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Abstract: Nanowires and nanotubes of diverse material compositions, properties and/or functions have been
produced or fabricated through various bottom-up or top-down approaches. These nanowires or nanotubes
have also been utilized as potential building blocks for functional nanodevices. The key for the integration
of those nanowire or nanotube based devices is to assemble these one dimensional nanomaterials to specific
locations using techniques that are highly controllable and scalable. Ideally such techniques should enable
assembly of highly uniform nanowire/nanotube arrays with precise control of density, location, dimension or
even material type of nanowire/nanotube. Numerous assembly techniques are being developed that can quickly
align and assemble large quantities of one type or multiple types of nanowires through parallel processes, in-
cluding flow-assisted alignment, Langmuir-Blodgett assembly, bubble-blown technique, electric/magnetic- field
directed assembly, contact/roll printing, knocking-down, etc.. With these assembling techniques, applications of
nanowire/nanotube based devices such as flexible electronics and sensors have been demonstrated. This paper
delivers an overall review of directed nanowire assembling approaches and analyzes advantages and limitations
of each method. The future research directions have also been discussed.
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Introduction

One dimensional nanomaterials such as nanowires
(NWs) and nanotubes (NTs) can now be synthesized
with bottom-up approaches with high-throughput and
controllable material properties, such as their shape,
dimension, atomic composition and doping concentra-
tion. Also, a wide range of those NW /NT-based devices
such as field effect transistors, single virus detectors,
photo-detectors, and chemical/biological sensors have
been demonstrated with superior performances.

Briefly, NW/NT devices are usually fabricated with

such a process: NW/NTs are firstly synthesized with
a particular process, and dispersed onto a device sub-
strate under some specific driving mechanism, with
those driving mechanisms the NWs will align, where the
orientations and interspacing of NWs over large area is
essential parameters for nanodevices with logic func-
tions. Thereafter, a photo- or electron-beam lithogra-
phy process is applied to pattern metallic electrodes to
the NWs, thus the NWs can be integrated into elec-
tronic nanodevices. As we see, the assembly technique
is one of the keys for the fabrication of powerful nan-
odevices. Since reliability, cost and yield determine
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commercialization of NW/NT based nanodevices, a re-
liable, low-cost and efficient assembly method, which
is capable of NW assembly with reasonable alignment,
density, uniformity and even controllable types, is es-
sential for the prosperity of nanodevices.

Till now, researchers have developed a variety of
NW/NT assembly methods on various substrates,
which can generally be categorized as two strategies
[1-9]: (1) Alignment-after-Growth, which means, the
NWs are assembled on substrates after synthesis; (2)
Alignment-during-growth, which means, the NWs are
assembled and aligned directly during the synthesis pro-
cess. For example, by pre-defining the locations of cat-
alyst and growth space of the NWs [10-13], applying
electric field in the seeded growth system [14-15], ap-
plying directional air flow in the growth system [16-
17], or directly on a surface based on physical atomic
structures [18-28], by electrospinning [29-31], or super-
aligning [32-33], NWs can be aligned as grown simul-
taneously. However, these approaches are limited to a
few types of materials and relatively simple structures,
and the uniformity of the grown NWs is hard to control.
While the Alignment-after-Growth approaches can ma-
nipulate NWs as individual structures and assemble it
into complex architectures, and put no limitations on
NW materials, so are more flexible and recommendable
for nanodevices.

In this review article, we will summarize the state-
of-art research progress on the first strategy mentioned
above: Alignment-after-Growth assembly techniques.
Basically there are several factors for evaluating an as-
sembly technique: simplicity, reliability, cost, yield, its
limitation on NW material, applicability to flexible sub-
strates, ability to assemble multiple types of NWs, etc.
Each method will be discussed based on those factors,
and the future research efforts will be recommended.

