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Fig. 1 Multiphoton reduction to achieve electrical connection. (a) Electron microscopy of silver nanowires and electrodes;

(b) high magnification electron microscopy of silver nanowires
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Fig. 2 Electrical connection by femtosecond laser with assistant of surfactant

. (a) Schematic of gold nanowire

reduction; (b) mechanism of multiphoton reduction of gold nanoparticles; (c) absorption spectra of HAuCl,, C5,

and their mixture; (d) SEM image of gold nanowires; (e) AFM diagram of gold nanowires; (f) image of microcircuits
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Fig. 3 Electrical connection is achieved within polymer

matrix. (a) Gold electrode interconnection within PVP?7 ;

(b) reduction of gold nanowires in SU8 doped with Au®" “* ; (¢) reduction of gold nanoparticles in composite

photoresist® ; (d) 3D electrical connection in composite photoresist™”
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Fig. 4 Electrical connection is realized by photodynamic assembly metho

d®Y. (a) Schematic of photodynamic assembly

method; (b) fabrication of cross-finger electrodes, double electrodes, and multiple electrodes by photodynamic

assembly method
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Fig. 5 Electrical connection is realized by femtosecond laser sintering of nanoparticles. (a) Femtosecond laser sintering of

silver nanoparticles®” ; (b) femtosecond laser sintering of copper nanoparticles
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Fig. 6 Two-photon induced luminescence spectra of gold nanowire and its corresponding SEM images™" .

(a) Single gold nanowire; (b) coupled gold nanowire
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Fig. 7 Melted nanowire and electric field intensity distributions when laser polarization is perpendicular to the long axis of

silver nanowire®” . (a) Melting of nanowire ends, where the double sides arrow indicates the laser polarization

direction; (b) the nanowire is dispersed and melted, and the nanowire is separated into nanoparticles;

(c) absorption spectrum calculated by FDTD simulation; (d) electric field distribution calculated by FDTD;

(e) electric field intensity distribution after silver nanowire melting on both ends; (f) electric field intensity

distribution after nanoparticles separate from the ends of the nanowire
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Fig. 8 Morphologies of silver nanowire and substrate after welding. (a) Silver nanowires connected at angle of 27°%% ;

(b) silver nanowires connected at angle of 8

7°12 ., (¢) morphology of silver nanowires welded by femtosecond

laser™ ; (d) morphology of silver nanowires welded by nanosecond laser™ ; (e)—(f) surface morphology and AFM

diagram of PET after removing welded nanowires by ultrasonic cleaning

H1 T RO AR IR BETE 9K 2k (A B A 1755 R 74
SRR TSR B GOK R R O A K A, DAL T
HRARETY B RR S5 H T R F RBP4 52
BRAN KL FE AL A R K AR i v RN K 3
PR T L (B 0 R e 14 5 B it BELFE AR 22 24
17 Qesq ' BRI A 9105 9 T LB g FE
JURYEIRENE, BR T PRUE G J8 4R R A R S 7R
AORER LI R Hh L 75 B AR R 28 G A 45
Pi. B 8o (DX LR T REMEOL SR EOLTE

[57]

BRAKRZ AR ) 3 3 R P XA I D oL . BFSE
FW] - T R EOERY AR I T 07 LA R S B A
KA YT P B DA AR B AR AEBOR IO
AT AR AR LI, SR PET CRXFAR
IR £ ) o JEE TG A A5 0 EL H A PR 2 5 e Y
LA AR HOCIE R, PET #0558, It
Sh U 8Ce) (D Pz il 25 DG I il 4 BB, Kb
HOCHIRID IR )L B T HOLIRHEAIKR L
RIRS BIRCR . KRR R i A PET 41

1002502-8



#4955 & 10 H§/2022 £ 5 A/hE

JBC AT AR R KRR S IR A 1

R R AR L B IS, RPMEOLTE S R — 2
WUORBERE D7 T (4 LA 2 B 2 6 TERY . WA 9
I s R QEDOE B0 S A9 SO 1 IO, I
A P AR A A AR R A RE R T

