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Supervisor’s Foreword

In the past two decades, accompanied by the development of nanoscience and
nanotechnology, the research field of nanowire films has flourished with research
activity both fundamental and applied. Ordered nanowire films of a diverse range of
compositions and architectures were assembled after synthesis showing tailored
physical and chemical properties. Macroscopic-scale integrating nanowires from
disordered nanowire solution into ordered or controlled assembled structures will
provide an advanced understanding of self-assembly and a new way for tailoring
the properties of nanowires for application potential.

In this thesis, in the introduction section nanowire assembly strategies are
summarized and many related literatures are also highlighted. However, we still
meet serious issues and encounter severe challenges in fabrication of macroscopic
nanowire assemblies.

Using simple solution-based strategies, such as microwave-assisted method and
solvothermal process, uniform and high-quality one-dimensional nanowires were
synthesized with sufficient characterization. The rational design and precise shape
and size control of one-dimensional nanostructures through solution-based
approaches plays an important role in fabricating functional nanodevices.
Macroscopic well-defined periodic Tellurium and W18O49 nanowire mesostructures
can be produced by the Langmuir–Blodgett (LB) technique without any extra
hydrophobic pretreatment or functionalities. Based on the reactivity of the Te
nanowire arrays, Te-telluride heteronanowire films were obtained with component
and structure controllable. Using LB technique, Ag nanowires and Te nanowires
were selected to construct co-assemblies. Besides LB technique, liquid–liquid
interface, electron beam, and flowing shear interaction can provide driving forces
for nanowire assembly. The ability to manipulate the assembly of nanowires,
together with an understanding of the structure-dependent properties will offer a
great opportunity to rationally design new nanodevices with substantially enhanced
performance.

v



This thesis provides fresh insight into the nanowire assembles and their func-
tionalities. Based on these insights, versatile interface-induced nanowire assembly
strategies are innovatively developed to optimize the applications. These findings
also open opportunities for designing new nanodevices with ordered nanowire
films.

December 2016 Prof. Shu-Hong Yu
Hefei, China
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Chapter 1
Introduction

1.1 Background and Significance

A nanowire is a structure with a diameter of the order of a nanometer. When the
diameter puts the radial dimension of the nanowire at or below certain characteristic
lengths, such as the Bohr radius, the wavelength of the light, and phonon mean-free
path, quantum mechanical effects become important [1, 2]. With a large surface-
to-volume ratio and two-dimensional confinement, nanowires show unique optical,
magnetic, and electronic properties [3–9]. Moreover, the large aspect ratio of nano-
wires, as an ideal energy transport material, can direct the conduction of quantum
particles such as electrons, and photons improving their technological application.
Significant advances have beenmade in last years for the fabrication of awide range of
low-dimensional nanostructured materials with good qualities and in large quantities
[5, 10–19]. A reasonable assembly strategy is needed not only to create complex
structureswith new collective properties, but also tomake full use of ordered nanowire
architectures to fabricate advanced functional devices. Nanoscale assembly using
linear nanostructures has become one of the most active areas of research in materials
science [20–22]. The controllable synthesis of nanowires has achieved a lot of results,
which provides the feasibility for the development of related properties. In order to
integrate these nanowires as assembling elements on a macroscopic scale, it is nec-
essary to develop an appropriate method to assemble them. This level of control also
allows for a deeper understanding of the assembly phenomenonwhich has long been a
subject of research on small-sized nanowire fabrication. At the same time, these
technologies also make up for many different approaches in nanosynthesis. Over the
past two decades, the self-assembly patterns in chemistry, physics, and biology have
matured scientifically to a level of sophistication that one can begin to explore their
potential in nanosynthesis. The process of spontaneously transmuting an existing
nanomaterial into an ordered, organized, or specific functional system is referred to
self-assembly (SA). The direct or indirect interaction of the nanomaterial with its
environment is considered responsible for the self-assembly [23, 24]. As an important

© Springer Nature Singapore Pte Ltd. 2017
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process of changing the disordered structure into an ordered structure, self-assembly
can be characterized by the minimum free energy of the system. At the same time,
self-assembly that is either through a direct or indirect correlation is typically related
with the thermodynamic equilibrium.Nanowire andnanowire assemblies have unique
electrical, optical, magnetic, and catalytic properties, not only due to a significant
increase in surface area-to-volume ratio but also due to the presence of collective
nanosize characteristics due to cross-line alignment. In any case, the ability to produce
nanowiremeshes, arrays, and composites depends onour understanding and control of
the assembly process of these materials. Because of the large aspect ratio of the
nanowires, they are often bent and kinked, hindering them from forming ordered
nanostructures in self-assembly process [25, 26]. In the early twenty-first century,
many impressive reviews about the nanowires were published, mainly about the
synthesis and characterization of one-dimensional nanowires [1, 27].With the transfer
of research interest to the assembly of nanowires, the nanowire assembly field is
undergoing rapid expansion and becomes one of the most active research fields in
nanoscience. However, there are only a few review articles that describe the devel-
opment of this research field. Recently, Yang’s group studied the Langmuir–Blodgett
(LB) method [28, 29] for the assembly of nanocrystals and nanowires and published
some influential review articles. As a flexible and versatile approach, the LB assembly
method can also be used for functional organic nanowires, reviewed by Ariga and his
collaborators. At the same time, the Lieber team also reviewed the synthesis and
application of nanowires on the basis of their excellent work. For the assembly of
functional organic nanowires, Ariga and Hu’s group reviewed their controllable
assembly and growth [26, 30]. From the perspective of the interaction force, the Gates
group published a short review of nanowire assembly [31].

Here, we intend to demonstrate the process in the emerging field of nanowires.
In general, this chapter briefly describes the (i) synthesis of nanowires with con-
trolled morphology; (ii) fabrication of nanowires at wafer level through the inter-
face, including LB technology, liquid–liquid interface; (iii) assembly of nanowires
by in situ electron-beam irradiation; and (iv) fabrication of nanodevices based on
well-defined nanowire films. (Te) nanowires with a diameter of 20 nm and lengths
of several tens of micrometers can be rapidly synthesized by the microwave-
assisted method. In addition to the microwave-assisted method, a systematic study
on the synthesis of nanostructures is conducted from sub-nanocrystals, nanorods,
and nanowires to nanotubes through a simple solution.

1.2 Thin Films Composed of Assembled Ordered
Nanowire Arrays

Nanowires have very interesting applications, but their disordered structure makes
their use in device fabrication (e.g., microelectronics, optoelectronics) very prob-
lematic because these devices often require the arrangement of highly ordered

2 1 Introduction



structures [32–35]. Reasonable assembly strategies are required to construct com-
plex structures with novel collective properties and to fabricate nanoscale compo-
nents in practical dimensions. It is sometimes necessary to use a wire-based film for
device assembly. To achieve the fundamental application of nanowires (NWs) in
these or other nanotechnology fields, we need to have a controllable and predictable
assembly of highly ordered structures. Moreover, the next generation of
high-performance electrical, optoelectronic, and electromagnetic systems can be
realized with thin films consisting of one-dimensional nanostructures with con-
trolled position, orientation, and spacing of various lengths [36]. Complex nanowire
assembly structures require not only the influence of individual wires but also the
control of the connections between the nanowires. Furthermore, it is necessary to
develop suitable assembly methods to produce films consisting of highly ordered
nanostructures, in order to achieve low-cost applications of one-dimensional
nanomaterials.

A number of review articles [29, 30, 37, 38] for nanowire assembly have been
published. However, how to manipulate nanowire arrays or individual nanowire in
accordance with a controllable manner still remains challenging. This lack of
capability is now hampering the integration of devices and integrated circuits at the
macroscale. In general, there are two methods for assembly of nanowires: a
“top-down” method based mainly on photolithography and a typical self-assembly
method, which is “bottom-up” process. The self-assembly method has a lower
production cost and higher production efficiency, in comparison with the prior
strategies and also provides more flexibility for the selection of the functional
material and the synthesis process. However, much effort is required to further
develop this approach. Here, we provide a summary of the “bottom-up” assembly
of one-dimensional nanostructures using different methods and mechanisms
(Fig. 1.1). This research has attracted the interest of physicists, chemists, and
materials scientists, especially in trying to discover “green” methods for synthe-
sizing one-dimensional nanostructures. The integration of these nanowires requires
the development of suitable assembly methods. These techniques can compensate
for many different routes in nanosynthesis.

1.2.1 Interface-Induced Nanowire Assembly

1.2.1.1 Assembly of Nanowires by the Langmuir–Blodgett Technique

Langmuir–Blodgett (LB) method is a traditional method for the synthesis of the
monolayer at the gas–liquid interface. Today, LB technology has proven to be a
high-throughput, low-cost, easy-to-integrate approach for assembling nanoscale
structural elements into tightly packed nanosuperstructures and low-density
well-defined patterns [39, 40]. Figure 1.2a shows the LB assembly process for
orienting the nanowires. The nanomaterials are first dispersed in an immiscible and
volatile nonpolar solvent and diffused to a water-supported interface using a

1.2 Thin Films Composed of Assembled Ordered Nanowire Arrays 3



microadjustment syringe. With the evaporation of the solvent, when the surface
pressure is controlled, the sample will be slowly compressed; at the same time,
Langmuir thin film can be prepared by a single layer of nanostructures [29]. After
the monolayer film is prepared at the interface, the monolayer film can be
dynamically controlled by compression or expansion during the LB assembly
process, thereby obtaining a monolayer film having a suitable structure, on the basis
of the degree of control of the compression. These monolayer films can be repet-
itively deposited by a technique of vertical immersion (Langmuir–Blodgett) or
horizontal lifting (Langmuir–Schaefer) to realize the structure of the multilayer film
on a solid substrate. This provides a method for preparing thin film devices of a
particular thickness and provides additional possibilities for fundamental scientific
research on the relationship between assembled layers. Yang’s group pioneered a
research project in the area of nanoparticle–nanowire assembly using LB technol-
ogy and recently published some influential review articles [41, 42]. Next, this
universal approach has attracted a great deal of attention worldwide. The first is the
assembly of the functional Ge nanowires, the Ge nanowires are dispersed in the
organic solvent, and the tightly aligned monolayer is easily obtained by the LB
process (Fig. 1.2b). In addition, ordered nanowire films, such as ordered VO2

nanowires (Fig. 1.2c), Ag nanowires (Fig. 1.2d), and PbS nanowires (Fig. 1.2e, f),
have been prepared [43, 44].

Fig. 1.1 Schematic illustration of macroscopic-scale nanowire thin film assembling methods that
make disordered one-dimensional nanowire ordered. Reproduced with permission from Ref. [6]
Copyright 2012 American Chemical Society
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Although LB technology has proved to be a good general method for assembling
one-dimensional nanostructures, it still has some inherent limitations. For example, in
the case of hydrophilic nanoscale units, it is necessary to functionalize the surface of
the nanomaterials by hydrophobic ligand in the LB experiments, which greatly limits
their future applications [28]. Recently, Yu group has fabricated a clear periodic
ordered structure [40] of hydrophilic Te nanowires with an aspect ratio of over 104

without any pretreatment of hydrophobic pretreatment. In order to avoid hydropho-
bization, the hydrophilic superfine Te nanowires were dissolved in amphiphilic
dimethylformamide (DMF) before being added to the air–water interface and then
dispersed to the mixture of DMF and chloroform. Figure 1.3 presents nanowires
assembly of ultrathin Te nanowires and the small-angle X-ray scattering pattern
(SAXRD) measurements of assembled nanowire, which indicates that the period of
the single-layer Te nanowires is 7.16 nm. Assembled monolayer nanowires make it
possible to construct nanomesh-like mesostructures or complex multilayered nano-
wire structures on a planar substrate that can precisely control the included angle
(Fig. 1.3d–f). In addition to the Te nanowires, this improved LB technique has also
been found to be used to assemble other flexible, one-dimensional, ultralong nanos-
tructures, such as Ag2Te nanowires and Pt nanotubes [43].

Fig. 1.2 a Illustration of LB nanowire assembly process. Reproduced with permission from Ref.
[23] Copyright 2003 Nature Publishing Group. b Scanning electron microscope (SEM) image of the
aligned Ge NW film. Inset photograph of a Ge nanowire suspension in chloroform. Reproduced with
permission from Ref. [43] Copyright 2005 American Chemical Society. c Typical SEM image of
VO2 nanowire LB films deposited at surface pressures of 39.5 mN/m. Reproduced with permission
fromRef. [6] Copyright 2009American Chemical Society. dScanning electronmicroscopy image of
the silver nanowire monolayer deposited on a silicon wafer. Reproduced with permission from Ref.
[42] Copyright 2003American Chemical Society. eTEM image of large-scale assembly of PbSwires
at surface pressures of 23 mN/m and f Transmission electron microscopy (TEM) image of thicker
PbS nanowires after coalescence at surface pressures of 25 mN/m for 90 min. e–f Reproduced with
permission from Ref. [44] Copyright 2007 American Chemical Society
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1.2.1.2 Evaporation-Induced Assembly of Nanowires

The kinetics of the evaporation process is very complex and comprises many
challenging problems in soft-matter physics [45–48], whereas the assembly of
nanowires facilitated by evaporation is very common [49–53]. When some nano-
materials are dispersed in a volatile solvent, a drop of such solution is allowed to
dry on the solid surface or the liquid–gas interface, the material in the liquid will
first take a random orientation, and eventually, the dual function of the material and
the substrate (material–material and material–substrate interactions) leaves a dense
and neat assembly [54]. The final morphology and uniformity of the material vary
widely, depending on the size distribution of the nanomaterial and the degree of
dewetting of the solvent during the assembly process. The nanomaterials initially
diffuse throughout the droplet solution, and the nanostructures will gradually build
up as the solvent evaporates. The final outward can bring all the dispersed material
to the boundary. During the drying process, the liquid evaporated from the
boundary will be replaced by an internal liquid, and the contact line of the droplet
experience stick-slip motion. In the competition between the fixed and the capillary
force, a large displacement is produced by a small displacement, leaving a small
number of nanostructures randomly distributed on the substrate [54]. When the