Assembly-After-Growth approaches

Most alignment-after-growth approaches are carried
out in a specific solution, and during the assembly pro-
cess the fluid acts as lubricant. The NWs are mobile in
the assembly system, and the assembly processes take
place on smooth substrate surfaces. Generally, NWs
after some particular treatment can be uniformly dis-
persed in a solution. The concentration of NWs could
be readily adjusted through condensation or dilution. If
the NW suspension is cast onto a substrate, some NWs
will settle on the substrate surface randomly. The ad-
hering strength between the NWs and the substrate is
determined by the interaction between them, and can
be enhanced through means like van der Waals forces
or hydrogen bonding interactions. Meanwhile, if some
type of driving mechanism is added into the assembly
process, for example, shear forces, or electric forces, the
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depositing NWs will adopt the orientation of the exter-
nal force and become aligned while residing onto the
substrate.

Intermolecular-Force-Driven assembly

Intermolecular-force could be applied to intensify
the adhesion between the assembled NWs and the
substrate. Two common techniques including the
hybridization of deoxyribonucleic acid (DNA), and
protein-protein interactions to form protein complexes
[34-37] have been used. In either way, complimentary
structures are linked to the NWs and the substrate re-
spectively, and the NWs are bound to the substrate
through the complex formed when the two complemen-
tary surfaces are brought into contact in the assembly
solution. For example, a single-stranded DNA can bind
selectively to the complementary DNA strand, which
can direct the assembly of nanostructures [34-36].

Biorecognition is an effective means to drive the as-
sembly of NW/NTs by intermolecular-forces between
complementary biomolecules. It is simple and can be
easily adapted to many types of materials, but is dif-
ficult for this technique to direct the alignment of the
NW/NTs during the assembly process, which means,
assembled NW/NTs may exhibit random directions.
To improve the alignment, one way efficient is to com-
bine this technique with other assembly techniques such
as micro-fluidic assembly, contact printing, electric or
magnetic field assembly. A further disadvantage is the
reliance of this technique on the integrity of the bio-
molecules and biological environment used in the ex-
periment, which increases the complexity and fragility
of the assembly process.

Molecular-Electrostatic-Interaction-Driven as-
sembly

Assembly of NW/NTs can also be driven by electro-
static interactions [38-47]. These interactions rely on
either the inherent or induced polarity of these nano-
materials or a surface modification of these nanomateri-
als to adopt a specific charge. The working mechanism
of electrostatic-actuated NWs assembly was shown in
Fig. 1. When the patterned substrate is put in a NW
solution, the electric interaction between the charged
NWs and substrate leads the attachment and align-
ment of NWs on the charged regions of the substrate,
as shown in Fig. 1 and Fig. 2.

For the charged substrate, one example is that sili-
con oxide obtains negative charge at pH=7, which can
attract NWs with positive charge. Silicon oxide sur-
face can also be treated to carry positive charges. To
fabricate specific NW patterns, the charged silica sur-
face can be partially masked by the selective patterning
with a dielectric layer, as shown in Fig. 1(a). Then the
binding sites for NWs to reside on are pre-defined. If
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the binding site is narrow enough, it will be able to
attract only single NWs, as shown in Fig. 2(d). And
an important feature is that, the NWs are always ad-
sorbed and focused onto the central area of the binding
site (Fig. 2(d)).
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Fig. 1 Schematics of programmed electrostatic assembly of
V205 NWs on substrates [38]. (a) Patterning self-assembled
monolayers of either positively charged or neutral terminal
groups. (b) Assembly and alignment of NWs directed by
surface molecular pattern due to the charge. (c) Rinsing
with DI water leaves aligned NW patterns on the substrate.
(d) Subsequent microfabrication process to fabricate elec-

trodes. (Reprinted with permission from [38]. (© 2005
WILEY-VCH Verlag GmbH & Co. KGaA).
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Fig. 2 Highly selective electrostatic assembly and alignment
of SINWs [39]. (a) NWs assembled on the Au substrates. (b)
SiNWs assembled on SiO» substrates. (¢) Number of SINWs
adsorbed onto the substrate as a function of dipping time
in the SINW solution. (d) “Focused assembly” of function-
alized SINWs. (e) Functionalized SiNWs assembled onto
complex patterns with arbitrary orientations. (Reprinted
with permission from [39]. (C) 2008 American Chemical So-
ciety).