(a)l
i 100 nm

B9 ZnO 94K IR 7 S 0 RO 31 GEOGRE &8
77.6 m]/cm” AEIREA] R 30 97, () X AR
A5 (D) Y TR s
Fig. 9 Morphologies of ZnO nanowires welded joint
(laser energy is 77.6 mJ/cm® and the irradiation
time is 30 )™ . (a) X-shaped welded joint;
(b) Y-shaped welded joint

TiO, (1)
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3.2.3 FRMMREKEE

Lin &5 % H KOG iR MR gk & 5
TiO, GIARZ S T Fa % 42, W& 10 () PR, H
BRI R AL S TiO, QKRS R Sk
S SRt L S G 5 L 5 L SR i A 1 AR IR L BT
2R T TiO, AR R, 23k THRIKRE S
TiO, WKL H %, 18 Ag-TiO, Fimab, Kb
AR BT Ti0, BB — 2 AR W 1 i B, 31X — )2 B B
AT RV ST AR E B S B 4 O HL 3R R 5 S A 4R
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SR X (E 10),

(@17.5 mJ/cm’ BWOLRERERIT , Ag-TiO, GORLIV L TR

(b) 58 S ALL & 6] B4 L 37 58 3£

Fig. 10 Morphology and field intensity distribution of Ag-TiO, nanowires®™ . (a) Ag-Ti0O, nanowires formed solder joint

at the laser energy of 17.5 mJ/cm?; (b) electric field intensity distribution around crossed nanowires
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11 REHOLERIRT AuwTiO, Fig975e oA LA EIES . (D78 800 nm PR AIRFOE T , BT 2 A HOLHE IR Au-
TiO, YKL P45 I A 1 P 7 38R EE 431 H P v 15 3k 2R OB IR 7 105 (D) 28 18,3 m)/ em” K RMHOGER
W85 s 5 » Au-TiO, R AROILE s () ~ (D HIGIKLR 544 25 HO fou e g

Fig. 11 Interfacial field intensity distribution and welding morphology of Au-TiO, under femtosecond laser irradiation.

(a) Electric field intensity distribution around Au-Ti0, nanowires electrode connection structure under 800 nm

(6]

wavelength laser irradiation, where the double sides arrow indicates the laser polarization direction'™ ;

(b) microstructure of Au-TiO, connection structure after femtosecond laser irradiation for 5 s with energy density

of 18.3 mJ/em*™ ; (¢)—(d) microstructure of copper nanowire connected with silver substrate
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Fig. 12 Sketch of femtosecond laser direct writing graphene and reduced graphene oxide circuit™ .

(a) Experimental

process for fabrication of fully reduced graphene oxide FET based on femtosecond laser direct writing technique,

where step | represents reduction of graphene oxide by high energy femtosecond laser direct writing, step i

represents preparation of reduced graphene oxide channel by adjusting laser energy, step iii represents preparation

of dielectric layer by spin-coating PMMA, step IV represents spin-coating graphene oxide, and step V represent

preparation of electrode by reduction of graphene oxide with laser direct writing; (b) laser direct written reduced

graphene oxide circuit after preparation, repair, and adjustment
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13 OEH & TR S, (LI SEE M SR S5 s (b) 4k ) SR BT (o 4 S 1%
AR (D A TR M EA 5 (o R —E R RS SO S %™ 5 (D ARFE iy %

Fig. 13 Type | waveguide fabricated by ultrafast laser. (a) Photograph and structure of I-shaped waveguide arrays

(b) two-dimensional waveguide interconnection diagram

[7s] .

[76] .
U7, (¢) three-dimensional waveguide interconnection

[82] ,

diagram-"™ ; (d) three-dimensional photonic wire bonding structure ; (e) two SOI waveguide interconnection on

2] ,

the same chip®™ ; (f) interconnection of different chips
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Fig. 14 Morphologies and mode field diagrams of the end face of type Il waveguide. (a) End face morphologies in KTN
Crys‘[alméﬂ ; (b)