Fig. 1.3 a, b TEM and High-resolution transmission electron microscopy (HRTEM) images of
the monolayer assembly of Te nanowires. c SAXRD pattern measured on the monolayer of aligned
Te nanowires. d–f Crossed reproduced with permission from Ref. [40] Copyright 2010 American
Chemical Society
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contact line is fixed, the liquid evaporating from the boundary is replaced by the
internal liquid. Because the outward flow of solvent brings the dispersed nanos-
tructures to the boundary, the nanostructures are more concentrated on the
boundary than the center. When the degree of aggregation of the nanostructures on
the boundaries increases to a critical level, the nanostructures start to change from
homogeneous to liquid crystalline. The formed liquid crystalline state finally pre-
cipitates at the substrate at the edge, which helps to secure the contact line [55]. As
more nanostructures are brought to the edge due to the outward flow, the liquid
crystal phase gradually expands. As the contact angle decreases to a certain value,
the contact line begins to recede until the solvent evaporates completely [55]. In this
section, some recently reported nanowire assembly by evaporation is presented as
an example [56]. Yan and his coworkers reported on the synthesis of uniform
nanowires with diameters of about 1.8 nm and lengths of several microns. The
ultrafine nanowires can be spontaneously assembled into a three-dimensional
superstructure by the parallel arrangement after the evaporation of the mixed
solution of cyclohexane and ethanol [57]. Assembly of the nanowires facilitated by
evaporation can be controlled by confined spaces, resulting in a series of ordered
nanostructures [58–61]. Wang et al. reported a simple method for preparing
large-scale ordered coaxial organic nanowires by simply evaporating the solvent in
a confined space [62]. Figure 1.4a shows the spherically flattened evaporation setup
throughout the evaporation process and how the evaporation direction of the sol-
vent is controlled in a fume hood at room temperature. When the solution is allowed
to dry on the substrate, a number of ordered circular nanowires are coaxially aligned
and form concentric rings on both sides (Fig. 1.4b is a schematic). The confined
space consists of a glass slide and a spherical lens made of fused silica. A drop of
dimethyl quinacridone (DMQA), selected as a nonvolatile solute, is dropped into
space between the slide and the lens. At the same time, a steady stream of nitrogen
up-flow is added around the device to aid in the removal of the solvent. When the
solution is dried in the film, it leaves numerous ordered rings of nanowires that
assemble and form concentric rings on both surfaces [62]. The SEM images in
Fig. 1.4c, d show the formation of coaxial DMQA nanowire loops during solvent
evaporation. The length, density, and periodicity of a nanostructure array can be
controlled by controlling the evaporation rate. Coaxial rings with pronounced
periodicity can extend up to several hundred microns, and each ring has a series of
DMQA nanowires [63]. The Luis M. Liz-Marzan’s team in Spain reviewed the
process of nanoparticles self-assembly by using templates or adding external fields
to change the distribution of energy or entropy [64]. More recently, their team
reported the binary self-assembly of Au nanowires containing Au nanoparticles and
Au nanorods, obtained by evaporation of the solvent (Fig. 1.4e–g). Long nanowires
can direct the assembly of nanoparticles and nanorods to form an extended ordered
array. In addition, nanowires can modulate the distance between the nanoparticles
and nanorods to alter the overall optical response of the film [65]. Choi and
coworkers have reported self-assembly of nanowires by evaporation of nanowire
colloidal droplets on superhydrophobic surfaces. This self-assembly is achieved by
the interaction of the nanowires with the micrometer tip structure of the
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superhydrophobic surface [66]. Xu and his co-authors describe a surface solvent
evaporation method for the synthesis of radial anthracene nanowires and their
coaxial self-assembled circular arrays [67].

Welland and co-authors reported a self-assembly method [68] for obtaining
individual films from amyloid fibrils by evaporation. The films obtained are very
ordered and highly rigid, with Young’s modulus as high as 5–7 GPa, which is
comparable to the highest value of the protein material in nature. Briefly, the film is
obtained by transferring 1 ml of hydrogel-containing nanowires onto a flat polyte-
trafluoroethylene film. After 24 h, the solvent and the volatile acid are allowed to
evaporate completely and the resulting protein film can be transferred with tweezers
[69]. The film comprising the plasticizer can be cut into a preferred shape with a blade

Fig. 1.4 a Schematic representation of a sphere-planar evaporation apparatus. b Shows the
concentric rings of the prepared organic nanowires. c–d SEM images of concentric rings of
DMQA nanowires formed during solvent evaporation, with different magnifications. Reproduced
with permission from Ref. [63] Copyright 2011 WILEY-VCH. e–g A TEM image of a binary
assembly comprising Au nanoparticles e and Au nanorods f at a constant nanowire concentration.
g A SEM image of a binary assembly of Au nanoparticles induced by a flexible array of Au
nanowires. Reproduced with permission from Ref. [72] Copyright 2010 WILEY-VCH. h Stepwise
schematically show the contact line movement process on a vertical substrate induced by solvent
evaporation. In the initial stage 1, the contact angle between the solvent and the substrate is ai and
the meniscus height is a0. In stage 2, as the evaporation time elapses, the contact angle decreases,
and the meniscus height increases, since the contact line adheres to the substrate. In stage 3, when
the meniscus extends to its maximum, the contact line cannot stick, but slide to a new location.
Therefore, the contact angle and meniscus height are returned to their initial values, respectively.
Reproduced with permission from Ref. [49] Copyright 2008 WILEY-VCH
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while the film obtained from pure protein fibers are more brittle and may be broken
into pieces by the use of tweezers. Solvent losses because of evaporation during
drying can result in capillary flow and solute transport [70, 71]. The substrate is
treated to acquire hydrophilic surface so that the solvent has a nonzero contact angle
with the surface and the contact line is fixed due to the roughness of the surface
(Fig. 1.4h). Normally, the contact line is fixed in its initial position [72]. The physical
phenomena of solvent evaporation and contact line pinning force the solutes (nano
building blocks) in the droplet to flow toward the contact line (i.e., capillary flow)
[72]. Since the contact action has anisotropic nature, the tip of the nanowire is guided
with the flow of the solution, demonstrating clearly the self-assembly of nanorods in
the direction of dewetting direction. In general, the combined effect of capillary flow
and strong interaction guides the formation of ordered nanowire arrays [55].
Conversely, the fixation and dewetting of the contact line lead to competition between
the pinning and the depinning forces. During the solvent evaporation, the contact
angle decreases (hi < h0) and the meniscus height increases (ai > a0). These changes
increase the depinning force without changing the pinning force. As the depinning
force increases above a pinning force, the contact line becomes unstable and slides to
a new position, thereby creating a new nanowire band. The deposited nanowires
cause an increase in the surface roughness and the fixing force. Larger nanowire
densities also increase the pinning force, so that the meniscus can be strained longer
before the contact line slides. As a result, the spacing of the nanowire arrays is
expected to become larger as the evaporation rate is higher [40].

1.2.1.3 Other Nanowire Assemblies at Complex Interfaces

The interface offers a unique heterogeneous dielectric environment when the phases
with completely different dielectric constants are in contact. In recent years, interface
assembly has been proved to be an important platform for the assembly of nanosized
monolayers, based on the interfacial-ordering effects [73]. There are two main
methods for generating ordered films at the interface: The first is to exchange the
ligands [62] on the nanowires before forming the interface by mixing the suspen-
sions in another solvent, the second is to form the interface by adding inorganic salts,
organic solvents, or ultrasound to change the interaction between nanowires [64].
Choi et al. described a nanowire self-assembly method, demonstrating formation of
three-phase (liquid–solid–gas) contact line with the tip of the structure by a
well-defined superhydrophobic structure on the surface of a template and, when the
colloidal droplet of nanowires retreats in evaporation [74], it leads to self-assembly
of the nanowire [65]. Lee and their collaborators have developed a “one-step”
process [66] for generating and assembling monocrystalline organic nanowires at
organic solvent–water interfaces. Solvent evaporation shows a vital role in the
assembly process. When dichloromethane (DCM) evaporates, the organic nanowires
are trapped at the DCM–water interface due to compressive forces. The density of
the nanowires increases on further evaporation of DCM, resulting in the shrinking of
DCM interface. When the solvent is completely evaporated, a compressed
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monolayer of ordered nanowires appears on the surface of the water. In this process,
the disordered nanowires are compressed into ordered arrays. These films can be
shifted directly to any substrate, or stacked one layer at a time to a multilayer film for
device application. The elements team reported the synthesis and assembly of a long,
up to 1-mm column of dyed porphyrin molecules at a solid–liquid interface, highly
ordered in space and in parallel. First, 3 ml of a chloroform solution containing a
porphyrin dye at a concentration of 4.8 � 10−6 M was released onto the mica sheet.
After evaporation, a highly ordered pattern of equidistant, nearly parallel, filamen-
tary structures in a large area (up to about 3 mm2) can be observed. By combining
the self-assembly with the dewetting process, the orientation process occurs at the
same time that the droplets of the porphyrin evaporate on the surface [75]. Recently,
Yu group introduced a novel and effective method for the fabrication of independent
ordered Ag-nanowire films by three-phase interfacial assembly [76]. Disordered Ag
nanowires before assembly and ordered Ag nanowires after assembly are presented
in Fig. 1.5a, b. Because the Ag nanowires are highly ordered, optical films exhibit a
luster of thin films similar to silver mirrors. Using this simple method, Ag nanowires
with large aspect ratios can be arranged closely and in parallel with each other. The
self-assembly process takes place by dispersion of proper amount of Ag-nanowire
(dispersed in water) droplets onto the surface of chloroform to form a water–oil–gas
three-phase interface. For the aggregation and self-assembly of long Ag nanowires,
the three-phase interface is necessary. The schematic representation of three-phase
self-assembly of nanowires is presented in Fig. 1.5c–e, illustrating the formation of
an Ag-nanowire array obtained by a three-phase interface method [76]. Figure 1.5f–i
shows the photographs corresponding to the steps in Fig. 1.5e. Initially, the oil–
water–gas three-phase interface is obtained by dropping an appropriate amount of
Ag-nanowire aqueous solution on the surface of chloroform. First, the Ag nanowires
are shifted from the water–oil interface to the water–air interface step by step through
the oil–water–gas boundary because of the evaporation of chloroform. Next, the Ag
nanowires begin to self-assemble at the contact line of the water phase and the wall
of the beaker that is represented as the water–air–substrate interface. Finally, the
Ag-nanowire film on the water–air–substrate interface starts to grow into continuous
and highly ordered nanowire film. Thus, the three-phase interface plays an important
role in the assembly process and can drive the movement of silver nanowires and
self-assembly [69]. In addition, many factors such as the PVP molecules, the
evaporation of the oil phase and the capillary force are considered key aspects to
promote the self-assembly of the long silver nanowires. Silver nanowires are pre-
pared by reduction of AgNO3 in the presence of PVP by a polyol process which has
good dispersion in water due to the protective layer of PVP on its surface. PVP as a
surfactant offers stronger interactions among the neighboring Ag nanowires, which
may improve the nanowires binding ability and align parallel to each other. The
washing of PVP-coated Ag nanowires results in a decline in self-assembly order of
silver nanowires [76]. Recently, Yu and coworker have reported a method of
building large-scale self-assembled nanofilms at room temperature in a water–oil
interface, which is composed of nanocubes, nanoparticles, nanowires, and nanosh-
eets [77]. A series of liquid–liquid interface systems can be selected as a platform for
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the construction of nanofilms, which also deepens the understanding of nanoscale
aggregation and self-assembly. The flat and uneven substrate can be used to transfer
nanofilms, and the thickness of the nanofilm can be controlled by layer-by-layer
deposition. Furthermore, nanoparticles and nanowires can be co-assembled very

Fig. 1.5 a SEM image of disordered Ag nanowires. b SEM image of assembled nanowires. Inset
of a and b are optical photographs of Ag nanowires dispersed in distilled water, and the assembled
nanowires are transferred to a silicon wafer. c A cross section of the three-phase interface. d A
schematic representation of the movement of the Ag nanowires as the oil phase evaporates in the
first step. e A schematic view of the stage in which the Ag nanowires form a thin film at the
three-phase interface. f–i The optical images of the assembly steps illustrated in
Scheme e. Reproduced with permission from Ref. [69] Copyright 2010 WILEY-VCH
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well at the liquid–liquid interface [77]. The films prepared by co-assembly of silver
nanowires and silver nanoparticles exhibit high SERS intensities, and the specific
SERS performance is described later in this chapter.

1.2.2 Nanowire Assemblies by Mechanical Force

Uniform and controlled assembly of nanowire materials with high order offer one of
the significant bottleneck tasks facing the integration of nanowires for electronic
applications. Mechanical force-induced assembly is a simple and effective process
for assembling highly aligned nanowires on stretchable substrates at the interface.
Here, we demonstrate various methods such as striking method [73], contact
printing method [78], and pressure release self-assembly [79] as an example. The
contact printing process described herein is carried out in a specified direction on
top of a receiver substrate on which a patterned etchant layer is printed using
lithography, comprising a dense nanowire “lawn” [80, 81]. In this process, the
nanowires are combed during the sliding process and leave the donor’s substrate
due to the van der Waals interaction with the surface of the receiver substrate,
eventually leading to the direct transfer of the ordered nanowires to the receiver
chip. Javey et al. developed contact printing methods to transfer conventional arrays
of semiconductor nanowires directly from donor films to patterned receiver sub-
strates. Figure 1.6a shows how this method can be used for assembly of single and
high-density parallel nanowire arrays [78] on a substrate in a large scale. Surface
chemical modification of the receiver substrate and weak interactions between the
chemically unmodified NWs play an important role in the assembly process. The
assembly of nanowire by knocking down method includes directional “knock-
down” of a growth substrate, comprising a preprogrammed ordered dense “lawn” of
nanowire arrays, for the measured in-place planarization of the vertical nanowire
elements [82]. Figure 1.6b presents the schematic illustration of the percussion
process reported by Patolsky and his collaborators, an initial work in this area. First,
a vertical array of silicon nanowires with 4 lm length and 80 nm in diameter was
obtained by top-down etching a silicon-insulator substrate. Next, a roller made of
polydimethylsiloxane (PDMS), polytetrafluoroethylene, or another elastomer with
different hardness and surface characteristics is manually rolled on the nanoarray
substrate. In contrast to the contact printing process, the nanowire elements are
grown directly on the final device substrate that is useful for the transfer from a
donor substrate [82]. Lei and coworkers have also developed a two-step knockdown
method that results in a high-density, highly ordered array of ZnO nanowires [83] in
the c-axis direction on a flexible substrate. First, a controlled chemical vapor
deposition (CVD) process is used initially to fabricate a vertical ZnO nanowire
array perpendicular to the donor substrate surface. Subsequently, a manual contact
printing process is used to knock down the nanowires and transfer them to the
recipient substrate while maintaining the desired pattern [83]. As an efficient
method of fabricating highly ordered nanowires, the strain release assembly method
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involves first transferring the nanowires onto a compactable stretchable substrate,
and then releasing the compacted substrate [79], resulting in the nanowires align-
ment in the lateral direction and the increase in the coverage area of the nanowires
on the substrate. This method is applicable to any nanowires, synthesized by dif-
ferent methods or deposited under different conditions, and can be repeated several
times to increase the ordering and density of the nanowires. The elasticity of the
substrate and the static friction between the nanowires and the substrate are con-
sidered key factors in this assembly process. Zhu and his collaborators used silver
nanowires and Si nanowires as template materials to demonstrate the versatility of
this assembly approach. Figure 1.6c illustrates the assembly of nanowires in this
process [79]. First, silver or silicon nanowires are transferred onto a compressed
PDMS substrate by either contact line deposition or contact printing. After the
removal of the growth substrate, the PDMS is coated with a layer of substantially
ordered silver or Si nanowire film. When the PDMS film is released, the order and
density of the nanowires also increase. In addition, further nanowire transfer can
continue to increase the degree of order and density. As a novel spinning method,
hand-spinning filament technique is used to prepare unidirectional ordered nano-
fibers [74]. The simplicity of the process is the most significant advantage. In
addition, the diameter and surface morphology of fibers obtained by hand spinning
are largely dependent on the PAD and solvent systems. Furthermore, Cao and his
coworkers have developed a large-scale self-assembly method for varying the
suspended single-walled carbon nanotubes (SWNTs) via conventional TiO2 col-
loidal islands [84]. First, random SWNTs are layered on top of a small portion of

