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Fig. 1 Probe system assisted using optical microscope. (a) Principle diagram of nano-operating system assisted using

optical microscope™™ ;

nanowire with diameter of 270—370 nm
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(b) fiber probe prepared by melting and stretching fiber™ ; (c)optical microscope of Au

[33]
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Fig. 2 Nano-joints prepared with laser. (a)(b) Scanning electron microscope (SEM) image of T-shaped brazing joint

prepared by using two perpendicularly crossed Ag nanowires®” ; (¢)(d) V-shaped nano-joint prepared by using two

crossed Ag nanowires with scale of 1 ‘um}zi ;

nanowires wrapped ZnO nanowires after laser irradiation

(e) Ag nanowires vertically crossed above ZnO nanowires, and Ag

B () temperature distributions of Ag and ZnO

nanowires simulated by COMSOL when 30 mW laser is focused at one end of Ag nanowires above ZnOF";

(g) morphology of ZnO nanowires connected with Au electrode after laser irradiation

characteristics of ZnO nanowires and Au electrodes before and after forming connection
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Fig. 3 Probe system assisted by atomic force microscope” . (a) Flow chart of AFM probe system connecting carbon

nanotubes; (b) principle diagram for nanojoining two carbon nanotubes by using near-field enhancement effect
excited at AFM probe tip by laser; (¢) SEM image of AFM probe; AFM images (d) before and (e) after

nanojoining of carbon nanotubes
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Fig. 4 Probe system assisted by TEMM"Y. (a) Morphology of carbon nanotube connected with Pt electrode;
(b) morphology of carbon nanotubes after cracking; (c) morphology of two end-contacted carbon nanotubes after
cracking; (d) carbon nanotube-carbon nanotube joint prepared by using electron beam induced deposition method;
(e)morphology of carbon nanotube after joint in Fig. 4 (d); (f) carbon nanotube joint performance tested by
applying vertical axial pressure to carbon nanotubes with probe; (g) enlarged image of bending position of carbon

nanotube in Fig. 4 (f); (h) morphology of carbon nanotube after removing probe
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Fig. 5 One-dimensional nanomaterials assembled by dielectrophoresis method.

nanotubes deposited onto Au electrodes by dielectrophoresis method™ ;

(a) Principle diagram[%]; (b) carbon

(c) 3D schematic of dielectrophoresis

process during drop-casting of carbon nanotube solution over substrate with pre-patterned electrodes™’ ; (d) SEM

images of dielectrophoresis experiments carried out with different V

and electrode geometries™™
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Fig. 6 Self-assembly induced by femtosecond laser. (a) Principle diagram of femtosecond laser self-assembly and joining of

[56] |

Au nanorods®™ ; (b) end-to-end self-assembly of Au nanorods under 130 pJ/cm” femtosecond laser irradiation

[56] .

(¢) Au nanorods fused and interconnected under 650 g]/cmz femtosecond laser irradiation " ; TEM images of Au

nanorods (d) before and (e) after self-assembly

adding 2.5 mL isopropanol to 0.50 mL. Au nanorod dispersant

[56]

(f) extinction spectra of Au nanorod colloid versus time after

[57]
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Fig. 7 Pose regulation of nanomaterials by single-beam optical tweezer

B (a) GaN nanowires placed on top of SnO,

nanowires by optical tweezer, and then GaN and SnO, nanowires connected by high intensity laser; (b) GaN and

SnO, nanowires manipulated by optical tweezers to form three-dimensional nanostructure; (c) GaN nanowire with

radius of 30 nm inserted into living cells by using optical tweezer
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Fig. 8 Pose regulation of one-dimensional nanomaterials by holographic optical tweezer™™ .

(a) Dark-field optical

microscopy of CdS nanowires operated by optical tweezer array; (b) principle diagram of CdS nanowires regulated by

optical tweezer array; (c) CdS nanowires rotated by holographic optical tweezers; (d) CdS nanowires moved and

two CdS nanowires connected by holographic optical tweezers to form T-shaped nano-joint
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Abstract

Significance Due to the unique mechanical, electrical, thermal and optical properties, one-dimensional
nanomaterials have a wide range of applications in micro- and nano- electro-mechanical systems, flexible transparent
conductive devices, and sensors. Different from zero-dimensional and two-dimensional nanomaterials, one-
dimensional nanomaterials have larger ratios of length to diameter. To build nano-structures or nano-devices with
one-dimensional nanomaterials, both the position and posture (or rotation angle) need to be considered. Therefore,
how to precisely control the pose of one-dimensional nanomaterials and then connect them with nanoscale,
microscale, or bulk materials is crucial to realize the functionalization and deviceization of nanostructures.

