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9. Nanowires

Mildred S. Dresselhaus, Marcie R. Black, Vincent Meunier, Oded Rabin

This chapter provides an up-to-date overview
of research on inorganic nanowires, particu-
larly metallic and semiconducting nanowires.
Nanowires are one-dimensional, anisotropic
structures, small in diameter, and large in surface-
to-volume ratio. Their physical properties are
different than those of structures of other scales
and dimensionality. While the study of nano-
wires is particularly challenging, scientists have
made immense progress in developing synthetic
methodologies for the fabrication of nanowires,
developing instrumentation for their characteriza-
tion, and incorporating nanowires as functional
elements in advanced materials and devices.
The chapter is divided into three main sections
addressing the synthesis, the physical proper-
ties, and the applications of nanowires. Yet, the
reader will discover many links that make these
aspects of nanoscience intimately interdepen-
dent.
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Nanowires are attracting much interest from those seek-
ing to apply nanotechnology and (especially) those in-
vestigating nanoscience. Nanowires, unlike other low-
dimensional systems, have two quantum-confined di-
rections but one unconfined direction available for elec-
trical conduction. This allows nanowires to be used
in applications where electrical conduction, rather than
tunneling transport, is required. Because of their unique
density of electronic states, in the limit of small di-
ameters nanowires are expected to exhibit significantly
different optical, electrical, and magnetic properties to
their bulk three-dimensional (3-D) crystalline coun-
terparts. Increased surface area, very high density of
electronic states and joint density of states near the en-
ergies of their van Hove singularities, enhanced exciton
binding energy, diameter-dependent bandgap, and in-
creased surface scattering for electrons and phonons
are just some of the ways in which nanowires differ
from their corresponding bulk materials. Yet the sizes

of nanowires are typically large enough (> 1 nm in the
quantum-confined directions) to result in local crys-
tal structures that are closely related to their parent
materials, allowing theoretical predictions about their
properties to be made based on knowledge of their bulk
properties.

Not only do nanowires exhibit many properties
that are similar to, and others that are distinctly dif-
ferent from, those of their bulk counterparts, nano-
wires also have the advantage from an applications
standpoint that material parameters critical for cer-
tain properties can be independently controlled in na-
nowires but not in their bulk counterparts. Certain
properties can also be enhanced nonlinearly in small-
diameter nanowires, by exploiting the singular aspects
of the one-dimensional (1-D) electronic density of
states.

Furthermore, nanowires have been shown to pro-
vide a promising framework for applying the bottom-up
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approach [9.1] to the design of nanostructures for nano-
science investigations and for potential nanotechnology
applications.

Driven by (1) these new research and development
opportunities, (2) the smaller and smaller length scales
now being used in the semiconductor, optoelectronics,
and magnetics industries, and (3) the dramatic develop-
ment of the biotechnology industry where the action is
also at the nanoscale, the nanowire research field has
developed with exceptional speed in the last decade.
Therefore, a review of the current status of nanowire re-
search is of significant broad interest at the present time.

It is the aim of this review to focus on nanowire proper-
ties that differ from those of their parent crystalline bulk
materials, with an eye toward possible applications that
might emerge from the unique properties of nanowires
and from future discoveries in this field.

For quick reference, examples of typical nanowires
that have been synthesized and studied are listed in Ta-
ble 9.1. Also of use to the reader are review articles that
focus on a comparison between nanowire and nanotube
properties [9.2] and the many reviews that have been
written about carbon nanotubes [9.3–5], which can be
considered as model one-dimensional systems.

9.1 Synthesis

In this section we survey the most common synthetic
approaches that have successfully afforded high-quality
nanowires of a large variety of materials (Table 9.1).
In Sect. 9.1.1, we discuss methods that make use of
various templates with nanochannels to confine the
nanowire growth in two dimensions. In Sect. 9.1.2,
we present the synthesis of nanowires by the vapor–
liquid–solid mechanism and its many variations. In
Sect. 9.1.3, etching methods for vertically aligned sil-
icon nanowires are reviewed. In Sect. 9.1.4, examples
of other synthetic methods of general applicability are
presented. The last part of this section (Sect. 9.1.5) fea-
tures several approaches that have been developed to
organize nanowires into simple architectures.