Fig. 1.6 A diagram of the NW assembly process. a NW contact printing. b Knockdown assembly
method. c Strain relief NW assembly method. a–c are referenced by Refs. [73, 78, 79] Copyright
2008, 2010 and 2011 American Chemical Society. d Illustration of the transfer printing NW
assembly method. Reproduced with permission from Ref. [75] Copyright 2007 Nature Publishing
Group
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the uniformly dispersed supernatant of TiO2 nanoparticles. After the complete
drying chapping of TiO2 gel into microscale islands, random SWNTs can be
straightened into aligned arrays. The transfer printing nanowire assembly method
comprises shifting the premanufactured ordered nanowire structural features of a
mold into a flat polymeric film over large areas [85]. First, a hard mold with
topographical features is pressed against a polymeric material that covers the sur-
face of the substrate, which creates a clear pattern in the polymeric material. In
addition, by repeating this procedure can transfer the pattern to another film
(Fig. 1.6d). The advantages of this technology are independent of nanomaterials
and can be used for a wide range of polymeric materials including conjugated
polymers. The drawback of this method is that it requires a premade pattern [75].

1.2.3 Nanowire Assemblies Induced by External
Nanostructures

Properly applied materials can promote the ordering of some nanowires on the
interface. The interaction between the nanowires and the supporting material pro-
motes the alignment of the nanowires. Wu and Li studied co-assembly behavior such
as disordered Na0.44MnO2 by using graphene oxide (GO) nanosheets (Fig. 1.7a–c)
[86]. In the aqueous suspension of nanowires, the GO nanosheets are added,
resulting in absorption of GO nanosheets onto to the surface of the nanowires by the
interaction with the nanowires through hydrogen bonds, ionic dipoles, etc., which
changed the surface properties of the nanowires and led to their development at the
solution surface [86]. The adsorption of GO further stabilizes the colloidal solution
by increasing the negative surface charge density of the nanowires. Moreover, the
alignment of nanowires occurs as the concentration of nanowire reaches a critical
value, proposed by Onsager’s theory [87]. Yang et al. reported a method for
self-assembly of gold nanowires with the diameter of 1.6 nm, and ultrahigh aspect
ratios (L/d > 500) along the axes of multiwalled carbon nanotubes [88] are high-
lighted in Fig. 1.7. Strong hydrophobic and van der Waals interactions lead to
self-assembly of allylamine-capped Au nanowires along the sidewalls of carbon
nanotubes (CNTs) [89]. Adsorption and lattice orientation can guide the nanowires
to form ordered films (Fig. 1.7e, f). Fibrous collagen was self-assembled into a
highly ordered array on the mica surface by adsorption, surface diffusion, and
nucleation, and grown into a two-dimensional lattice. In conclusion, interfaces offer
an economical and efficient platform for nanowire assembly, but these are consistent
with the past and current approaches to carbon nanotubes.

1.2.4 Assembly of 1D Nanostructures by External Fields

In order to modulate or control the structure, various physical forces like magnetic
or electric fields are often applied. An extra field results in the self-assembly of
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charged or magnetic material by influencing the growth and aggregation of
nanobuilding blocks. Hence, external field is considered important for tuning the
interaction between the nanomaterials, and consequently, efforts to control the
transport and clustering properties have attracted a significant interest.

1.2.4.1 Magnetic Field-Assisted Assembly of 1D Nanostructures

A magnetic field is a force field that is obtained by moving electric charges, in
response to a constant electric field or an intrinsic magnetic field related to the
particle’s spin. The magnetic field has appeared to be an interesting phenomenon
for navigating migratory birds, homing animals, and even bacteria. Iron-containing
cells are thought to provide a map of the earth’s magnetic field lines for these
organisms. These ferromagnetic crystals, like bar magnets, are polarized under
geomagnetic guidance, which suggests that the magnetic field can influence the
growth and directional aggregation of nanocrystals and lead to the self-assembly of

Fig. 1.7 Nanowire alignment with GO on a Si substrate. a Schematic showing the experimental
setup: a piece of clean Si wafer was immersed in a well-dispersed nanowire/GO solution. After the
solution is evaporated, the oriented nanowire pattern is deposited on a substrate having an
orientation parallel to the horizontal liquid–substrate contact line. b, c Typical SEM image of the
nanowire alignment pattern. Reproduced with permission from Ref. [76] Copyright 2009
American Chemical Society. d General scheme of self-assembly of Au nanowires on CNTs.
Reproduced with permission from Ref. [80] Copyright 2011 American Chemical Society. e,
f AFM images of the highly aligned collagen fibers on muscovite mica. [KCl] = 200 mM. The
collagen concentration and incubation time of the mica were e 10 [mu] g/mL collagen and 1-min
incubation and f 50 [mu] g/mL and 108-min incubation. Insertion 2 [mu] m scan. Reproduced with
permission from Ref. [82] Copyright 2011 American Chemical Society
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nanostructured materials [84, 88–91]. Chen and coworkers have demonstrated a
method for fabricating highly ordered and closely aligned single-walled carbon
nanotube (SWNT) films that combine arching growth with magnetic field guidance
on a variety of substrate surfaces, including flexible plastics [91]. This method
includes various phenomena such as the diffusion, arc discharge growth, and in situ
formation of SWNTs grown under a magnetic field, and finally, these neat SWNTs
are deposited on the substrate in the desired orientation and direction. The assembly
process of well-aligned and closely packed SWNT film on a substrate is presented
in Fig. 1.8a. By this technique, orientation, location, area, thickness, and hierar-
chical structure can be controlled. Moreover, by controlling the deposition
parameters, evaporation coating technology can make a neat SWNT film to obtain
the required geometry. Thus, by using a masking technique in a vacuum evapo-
ration coating, structures of various shapes consisting of ordered SWNTs can be
prepared directly in a given region [91]. As the orientation of the ordered SWNT
thin film is determined solely by the associated magnetic field–substrate interaction,
the sorting orientation of SWNTs can be easily altered by rotating the substrate.
Thus, a multilayer three-dimensional structure (Fig. 1.8b–d) with various orienta-
tions for each layer can be easily prepared by adjusting the direction and position of
the film/mask [92].

Moreover, Despina et al. developed a simple method for magnetic-induced
formation, positioning and assembling of magnetic nanowires in a polymer film. By
changing the duration of applied magnetic field, the positions and dimensions of
particular layers in the polymer matrix could be controlled in combination with the
evaporation dynamics [93]. The formation scheme shows the production of the
well-defined film by placing nanobuilding blocks with certain concentration to an
external magnetic field (Fig. 1.9b–e). In addition to the applied magnetic field, the
polymer matrix also plays a key role in the process of developing nanowires at a

Fig. 1.8 a Schemes for making well-aligned and closely packed SWNT films on any substrate by
means of a magnetic field-assisted arc discharge. b Photographs of patterned, aligned SWNT films
on glass. c A photograph of the 3D structure of SWNTs with different orientations. d SEM images
of aligned two-layer-deposited SWNT films with different orientations. Reproduced with
permission from Ref. [92] Copyright 2010 WILEY-VCH
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particular depth of the film, since it initiates the aggregation process in the initial
stage of growth and provides a viscosity gradient [94] inside the film. In particular,
an ordered array of one-dimensional magnetic nanowires having a magnetic ani-
sotropic behavior based on the nanoparticles in a plastic film can be prepared to be
sufficiently thick that it can exist independently.

1.2.4.2 Electric Field-Assisted Assembly of 1D Nanostructures

In the presence of electric field, the nanowires can be positioned by introducing
them in dielectric medium that strongly affects the charged object [95–101]. In
dielectrophoresis (DEP) phenomenon, when the dielectric element is subjected to a
nonuniform electric field (often AC electric field) they experience force exerted by
electric field (normally AC electric field), providing a method to attract nanowires
onto predesigned electrodes. Dielectrophoresis can be compared with the phe-
nomenon of electrophoresis, in which suspended building block motion is created
by the action of an electrostatic field on the charged building blocks [102]. Due to
the separation of the surface charge of the nanowires, an alternating electric field
can cause polarization of the nanowires. When the nanowires are more polarized
than the dielectrics, the nanowires are subjected to the dielectrophoretic force and
undergo a net shift in the direction of the increasing field strength that usually
occurs at the edges of the electrodes. Thus, an electric field-assisted assembly
method is used to arrange the nanowires, typically using a dielectrophoretic force to
direct the nanowires toward the high field areas [101, 103]. DEP can be tuned to
accommodate a wide variety of conductive nanowires of various materials and can

Fig. 1.9 a Flowchart of the manufacturing method. b–e Optical microscopic images of various
colloidal NP/polymer modules (NW made of NP). b 1 wt% 99 wt% c-Fe2O3 of poly(methyl
methacrylate) (PMMA). c 1 wt% 99 wt% c-Fe2O3 of polystyrene (PS). d 2 wt% 98 wt% of
c-Fe2O3 of poly[3-3′ (vinylcarbazole)] (PVK). e 1 wt% Fe2O3–TiO2 heterostructure, synthesized
in our laboratory, 99 wt% of PEMMA. Reproduced with permission from Ref. [94] Copyright
2010 American Chemical Society
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accommodate any substrate, including those that require cryogenic processes, as
well as flexible substrate. As the dielectrophoresis assembly has the ability to
accurately position the nanowire nanotubes on the substrate, the method is
becoming increasingly popular [104–107]. As we have seen, the DEP process
depends on the nanowire density, dielectric medium, bias field strength, and bias
duration [108]. First, the spacing between the two electrodes should be similar to
the length of the nanowire, which allows the nanowires to shorten the spacing after
alignment. On applying the electric field between the two electrodes, the electrically
neutral regions of the nanowire become polarized that are then exposed to the DEP
forces. Secondly, in order to ensure that the nanowires are attached to the highest
gradient of the electric field at the edge of the electrode, the nanowires should be
more conductive than the dielectric medium. In this way, the nanowires can be
accurately assembled and positioned in complex devices. Freer et al. developed a
promising approach to nanowire assembly that combines the accuracy and
large-scale coverage of boron-doped silicon nanowire self-assembly with an
unprecedented combination [106]. The optical dark-field and deep ultraviolet
(DUV) images of nanowires after the complete assembly onto electrodes on a
wafer-scale quartz are presented in Fig. 1.10a–c. Nanowires with a pitch less than
the characteristic decay length of the AC field originating from the electrodes are
polarized after the nanowire suspension flows through the channels. Under the
dielectrophoretic force, these polarized nanowires are attracted to the electrodes, the
magnitude of which depends on the frequency, voltage, electrode geometry, and
material properties. Furthermore, the assembly process of the nanowires depends on
the balance of hydrodynamics, dielectrophoretic, and the classical bilayer interac-
tion between the nanowires and the surface. Thus, individual nanowires can have a
high probability of assembly on the electrodes by careful control of the dielec-
trophoretic force and hydrodynamics [108].

It can be expected that the area where individual nanowire assemblies are present
is limited only by the ability to maintain the uniformity of hydrodynamics and
electrophoretic forces. Nanotubes can also be assembled in devices like nanowires
by DEP processes [109–111]. For example, Khondaker and coworkers published on
a single-walled carbon nanotube (SWNT) assembly process driven by DEP at a
probe station [112]. First, a small drop of SWNT solution is dropped onto a chip
containing an array of electrodes, with an AC voltage of 300 kHz and 5 Vp−p

between the source and the drain using a signal generator for 30 s. The nanotubes
show the translator motion along the electric field gradient and also show alignment
in the direction of the electric field lines due to the interaction of induced dipole
moment of the nanotubes with the strong electric field [88]. Figure 1.10d–i presents
a typical DEP assembly by varying the concentration of the SWNT solution with a
simple dilution of the original solution using DI (deionized) water. Different SWNT
solution concentrations (e.g., 0.08, 0.34, 1.67, and 3.4 [mu] g/mL) are used to
increase the SWNT density (from 1 to 30/[mu] m, respectively, corresponding to
Fig. 1.10d–g). At low density, almost all of the nanotubes are well aligned and
parallel to each other. Conversely, about 90% of the nanotubes are aligned in a
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range of ±10° along the longitudinal axis at high concentrations. As it is clear from
the figure, the density of the SWNTs in the channel can be varied from 1 to 30
SWNT/m by simply changing the concentration of the SWNT solution [88].