Large quantities of NWs can be assembled onto the
substrate with the assistance of an electric field. As
the dipping time in the NW solution increases for the
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substrate, the NWs attracted to corresponding binding
sites increases, as summarized in Fig. 2(c). One typical
advantage of this method is that it allows researchers to
prepare arbitrary-shaped patterns of SINWs using only
conventional microfabrication facilities (Fig. 2(e)). A
disadvantage is that the property of most NWs needs
to be changed before being applicable in this technique.
And this technique also has no control over the align-
ment of the NWs during the assembly process.

Assembly within magnetic fields

A magnetic field can direct the alignment of magnetic
NWs suspended within a solution (Fig. 3). This tech-
nique has been limited to the assembly of NWs com-
posed of ferromagnetic and/or superparamagnetic ma-
terials [48-55]. The process of assembly can be guided
by external magnetic fields, as shown in Fig. 3(a), and
the uniformity, alignment and positioning of the assem-
bled patterns can be better controlled if magnets are
precisely incorporated onto the substrate (e.g. attach-
ing or patterning magnets onto the substrate).

NWs assembled onto these substrates will often form
long chain-like structures extending from the magnet
along its magnetic field lines, and those NWs are phys-
ically and probably electrically connected (Fig. 3(b)),
which is very difficult or even impossible for other as-
sembly techniques. Further demonstrations include the
assembly of NWs into crossed-wire configurations and
assembly into hierarchical structures via magnets po-
sitioned beneath the substrate (Fig. 3(c) and (d)). A
major limitation of this technique is the material prop-
erty that the NWs being assembled must respond to
a magnetic field, greatly limiting eligible materials for
this method. Future directions for this work could in-
clude the use of magnetic fluids to assist the assembly
of non-magnetic NWs.

Assembly within electric fields
trophoresis

by dielec-

Electric field can direct the alignment of polarized
NWs suspended within a solution (Fig. 4) by dielec-
trophoresis (DEP) [56-89]. It is an efficient process
that can be applied to a number of NW materials (e.g.,
metals and semiconductors) and getting quite popular.
Theoretical understanding was obtained on how mate-
rials behave in an applied electric field [56-58]. Briefly,
the electric field induces charge separation (i.e. po-
larization) on the NWs, and the resulting polarization
generates a dipole moment, which aligns the NWs to an
energetically favorable orientation and location. DEP
usually occurs at the periphery of the electrode fin-
gers while depending on the field lines and their shape
and the field strength (a minimum energy configuration
within the applied field, i.e., parallel to the field lines),
resulting in alignment of the NWs between two
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Fig. 3 Two-step process for sequential magnetic alignment [48]. (a) Schematics of the process of NWs aligning under an
external magnetic field. (b) The alignment of the NWs in a defined direction. (¢) A two-step alignment of crossed NWs with

the substrate shift of 30° between dispensing. (d) A two-step alignment with a substrate shift of 90° between alignments.
(Reprinted with permission from [48]. (© 2007 IOP Publishing Ltd.).
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Fig. 4 NWs assembly by DEP. (a) Schematic of the high-density array of single-tube devices assembled by DEP [74].
(Reprinted with permission from [74]. (©) 2007 American Chemical Society). (b) Multiple SWCNTs aligned on the electrodes
[71]. (Reprinted with permission from [71]. (©) 2006 IOP Publishing Ltd.). (c) Defect-free SiINWs assembled on eight multi-
finger electrode arrays, the three scale bars are 200 wm, 20 um and 4 pm separately [79]. (Reprinted with permission from
[79]. (© 2010 Nature Publishing Group). (d) RhNW resonator arrays of single NWs positioned at predefined locations on
the chip, the scale bars is 20 pm [81]. (Reprinted with permission from [81]. (©) 2008 Nature Publishing Group).
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electrode fingers, shown in Fig. 4(a). Although both
DC and AC electric fields can be utilized to generate
DEP, AC fields are more preferred in order to suppress
undesired electrochemical interactions and/or reaction
at the electrodes’ surfaces, to reduce electrophoretic
motion due to the NWs’ electric charge. The alignment
result depends on the electric voltage and frequency, as
well as configurations and patterns of the electrodes.

