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(a) assembly in growth

post-growth assembly

shear force tensﬂe force compressmg force electric field magnetic field
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Fig. 1 Traditional assembly methods of 1D nanomaterials. (a) In-situ assembly method; (b) post-growth assembly method

Contact printing method
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Magnetic field drlven method (h) EHD printing method (i) Freeze drying method
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(a) Template assisted method ™ ;
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Fig. 2 Assembly technology of 1D nanomaterials based on non-laser direct writing.
(b) fluid-flow method™ ; (¢) contact printing method™ ; (d) stretching technique:m; (e) LB techmque[9 29,

(f) dielectrophoresis method™™ ; (g) magnetic field driven method™" ; (h) electrohydrodynamic printing (EHD)

method™ ; (i) freeze drying method™”
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Fig. 3 Femtosecond laser fabricated Au nanowire aggregate microstructures

1 (a) Schematic of formation of Au

nanowire aggregation and its mechanism; (b) morphologies of laser fabricated aggregates of Au nanowires doped

photoresist under different laser power densities

800 nm laser
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Fig. 4 Femtosecond laser assembled Au nanorods™” .

(a) Schematic of laser assembly of Au nanorods; SEM images of

(b) Transformers car logo and (c) spiral ring; microstructural morphologies of Au nanorods fabricated under laser

powers of (d)10 mW, (e) 25 mW, and () 40 mW
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Fig. 5 Two-color laser printing of individual Au nanowire

[46]

(a) Schematic of two-color laser printing setup;

(b) schematic of laser trapping and aligning of Au nanowires; (c¢) normalized extinction spectrum of PEG decorated

Au nanowires; SEM images of (d) “O” and (e) “X” patterns of printed Au nanowires; dark-field white light

Rayleigh scattering images of “OX” patterns excited by (f) non-polarized laser, (g) vertically polarized laser, and

(h) horizontally polarized laser
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Fig. 6 Ag NWs thiol functionalization and ATA composite micro/nanostructures”” . (a) Schematic of Ag NWs thiol
functionalization; (b) TEM image of thiol-capped Ag NWs; (c) mass spectra of structures fabricated using pure
acrylate and ATA composite; SEM images of (d) spiral-like photonic crystal, (e) micro-coil, and (f) micro-

capacitor
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Fig. 7 Laser nano-joining of Ag NWs within ATA composites™™ . (a) Schematic of laser nano-joining of Ag NWs junctions
including three processes of initiation, activation, and diffusion; TEM images and crystal lattice diffraction images
of Ag NW junctions (b) before and (c¢) after laser irradiation fusion; (d) magnified TEM image of fused

Ag NW junctions; (e) scheme of welding two Ag NWs over (111) growing plane
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Fig. 8 Femtosecond laser direct writing of SWNTs/polymer composites

B3 (a) Schematic of femtosecond laser direct

writing of 3D SWNTs/polymer composites; (b) SEM images and schematic of stereo structures made of nanowire

arrays; (c) polar-diagram of G-band relative intensity versus angle between laser polarization direction and scanning

direction; (d) schematic and (e) SEM image of alignment of suspended cantilever structure; (f) polar-diagram of G-

band relative intensity versus angle between laser polarization direction and suspended cantilever axial direction
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Fig. 9 Femtosecond laser direct writing and assembly of MWTNs

B9 (a) Experimental setup of TPP fabrication;

(b) comparison of polymerized MA photoresist (down) and MTA photoresist (up); (c) comparison of newly
fabricated MTA photoresist and that after one week; (d) TPP fabricated Au electrode pattern on flexible PET

substrate; SEM images of (e) micro-coil inductor, (f) micro-pyramid, (g) spiral photonic crystal, (h) micro-

capacitor array, and (i) micro-gear
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Fig. 10 Electrical and mechanical performance characterization of femtosecond laser assembled MWNTs"" . (a) SEM

micrograph of MWNTs micro-line structure after annealing; (b) polar-diagram of G-band relative intensity versus

angle between laser polarization direction and micro-wire axial direction; (¢) SEM micrographs of long rectangle

bars fabricated under different laser scanning directions; (d) current-voltage characteristic curves of long rectangle

bars; (e) SEM micrograph of MTA composite woodpile structure; (f) volume shrinkage of MTA woodpile

structure versus MWNT doping concentration
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Fig. 11 Femtosecond laser direct writing and fabrication of ZnO NWs/polymer composite micro/nanostructures

[61]

(a) ZnO NWs/polymer stereo microstructures with different doping concentrations; (b) photoelectron spectra of