1.2.5 Nanowire Assemblies by Microfluidic Flow

From the nineteenth century, river water was used to transport logs to the down-
stream sawmill. This ancient method of transporting logs has led to a new approach
for the assembly of nanowires. Even at low loading, one-dimensional nanowires
can be greatly affected by the rheological properties of the suspension due to its
large aspect ratio [113]. The microflows allow the nanowires alignment by linking a
fluid arrangement with a surface patterning technique [109, 114–119]. Firstly, a
homogeneous and stable suspension of nanowires is prepared, which is allowed to
pass through the microfluid channels, resulting in the aggregation of nanowires as a
whole. The nanowires are arranged in the direction of flow driven by shear forces,
and the assembled nanowire density receives control from the concentration of
nanowires in the suspension and the flow time. By the flow rate, the alignment
uniformity can be controlled easily, since high flow rates produce a greater shearing
force and thus make the nanowires more align. Similarly, by the flow duration, the
average nanowire surface coverage can be controlled. Furthermore, the average
density of NWs can be calculated by dividing the average number of NWs at any
cross section of the channel by the width of the channel. With the help of
layer-by-layer process, complex geometries like crossed nanowire arrays can be
formed. Lieber group reported a method for the hierarchical assembly of
one-dimensional nanostructures into well-defined functional networks using
microfluidic flow [120]. Figure 1.11a shows a nanowire assembly array with
microflow assistance. First, the nanowires are suspended in an ethanol solution.
Allowing the suspension to flow through the channel structure formed by the
polydimethylsiloxane template, the one-dimensional nanowires are aligned in the
microfluidic, and the nanowires are layered assembled on the flattened substrate by
separation and spatial position control (Fig. 1.11b). Crossed arrays of nanowires
can also be prepared by the layer-by-layer assembly, using different flow directions
for successive steps (Fig. 1.11c). Thus, parallel and crossed arrays of nanowires can
be obtained by the assembly process of the individual flow (Fig. 1.11b) and the
continuous cross-flow (Fig. 1.11c) is described below. Kim and his collaborators
reported on an assembly method [121] driven by microfluidics through rheological
control to achieve macroscopic nanowire alignment [122]. Arrangement involves
primarily a severe shearing process performed by a rheometer. In general, the shear
rate is >100 s−1 and the shear time is greater than 1 s. It is found that higher shear
rates usually results in better alignment. In addition, after the steady state is reached,
the longer shear time no longer has an effect on alignment. Ordered nanostructures
are formed by this intense shearing action, which can be controlled reversibly by
different shear rates.
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1.2.6 Nanowire Assemblies by Bubble Blowing Process

Blown film extrusion is the most common method that involves extruding a molten
polymer and expanding it to obtain a balloon, especially used for the mass pro-
duction of the plastic film, and can be collapsed and slit to form continuous flat
films. The blowing bubble assembly method is a versatile and extensible assembly
method. Recently, this method has been developed for assembly of nanowires and
nanotubes [123, 124] with a single ordered and controlled density by controlling the
extension of the bubbles formed by a homogeneous polymer suspension containing
one-dimensional nanomaterials. Figure 1.12 illustrates the main steps. Firstly, the
functional nanowires are diffused in a precise concentration of the polymer and
form a homogeneous, stable suspension (Fig. 1.12a). Subsequently, the polymer
suspension is expanded into a bubble using a circular die at a controlled pressure
P and dilation rate. Here, a stable vertical expansion can be achieved by using an
applied vertical force F (Fig. 1.12b). The transfer of the bubble film onto the
substrates or the open structure is presented in Fig. 1.12c [125]. An outstanding
alignment of the Si nanowires is perceived in the bubble film (BBF) obtained using
epoxy suspension with different concentrations of Si nanowires (0.01–0.22 wt%)
(Fig. 1.12d–g). Qualitatively, the shear stress related with the suspension fleeting
through the peripheral edge of the die allows the high-aspect-ratio nanowires to be
aligned along the principal direction of the strain in the polymer flow. When the
bubbles expand in the vertical direction, the nanowire orientation in the BBF should
always be in the upward (warp) direction as the nanowire suspension is replenished
at the top of the die, which is consistent with the observed optical image. It is
important to expand in a definite direction for the nanowires that obtain the same
orientation in a large scale and for the overall orientation to be fixed in absolute
observation during the transfer to the film [125].

Fig. 1.10 The nanowires are manipulated by the field region or the typical DEP assembly.
a–c undergoes a complete process of assembling the nanotube optical dark-field image and the
DUV image on a quartz substrate. d is about 1 SWNT/m; e 10 SWNT/m; f 20 SWNT/[mu]; g 30
SWNT/lm. “S” and “D” in d–i denote source and drain. Reproduced with permission from Ref.
[95] Copyright 2011 American Chemical Society
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1.2.7 Nanowire Assemblies by Electrospinning

Electrospinning is a highly versatile method [126–129] that utilizes strong electric
field forces to process a solution or a polymer-based melt into continuous fibers
with diameters between a few nanometers and a few micrometers [130–135].
Electrospinning mainly utilizes electrostatic repulsion between surface charges to
shrink the diameter of viscoelastic jet or glass filaments. Under the influence of the
strong electrostatic field, the electrospinning fibers are assembled in the axial
direction. The composite material can be generated by adding additional space
constraints to the polymer chain. Figure 1.14a presents a typical arrangement of
electrospinning experiment in which the polymer solution or melt is pumped
through a thin nozzle with an inner diameter of the order of 100 lm. The nozzle
also acts as an electrode with a strong electric field of 100–500 kV m−1, whereas
the distance between opposing electrodes is about 10–25 cm. Yu group has
developed a method in which an independent flexible surface-enhanced Raman
scattering (SERS) substrate has been synthesized by electrospinning using poly-
vinyl alcohol (PVA) and dimer or ordered aggregates of Au, which are assembled
on chain-like nanofibers (Fig. 1.13b) [135]. Figure 1.13c shows the formation of
Ag/PVA nanofibers by electrospinning, indicating a three-dimensional lattice
structure containing a large number of randomly deposited fibers, where the indi-
vidual fibers have a high aspect ratio and a smooth surface. Figure 1.13d–g show
that the Ag aggregates are fixed in the PVA matrix and are assembled along the
axial direction into some ordered linear chain structure. The Ag/PVA nanofibers
have a diameter of about 170 nm and a length of several millimeters. The Au
nanoparticle aggregates results in a chain-like array in the PVA matrix after the
electrospinning process, as compared to the solution in which some aggregates
were randomly distributed before electrospinning [135]. Recently, Yu et al.
reported a method for large-scale preparation of independent, stable Au NR/PVA
nanofiber mats by electrospinning of Au nanorods (NRs) assembly [136]. The Au

Fig. 1.11 Schematic representation of the fluid passage structure in fluid assembly. a A channel
formed when the PDMS mold is in contact with a flat substrate. Let the NW suspension flow
through the channel at a constant flow rate and duration, and the NW will be assembled. b A
parallel array of NWs as observed after the removal of the PDMS mold in the film flow direction.
c A multiple-interleaved NW array in which the flow direction can be sequentially changed in the
layer-by-layer assembly process. Reproduced with permission from Ref. [34] Copyright 2001 The
American Association for the Advancement of Science
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NRs are assembled in the PVA fibers and along the axial direction of the fibers. The
spacing of adjacent nanorods, containing “head-to-head” and “side-to-side” dis-
tance, can be changed by varying the concentration of Au NRs in the PVA solution.
In addition, Tracy and his coworkers fabricated long-range ordered nanorods on a
macroscopic scale by using poly(ethylene oxide) (PEO) fiber membranes obtained
by electrospinning [137]. As a result, nanowires can be assembled in a
well-orientated manner, which is expected to be excellent in the future. In order to
obtain electrospun fiber bundles arranged neatly or in a specific pattern, electrodes
or rotating collectors which are parallel to each other (at a certain pitch in a certain
angle) have been used. The ordered fibers can be prepared by mixing the magnetic
nanoparticles with the macromolecular polymer [133, 138, 139], through applying
an external magnetic field. In the process of heterogeneous electrospinning, the
design of the collector electrode is very important for obtaining the oriented
nanofibers.

At the same time, the electrospinning process has been also evolved to arrange
the nanofibers [140] using rotating electrodes [141, 142] or electrostatic forces from
a particular counterelectrode. Xia’s group reported an improved electrospinning
process [143] for generating unidirectional nanofibers containing different com-
ponents. In order to attain a parallel array of nanowires, the conventional collector is
divided into two blocks and separated by a gap. When the Au electrodes on the
insulator are mated and alternately grounded (Fig. 1.14a), a double-layer nanowire
mesh (Fig. 1.14b) can be obtained. In addition, the nanowires can be aligned by
modifying the collectors by a magnetic field or an electric field. More recently,

Fig. 1.12 Blowing the bubble film (BBF) process diagram. a NW/NT-polymer suspension,
b expansion of the bubbles on a circular die, and c transfer to films on wafers, plastics, curved
planes, and open structures. Nitrogen gas with a pressure of P is blown through the die and the
bubble is gradually increased from the NW/NT epoxy suspension (dark blue) at the top of the die,
while a stable vertical force F is controlled by connecting the controllable speed motor The wire
loop is applied to it. The black line represents the aligned NWs/NTs embedded in the bubble film.
d–g Control of the arrayed NW density in the BBFs. d 0.01, 0.03, and 0.15 wt% (from left to
right) of an epoxy resin suspension containing Si NWs. e–g of dark-field optical images of 0.01%
e, 0.03 f, and 0.15 g wt% Si NWs-BBFs, respectively. The scale lengths in e, f, and g are 50, 20,
and 10 mm, respectively. Reproduced with permission from Ref. [125] Copyright 2007 Nature
Publishing Group
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Yang et al. has reported a magnetic field-assisted electrospinning process [133] for
preparing ordered nanowires. Figure 1.14c is a schematic diagram of an electro-
spinning device incorporating a magnetic field-modified collector. Unidirectional
aligned PLGA fibers after 120 min of the collection are presented in Fig. 1.14d.
The magnetic field causes an additional force of the spray and increases the velocity
of the spray reaching the film. The advantage of using an external magnetic field in
place of a parallel auxiliary electrode to produce ordered nanofibers is that the
resulting array is held on a thick fiber membrane. The researchers have also used
high-speed rollers as the collector in the heterogeneous electrospinning in order to
replace the parallel electrodes. By using a rotating disk collector with a sharp edge
(diameter 200 mm), ordered nanofiber scaffolds can be prepared by electrospinning
process (Fig. 1.14e, f) [130]. Figure 1.14f is an optical image of an electrospun
nanofiber which shows that the three-dimensional fiber mesh consists of fibers
having a diameter in the range of 200–800 nm and the thickness of the nanowire
film is about 0.5 mm. Most of the fibers are aligned along the longitudinal axis,
which form a unique array of topographies. Gu et al. have described a heteroge-
neous electrospinning process [130] which combines a rotating collector and a
parallel electrode of the two collector-modifying methods. Figure 1.14g, h shows
an improved electrospinning device. In most cases, nanotubes are very similar to
nanowires, and the assembly methods of nanowires are consistent with those

Fig. 1.13 a A laboratory electrospinning setup with vertical electrodes. b Photomicrographs of
PVA nanofiber mats (PVA/Ag molar ratio 530:3) obtained by electrospinning for 1 h. c Typical
SEM images of Ag/PVA nanofiber mats. d–g PVA/Ag molar ratio of d 530:1, e 530:2, f 530:3,
and g 530:4, respectively. The inset is a photograph of the corresponding Ag/PVA nanofiber mat.
Reproduced with permission from Ref. [129] Copyright 2009 American Chemical Society
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methods that have been or are being used on nanotubes. In fact, the boundaries of
different nanowire assembly methods are very fuzzy. Many assembly strategies
combine more than two kinds of specific methods, such as LB technology is the
combination of mechanical force and interface effect. Most of the time, we sort the
strategies by the method. In some cases, we define the strategy as mechanical force
method because contact printing, striking, and pressure release methods are mainly
force-related assembly methods.
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Chapter 2
Synthesis of One-Dimensional Te
Nanostructures

2.1 Introduction

In the recent years, one-dimensional semiconductors, such as nanowires, nanorods,
and nanotubes, have received wide attention because of their promising potential
applications in basic scientific research. The nanowires with diameter of 1–100 nm,
a large surface area, and one-dimensional conduction have great prospects in the
preparation of numerous devices. Moreover, nanowires exhibit high reactivity and
can act as ideal platform to transmit microscopic particles due to their unique
structural characteristics.

In general, tellurium is a spiral p-type semiconductor with a configuration of
4d10 5s2 5p4 and band gap energy of 0.35 eV at room temperature [1]. The crystal
structure of tellurium shows highly anisotropic nature, comprising helical chains of
covalently bound atoms resulting in t-Te inherent chirality, as well as a strong
tendency toward 1D growth. Moreover, the peculiar properties of tellurium such as
unidirectional image conductivity, nonlinear optical response, and high thermal
conditions to produce piezoelectric response make it promising material for use in
optoelectronic devices, gas sensors, field-effect devices, photonic crystals,
radiation-cooled instruments, self-developing holographic instruments, and infrared
acoustic-optic deflectors [2, 3].

Over the last several years, the several methods have been developed for the
successful synthesis of Te nanocrystals in a rich variety of shapes such as
zero-dimensional nanoparticles, one-dimensional nanostructures, two-dimensional
nanostructures, and even more complex hierarchical structures. By using a variety
of synthesis methods such as solution-phase approach, refluxing process [4],
microwave-assisted synthesis in ionic liquids [5], biomolecule-assisted routes [6],
visible-light-assisted technique, and vapor-phase growth [7], many Te nanostruc-
tures have been synthesized very efficiently.
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2.2 Microwave-Assisted Synthesis of Te Nanowires

The microwave chemistry has been accepted as a promising method for the
liquid-phase preparation of in organic materials due to its definite advantages such
as high reaction rate, low processing cost, and high yield. This rapid, efficient, and
nonpolluting strategy quickly provides the homogenous solvent, uniform nucle-
ation, and growth by the microwave irradiation of medium. It is widely used for the
synthesis of a large number of nanostructures. Microwave synthesis of nanostruc-
tures has been studied by many scientists, for example, Hu and coworkers have
developed the microwave-assisted ionic liquid (MAIL) method for the production
of Te nanorods and nanowires [5]. Up to now, it has not been possible to synthesize
high-yield, high-quality tellurium nanowires in the aqueous phase by microwave
method.

With the utilization of microwave approach, Yu and coworkers have synthesized
high-quality Te nanowires in water phase in high yield without using ionic liquids
(Fig. 2.1a, b) [8]. The monocrystalline tellurium nanowires with a diameter of
20 nm and a length of several tens of micrometers can be synthesized by the
microwave-assisted reaction by using Na2TeO3 as tellurium source,
polyvinylpyrrolidone (PVP) as a surfactant and hydrazine hydrate as reducing agent
in a microwave-sealed vessel made of quartz at 150 °C by microwave. The con-
struction of these high-quality tellurium nanowires is extremely dependent on the
reaction conditions such as the amount of PVP, the reaction time, the pH of the
initial solution, and the choice of surfactants.

Fig. 2.1 a TEM image of the Te nanowires; b a single Te nanowire. Reprinted with permission
from Ref. [8] Copyright 2010 American Chemical Society
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The reaction proceeds with the reduction of Na2TeO3 by hydrazine. The XRD
spectra presented in Fig. 2.2 shows the formation of Te nanowires with a constant
hexagonal tellurium phase by a = 4.0 Å and b = 5.9 Å. Similarly, an energy-
dispersive X-ray spectroscopy (EDS) spectrum shows the strong tellurium peaks,
exhibiting the product as pure Tellurium.