NWs have been assembled using DEP in high con-
centrations [59-71] or as individual entities [59-61, 72-
74]. For example, C. Chen [71] fabricated and inte-
grated single-wall carbon nanotubes(SWCNTSs) using
DEP assembly, as shown in Fig. 4(b), where multiple
NWs are located over one pair of electrodes. By de-
creasing electrode size and picking NW concentration,
applied voltage and frequency skillfully, E. M. Freer
[79] and M. Li [81] assembled big amounts of NWs
in a single-NW-electrode way where only one NW as-
semble on one electrode, as shown in Fig. 4(c) and
(d).

The DEP-driven process is quite scalable and flexi-
ble, which can be implemented over multiple substrate
sizes, and assembled NWs can be numerous as well as
only one over a single pair of electrodes, based on DEP
assembly’s self-limiting features. This technique is so
far the most reliable and controllable method for mass
production of NW/NT based nanodevices. People may
challenge for the necessity of patterning electrodes and
applying voltage to direct the assembly process in this
method, which may limit some of its applications How-
ever, if one can incorporate the purpose of electrodes for
DEP with the circuit design of the final devices, there
is no additional cost raised by this method. Poten-
tial problems include suspended NWs may form bun-
dles either during or after DEP assembly. In addition,
there is possibility that the electrodes and NWs may
be burnt out when the gap between two electrodes is
bridged and a large current pass through. However this
may lead another interesting application of NW based
devices, nano-fuses. NWs of low resistance can be inte-
grated into nanodevices to provide overcurrent protec-
tion.

Shear-Force-Driven NW alignment

Shear force, associated with a flow and generated by
the relative motion of a liquid and a solid object, can
be the driving force for NW alignment. Flow can be
achieved by a number of means, such as pressure, tem-
perature difference, surface tension of capillary force
etc. In these flows, shear force is parallel to the di-
rection of flow movement. This force can redirect the
orientation of NWs that are either suspended in a so-
lution or attached to a surface. The new orientation of
the majority of NWs is nearly in parallel to or within
a small deviation of the direction of the shear force.
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Assembly by shear forces in a fluid

Confining the flow to a microchannel or a pre-defined
orientation by surface energy can establish a unidirec-
tional shear force that can been used to align NWs
(Fig. 5) [90-100]. The suspended NWs move in the
flow direction and align along the direction of shear
force. Some of them finally reside onto the surface and
adopt the orientation parallel to the direction of shear
force. For example, if the assembly process takes place
in a solution in a microchannel, the density of NWs can
be controlled by changing the concentration of NWs
within the suspended liquid and flow duration, while
the location and size of the assemble NWs are prede-
fined by the microchannel. Repeating this process after
realigning the microfluidic channel to other pre-defined
directions can create layer-by-layer assemblies of NWs
with desired patterns. Subsequent steps of NW deposi-
tion needs carefulness when realigning the microfluidic
channel and the control of flow rates because which may
reorient NWs deposited on the substrate during the pre-
vious steps of assembly processes. One approach com-
bining fluid flow with hydrodynamic focusing [99,100]
is a recent advance in this method. With the help of
the hydrodynamic focusing mechanism, the important
NW array characteristics, such as its location, density,
and dimension, can all be readily controlled by adjust-
ing the flow rates of the sheath flows and the focusing
flow. This method has no limit in the choice of NW
materials.

Fig. 5 Parallel assembly of InP NW arrays aligned by
a channel flow. The scale bar is 2 wm in the figure [90].
(Reprinted with permission from [90]. (C©) 2001 American
Association for the Advancement of Science).

The fluidic shear force driven assembly techniques
are quite simple and economic. Future research may
include controlling the NWs’ location along the flow
direction, by adding other available mechanisms.