ZnO NWs/polymer composite micro/nanostructures; (c¢) Raman spectra of ZnO NWs powder (i), pure resin

polymer micro/ nanostructures (ii) ,

and ZnO NWs/polymer composite micro/nanostructures (iii); (d) fluorescence

spectra of ZnO NW powder (i) and ZnO NWs/polymer composite micro/nanostructures (ii)
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Fig. 12 Femtosecond laser direct writing and assembly of ZnO NWs
composite resin; (b) water contact angle diagrams of ZnO NWs before and after silane modification; (¢) SHG
spectra of pure acrylate resin and ZNA composite resin; (d) (e) schematic diagrams of femtosecond laser assembly
of ZnO NWs; (f) SEM images of ZNA composite micro/nanostructures, including spiral photonic crystal and
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Fig. 13 Alignment characterization of ZnO NWs in ZNA composite micro/nanostructures® . (a) Optical micrograph of

ZNA flower pattern; (b) P-SHG polar-diagram and (c¢)(d) mapping images of ZNA flower pattern; (e) SEM

images of ZNA (e) grid and (f) woodpile structures after high temperature thermal treatment and upper right

corner is SEM image before annealing of woodpile structure
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Fig. 14 Femtosecond laser assembly of Au nanorods used for SERS detection

B51 " (a) Schematic of SERS detection of

microfluidic chip based on Au nanorod micro/nanostructure; (b) Raman spectrum of R6G probe molecules
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Fig. 15 Temperature-dependent electrical conductivity characterization of ATA composite micro/nanostructures

[47]

(a)Schematic and (b) setup for electrical conductivity test; (b) current-voltage curves of ATA composite structure

and pure pure acrylate resin under laser welding and 523 K;

(d) temperature-dependent electrical conductivity

of ATA composite micro/nanostructure
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Fig. 16 TPP-based femtosecond laser direct writing and fabrication of MWNTs-based functional devices . (a) SEM

image of MWNTs composite polymer array after vacuum thermal annealing and magnified SEM image of assembled

MWNT bundle shown in inset; (b) current-voltage curves of MWNTs composite polymer line array before and

after thermal annealing; (c) optical micrograph of capacitor array between two Au electrodes and SEM image of

single capacitor shown in inset; (d) hysteresis loop of capacitor array; (e) optical micrograph of zigzag resistor

array and SEM image of single zigzag resistor shown in inset; (f) frequency response curves of MTA composite

and copper transmission lines
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Fig. 17 ZnO NWs-based polarized UV photodetectors fabricated by TPP-based femtosecond laser direct writing

[62]

(a) Schematic; (b)optical micrograph; (c) time-resolved response of device; (d) photocurrents of device under

different UV polarization angles
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Fig. 18 Alignment intensity characterization of SWNTs in SWNTs/polymer composite microstructures

B (a) SEM

images of suspended nanowires with different wire widths; (b) nematic order parameter versus wire width;

(¢) SEM images of micro-cubes fabricated along mutually perpendicular laser scanning direction, in which left cube

is made of NWs arranged along x-axis and right cube is made of NWs arranged along y-axis; (d) structural

diagram of micro-cube; (e) polarized SHG polar-diagram of micro-cube
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Fig. 19 Schematic of femtosecond laser assembly of ZnO NWs

2 (a) Schematic of assembly mechanism; (b) square

structures fabricated under different laser scanning routes and polarization directions and their polarized SHG

mapping images
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Abstract

Significance One-dimensional (1D) nanomaterials, such as nanowires (NWs), nanorods (NRs) and nanotubes
(NTs), are the smallest units for achieving the efficient transportation of electrons and excitons, which are
considered to be the ideal building blocks for constructing micro/nano functional devices. 1D nanomaterials have
potential application prospects in nano-optoelectronics, nanosensing, energy storage, biomedicine, and other such
fields because of their unique optical, electrical, magnetic, thermal, and mechanical characteristics as well as other
excellent characteristics.

Currently, the techniques used to synthesize the ordered 1D nanomaterials are quite mature. However, the
efficient assembly of 1D nanomaterials remains a challenge that must be urgently solved. The gaps between 1D
nanomaterials and integrated devices in various fields can be bridged by assembling 1D nanomaterials into two-
dimensional (2D ) or three-dimensional (3D ) micro/nanoarchitectures. In addition, the properties of 1D
nanomaterials must be completely utilized. Thus, to realize the high-precision and highly directional assembly of 1D
nanomaterials in 2D/3D spaces is the key to explore their potential applications.