Tellurium nanowires synthesized by microwave methods form a deep blue color
solution on dispersion in water that is a characteristic color as found previously for
ultrathin Te nanowires synthesized by the hydrothermal method, indicating the
successful synthesis of Te nanowires by microwave method [9]. Moreover, Te
nanowires show high aspect ratio with the diameter of 20 nm, and lengths up to
tens of micrometers (Fig. 2.1a) with the lattice spacing of ca. 5.9, 4.0, and 3.2 Å,
analogous to the lattice spacings of the (001), (100), and (101) planes for hexagonal
tellurium, respectively. The plane perpendicular to the axis of the nanowire has a
spacing of 0.59 nm, which is in agreement with the (001) crystal plane, showing the
monocrystalline nature of tellurium nanowire (Fig. 2.1b).

2.3 Solution-Based Synthesis of Te Nanostructure

Te nanostructure with different morphologies such as nanoparticles, nanorods, and
nanowires can be synthesized by using a simple solution-based approach that
involves the hydrothermal treatment of a mixture containing PVP, Na2TeO3,
NaOH, hydrazine hydrate, and ethylene glycol (EG) at 70 °C for 15 s to 3 h [10].
Moreover, the diameter of nanowires changes drastically by the addition of acetone
to the reaction mixture. Figure 2.3a–e shows the SEM and TEM images of Te
nanostructure indicating the change in morphology with an increase in time.
Initially, at the time of 15 s, Te nanoparticles with the diameter of 7 ± 3 nm are
obtained, which change to nanorods as the reaction time increases gradually. The

Fig. 2.2 XRD and EDS spectra of synthesized nanowires. Reprinted with permission from
Ref. [8] Copyright 2010 American Chemical Society
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formation of Te nanorods is due to the anisotropic crystal structure of tellurium,
which contains helical chains of covalently bound tellurium atoms. The chains have
a strong tendency to grow along the c-axis direction into a one-dimensional
structure [11]. Furthermore, with the increase in aspect ratio of nanorods, the
absorption peak of UV–Vis spectra shifts from 388 to 639 nm, indicating that the
UV–Vis spectra track the increase in reaction time (Fig. 2.3f). Also the diameter of
nanowire changes from 7 to 150 nm with the addition of acetone and the nanotubes
will be formed as the amount of acetone continues to increase (more than 50% of
the total system) due to the increase in (100) proportion compared to
(001) (Fig. 2.3g).
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Chapter 3
Interface-Induced Macroscopic Nanowire
Assemblies

3.1 Introduction

Within past few decades, a significant attention has been paid to one-dimensional
nanomaterials such as nanowires, nanotubes, band, and especially ultrafine nano-
wires [1] because of their unique structure, exciting physical properties and their
potential involvement in many applications [2, 3]. Over the last years, the scientific
research has gradually diverted its focus from synthetic technology to orderly
assembly, to create a more reasonable and orderly superstructures. The assembly of
nanomaterials from a disordered state to ordered state can result in unique electrical,
optical, magnetic, and spectral properties of the nanomaterials that could potentially
lead to fruitful applications [4–6]. Moreover, controlling nanowire assembly results
in the design of hierarchical structures with unique functionalities that play a vital
role in the next generation of photovoltaic devices and other nanotechnology.
Assembling nanowires to obtain macroscopic nanodevices with new functions has
become an active research topic in the field of material sciences and presents a wide
range of potential applications [6–11] in the traditional electronic devices, ther-
moelectric materials, new biochemical sensors, and optoelectronic devices. For the
assembly of nanomaterials, various strategies have been developed such as
Langmuir–Blodgett technique [8], external fields like electric [12] and magnetic
field induced assembly [13], external nanostructures [14], and assembly induced by
evaporation [15]. Liquid–liquid interface is a cost-effective self-assembly platform
to assemble the nanomaterials with the interface to obtain the ordered nanowire
films on the macroscopic scale. In particular, the Langmuir–Blodgett technique has
appeared as an excellent way to assemble nanomaterials without hydrophobic
pretreatment and also used for functional assembly of superfine and ultrafine tel-
lurium nanowires of about 7 nm in diameter and several hundred micrometers in
length. Moreover, LB technology offers an attractive assembly technology to
assemble a number of nanostructures with its unique application at the air–water
interface. Up to now, soft LB technique has been widely used for the assembly of
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hard nanomaterials [16] like nanoparticles [17], two-dimensional structures [18], Pt
nanotubes and other 1D nanomaterials such as Ag2Te nanowires, silver nanowires
[19], Te nanowires and W18O49 nanowires [20]. This chapter focuses on the
interfacial assembly of nanowires and brief overview will be conducted to explain
how the interface can be used as an assembly platform to fabricate nanowire
assemblies.

3.2 Interface-Induced Assembly of One-Dimensional
Nanomaterials

3.2.1 Langmuir–Blodgett Technology for Assembly
of Nanowires

Irving Langmuir and Katherine Blodgett revealed the science of Langmuir–
Blodgett films by examining the transfer of Langmuir monolayers onto substrates in
early twentieth century. This technique is considered as the most conventional
strategy for the well-organized building of moieties in one monolayer at a time for
nanofilm fabrication. With the utilization of LB apparatus, the monolayer is con-
structed at the gas–liquid interface that comprises a Langmuir trough to lower or
raise the substrate through the gas–liquid interface and a surface pressure sensor
that controls the movable barrier [21] and an automated movable barrier, which
moves during the deposition process in order to maintain a controlled surface
pressure (Fig. 3.1). Furthermore, the film formed by this method at the air–water
interface can be easily transferred to the substrate of choice [22] without any
damage to the film.

3.2.1.1 LB Assembly of UltraFine and UltraLong Te Nanowires

Ultrathin hydrophilic Te nanowires having an aspect ratio of 104 can be aligned
over a large area to form well-defined periodic mesostructures by Langmuir–
Blodgett technique. The assembly process starts by the filling of Langmuir–
Blodgett trough with distilled water over the top by about 2 mm and then adding

Fig. 3.1 Graphical design for
LB nanowire assembly
process. Reprinted with the
permission from Ref. [23].
Copyright 2003 Nature
Publishing Group
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the nanowire solution on water reservoir. Moreover, in this process, there is no need
for extra hydrophobic pretreatment or functionalization after synthesis [8]. The
centrifuged nanowires are first dispersed in N,N-dimethylformamide (DMF) at
room temperature to avoid the hydrophobization and then further added to a
mixture of DMF and chloroform mixture before adding to the water–air interface.
The high amount of DMF and chloroform prevents the good dispersion and uni-
formity of nanowires at the outset solution, respectively. So the ratio of dispersing
solvent (DMF: CHCl3) plays a very important role in the assembly of nanowires.

The assembly process highly depends on various factors such as solvent, surface
pressure, and time as discussed below. For aligning the nanowires, good dispersion
and evaporation are key parameters that depend on the choice and amount of
solvent. In the case of the high amount of DMF, precipitation of Te nanowires
occurs at the bottom of LB trough that hampers the dispersion of the nanowires at
the air–water interface, whereas the high amount of CHCl3 decreases the homo-
geneity of the solution.

After the evaporation of the mixed solvent, some parallel nanowires of the
ordered portion are randomly oriented at the air–water interface due to the inter-
facial tension. The interface nanowires shrink and produce a compact structure [24]
that becomes tidy as the surface tension increases. The p-A isotherms of the surface
tension of Te nanowires are presented in Fig. 3.2a, indicating 4 different stages.
Initially, the pressure is independent of barriers movement and the nanowires come
closer to each other under the effect of van der Waals forces and capillary forces. In
the second stage, the formation of concentrated Te nanowires monolayer occurs due
to decrease in area and increase in surface tension. The third stage shows constant
pressure with the decrease in area and the loosely arranged nanowires become
compact. The slope of the p-A curve directly reveals the rate of change of the
surface pressure from 0 to 23 mN/m, which indirectly shows the behavior of the
nanowires (Fig. 3.2a, b).

The nanowires are arranged in an irreversible manner parallel to the pusher at the
pressure of 23 mN/m for 10 h. Actually, the ordering of the monolayer increases
due to the reduction of entropy. The nanowire alignment for different time 1, 3, 5,
and 9 h between stages (III) and (IV) are highlighted in Fig. 3.2c, d show the
increase in nanowire alignment with time. Moreover, the monolayer will be sub-
stantially damaged for the time higher than 10 h due to a decrease in entropy. On
the substrate, Te nanowires are parallel and oblique as they are long and flexible
and wrapped with PVP Fig. 3.3a, b. Moreover, the lattice spacing is consistent with
the (001), (100), and (101) planes of hexagonal tellurium and the angle between the
(001) plane and the (101) plane is 55.4° that matches well with the calculated
structure of the crystal structure Fig. 3.3c [8].

Furthermore, the LB technique has also been effectively introduced for the
formation of nanomesh that can be obtained under harsh conditions such as high
temperature and on a special substrate surface [25, 26]. Figure 3.4a illustrates the
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schematic design for transfer of two layers of aligned nanowires into mesh-like
structures with designed crossing angles and can be designed into nanomesh-like
crossed patterns with a tunable crossed angles such as 45°, 60°, 65°, 70°, and 85°,
respectively, indicating that the crossing angle between the two layers of nanowires
increases with the tuning angle [8].

Fig. 3.2 a p-A isotherms, b TEM images of the Te nanowire, c p-A isotherms of the Te nanowire
collected between the stages (III) and (IV), d corresponding TEM images of the Te nanowires.
Reprinted with the permission from Ref. [8]. Copyright 2010 American Chemical Society
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3.2.1.2 Ordered Ultrathin Telluride Nanowires and Hetero-nanowire
Film

Tellurium and telluride are considered well-known semiconductor due to very
narrow bandgap and many interesting properties such as nonlinear optical response,
light guide, piezoelectric response, and high pyroelectricity, which make them
valuable in many applications such as optoelectronic devices, photonic crystal
field-effect devices, gas sensors, field-effect transistors, topological insulators, and
holographic recording [27–30]. By using well-defined ultrathin single crystalline
TeNW patterns as templates, macroscale ordered ultrathin telluride nanowire
(NW) films (Ag2Te, Cu2Te, PbTe), and tellurium/telluride hetero-nanowire films
(Te-Ag2Te, Cu2Te-Te-Ag2Te-PbTe) can be rapidly fabricated through chemical
transformation reactions. In order to obtain different telluride films, initially, tel-
lurium nanowires are assembled by LB technology to attain an extensive range of
ordered structures. By immersing the tellurium template in the silver nitrate solu-
tion, a color change occurs from dark blue to brown, indicating the formation of
silver telluride nanowires (Fig. 3.5a, e). The degree of the order of silver telluride is

Fig. 3.3 a, b (TEM) images of the monolayer assembly of Te nanowires, c (HRTEM) image of
the aligned Te nanowires, d SAXRD pattern of aligned Te nanowires. Reprinted with the
permission from Ref. [8]. Copyright 2010 American Chemical Society
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strongly dependent on the order of the tellurium nanowires, that is, on the trans-
formation of the single-layer tellurium nanowire into monolayer silver telluride
nanowire films, the period becomes 8.9 nm from 6.8 nm, indicating the variation of

Fig. 3.4 a Illustration of the steps for the assembly of Te nanowire film mesostructures. b–g TEM
micrographs of the nanomesh-like assemblies designed by packing two layers of Te nanowire
films with different crossed angles. Reprinted with the permission from Ref. [8]. Copyright 2010
American Chemical Society
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the period with the diameters of the TeNWs Fig. 3.5c, g. The UV study shows the
two absorption peaks located at 586 nm and 450 nm, respectively, showing an
optical change due to the pattern transfer process (Fig. 3.5d, h). Moreover, a red
shift appears in the surface plasmon resonance while comparing the UV–VIS
spectrum of the ordered TeNW monolayer on a quartz substrate and TeNWs in
aqueous solution, indicating an increase in order [31].

This chemical transformation process can be extended from silver telluride
nanowires film to other telluride nanowires films such as zinc telluride nanowire
films by ion-conversion and chromium telluride by using silver telluride nanowires
film as a template. Similarly, chromium telluride nanowire templates can be further
converted to platinum-telluride nanotubes [31].

Moreover, mesoscopic structure of these hetero-structure nanowires can be
designed with the help of LB strategy that can be attained by replacing Te nano-
wires with Ag2Te nanowires or Pt nanotubes (Fig. 3.6) with the vertical placement
of Ag2Te or Pt nanotube monolayer on the first layer, resulting a staggered Ag2Te
nanowire structure (Fig. 3.6c, d) [31]. In conclusion, these chemically active Te
nanowires can be used not only as a reductant, but also as a template to directly
achieve ordered structures of other inorganic one-dimensional nanowires via
assembly. Furthermore, this template conversion method provides us a new strategy
of chemical conversion to obtain ordered nanowire films, as well as their
hetero-structures [31].

Fig. 3.5 a, e Photographs of ordered Te and Ag2TeNW monolayers, b, f TEM images of Te and
Ag2TeNW monolayers, c, g SAXRD spectrums of ordered Te and Ag2TeNW monolayers, d UV–
Vis spectrum of the aqueous solution and ordered Te nanowires, h UV–Vis spectrum of an
Ag2TeNW monolayer. Reprinted with permission from Ref. [31]. Copyright 2012 WILEY-VCH
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3.2.1.3 Co-assembly of Ag and Te Nanowires

Nanowires assembly at microscale offers an extensive variety of potential appli-
cations with low cost and improved performance. Moreover, to prepare nanowires
film in wafer scale, rational assembly strategies has been employed for novel
collective properties and device fabrication at a practical scale [6, 7, 32–34].
Nanowire film assembly and nanofilm gap can be controlled by using different
nanometer reactive nanowires. In order to fabricate the film of two different
nanowires (Ag and Te), LB technique can be used to obtain a large area of ordered
nanowire films. Te and Ag nanowires are mixed in a solvent mixture of N,N-
dimethylformamide (DMF) and chloroform (CHCl3) to form a homogeneous
single-phase solution at room temperature [35]. After that, the solution is dispersed
onto a surface of deionized water with a syringe in order to form a monolayer. The
nanowire network is obtained by the deposition of two layers into a mesh-like
structure with the crossing angle. Furthermore, by the etching process, Te nano-
wires of the co-assemblies can be removed, leaving an Ag nanowire network with
pitch tuned by the Te nanowires (Fig. 3.7).