Although one-dimensional nanomaterials have a variety of applications, precise manipulation of their pose and
forming a reliable nanoscale interconnection with other materials are still great challenges. It is well known that
nanomaterials have a small size, which makes them difficult to manipulate their poses. Manipulation methods, such
as mechanical clamping, can easily cause damage to nanomaterials. In addition, the small size of nanomaterials
results in a large specific surface area and high surface energy, which significantly reduces the melting point of
nanomaterials and makes the nanomaterials susceptible to oxidation. How to connect nanomaterials and other
materials without affecting the non-connection parts of nanomaterials is crucial for preparing high-performance nano-
joints. To connect nanomaterials, many methods have been proposed, including mechanical pressing, thermal
annealing, chemical treatment, cold welding, and light-induced plasmonic nanojoining. One of the potential
nanojoining technologies is light-induced plasmonic nanojoining, which utilizes white light or laser to excite local
surface plasmon resonances, thereby resulting in local heating. By precisely adjusting the intensity of the incident
laser, the connection position of nanomaterials can be slightly melted, resulting in nanojoining of nanomaterial with
other materials. Light-induced plasmonic nanojoining is a high-efficiency and low-damage nanojoining method.

In the past few years, various methods have been developed to manipulate the pose of one-dimensional
nanomaterials, and then to join them by laser. According to the principle of nano-manipulation, these nano-
manipulation methods are summarized into three types: probe method, self-assembly, and optical tweezers.
Combining the pose manipulation with laser-induced plasmonic nanojoining of one-dimensional nanomaterials, we
introduce the principles and characteristics of pose regulation of one-dimensional nanomaterials in detail, as well as
the new development in laser-induced plasmonic nanojoining.

Progress The probe method utilizes probes to move and rotate one-dimensional nanomaterials to adjust their poses
precisely. Due to the small size of one-dimensional nanomaterials, the probe tip is generally on the nanoscale. In
addition, to manipulate the poses of one-dimensional nanomaterials, the probe method usually requires high-
resolution microscope to locate nanomaterials. The microscopes used in the probe method include optical microscope
(Fig. 1), atomic force microscope (Fig.3), and scanning electron microscope (Fig.4), and these probes include
nano-fiber probes, atomic force microscope probes, and nano-tungsten needles.

Joining larger-scale one-dimensional nanomaterials is one of the keys for the realization of deviceization. A
potential manipulation method is self-assembly. According to the principle of self-assembly of nanomaterials, there
are three types of self-assembly methods. First, nanomaterials are subject to gravitational or repulsive force in
solutions, and then self-assembly is realized under dynamic equilibrium. Second, nanomaterials are self-assembled
through the Langmuir-Blodgett technology by the surface tension of liquid-gas or solid-liquid interfaces. Third, under
the action of external fields, such as electric field, magnetic field, and light field ( Fig. 6 ), the polarized
nanomaterials are moved along the gradient direction, and the moving direction of polarized nanomaterials is
determined by the relative permittivity of the solution and the nanomaterials (Fig.5).

To further improve the precision and efficiency of nano-operation, optical tweezers are used to manipulate the
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poses of one-dimensional nanomaterials. Single-beam optical tweezer has been used to manipulate the poses of
semiconductor nanowires (Fig.7). To improve the stability of nano-manipulation, holographic optical tweezers or
optical tweezer arrays are used for nano-manipulation ( Fig. 8). Photons have momentum. The exchange of
momentum between photons and nanomaterials produces scattering forces. Unless the gradient force generated by
the optical tweezers can overcome the scattering force acting on nanomaterials, or the nanomaterials are pushed
away by the scattering force. For wide-bandgap semiconductor materials, infrared lasers can pass through one-
dimensional nanomaterials. Therefore, the scattering force acting on one-dimensional nanomaterials is very weak.
But for metal nanomaterials, the scattering force acting on them increases significantly due to their good
conductivity. As a result, it is difficult to use conventional optical tweezers to manipulate the poses of one-
dimensional metal nanomaterials. To manipulate the poses of metal nanomaterials, plasma tweezers are developed
(Fig.9).

Conclusions and Prospects According to the characteristics of the aforementioned nano-manipulation technology,
it is observed that the probe technology can be used to manipulate the pose of one-dimensional nanomaterials, to test
the conductivity and reliability of the laser-prepared nanostructures. However, the probe technology has a low
efficiency of nano-manipulation efficiency. Self-assembly technology has unique advantages in the larger-scale
operation of one-dimensional nanomaterials, but the commonly used dielectrophoresis methods need to be performed
under a specific electrode structure, and the precision of nano-manipulation is relatively low. Optical tweezer
technology has high nano-operation accuracy. The laser source can be used for nano-operation and nanojoining, but it
needs to be carried out in solutions. These problems indicate that improving the compatibility of self-assembly and
optical tweezer technology with the existing microelectronic processes is the focus of future research. Based on the
above research results, we believe that multi-technology integration is the future development trend. It is found that
nano-manipulation technology is merging with laser, microscopy, and nano-testing technology to realize nano-
observation, nano-operation, nano-joining, and nano-testing. This kind of multi-functional technology and equipment
will further promote the development and application of nano-technology, promote multi-disciplinary cross, and
produce more innovative applications.
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