Various methods, such as the lithography and etching technologies, the methods in which external force or field
approaches, the template-assisted methods, the biorecognition methods involving near-field manipulation, and the
electro-hydrodynamic (EHD) printing method, are used for assembling 1D nanomaterials into 2D and 3D ordered
mesoscale structures. Unfortunately, the inherent disadvantages associated with these methods considerably limit
their wider applications. In case of the usage of the external force approach, it is difficult to precisely control the
density and placement of NWs using the shear force-based approaches. The application of the magnetic field-based
method is only restricted to the ferromagnetic and super-paramagnetic material-based NWs. In addition, the electric
field-based method requires the highly unified process conditions and the preparation of electrodes in advance.
Furthermore, the assembly of 1D nanomaterials in 3D space is still in the initial research stage. The traditional
assembly methods such as the Langmuir-Blodgett (LB), contact printing, and EHD printing methods, can used to
realize the deposition of 2D and 2. 5D structures, such as arrays and mesh grids, by stacking 1D nanomaterials.
However, it is still difficult to accurately control the vertical assembly of 1D nanomaterials using these traditional
assembly methods. Therefore, the high precision, highly directional, and controllable assembly of 1D nanomaterials
in 3D space requires a further investigation.
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Recently, two-photon polymerization ( TPP) laser direct writing has emerged as a promising technique for
assembling nanomaterials owing to its real 3D nanofabrication capability and sub-diffraction-limited resolution. TPP
fabrication can achieve designable, highly directional, and high-precision assembly of 1D nanomaterials in 3D space
because of the laser-induced trapping force and micro/nanoscale laser writing resolution. Currently, some research
groups have assembled 1D nanomaterials, including Au NRs, Ag NWs, CNTs, and ZnO NWs, via laser direct
writing. However, some challenges remain with respect to the highly directional assembly, integration and
application of the assembled nanomaterials and the LSPRs of metal nanomaterials. Hence, the existing research must
be summarized for guiding the future development of this field in a rational manner.

Progress In this study, first, the background of 1D nanomaterial assembly techniques is introduced. In addition,
the mechanism and state of the art of non-laser assembly techniques are summarized. Furthermore, the existing
challenges associated with this field are discussed. Second, the recent progress of the laser assembly techniques of
1D nanomaterials is reviewed. Both 1D metallic and semiconducting nanomaterials, including Au NRs, Ag NWs,
CNTs, and ZnO NWs, are reviewed and discussed. For assembling 1D metal nanomaterials, Do et al. have deposited
an individual Au NW from an optical trap using two different laser wavelengths to avoid the influence of LSPRs (Fig. 5).
Liu et al. have fabricated 3D Ag NW-based micro/nanostructures via TPP fabrication followed by a femtosecond laser
nanojoining process (Figs. 6 and 7). In case of 1D semiconductor nanomaterials, Xiong et al. have fabricated various
MWNT-based microelectronic devices, including capacitors and resistors, via TPP laser direct writing (Figs. 9 and 10).
Long et al. have achieved the highly directional assembly of ZnO NWs in 2D and 3D micro/nanostructures via laser
direct writing and fabricated a ZnO-NW-based polarization-resolved photodetector (Figs. 12 and 13). Third, the
factors that influence the directional assembly of 1D nanomaterials including the optical and non-optical forces are
discussed. The laser-induced non-optical force is proven to be the dominant factor that causes the directional
assembly of 1D nanomaterials through the theoretical calculations and experimental tests. Finally, the existing
challenges and development trends associated with femtosecond laser assembly techniques are discussed.

Conclusion and Prospect Compared with the traditional non-laser assembly techniques, the laser assembly
methods, especially the femtosecond laser direct writing technology, exhibit advantages on the assembly of 1D
nanomaterials because of their high spatial resolution and true 3D micro-nano manufacturing capability. A
femtosecond laser exhibits high peak power and short pulse duration, and thus the nanomaterials can be accurately
controlled with respect to its energy and momentum. Although the femtosecond laser direct writing technology has
made some progresses on the assembly of 1D nanomaterials, several problems remain to be resolved, including some
irregularities observed in the assembled 1D nanomaterials, the LSPRs of metal nanomaterials, and the low efficiency
of the laser assembly methods. Thus, the regularity, flexibility, and efficiency of the laser direct writing technology
may be further improved by modifying the components of the 1D nanomaterial composite resin, introducing vectorial
electromagnetic fields, or employing parallel laser direct writing manufacturing.
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