3.2.1.4 LB Assembly of Ultrathin W18O49 Nanowires

Semiconductor nanowires due to their distinctive physical and chemical properties
are considered effective candidates in various applications [10, 36–39]. During the
past few years, various strategies have appeared to assemble semiconductor
nanowires into complex and novel mesostructures, producing new functionalities

Fig. 3.6 a–d TEM photographs of Ag2Te assembly. e–g TEM images of assembled Pt nanotubes;
c, d crossed layers of Ag2Te nanowires; e–g TEM images of a monolayer of Pt nanotubes;
h SAED pattern taken on the Pt nanotubes presented in (g). Reprinted with permission from Ref.
[31]. Copyright 2012 WILEY-VCH
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and properties, which make them applicable in a wide range of traditional electronic
devices (logic and memory) to novel chemical and biomolecular sensors, opto-
electronic devices, and thermoelectric materials [6, 7, 10]. In traditional semicon-
ductors, tungsten oxide is considered a significant n-type semiconductor due to its
photocatalytic, gas sensor, and electrochromic applications [40–45]. Electrochromic
phenomenon which is related to color change induced in selected materials by a
reversible electrochemical process develops due to the production of different
electronic absorption bands on the visible region [46, 47]. This process is reversible
and interrelated to redox states switching. In the family of well-known elec-
trochromic materials, tungsten oxide presents a colorless and blue alternating
change with the applied positive and negative voltage changes. This phenomenon
was discovered by Deb in 1969 and has been extensively studied [48, 49].

The well-organized monolayer of tungsten oxide nanowires with periodic
structures can be fabricated by Langmuir–Blodgett (LB) technique [50]. The

Fig. 3.8 a–d Morphology and structure of the as-obtained W18O49 nanowires. e–h Two styles
(parallel and cross) of ordered nanowire nanostructures. Reprinted with permission from Ref. [50].
Copyright 2013 American Chemical Society

Fig. 3.7 a Low and b high magnification image of Ag nanowires assembly. Reprinted with
permission from Ref. [35]. Copyright 2014 WILEY-VCH
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surfactant PVP plays an important role in the assembly of nanowires [8, 34] and has
been used as a kind of stabilizer or coating agent in the synthesis process and also
plays a role in preventing the aggregation of product synthesis. In the absence of
surfactant, it is difficult to assemble Tungsten oxide nanowires but with the coating
of PVP, a well-ordered array of the tungsten oxide nanowires can be achieved by
LB technology (Fig. 3.8).

3.2.2 Assembly of Nanowires at Liquid–Liquid Interface

Recently, research on nanomaterial self-assembly has gained much attention due to
their potential in optics, magnetism, and electronics. Their applications are
promising because of their significant differences compared with irregular and
disordered nanomaterials [51–55]. Various strategies have been developed,
including convection assemblies [56], LB techniques [7, 8, 57], layer-layer
assemblies [54, 55], external driving forces (e.g., magnetic, electric, or shearing)
[58, 59] and in situ methods to form the interface where the solvent evaporates
[9, 10, 31]. However, the above-mentioned methods have some limitations in a
wide range of applications, such as long processing time, low throughput, and
proper functionality, because of the special arrangements of the self-assembled
bodies. For assembly of multiple building blocks, the liquid interface offers an
excellent platform on the basis of interfacial-ordering effect, attracting more
attention nowadays [60–63]. Numerous methods like switching the ligand for a
contact angle of 90° of the particles with the water/oil interface [64–65], adding
other solvents [66, 67] and using external forces [68, 69] can be introduced to assist
the interfacial assembly. Due to the general applicability and simple operation of
this technique, the liquid/liquid interface offers versatile opportunities to assemble
many kinds of nanosized building blocks.

Yu et al. developed an assembly method by the formation of a family of
interfaces with two immiscible liquids on which many nanosized building blocks
with altered shapes and dimensionalities can be fabricated at room temperature by
the construction of large-area self-assembled monolayer or multilayer nanofilms
[70]. This strategy integrated initially by the assembly of many nanosized building
blocks with various dimensions and shapes, including zero-dimensional nanopar-
ticles (NPs), one-dimensional nanowires (NWs), two-dimensional nanosheets
(NSs), and nanocubes (NCs) and then extended to significant interfacial systems
containing different immiscible liquids and external solvents by sweeping the limits
of the particular interface [70].

The schematic illustration of the formation of the self-assembled nanowire is
presented in Fig. 3.9. Initially, the nanomaterials such as silver nanowires are
dispersed in a solution named as Solution A, which is referred to a mother liquor
containing suspension of nanocubes, silver nanowires etc. Whereas, solution B is an
almost completely hydrophobic organic liquid such as chloroform, dichloro-
dichloroethane, methane, carbon tetrachloride, chlorobenzene, and bromobenzene.
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For the formation of ordered nanofilms, the initial step is to drop the appropriate
amount of solvent C, which provides the phenomena of nanobrick aggregate force.
A small amount of solvent C cannot break the interface equilibrium, which hinders
the arrangement by interfacial-ordering effects, whereas in the case of the high
amount of solvent C, it is difficult to obtain a homogeneous film at a liquid/liquid
interface. After the dispersion, the film appears at the oil/water interface, indicating
the successful assembly of nanosized building blocks by this process. Moreover,
the area of the film formed between the liquid and liquid interfaces can be several
centimeters large, determined by the size of the container.

By this technique, silver nanowires having high aspect ratio are assembled to a
close-packed structure. At the water/chloroform interface, macroscopic scale films of
Ag NW assemblies can be quickly fabricated after adding a suitable amount of
acetone as solvent C (5 mL of chloroform as solvent B is covered with 5 mL of
aqueous solution of Ag NWs as solution A and 1 mL of acetone as solvent C). After
the assembly process at the interface, the films of well-organized Ag NWs can be
transferred to many substrates, including planar or uneven substrates (Fig. 3.10) [70].

Fig. 3.9 Design of liquid/liquid interfacial assembly of different nanosized building blocks:
Reprinted with permission from Ref. [69]. Copyright 2012 WILEY-VCH

3.2 Interface-Induced Assembly of One-Dimensional Nanomaterials 49



3.2.3 Shear Force-Induced Assembly of Silver
and Tellurium Nanowires

Recently, with substantial advancement in 1-D nanomaterials, an extensive series of
assembly strategies have been [38, 71] established to create and fabricate functional
well-defined ordered superstructures or complex structural design with desired
properties [6, 10, 72, 73]. For the assembly of nanowires, a variety of strategies has
been developed but still major efforts are needed for further development in
nanowires assembly strategies to expand their potential applications [74–76].
Recently, a new method based on the capillary flow of nanowires was developed for
ordering hydrophilic high aspect ratio nanowires (Ag, Te) (Fig. 3.11) [77]. The
formation process is strongly dependent on various flow parameters such as flow
rate, the concentration of Ag nanowire suspensions and flow distance. In a typical
experiment, a capillary is connected with a 10 mL syringe using polyte-
trafluoroethylene (PTFE) capillary as a bridge and filled with nanowire suspension.
Afterward, at the flow rate of 800 µL min−1, the nanowires suspension in the
syringe is introduced into capillary with the further addition of ethanol to flow
through the capillary with the same flow rate and then kept for drying.

Fig. 3.10 SEM images of Ag NW films formed at the interface of an aqueous suspension of Ag
NWs and chloroform with the addition of acetone. Reprinted with permission from Ref. [69].
Copyright 2012 WILEY-VCH
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The formation of silver nanowires film is strongly affected by various factors
such as the flow rate of the nanowire solution, the hydrophilicity of the capillary,
the flow distance, and the concentration. While considering the flow rate of
nanowires, Fig. 3.12a–d shows that the degree of nanowire alignment increases
with increase in flow rate from 200 to 400 and 800 µL min−1, but flow rate higher
than 800 µL min−1 results in a decrease in the degree of nanowire ordering. Hence,

Fig. 3.11 SEM images of Ag and Te nanowire assemblies in the glass capillary; Reprinted with
the permission of [77]. Copyright 2013 Nature Publishing Group

Fig. 3.12 a–d Influence of the flow rate of the assembly of Ag nanowires, e–h Influence of the
concentration of the nanowire suspension on the assembly of Ag nanowires, i–l Influence of the
flow distance on the assembly of Ag nanowires; Reprinted with permission from Ref. [77].
Copyright 2012 Nature Publishing Group
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higher flow rate creates larger sheer forces, leading to better alignment. However,
too high flow rate decreases the sheer forces between the capillary and the nano-
wires. Furthermore, no nanowire film is observed on the inner wall of the capillary
by using superhydrophobic Teflon capillary, showing the wettability dependence of
formation process. Similarly, a high concentration of nanowires and distance also
helps the formation of well-aligned nanowires film (Fig. 3.12i–l).

By this approach, the film formation occurs through the stacking of silver
nanoclusters tightly in one piece and close to the inner wall of the capillary in the
same direction. The major interaction involves for assembly process is van der
Waals forces between the inner wall of the capillary and the PVP on the surface of
the silver nanowires that allow the absorption and assembly of one-dimensional
silver nanowires along the axial direction on the inner wall of the capillary without
any pretreatment and functionalization. Remarkably, this technique can also be
used to assemble other nanowires, like ultrathin Te nanowires with diverse aspect
ratios.
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Chapter 4
Electron-Beam-Induced Nanowire
Assemblies

4.1 Introduction

In material science, self-assembly and nanofabrication have become one of the most
active research areas [1–4]. With the help of self-assembly or directed assembly
techniques, numerous kinds of nanostructures have been successfully obtained,
which provides a way to achieve a unique combination of desired electronic,
magnetic, and optical properties that are often not available in single-component
materials [5–8]. By using various stimuli, self-assembly process can be initiated,
including external forces [9–12], phase interface [13], evaporation of the solvent [14,
15], self-assembly directed by small molecules [16, 17], and changing the color and
intensity of incident light [18, 19], electron-beam irradiation [20], photochemical
triggering [21, 22]. The irradiation conditions can develop a situation where the solid
is far from thermal equilibrium, and under certain circumstances, this situation leads
to direct interactions between incident electrons and materials, which results in the
formation of self-assembled structures [23, 24]. Furthermore, the transmission
electron microscopy that is most frequently used for all kinds of nanostructure
investigation also has the advantage to cause a structural variation of the specimen
by electron irradiation and lead to the fabrication of unpredicted and very exciting
structures [25, 26]. Despite the massive success so far, assembly of nanosized
building blocks and nanofabrication is still challenging and shows a certain defi-
ciency for a sufficient level of control; hence, more efforts are required for further
development [27]. Recently, Yu and coworkers transformed the conductive carbon
film with a thickness of 10 nm into a tubular structure by electron-beam irradiation,
thereby directly assembling the nanomaterials such as nanoparticles, nanorods,
nanowires, and monolayer nanoplates on the conductive carbon film [28]. There is a
wide range of materials that can be designed to produce carbon-based tubular
structures and can be suitable candidates for functional materials as well as related
applications. The effects of electron irradiation on carbon nanostructures have been
studied previously [29–31]. Ugarte et al. (1992) described the crimping and closing
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of graphite networks under electron-beam irradiation. Under TEM electron-beam
irradiation, the top temperature of the carbon film is different from the bottom end of
the carbon film, which offers significant strain, resulting in bending the nanofilm into
a cylindrical shape. To study the properties of this process, single Ag nanowires, low
concentration disordered Ag nanowires, and ordered Ag nanowires assembled by
LB techniques are selected as the elastic material, and mechanical energy was stored
by structural memory to achieve potential application [32].

4.2 Fabrication of Carbon Films by In Situ Electron-Beam
Irradiation

To demonstrate the versatility of this process, four different dimensions of
nanocrystals, namely nanorods, nanoparticles, nanosheets, and nanowires, are
chosen. The schematic design of this process is presented in Fig. 4.1, showing that
TEM copper mesh (300 mesh) is provided with a 10-nm-thick carbon film on the
surface without the need for further processing or functionalization. On exposure to
electron-beam irradiation after cutting a thin slit on the sample, it begins to bend
into an approximately cylindrical surface and then gradually into a tubular structure
due to the strain relief. In addition, if the carbon film supported-side of TEM grid is
loaded with nanomaterials such as nanoparticles, nanorods, nanowires, and

Fig. 4.1 Schematic design of carbon-based solid films rolled up into nanotubes under the
electron-beam irradiation. Reprinted with the permission from Ref. [28]. Copyright 2012
American Chemical Society
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monolayer nanoplatelets, they will bend together with the carbon film under the
irradiation of the electron beam. The bottom end of the carbon film is believed to
provide critical strain to force the nanomaterial film to bend into a cylindrical shape.

The relationship between the carbon films bend image and the time is presented
in Fig. 4.2a–d, showing that when the time is extended at intervals of 1 s at an
accelerating voltage of 100 kV [28]. If the electron-beam irradiation time is long
enough, a multilayer tubular structure will be produced as shown in Fig. 4.2e, f.
When the nanomaterials are added on the surface of the carbon film, the bending
speed of the carbon film will slow down. The shape and size of carbon membrane
slit are the most important prompting factor in controlling the diameter of the
tubular structure (Fig. 4.2). In addition to this factor, there are many other factors
that can influence the diameter of the tubular structure such as current density,
operating voltage, and the introduction of additional nanomaterials [28].

4.3 Fabrication of Carbon-Based Nanocomposites by In
Situ Electron-Beam Irradiation

On loading the Te nanowires on carbon films, curling of carbon film occurs with
time prolonging at 100 kV as shown in Fig. 4.3a–d [28]. When the electron beam is
focused, the solid film begins to curl in the detaching area of the substrate, indi-
cating that this process can be well adapted to some natural systems. A similar
process of transformation is observed in organisms, where the interaction between
the membrane molecules changes the lateral tension of the lipid duplex. Figure 4.3a

Fig. 4.2 a–d Curling of carbon film with time going on under the electron-beam irradiation of
TEM at 100 kV at the time interval is 1 s. e, f TEM images of the cruled carbon film tubes formed
with the membrane slites of differencet size and shape. Reprinted with permission from Ref. [28].
Copyright 2012 American Chemical Society
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shows that the most pronounced bending, especially the tubular structure, begins to
form after the 5 s that changes to nanowire-based tube-like structure on further
exposure to irradiations. Like other emerging research areas, researchers working in
the nanowire assembly field are also trying to develop new complex structures to
expand the desired applications. As a general and versatile assembly method, this
technique can be extended to criminate many other kinds of nanomaterials with
different dimensionalities such as nanoparticles, nanorods, and nanowires [28].