Assembly by Blown Bubble Films (BBF)

In this approach, NWs are aligned at the interface
between the NWs, the bubble film, and the substrate,
not in a solution as most abovementioned methods
[101,102]. The driving shear force, also a surface tension
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force, originates from liquid evaporation at the inter-
face. The basic steps in the BBF approach (Fig. 6) are:
(i) preparation of a polymer blend with homogeneous,
stable and controlled concentration of NW suspension,
(ii) blowing the polymer-nanowire mixture using a cir-
cular die to form a bubble with control of pressure and
expansion rate, (iii) transfer of the bubble film onto a
substrate for NW deposition. The NWs in the bub-
ble film are all well-aligned, so they will remain aligned
after assembly on the substrate. This approach can
assemble NWs over large scales such as wafer scales,
and the assembled NW density could be controlled by
the NW concentration in the polymer suspension. It is
simple, low-cost and versatile method that can be ap-
plied to nearly all types of substrates such as curved or
soft substrate. However challenges remain for this tech-
nique in control of distribution and density of NWs on
the bubble surface, the position of NWs to be deposited
onto the substrate. In addition, a polymer coating may
be introduced to the NW surface.

Fig. 6 (a) Directed bubble expansion process at its final
stage, where the BBF has coated the substrate surface. (b)
Image of SiNWs transferred onto a Si wafer. Insets are im-
ages showing SINWs in the film. The scale bar is 10 pm, and
is the same in all insets [101]. (Reprinted with permission
from [101]. (©) 2007 Nature Publishing).

Assembly by LB technique and LS technique

Langmuir-Blodgett (LB) technique and Langmuir-
Schaefer (LS) techniques can also be applied to assem-
ble high-density NW arrays [97,103-110], and they are
also approaches that originates from interfacial shear
forces, the same with the BBF method. In LB or LS
approaches, NWs suspended at an air-liquid interface
can be assembled into dense single-layer films through
compression within an LB trough (Fig. 7(a)). During
compression, the NWs within the thin film are closely
packed in order to minimize the energy of the system.
Dip coating is another means to transfer the NWs float-
ing at the air-liquid interface onto a solid substrate
(Fig. 7(b)). The NWs can adhere to the substrate
through various interactions or their combination such
as van der Waals, hydrophobic-hydrophilic, shear force
or electrostatic interactions as the substrate is drawn
in a vertical direction (LB technique) or in a horizontal
direction (LS technique) from the layer of compressed
NWs (Fig. 7(c)).
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During the drawing process, as the solvent recedes
from the surface of the substrate, a shear force is cre-
ated along the air-liquid interface, leading to align-
ment of the NWs in the same direction, as shown in
Fig. 8(a). The density of the deposited NWs is con-
trolled by the speed of withdrawing the substrate from
the liquid trough and the pressure applied to the as-
sembly within the trough. The LB and LS techniques
are quite scalable, which can be applicable to substrates
with various sizes. In addition, with surface modifica-
tion, these assembly processes by LB and LS technique
can be applied to a wide variety of substrates of dif-
ferent surface properties. Multiscale or layer-by-layer
structures can also be created by repeating the assem-
bly process. For example, crossed NW layers can be
obtained after changing the orientation of the substrate
and repeating the NW transferring process, as shown in
Fig. 8(b). Crossed NW arrays may be further created
by photolithographically patterning and chemically re-
moving the unwanted regions of NWs. The remaining
NW arrays are ready for subsequent device fabrication,
as shown in Fig. 8(c).

One of limitations of LB technique for NW assembly
is reorganization of the NWs during dip coating that
leads to overlapping features and gaps within the dense
arrays of NWs. LS technique prevents the reorientation
of NWs observed in LB technique, and its transferred
arrays of NWs are more uniformly distributed across
the receiving substrate [103]. However, in both meth-
ods, the NW density is hard to control.

