), (e) Sheet resistances and transmittance spectra of

Ag NWs films before and after femtosecond laser irradiation®; (f) SAED patterns of
Ag NW joints and different parts irradiated by femtosecond laser™”
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Fig. 8 Resistance change of graphene sensor with time under the certain conditions: (a) enclasping;
(b) holding a beaker with hot water (60 °C); (c) smoking; (d) humidifying"*"
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micro-bowl"*”; (b) Schematic illustration of the fabrication of the PDMS by femtosecond laser irradiation and SEM images of
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the fabricated TENGs with laser power ranging from 0 to 132 mW®"!
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Advance in femtosecond laser fabrication of
flexible electronics

Liao Jianing, Zhang Dongshi’, Li Zhuguo’

Femtosecond laser processing techniques

Laser beam Femtosecond g‘\d\(\g
Airbrush spray-coating laser ¥

A irradiation
/ L Y

-

Substrate

Cu structure

Flexible photodetector
Laser synthesis of

..........................

' Ultrashort
= laser pulses

Femtosecond Iaser:
(50 fs)

PDMS '
AgNWs = @ Aluminum
MXene film

PET /

Femtosecond-laser based techniques for the fabrication of flexible electronics

“No thermal damage
Flexible substrates

Crystalline nanojoining

Overview: With the rapid development of information technology and the rise of consumer electronics, flexible
electronic devices with high integration, miniaturization and lightweight have attracted wide research attentions. Such
flexible electronic devices are typically composed of functional parts, conductive structures, and flexible substrates. The
functional Farts can respond to external stimuli and convert them into electrical signals. The conductive structures are
used for electrical signal transmission and the flexible substrates are used to support functional and conductive
structures. The preparation of flexible electronic devices requires nanomaterial synthesis, sintering, processing, and
patterning, which is an intrinsically interdisciplinary subject that integrates material science, electronics science, and
engineering science.

Laser processing, as a maskless process, is able to realize material synthesis and sintering, surface modification,
texturing, pattermn% and even develop entire flexible devices in one step. Femtosecond laser, benefiting from an
ultrashort pulse width can not only achieve “cold” processing with low-damage high-resolution micro-nano structures,
but also realize nanomaterial synthesis and nano-joining of multi-dimensional nanomaterials, showing great potentials
for the fabrication of flexible electronics. In this paper, five femtosecond-laser based techniques for the fabrication of
flexible electronics are reviewed, including laser synthesis of nanomaterials in liquids, laser-induced nanomaterial
chemical-reduction, laser-induced nanojoining, laser electrode patterning, and laser surface texturing. The technique of
laser synthesis of nanomaterials in liquids can be classified into laser ablation in liqLuids (LAL), laser fragmentation in
liquids (LFL), laser melting in liquids (LML) and laser defect engineering in liquids (LDL). Specifically, LAL can be used
to transform solid tar%ets into functional nanomaterials whose physicochemical properties are manipulable via changing
target compositions, liquid molecules, and processing parameters. LFL, LML and LDL are downstream techniques
enabling to further tune the properties of LAL-synthesized nanomaterials. Laser sirnthesized nanomaterials show pure
and active properties. They are good candidates to be the alternative of chemically synthesized nanomaterials for the
fabrication of high-performance flexible electronic devices. Regarding laser-induced nanomaterial chemical-reduction,
the mechanisms are mainly photochemical and photothermal reduction, allowing the transition of metal salts or
graphene oxide/high polymer materials or their mixtures into metal, reduced graphene oxide/carbon, or metal/carbon
composite electrodes. Femtosecond laser nano-joining, on the basis of laser-induced localized surface plasmonic effect
can enhance the local temperature at the contact area between metallic nanoparticles, and facilitate the interconnection
of nanoparticles for the fabrication of low-damage flexible conductive electrodes and nanowire sensors. Femtosecond
laser abI}:\tion can also realize electrode patterning and surface texturing, which have been used for fabrication of flexible
electronics including sensors, supercapacitors and triboelectric nanogenerators. In light of high ﬂexibilit}lr) and stron
capacities of femtosecond laser ablation and processing, its extensive applications in flexible electronics can be envisage
t(% pﬁosper in the near future. However, there are still some challenges ahead, so our perspectives are provided at the end
of this review.
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