Similarly, by using the same approach zero-dimensional nanoparticles with a
diameter of 10 nm, and two-dimensional nanosheets (e.g., graphene), and nanorods
with a diameter of width 19 nm and a length of 78 nm, can be assembled
(Fig. 4.4a–c) [28]. The transition to kinetic energy and elastic potential energy is of

Fig. 4.3 a–d Time-dependent curling assembly of a carbon film with nanowires under the
irradiation of a TEM beam at 100 kV. Reprinted with permission from Ref. [28]. Copyright 2012
American Chemical Society

Fig. 4.4 a–c Carbon film curling with monodisperse Cu2ZnSnS4 nanoparticles, Au nanorods, and
graphene. Reprinted with permission from Ref. [28]. Copyright 2012 American Chemical Society
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critical importance in the process of device processing to novel new functions. In
order to store the mechanical energy into a film for potential applications, silver
nanowires are introduced as the elastic metal objects with structural memory. Three
types of films are prepared by using single silver nanowire, disordered Ag nano-
wires with low density, and an ordered Ag-nanowire film assembled with LB are
introduced to the carbon film supported-side of TEM grid with a slit, in order to
investigate the power of the in situ rolling process. In case of single nanowire film
with a diameter of 60 nm and a length of 15 lm, a rapid curling of film is observed
at the time interval of 5 s, whereas, in case of disordered nanowires, the rolling
process becomes more difficult and the time taken becomes 10 s Fig. 4.5d–f,
indicating that the rolling process becomes more complicated as the number of
nanowires increases. Ordered Ag nanowires obtained by the LB technique can be
curled with carbon film from the lateral direction, but they are unaffected from the
axial direction (Fig. 4.5g) [28].

Fig. 4.5 a–c TEM images of time-dependent curling of a carbon film with a single Ag nanowire
for a time interval of 5 s. d–f Curling of a carbon film with disordered Ag nanowires with lower
density at the time interval of 10 s. g Ordered Ag nanowires assembled by LB with higher density.
h TEM images of carbon film can curl with ordered Ag nanowires from the lateral direction, but
they cannot curl from axial direction (i). Reprinted with permission from Ref. [28]. Copyright
2012 American Chemical Society
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In order to utilize this phenomenon of tubular building blocks, it is essential to
understand the mechanism of rolling process [33, 34]. A system away from equi-
librium can reveal complex transitory structures with curly structures, and once
unconstrained from their substrate, the layer rolls up by itself and forms a nanotube
[35–39]. It is clear from above discussion that during film formation on the surface
of the film or during the curling of the film, mechanical deformation occurs due to
the strain difference between the different layers in the film system. When two
mismatched epitaxial thin-film layers are forced to be on the same substrate, a large
residual strain energy is stored in the bilayer film. Moreover, the film curls to form
various three-dimensional structures on releasing from the substrate to reduce
stored strain energy, including nanotubes and microtubes.

With the assumption that the optimal release of the elastic energy stored in the
carbon film under the irradiation of the electron beam is the major factor for the
formation of hybrid tabular structure, the curvature of the curved tubular structure
can be estimated by a multilayer hinge construction model containing residual
strain [40]. For bilayers, there are bottom and top layers with thicknesses h1 and h2,
respectively, and e1 and e2 are the biaxial residual strains of the two films,
respectively. The separation area of the substrate is denoted by W � L, and W and
L are the length and width of the tear rip, respectively. The radius of the tubular
structure can be written as follows:

R ¼ h1 ½1þ b2a4 þ 2ba ð2þ 2a2 þ 3aÞ�
6gba ð1þ aÞ ðe2 � e1Þ ð4:1Þ

Here, L is a form factor. When L is small, η = 1, which corresponds to the plane
compression; when L is large, η = 1 + v, which corresponds to the plane stretching.
The value of η can be determined by finite factor simulation between the two cases.
From Eq. 4.1, it is clear that when e2 − e1 > 0, film is in the bending state. In
addition, on regulating the value of a and b, the radius of the tube can be adjusted
through the mixing process. It is important to note that when the bilayers are in the
compressed state (e2 < 0, e1 < 0), it will tend to produce wrinkles. The calculation
[41] in the literature shows that larger W and L values and smaller e2 − e1 values
will tend to produce wrinkles. Therefore, a careful control is required for the
separation process, to prevent the formation of wrinkles to generate the tubular
structure.

4.4 Conclusions

In summary, a unique technique is discussed to directly and specifically roll up the
carbon films into tubular structures, loaded with different nanostructures such as
nanoparticles, nanowires, nanorods, and nanosheets by taking the advantage of
electron-beam-induced surface stress. This strategy has proven to be a versatile way
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by which various nanomaterials of different shapes and sizes can be co-assembled
with a conductive carbon film and can be bent into a tubular structure. This
excellent design flexibility approach is expected to produce different tubular
structures and composites with encouraging applications, including encapsulation,
nanoscale fluid delivery, and capillarity on the nanometer scale as this technique has
the ability to load various nanomaterials with different shape and size.
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Chapter 5
Applications of the Nanowire Assemblies

5.1 Introduction

When the diameter of a nanowire structure is close to or less than the length of a
solid state, such as the Bauer radius, the optical wavelength, the phonon mean free
path, the critical size of the magnetic field, and the diffusion length of the exciton,
many physical properties of the nanowire have an important relationship with the
surface [1]. For the direct application of the nanowire system, it is important to
study the ordered and interconnected functional nanowires with complex and
multiscale structures [2]. In the following sections, we will describe a series of
applications of nanowire structures, such as electrical, optical, and photoconductive
applications. With the utilization of well-arranged nanowire structure, numerous
functional devices and nanoelectrical devices can be fabricated [3–9]. Moreover,
the nanowire position and the interconnections within the nanowires are very
important in order to create special properties, which develop their importance in
the manufacturing of various devices. In recent years, many complex and multiscale
nanowire structures and their applications have been studied. More recently, the
design, fabrication, and the use of a programmable nanoprocessor that can over-
come these challenges have been described.

Duan et al. have fabricated high-speed graphene transistors to achieve this
superperformance by self-assembling nanowires [10]. First, by using graphene, this
physical assembly provides large mobility. In addition, this self-assembly process
ensures precise placement of the edge of the gate electrode, so there is no significant
overlap or gap between the electrodes, minimizing the resistance. Myoung et al.
have published a process for the fabrication of field-effective Si nanowire transistors
with programmable nanowires that have homogeneous transport properties.
Depending on the number of nanowires in the channel width of the transistor, the
nanowire bridges between the electrodes can be divided into three groups of PDMS
blocks [10]. First, ordered Si nanowires can be evenly coated on a flexible plastic
substrate. The FET is then fabricated from the transformed nanowires, through
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microprocessor technology and low-power operation. According to the assembly of
nanowires, the sensor array of flexible plastic substrates shows a high degree of
sensitivity.

5.2 Fabrication of Nanowire Stamper

Ordered 2D functional nanostructure arrays have a wide range of applications [11].
With the use of Te nanowires, nanochannels can be fabricated to a poly(methyl
methacrylate) (PMMA) substrate by following a simple pattern transfer method
[12]. The schematic design for the fabrication of mesostructured nanopattern by
creating a monolayer of Te nanowires is shown in Fig. 5.1a. Initially, the glass
slides are ultrasonically washed in acetone for 10 min and then purge with ultrapure
water. On the surface of the glass slide, Te monolayer is formed, which is used as a
stamp for nanocontact printing. Afterward, another slide is coated with PMMA by a
spin coating that further put onto a Te nanowire monolayer stamp by applying
suitable pressure. After heating at 100 °C for 1 h, the PMMA-coated glass slide
substrate is rapidly pulled away from the stamp, resulting nanochannels of Te
nanowires on the surface of poly(methyl methacrylate) (PMMA) substrate [12].

During the transfer process, no obvious change is observed in the patterns of Te
nanowire monolayer which is demonstrated by XRD experiments (Fig. 5.1b, c).
This lightens the stability of the mesostructures of the Te nanowire monolayer
during the transfer process. Furthermore, the SAXRD pattern of PMMA film
illustrates a change in the width of PMMA channel from 6.3 to 6.7 nm, after being

Fig. 5.1 Schematic design for fabricating a Te monolayer stamp for nanopatterns. b, c Te
nanowires before monolayer and after the imprinting. d The PMMA substrate with constant
nanopatterns. Reprinted with the permission from Ref. [12]. Copyright 2010 WILEY-VCH
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detached from another slide (Fig. 5.1d). The other techniques such as XPS and IR
also confirm the successful transfer process (Fig. 5.2a, b) [13].

5.3 Nanowire Selective Transmission

The transmission of polarized light through periodic nanostructures has attracted
huge attention because of exciting applications [14, 15]. The incident light polar-
ization determines the excitation mode of surface plasmon, associated with the
periodic structure. Figure 5.3 shows the schematic design of experimental setup
with a plot, indicating the transmission efficiencies of different wavelength light for
different samples Fig. 5.3b [16]. The transmission efficiency mainly depends on
two factors that are nanowire order and incident light polarization, attributed to the
surface plasmon. With the help of optical fiber spectrometer, the transmission
spectra of the glass capillaries with ordered silver nanowires on the inner walls are
recorded as shown in Fig. 5.3b.

In a particular arrangement, the white light is passed through a single-mode fiber
and a polarizer (only vertically polarized light can pass) from a stabilized tungsten–
halogen source that illuminates the sample. The polarization angle h presents the
angle between the incident light and the longitudinal axis of the capillary. In order
to incident light on the sample, the sample is arranged between two lenses of
35 mm focal length. The light emitting from the sample is set to move into the
spectrograph with the anticlockwise rotation (with the rotation angle from 0° to
360°) of the sample in the plane perpendicular to the illuminating light. Figure 5.3c
shows the transmission spectra of the sample with the rotation angle of 0° and 90°.
18 spectra were recorded from angle 0° to 360°, and the peak intensity of integral of
the spectra is found at 650 nm (Fig. 5.3c), indicating the light intensity of the
transmitted spectrum as a function of the rotation angle. From above data, it is

Fig. 5.2 a Te 3D spectrum of the PMMA film, b FTIR spectra of the PMMA film. Reprinted with
the permission from Ref. [12]. Copyright 2010 WILEY-VCH
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concluded that stimulation of surface plasmon polaritons (SPPs) occurs only when
the light is perpendicular to nanowire alignment, making the vertical component of
the electric field in working state that is E sin h. However, the energy relationship
should be E2 sin2 h. While considering the background factor, the function of
mutual relations should be as follow.

S ¼ a ðsin2hþ bÞ

5.4 Nanowire Photoconductors

Photoconductivity is an optical and electrical phenomenon that causes the material
to have a greater electrical conductivity due to the absorption of electromagnetic
radiation, such as visible light, ultraviolet light, infrared light, or radioactive rays.
Recently, nanostructure materials have attracted more attentions because of their
optical properties such as surface effects, holes, geometrical confinement of pho-
tons, and quantum confinement of electrons. In semiconducting materials, element

Fig. 5.3 a Schematic illustration of the experimental setup. b Transmission spectra of the film of
silver nanowires with the rotation angles of 0° and 90°. c Intensity of the transmittance as a
function of rotation angles h. d Transformation of the data in c into polar coordinates. Reprinted
with the permission from Ref. [16]. Copyright 2012 Nature Publishing Group
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selenium was explored as the first photoconductive element, and then, the further
investigation was carried out on other photoconductive materials gradually.
Furthermore, semiconducting tellurium having a bandgap of 0.3 eV is considered
as an important narrow-bandgap semiconductor having outstanding applications in
future highly efficient photoconductor devices. The photoconductivity effect was
initially reported by Bartlett [17], before that the photoconductivity of Te was
considered unaffected by radiation. Recently, the photoconductive properties of
aligned Te nanowires have been studied by Yu and coworkers [18]. By using the Lb
technique, different layers of Te nanowires with the same axial direction are initially
fabricated on a Si/SiO2 substrate [19, 20] with the thermal evaporation of Au
electrode through positioning a micrometer-sized Au wire on the nanowires as the
mask to attain a gap between two electrodes. The current–voltage curves measured
in dark and white light brilliance are shown in Fig. 5.4b, showing linear behavior
that exhibits the ohmic contact feature. Moreover, on turning the light on from the
dark, the electrical resistance of the nanowire film decreases, similar to other
photoconduction material. It is evident that the current of the devices increases
considerably with the increase in light intensity and the current increases linearly
with increasing illumination power (Fig. 5.4b inset). The increase in conductivity
with light allows to reversibly switch the nanowire films between “off” and “on”
states, but the performance is highly dependent on the thickness of the nanowire
films, from monolayer, three layers, five layers, and 20 layers of Te nanowire films
(Fig. 5.4c–f).

Fig. 5.4 a Schematic illustration of the device based on Te sample for the photoconductive test.
b I–V curves measured under different light intensities. c Reversible switching of a 20-layer Te
nanowire device. d–f Reversible switching photoconductive property of the Te nanowire films
with one, three, and five layers, respectively. Reprinted with the permission from Ref. [18].
Copyright 2010 American Chemical Society
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In order to expand the photoconductive study of nanowire films, other nanowire
films such as Cu2TeNW, Ag2TeNW, and PbTeNW were fabricated [21, 22].
Figure 5.5 shows images of the conversion of Te nanowire film into other metal
telluride heteronanowire films such as the formation of Te–Ag2Te heteronanowire
films from TeNWs and then Cu2Te–Te–Ag2Te heteronanowire films, and finally,
Cu2Te–Te–Ag2Te–PbTe heteronanowire films, indicated by a color change of film.
Like other photoconductive materials, the telluride heteronanowire films also show
a good response to light and change their electrical resistance on illumination. The
reversible switching of the nanowire devices between low and high conductivity
states is shown in Fig. 5.5b–e on turning on the lamp for different heteronanowire
films such as TeNWs, Cu2TeNWs, Ag2TeNWs, and PbTeNWs, respectively. These
telluride nanowires exhibit photoconductive properties that are responsive to light,
particularly ordered cuprous telluride films whose rise or fall reaction time does not
exceed one second. Moreover, the switch ratio remains constant after the test cycle,
which shows their good performance for optoelectronic switches [21].

