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Fig. 1 Schematic showing the mechanisms of coalescence
for Au nanoparticles™”
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Fig. 2 Coalescence of two Au nanoparticles™"
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. (a) TEM images of two Au nanoparticles during the fusion process, the

insets are FFT images of selected areas; (b) final structure (136.1 s) of the coalesced Au nanoparticles with its

FFT image;
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Fig. 3 Die attachment sintered at 300 °C using nano-Ag paste
(d) the bondline/DBC substrate interface

(c) the SiC chip/bondline interface;
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Fig. 4 PLD prepared nanostructured films and used as bonding materials®” . (a) Cooperative mechanism of the CBLDN;

(b) paper-based LED using the CBLDN; (c) shear strength of joints; (d) SiC power module using the CBLDN
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Fig. 5 The sintering process of Ag nanoparticles™ . (a) Sintering process started with the nucleation and growth;

(b) reduction of Ag cations caused by electron beam irradiation; (c) the aggregation processes of free Ag nanoparticles

0802002-4



F£48% 55 8 H1/2021 &£ 4 A/HERE

TE AN K URLYE 205 B 3% v, 3R T3 HIUR: BORL B 3%
1 R AR T AR AURE 1 i ST 1 A be g
HLERS . Asoro 451 B4 T 45 K UKL e 45 1 A5
FUTH 5 R 45 2R =2 18] A7 75 22 57 (9 T BEJRLIA . 1) 44
KU P A B AT R A R B 45440 5 20 RS 3000 3 30
IR 5 5 3) 94 K JBORE Hh A7 78 38 55 A1 Jm A AT 2R . 55
b o3 B 1RO TR AL R BORE 22 8] A9 AR ELAR
FH 3« 3 i i385 JBE 149904 50 AR 498 S 35 5 o AR EL A
T3 Zeng S HR R T 49 K UKL 1) AR LR
(A 285 ik S R 1 ) 2 R i X R R AR )

7=300 K~800 K

1=

K~1200K

ESFEKRL T E I A AT B RN R 2
— T B S E TS Au 98K BURLTE B R
A 6 BT R, AT RUA B R SR
BN R AL D REAIL I8 3l o I L2 1 5 R B
TRBAE Bl 5 Bt il JEE T e L D Bl SR A AR T
ZA B AR T 1 iy T KR 1 2 8] 9 1 R
AR AT 1 5 A0 KA A 5 20 3 THI IR 0 1) 7 A 208
BRI T BEAE R T RSl Au 48K kL
BRI R R IR . NG SRR 2 s A T
FEAF 192 Au GAKORL 30T 1 H 3% Y JE AL

7=1100 K~1200 K

T=1300K

Pl 6 Ag 44K MURL R Cu 49 K ORI AR 3 A [ 3 4 o i 450
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Fig. 8 An Ag nanowire junction by laser irradiation™® .

(a) Ag nanowire junctions after irradiation; (b) lattice-resolved

TEM image of the interface
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Fig. 9 Interconnection between two gold nanocrystals in solution

021 (a) Bonding between two Au nanocrystals (P and Q)

in solution; (b) two Au nanocrystals with common (111) lattice planes yields a nanocrystal with defect at the

bonding interface
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Fig. 10 Nanowires fabricated via interconnection. (a) Pt nanowires, the insets are high resolution TEM images;

(b) Pty;Fe nanorods®
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Fig. 11 The early growing stages of particles and the corresponding schematic illustrations of particle shapes™ . (a) A

primary particle; (b) lattice matched attachment; (c¢) twinning attachment growths; (d)—(i) three particles

connected through lattice matched attachment or twinning attachment growth
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Fig. 12 Interconnection of heterogencous metallic particles via femtosecond laser irradiation™ .