Bi, Ge; Oy, crystal®™

4.1.3 AHRR &R %5

2013 47, He 2 | I € AP O GAE 45 TR 51k T 140
Hr & T IR AL 20 5 i S R iR JE 5%, HR ko
ZIE G EARFE R 2. 1 dB/cm, 2016 4, Lu 207
FIFH RANHOGTE HR FR £ (LINDO,) f A il £ 1 1M1
Watd 2 3 S, HAE 632.8 nm T ML i #0146 Ny
0.94 dB/cm, 2013 4F, Xu %5 Fi| ] W AM#OL e
R4 (LiTaOy) ffR il 4 T MIBE A2 U5, FLR K
SIS AR AR FE TR R 0. 38 dB/em; ZEAN ]2
TRz R T 28ES, M TR&NT
R Qi AN FI RS O ' O R AE SR R
# ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) 3k 5%
W& T IR AL 2 B 5 WL 15 iR, AR %S
NGATEARERFRIE , (H 0] LS BB AR Bl 22 A5 {15

; (d) end face mode field diagrams in Bi, Ge; O, crysta

end face mode field diagrams in z-cut MgO : LiNbO; crystal®™ ; (¢) end face morphologies in

1 [89]
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Pl 15 ZBLAN fib A e T S35 i T 0 3 B ASE 4 A
Fig. 15 Morphology and mode field distributions of end face of type Il waveguide in ZBLAN crystal®?
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Fig. 16 Different couplers and their end-face mode field distribution. (a) Three-dimensional coupler™ ; (b) 1X2 coupler™ ;
(¢) 2X2 coupler®™ ; (d) 3X3 coupler™”
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Fig. 17 Beam splitters fabricated by ultrafast lasers. (a) Structure and light splitting of 1-2, 1-4, and 1-8 beam

o9,

splitters® ; (b) Y beam splitter based on type lll waveguide™" ; (c) 1-4, 1-9, and 1-16 waveguide beam splitters

prepared by 3D printing method"*”
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surface struc

Fabrication of pre-
processed surface structure
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controllable aspect ratio

18 AL SIL . () CRPBOLSE & (L% 20 4 I OB BERE S s (b) RO F RAHAR Bl & i R R H
Wt B (O RO B ABDEET (P 1 i a5

Fig. 18 Other optical discrete components. (a) Microlens array prepared by femtosecond laser combined with chemical

etching™ ; (b) Fresnel zone plate prepared by two-photon polymerization technology™® ; (¢) multi-core fiber to

single-mode fiber interface device
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Table 1 Processing methods and advantages involved in the application of ultrashort pulse laser in the field of

microelectrical/optical interconnection

Processing Processing . . Application
) Mechanism Material Advantage . Reference
field method field
Fabrication of
) One-step
. Multiphoton : . 2D or 3D
Multiphoton ) Precursor processing, processing _
) absorption ] electrical [11, 15-30]
reduction solution complex 3D )
effect interconnect
structures
structures
Migrating metal
Photodynamic ) ) Nanoparticle particles rapidly, Direct writing
Optical drive ] lectrod
Electrical assembly suspension good structural glectroae,
) . : preparation of [31-44]
interconnection consistency )
field effect
. . Surface plasmon o Direct sintering, transist "
Sintering method Nanoparticle ink ) o ransistor, etc.
resonance no ion diffusion
Flexible display.,
Self-limiting ]
) ) flexible sensor,
) Surface plasmon Nanowire, welding, no )
Welding method memristor, [53-71]
resonance graphene, etc thermal damage
electrode
to the substrate )
repair, etc.
o ) Transparent ~ Machining directly
Modification Refractive i o [74-80,
) medium on or inside
method index change . Three dimensional ~ 85-93]
such as glass the material
Optical optical waveguide,
. . Flexible
Interconnection Coupler, beam
Two-photon Two-photon Polymer preparation, . [80,84,
splitter, etc.
polymerization  absorption effect solution processing complex 110,116

3D structures
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Abstract

Objective Significance electronic and information devices are becoming increasingly miniaturized and portable with
technological advancements. These advancements require high-density distribution of device function units. This
introduces new challenges to the electrical and optical interconnection technology among function units. Some
techniques such as photolithography and electron beam have been developed for fabricating microelectrical and micro-
optical devices. Although these methods have high resolution, they are inflexible for three-dimensional (3D)
fabrication. Ultrafast pulse lasers are a versatile tool for fabricating microelectrical/optical devices owing to their
high resolution, minimal thermal effect, and flexibility. In this study, we briefly introduce the basic mechanism of
ultrashort pulse lasers for microelectrical/optical interconnection, including multiphoton-induced reduction, surface
plasmon resonant, and two-photon photopolymerization. Furthermore, this study focuses on the application of
ultrafast laser manufacturing in microelectrical/optical interconnection.