Fig. 5.5 a Images of chemical conversion of a TeNW monolayer into Te–Ag2TeNW films,
Cu2Te–Te–Ag2TeNW films, and Cu2Te–Te–Ag2Te–PbTeNW films. b–e Reversible switching of
different telluride nanowire patterns between low and high conductivity states. Reprinted with the
permission from Ref. [1]. Copyright 2012 WILEY-VCH
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5.5 Nanowire Memory Device

The most important characteristic of the memory resistance is the dependence of the
direction of the electric field; i.e., the resistance of the system can be changed with
the voltage or current applied by the system to form a current–voltage loop [23, 24].
For the fabrication of a promising memory device based on resistive switching
behavior, a 15-layer ordered silver telluride nanowire film has been prepared by Yu
group on a silicon/silicon dioxide (silicon dioxide 500 nm) substrate by the pattern
transfer method with Ti- and Au-plated electrode [21]. Figure 5.6a shows the
current–voltage curve of nanowire electrodes measured at room temperature for 10
consecutive times. The applied bias voltage gradually changes from the negative
maximum voltage to the positive maximum voltage and then back to the negative
maximum voltage. Figure 5.6b shows the current–voltage curve in the logarithm of
the current. The symmetry and nonlinearity of curve show that the current at the
probe voltage for the high-conducting state is greater than the current in the
low-conducting state at the same voltage. Figure 5.6c demonstrates the existence of
high and low resistance under positive and negative voltage phenomenon as pulses

Fig. 5.6 a Current–voltage characteristics of 15 layers of well-patterned Ag2TeNW. b The I–V
curves with the current in a logarithmic scale. c Read-only memory applications over about 2000
cycles. d Read-only memory applications from 1000 to 1030. Reprinted with the permission from
Ref. [1]. Copyright 2012 WILEY-VCH
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of +8 and −8 V (0.1 s) lead to different resistance states, respectively, and a voltage
of 5 mV is used as the read voltage.

Moreover, the nanowire memory device shows no state disturbance by contin-
uously applying electric pulses for 2000 cycles, indicating that no overlap between
the high-resistance state (HRS) and the low-resistance state (LRS) is found even at
2000 cycles. In 1971, Chua proposed the concept of memory resistance by ana-
lyzing the mathematical relationship among the basic variables of several groups of
circuits. Eventually, the dynamic properties of electrons and ions are the basis of
memory effects. Memory effect is widespread in nature and especially in the
nanometer scale, where many impressive and comprehensive reviews related to this
topic have been published [18, 25–27]. The reversible current–voltage behavior of
this Au/Ag2Te/Au system can be described by the movement of the electron hole in
the electric field, which explains from a low-resistance state to a high-resistance
state from a positive voltage. Negative voltages accumulate holes on the surface,
resulting in a reduction in the height and width of the Schottky boundary [28].

To change the composition and properties of the materials, cation exchange
reactions are widely used by changing the position of cations within the different
nanocrystal lattice with a different metal ion [29–31]. Figure 5.7a shows a sche-
matic representation of an ordered nanowire film that changes composition by ion
exchange reaction [21]. The compositional control of a nanowire monolayer ori-
ented by chemical transformation is shown in Fig. 5.7b, showing that the films are
glossy, flexible, and very smooth. Furthermore, this pattern transfer process is
appeared to be a versatile method, and brown Ag2TeNW patterns can be easily
drawn on the dark blue TeNW film with the use of aqueous AgNO3 solution as ink
Fig. 5.7c. In order to understand the degree of compositional control, various
electrical measurements are conducted on the same nanowire films during a series
of sequential chemical transformation pattern transfers (Fig. 5.7d–g). The I–V
curves of the sample show that the surface area of Ag2Te to Te varies from 0 to 8%
and 100% exhibiting a different memory effect for both Te–Ag2Te heteronanowire
films and pure Ag2Te (Fig. 5.7d–g). The boundary of tellurium and silver telluride
nanowire heterostructures can be moved by the electron beam of the transmission
electron microscope, which is the reason for silver ion movement under the electron
beam irradiation. In order to study the memory effect of silver telluride nanowires in
detail, different layers of silver telluride nanowire films are prepared as shown in
(Fig. 5.7h–k), showing that with the increase in silver telluride nanowire layer, the
current also becomes larger, and the memory curve becomes more obvious [21].

5.6 Ordered Nanowire Films for Electrochromic Devices

The electrochromic phenomenon is a reversible process [25–29] caused by the color
change due to the adsorption and desorption of some specific particles. This elec-
trochemical process is related to the electron absorption band in the visible region,
but also to the redox state. As a well-known inorganic electrochromic material,
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tungsten oxide exhibits a colorless and blue alternating change with the applied
positive and negative voltage changes. This phenomenon has been extensively
studied since Deb’s discovery in 1969 [30–32]. Unlike single nanowires or disor-
dered arrays, ordered nanofilms have a much larger face ratio and can be used in
practical applications to produce sensors that are more controllable, sensitive, and
stable. The electrochromic performance of the ordered nanowire films is highly
reliant on the thickness of the nanowire films. The schematic design of reversible
electrochromic W18O49 nanowire film device is shown in Fig. 5.8a, having ordered
W18O49 nanowire films on ITO substrate without any other treatment. From
Fig. 5.8c, it is clear that these films are almost colorless, whether the film is a single
layer of 5 nm thick or 20 layers of 200 nm thick, indicating the good transparency
of the film. When the applied voltage is 0 V, the transmittance of this tungsten
oxide nanowire films lies in the wavelength range of 450–700 nm and changes
from 95, 95, 90, 87, and 83 to 76% for monolayer, 2 layer, 5 layer, 10 layer, 15
layer, and 20 layer of W18O49 nanowire films, respectively. As a result, the ultrathin
W18O49 nanowire electrode adjusted for a glass substrate exhibits great potential for
use in high transparency electrochromic devices by enhancing the total optical
transmittance in the visible region. When the applied voltage is −1 V, the color of
the film rapidly changes to blue, and the color depth increases as the film thickness

Fig. 5.7 a Explanation of compositional control by the chemical transformation of an oriented
nanowire monolayer. b Pattern transfer monolayer on a flexible substrate. c TEM images of a Te–
Ag2Te heteronanowire monolayer. d–g A series of sequential measurements on the same nanowire
films at the surface areas of d 0%, e 40%, f 60%, and g 80%. h–k Current–voltage features from
−5 to +5 V and from +5 to −5 V of films composed of h monolayer, i three layers, j five layers,
and k ten layers. Reprinted with the permission from Ref. [21]. Copyright 2012 WILEY-VCH
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increases (Fig. 5.8d). Under different applied voltages +1, +0.3, −0, −0.3, −0.5,
−0.7, and −1 V, the film color and transmittance have obvious change. The color of
the film becomes darker as the applied voltage becomes smaller, but the color
change is less obvious when the applied voltage is lower than −1.0 V [33]. When
the thickness is increased to 20 layers, the film becomes dark blue. These apparent
color changes on the surface of ordered tungsten oxide nanowire films have great
potential for applications. Hence, the reduction in film thickness increases the rate
of ion adsorption and desorption of EC materials, thereby increasing the sensitivity
of the device. However, when the film thickness is only a single layer, its color
change is very weak between 1 and −1 V. When a voltage of +1.0 V is applied to
the dark blue film, the film quickly becomes fade and the transparent film is again
obtained. Figure 5.8d, e shows the coloring and fading properties of the films,
tested at 632.8 nm absorption wavelength. The time of coloring and fading
increases gradually with the film thickness. The coloring/fading time of monolayer
nanowire films can be as low as 2 s, which is faster than the titanium oxide
nanostructures [34] and amorphous and crystalline WO3 structures [35]. With the
increase in the thickness, the coloring and fading time of the film gradually
becomes longer. Moreover, when the thickness of the film approaches to 20 layers,
the film coloring/fading time reaches 30 s.

Hence, the large active surface and ultrathin thickness of the as-assembled
nanowire films are considered important factors for fast switching time, which
makes the nanowire device appropriate for electrochromic devices. Furthermore,
while making a comparison between the randomly and ordered arranged nanowires
with the constant nanowire density, the electrochromic performance and the
repeatability of the disordered nanowire films are appeared to be unstable and

Fig. 5.8 a Demonstration of reversible electrochromic W18O49 nanowire film device. b Image of
ordered W18O49 nanowire films with different thickness on ITO. c, d Optical transmittance of
ordered W18O49 nanowire films with different thickness on ITO substrate. e, f Electrochromic
switching of the ordered W18O49 nanowire films. Reprinted with the permission from Ref. [36].
Copyright 2013 American Chemical Society
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poorer. The periodicity of the nanowires can be altered by controlling the surface
pressure, and also, the electrochromic performance shows more improvement when
the ordering degree increases.

5.7 Nanowire Films for Surface-Enhanced Raman
Substrates

Based on capillary assembly, the integrated silver nanowire films can behave as an
active platform for portable and recyclable SERS detection [35, 37]. The enhanced
electric field of the noble metal nanostructures is the main influencing factor of
SERS enhancement. Different silver nanostructures have been studied for SERS,
such as nanowires, nanoparticles [38], nanosheets [39], and vertically grown
nanorods [40–42]. The schematic design for the cyclic utilization of SERS is shown
in Fig. 5.9a. The Raman peaks of Rhodamine 6G (R6G) appear at peaks 1310,
1362, 1460, 1508, and 1648 cm−1, respectively (Fig. 5.9b), which are consistent
with those reported in the literatures. Moreover, Fig. 5.9b shows an eight-cycle test
showing the stability of the Raman substrate. The Ag-nanowire film formation in a
confined capillary provides a unique structure that will open up potential applica-
tions in future; i.e., Raman enhancement of Ag-nanowire film by the capillary
method is stronger than that of the conventional planar silver nanostructures
obtained from LB as shown by the red line in Fig. 5.9b, whereas SERS spectrum of
Ag colloid nanoparticle (highlighted by orange line) shows that films exhibit the
worst performance (Fig. 5.9b).

The SERS performance of disordered Ag-nanowire SERS shows the unstable
state as compared with ordered Ag-nanowire films by capillary or even with LB
technique (Fig. 5.10a, b). In order to make the comparison, glass capillaries are
fabricated with different bending radius using oxyhydrogen flame, exhibiting better
SERS performance as the bending radius of the glass capillary increases
(Fig. 5.10c). Moreover, the silver nanowire film on the inner wall of the capillary
facilitates the portable and recycling of the SERS. Figure 5.9b shows that no
Raman signal is observed by immersing the SERS using R6G as the probe molecule
in concentrated hydrochloric acid liquid, showing that Ag-nanowire films in the
capillary can be used as a reusable, portable, and durable substrate. Figure 5.9c
indicates the reproducibility of SERS after eight rounds of recycling with the error
bar also representing the stability of the substrate. Furthermore, Fig. 5.10c shows
that there is no perturbation (black) in the test, which means there is no overlap of a
high SERS state (black) and a low Raman signals (red) [16].

In addition, one of the most significant applications of the SERS is the detection
of contaminants. However, accurate detection of the mixture is very important as
contaminant samples are typically mixtures of multiple components. In order to
further explore the application of silver nanowire thin film substrate, SERS test is
further applied to the mixed solution of 4-MBA and R6G. A comparison of the
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three spectra in Fig. 5.10 demonstrates that the capillary SERS provides a versatile
platform that can even detect mixture pollutions. Moreover, the order of the silver
nanostructures has different enhancement effects in the SERS test. Hence, the SERS
thin films prepared at different flow rates exhibit different SERS intensities,

Fig. 5.9 a Schematic design of the cyclic utilization of SERS. b SERS spectra of adsorbed
Rhodamine 6G (131,027 mol/L). c Repeatability of the reusable capillary SERS about 8 cycles.
d SERS spectra of adsorbed R6G, 4-MBA, and a mixture of R6G and 4-MBA. Reprinted with the
permission from Ref. [16]. Copyright 2012 Nature Publishing Group

Fig. 5.10 | SERS performances of a ordered, b disordered, and c cambered Ag-nanowire films.
Reprinted with the permission from Ref. [16]. Copyright 2012 Nature Publishing Group
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indicating that the SERS properties are strongly dependent on the density and
ordering of the nanowires [16].

5.8 Flexible Transparent Electrodes Based
on the Nanowire Assemblies

The effective design of high-quality flexible transparent electrodes is largely reliant
on their electrical conductivity, transmittance, and the balance between their
transmittance and conductivity. After customizing the transmittance of a single
layer of the nanowire, more complex structures can be designed to study their
conductivity. A process for manufacturing a flexible transparent electrode is shown
in Fig. 5.11a [43]. A two-layer nanowire setup (Ag and Te) has a mesh-like
structure formed by depositing the desired crossing angle with the LB technique
that allows for flexible interpolation of transmittance while maintaining
high-performance conductivity. The nanowires can be selectively oxidized and
removed due to the different activity of the two kinds of nanowires. By this tech-
nique, highly flexible and transparent Ag-nanowire films on PET substrate can be
manufactured on a large scale as shown in Fig. 5.11b. The Ag and Te nanowire
co-assemblies are shown in Fig. 5.11c–f, showing Te nanowire assembly in
between the Ag nanowires and providing space between Ag nanowires. The
transmittance of the nanowire films is improved by loading the other nanowire
monolayer on the first one while removing the Te nanowires (Fig. 5.11e). The
assembled Ag-nanowire films with controlled nanowire spacing show optically
transparency and mechanically flexibility [43].

Fig. 5.11 a Schematic design of nanowire assembly to make flexible transparent electrodes.
b The optical transmittance spectra of the nanowire-based transparent electrode. c, d SEM images
of nanowire co-assemblies and monolayers of Ag and Te nanowires at different magnifications. e,
f SEM images of the nanowire-assembled networks before and after etching away of the Te
nanowires. Reprinted with the permission from Ref. [43]. Copyright 2014 WILEY-VCH
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Moreover, by using Te nanowires, the pitch of well-aligned Ag nanowires can be
regulated. The film formed by regulating the molar ratio of Ag nanowire and
Te nanowire from 1:400, 1:350, 1:300, 1:250, 1:200, and 1:100 is shown in
Fig. 5.12b–g, showing the decrease in the pore area of the Ag-nanowire assemblies
as the amount of Te nanowires decreases in the co-assembly process. So, the pore
area of the Ag-nanowire films ranges from hundreds of square micron (Fig. 5.12b)
to hundreds of square nanometers (Fig. 5.12g), resulting in the change the trans-
mission from 97.3 to 92, 90, 85, 80, and 73.8%, respectively (Fig. 5.12h, i) [43].

Fig. 5.12 a Design of the pore area of the nanowire networks. b–g SEM images of well-defined
Ag-nanowire networks with different pore areas of the nanowire assemblies. h The optical
transmittance spectra corresponding to the samples from (b) to (g). i Sheet resistance versus optical
transmission (at 550 nm) for Ag-nanowire networks prepared by different methods. Reprinted with
the permission from Ref. [43]. Copyright 2014 WILEY-VCH
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