Assembly by contact printing

The mechanical movement of two solid surfaces
against each other (contact printing) can also gener-
ate a shear force, which can direct the assembly of
vertically grown NWs into arrays with an orientation
parallel to the direction of the applied force [111-119].
The contact printing is a ‘dry’ process, which is fit for
dry-grown NWs and is totally different with abovemen-
tioned methods. In this process, NWs are firstly grown
on a ‘donor’ substrate, then the donor substrate slides
or rolls on top of a receiver chip coated with lithographi-
cally patterned resist, as shown in Fig. 9(a). In the pro-
cess, when sliding the donor substrate on the receiver
substrate, NWs are broken and laid down by the shear
force, detached from the donor substrate and finally an-
chored on the receiver substrate by the van der Waals
interactions, resulting in the direct transfer of aligned
NWs to the receiver chip [111]. Later removal of pre-
coated photoresist will enable the patterning of NWs,
from very dense NW layers to detached NWs array,
as shown in Fig. 9(b)-(c). NWs with an orthogonally
crossed configuration can be achieved by assembling the
NWs in two orthogonal directions (Fig. 9(d)-(e)) by re-
peating the contact printing process.
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Fig. 7 Transfer process of the NW monolayer by the LB technique. (a) Formation of the NW LB film on the liquid surface
by compressing the barrier. (b) Down-trip of a substrate through the NW film. (c¢) Opening the barrier to and lifting the
substrate out of the liquid [103]. (Reprinted with permission from [103] (©) 2008 IOP Publishing Ltd.).

Fig. 8 (a) Silver NW monolayer deposited on a silicon wafer by LB technique [104]. (Reprinted with permission from [104].
(© 2003 American Chemical Society). (b) Crossed SiINWs deposited uniformly on a substrate by repeating LB technique
[105]. (Reprinted with permission from [105]. (©) 2003 American Chemical Society). (c) Patterned crossed SINW arrays by
photolithography [105]. The scale bars in the figures are respectively 1 um, 50 um and 10 pm. (Reprinted with permission
from [105]. (©) 2003 American Chemical Society).
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Fig. 9 (a) Schematic of the process flow for contact printing of NW arrays. (b) Regular array assembly of single GeNWs
at predefined locations on a Si/SiO2 substrate. (c) SEM images of GeNWs printed on a Si/SiO2 substrate showing highly
dense and aligned monolayer of NWs. (d) and (e) Optical images of double layer printing for SINW cross assembly [111].
(Reprinted with permission from [111]. (©) 2008 American Chemical Society).

This assembly technique is feasible for dry-grown the position and density of assembled NW arrays can
NWs, and can be scaled-up for high throughput. In this be precisely controlled, as shown in Fig. 9(b)-(c), which
method, the pre-patterning of the receiver ensures that is very beneficial for later electrode registration and de-
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vice fabrication. A limitation is that, when transferring
NWs from the donor substrate to the receiver substrate,
NWs will break but the breaking point is random which
results in a large variation of the length of NWs on the
device substrate being transferred. And the balance
of shear force and other interacting forces for transfer
should be controlled tactically during the contact pro-
cess.

Assembly by knocking-down technique

Knocking-down is also a ‘dry’ assembly process, and
it can control the density, location, orientation and di-
mension of the NW array, which is very challenging for
other techniques and makes it quite promising. The
method, as depicted in Fig. 10, consists of two main
steps, (i) an array of vertical SINWs was firstly pre-
pared by top-down DRIE (deep reactive ion etching)
sculpting on SOI wafers. The vertical NW array was
ordered and preprogrammed, with its location, density
and dimension controlled. (ii) Followed is the ‘knocking
down’ process, where the vertical NW array is knocked

Top-down or bottom-up

down by an appropriate elastomer-covered rigid-roller
device [120].