Progress According to different applications, femtosecond laser interconnect technology can be categorized into
electrical and optical interconnections. Between them, electrical interconnection technology can be used to connect
zero-, one-, and two-dimensional nanomaterials.

For zero-dimensional nanomaterials, ultrafast laser-induced interconnection mechanisms include multiphoton
reduction, photodynamic assembly, and selective laser sintering. Multiphoton reduction is a high-resolution approach
for 3D electrical interconnection owing to the multiple absorptions induced in the metal-ion precursor (Fig. 1). To
improve the quality of electrical structures, surfactant (Fig. 2) or polymeric matrix (Fig. 3) is added to the
precursor to avoid the diffusion of ions. In addition, photodynamic assembly for electrical interconnection is
developed to address the diffusion of metal ions in the precursor. This method uses laser-driven force to capture and
connect nanoparticles (Fig. 4). Furthermore, selective laser sintering can be used to fabricate patterned electrodes
in the atmosphere using surface plasma resonance (Fig. 5).

In nanowire electrical interconnection, femtosecond laser-induced local plasma resonance can be used to weld
homogeneous nanowires or nanowires and substrate. Studies have shown that local-field enhancement appears at the
ends of nanowires or coupled gap regions during femtosecond laser irradiation, inducing localized plasmon resonance
to generate localized high temperatures, which can be used for nanowire joining, cutting, or reshaping. For
example, silver nanowire networks will have local plasma resonance at junctions during femtosecond laser
irradiation, resulting in a localized high temperature, to realize nanowire welding and reduce the sheet resistance of
silver nanowire transparent conductive films (Figs. 7 and 8). The welding between heterogeneous material
interfaces can also be realized to form electrical interconnection using local plasmon resonance induced via
femtosecond lasers, such as Ag-TiO, nanowire welding and TiO, nanowire-Au electrode welding (Fig. 12). In two-
dimensional material electrical interconnection, femtosecond laser direct writing induced reduction of graphene oxide
can be used for electrode repairing or adjustment. To realize one- and two-dimensional material electrical
interconnection, femtosecond laser has the advantages of small thermal impact, almost no thermal damage occurs to
substrates, and high processing resolution. Therefore, the method of welding nanomaterials using femtosecond laser
irradiation has important application prospects in developing flexible electronic devices and functional micro-nano
devices.

In optical interconnection, femtosecond laser modification processing can often induce refractive index changes
in glass and crystalline materials. Two-photon polymerization can be used for additive manufacturing outside the base
material, which can process complex 3D structures compared with femtosecond laser modification(Fig. 13). The
annealing treatment after modification processing can effectively reduce the transmission loss of a waveguide; beam
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shaping technology can improve the processing efficiency of the waveguide. However, efforts are still required to
improve the compatibility of waveguide manufacturing. Among discrete components, relatively simple couplers,
beam splitters, and microlenses have been extensively studied. However, further research is required to fabricate
complex devices such as on-chip light source, modulator, and detector component.

Conclusion and Prospect Electrical/optical interconnection can be realized via femtosecond laser irradiation
primarily through the principles of photon reduction, photodynamic assembly, laser-induced surface plasmon
resonance, two-photon polymerization, or material phase transition. The interconnection process is complex,
involving photon absorption, energy transfer or transformation, material phase transformation, etc. Laser
processing involves the interaction between light, heat and materials. The welding of materials is usually the result
of a combination of various mechanisms; therefore, further research is required. In addition, the smallest structure
size can reach the submicron level. However, further reducing the characteristic size, reducing resistivity or
transmission loss, and improving oxidation resistance and processing efficiency are still the challenges faced by the
electrical/optical interconnection. With more understanding of ultrashort pulse laser processing, related technologies
will play a more important role in the field of microelectrical/optical interconnection.

Key words laser technique; ultrashort pulse laser; multiphoton induced reduction; surface plasmon resonant; two-
photon photopolymerization; optical waveguide
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