(a) Nano brazed joint by

femtosecond laser irradiation; (b) diagram of bonding interface; (c) interface orientation relationship between

Ag-Pt and Ag
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Fig. 13 Interconnection of Al and Fe nanoparticles™

. (a) Morphology of joined Al-Fe nanoparticles by femtosecond laser

radiation, the squares represent the corresponding areas; (b)—(d) high resolution TEM images of the areas of b, ¢, and d
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Fig. 14 Interconnection of Ag and Ni nanoparticles™

. (a) Morphology of joined Ag and Ni nanoparticles, the squares

represent the corresponding areas; (b)—(d) high resolution TEM images of the areas of b, ¢, and d
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Fig. 15 Schematic of the welding process of Au-Ag nanoparticles™
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Fig. 16 TEM images showing the merging of Ag nanoparticles with the Au nanorods""”
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Fig. 17 Fracture process of Au-Ag nanowires after

[78]

interconnection"™ . (a) Structure of the new Ag-

Au nanowire after interconnection; (b) breaking
process; (c¢) breaking position
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Fig. 18 The welding of an Au to a Si nanowire using high-

intensity electron beam. (a) The original single-
crystalline of Au and Si nanowires; (b) joint after

exposure for 13 min; (c) the welded region
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Fig. 19 Heterogeneous nanowire interconnection™ .
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attached shows the Ohmic behavior of the solder joint; (b) open circuit between nanowires after applying a high
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Abstract

Significance Nanomaterials have been researched and developed in the fields of solar cells, biological detection,
sensors, and information storage. However, the interconnection between nanomaterials and external units is limited
to simple mechanical contact, and many nanoscale features, such as excellent electrical, optical, and magnetic
properties, are not exhibited. The rapid development of nanotechnology has high demands on the joining technology
of nanomaterial units to realize complex functional systems. The interconnection of nanomaterials is the basis of
nanoscale product integration and will immensely enrich its functionality.

Progress According to the size of the joining materials, if the size is at least in the range 1-100 nm, it is called
nanojoining. The essence of nanojoining technology is material interconnection, and conventional joining methods via
the force/heat strategy are still applicable in nanojoining. Compared with traditional macro-joining, nanomaterials
are melted or interdiffused to obtain effective joints. By using the nanosize effect, the sintering temperature of
metallic nanoparticles (NPs) will be much lower than the melting point of the bulk metal, they will be interconnected
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by sintering at a low temperature, and the metallurgical interface will be formed by diffusion. Surface diffusion is the
main sintering mechanism of NPs, while the grain boundary diffusion is the sintering mechanism of large particles.

The metallurgical connection between the metal materials is realized via cold welding without external direct
energy input. In situ transmission electron microscopy shows that the joining is almost perfect (Fig. 7). Compared
with the traditional joints, the cold-welding joint has the same crystal orientation, strength, and conductivity. For
nanowires, the size that can be cold-welded is about 10 nm, whereas that of nanofilms is limited to 2—3 nm.

Laser irradiation is one of the most common joining methods in nanomaterials. This method can avoid the high
requirement for mechanical manipulation in cold welding. Surface plasmon heated local nanomaterials, which could
achieve cross-scale, cross-material low-damage joining. Owing to surface excitation, the electromagnetic field
occurring in the metal nanostructures and the enhanced plasmon contributes to heat and join nanomaterials. In
addition to the strong thermal effect of surface plasmon, the electromagnetic field will promote interconnection. If a
femtosecond laser with low power density is irradiated, particles will achieve an orderly arrangement. If the laser
power density is high, the ends of the nanorod will be arranged under the action of local heat, and the crystal faces
will match to realize interconnection.

Numerous studies have been conducted on the interconnection of various metals and nonmetals with the
formation of electrical signal connections in the printed electronic products as the main driving force. The
interconnection of heterogeneous and homogeneous nanomaterials has the same diffusion mechanism, but the
challenge of heterogeneous material interconnection is the lattice matching at the interface. When an ultrafast laser
irradiates Ag and Pt NPs, Ag NPs are first melted and interconnected with the surrounding Pt NPs. Ag NPs act as
metal solder, and the interface shows good Ag-Pt lattice matching (Fig. 12).

Conclusions and Prospects Nanoscience provides many strategies for building high-performance materials and
devices. The bottom-up manufacturing process is conducive to large-scale synthesis, the joining and
interconnections, especially heterogeneous nanomaterials, still need further development. The joining between
materials should be extended to different systems to ensure the versatility of interconnected nanomaterials and
devices and meet the design function requirements. An essential factor in the interconnection of nanomaterials is to
precisely control the melting depth to prevent NPs from merging to form a single particle. To avoid excessive
damage, space-limited energy input will become necessary. Ultrafast laser-precise irradiation may be an ideal method
for joining and interconnection of nanomaterials.
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