This method is highly scalable, applicable to large
size of substrates up to 10 cm?. Compared to the ‘dry
transfer or contact printing’ approaches, the knocking-
down method does not need a donor substrate, and
there is no possibility of NWs broken during trans-
ferring. Thus the assembled NWs are highly uniform,
which is very advantageous compared with other assem-
bly methods. And this method is capable of controlling
all possible array parameters, i.e., NW diameter and
length, the number of NWs, NW density and orien-
tation. And because of the highly controlled position
and size of the NW elements in the method, contact
electrodes can be easily created by lithography with a
predefined mask with complete control over the number
of NWs in each device and in a high yield production.
Meanwhile in most abovementioned techniques, suc-
cessful placement of NWs between the pre-fabricated
or after-fabricated electrodes requires luck, which re-
sults in low reproducibility. The few disadvantages of
this approach include that this method is limited to

Nanoisland array

NWe-array formation

>

Knock-down
process

Oriented NW-array

- Knocking-down
roller device

NWs array
substrate

Fig. 10

(a) Schematic illustration of the knocking-down process for the fabrication of large-scale ordered NW arrays. (b)

Hard-baked PDMS-covered roller element for the manual planarization of NW arrays. (¢) A 15x11 NW array area after the
knocking-down process. Red circles represent defective sites. Scale bar: 16 pm [120]. (Reprinted with permission from [120].

© 2010 American Chemical Society).
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Fig. 11

500 nm

Schematic of a multi-contact horizontal anodic aluminum oxide device. (b) The optical image of a representative

three-contact device. The upper bright part is Al, and the darker gray part is SiO2 layer. (c)-(e) SEM micrographs of
electrodeposited NWs within the anodic alumina pore system: (c¢) gold NWs, (d) copper NWs, (e) TeNWs [121]. (Reprinted
with permission from [121]. (©) 2010 American Chemical Society).

materials that is compatible with the nanofabrication
process like the DRIE technique, or other NW materials
that can be grown vertically, and this approach cannot
assemble multiple types of NWs, or complex NW array
configurations.

Assembly of multiple types of NWs

For many applications, for example, multibiomarker
detection for biosensing, it is desirable to integrate dif-
ferent NW morphologies and types on a single chip.
However, till now there is very little research on this
topic. Y. Xiang reported a multi-contact design for
the growth of multiple horizontal NW arrays [121].
Though not an Alignment-after-Growth approach, it
is still worth mentioning since it may open up a new
research interest for assembly of nanodevice.

In their design, individual contacts with various sizes
are electrically separated from each other by physical
distances, enabling their individual anodization. Thus,
each contact would contain various nanopore morpholo-
gies, i.e., different pore diameters and different inter-
pore distances, nanopore channels of different aspect
ratios. Subsequently, the anodic pores were filled with
various metals and semiconductors, such as gold, cop-
per, cobalt, nickel and tellurium NWs, as shown in
Fig. 11, thus a pattern including multiple types of NWs
were created.

The multi-contact design established an effective and
reproducible platform to synthesize multiple types of
NWs, individually and independently addressable on a
single chip. With semiconductor NWs, such as silicon
or germanium, the multi-contact design offers the po-
tential to create multiplex NW field-effect sensing de-
vices. But this approach is quite complex and hard to
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control. And the NWs actually are grown at the edge
of the chip, which are not easy to put into applica-
tion.

Till now recent advances in technologies for assem-
bling single or multiple types of NWs have been gen-
erally reviewed in this paper. It should be noted that
although most of the techniques reviewed here are for
assembling NWs, these methods can be generally ap-
plied to other one-dimensional nanomaterials, such as
nanotubes, nanorods, and nanobelts. And whether an
ohmic contact can be established between the NWs
and later relating electrodes is also an important factor
to judge the feasibility if assembly techniques. Every
method has its own special characteristics, and to im-
prove the alignment, different techniques may be com-
bined together, such as electrostatic and magnetic field
assembly [54], contact printing with strain force release
on stretchable substrate [118-119].

Conclusion

Ultimately an ideal assembly process would be cost-
effective, reliable and able to direct the assembly of
many NWs of different materials in parallel over a large
area on a wide variety of substrates, as well as being
able to manipulate and position single NWs of differ-
ent materials, shapes and sizes. To select a feasible
approach, one has to consider the specific application
circumstances. Future research will focus on how to
improve the process reproducibility and reliability, on
the exploration of additional NWs with more compo-
sitions, on planar or non-planar plastic, metal or glass
substrates, and also, the application of the ordered NW
arrays in various electronic, optoelectronic and biosens-
ing applications.
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