9.1.1 Template-Assisted Synthesis

The template-assisted synthesis of nanowires is a con-
ceptually simple and intuitive way to fabricate na-
nostructures [9.67–69]. In this context, templates are
synthetic or naturally occurring host materials that con-
tain small-diameter cylindrical pores or voids. These
empty volumes are filled with a material of choice,
which adopts the pore morphology, to form nanowires.
In this section, commonly used templates and tech-
niques for filling the templates to make nanowires are
described.

Templates and Fabrication Thereof
In template-assisted synthesis of nanostructures, the
chemical stability andmechanical properties of the tem-
plate, as well as the diameter, uniformity, and density
of the pores are important characteristics to consider.
Templates frequently used for nanowire synthesis in-
clude anodic alumina (Al2O3) and ion-track–etched
polymer films. Both are commercially available (as fil-
tration membranes). Nanochannel glass, mica films,

mesoporousmaterials, block-copolymers, inorganic na-
notubes, viruses, and biopolymers have also been used
as nanowire templates.

Porous anodic alumina templates are produced by
anodizing pure Al films in selected acids [9.70–72].
Under carefully chosen anodization conditions, the re-
sulting oxide film possesses a regular hexagonal array
of parallel and nearly cylindrical channels, as shown in
Fig. 9.1a. The self-organization of the pore structure
in an anodic alumina template involves two coupled
processes: pore formation with uniform diameters and
pore ordering. The pores form with uniform diameters
because of a delicate balance between electric field–
enhanced diffusion, which determines the growth rate
of the alumina, and dissolution of the alumina into the
acidic electrolyte [9.73]. The pores self-order because
of mechanical stress at the aluminum-alumina interface
due to volume expansion during the anodization pro-
cess. This stress produces a repulsive force between the
pores, causing them to arrange in a close-packed lat-
tice [9.74]. Depending on the anodization conditions,
the pore diameter can be systematically varied from
� 10 up to 200 nm with a pore density in the range
of 109�1011 pores=cm2 [9.22, 34, 70, 71]. It has been
shown by many groups that the pore size distribution
and the pore ordering of the anodic alumina templates
can be significantly improved by a two-step anodization
technique [9.75–77], where the aluminum oxide layer
is dissolved after the first anodization in an acidic solu-
tion followed by a second anodization under the same
conditions. Alternatively, the locations of the pores can
be controlled by pretexturing the surface of the alu-
minum [9.78, 79].

Track-etched polymer foils are nanowire templates
produced by bombardment of polymer films in a heavy-
ion accelerator followed by chemical etching [9.81].
The ion-beam bombardment creates latent tracks of
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Table 9.1 Selected syntheses of nanowires by material

Material Growth Technique Reference
ABO4-type Templatea [9.6]
Ag DNA-template, redox [9.7]

Template, pulsed ECDb [9.8]
Liquid-phase [9.9–11]

Au Template, ECDb [9.12, 13]
Liquid-phase [9.14]

Bi Stress-induced [9.15, 16]
Template, vapor-phase [9.17]
Template, ECDb [9.18–20]
Template, pressure injection [9.21–23]

BiSb Pulsed ECDb [9.24]
Bi2Te3 Template, DC ECDb [9.25]
CdS Liquid-phase (surfactant), recrystallization [9.26]

Template, AC ECDb [9.27, 28]
CdSe Liquid-phase (surfactant), redox [9.29]

Template, AC ECDb [9.30, 31]
Cu Vapor deposition [9.32]

Template, ECDb [9.33]
Fe Template, ECDb [9.34, 35]

Shadow deposition [9.36]
GaN Template, CVDc [9.37, 38]

VLSd [9.39, 40]
GaAs Template, liquid/vapor MOCVDe [9.41]
Ge High-T, high-P liquid-phase, redox [9.42]

VLSd [9.43]
Oxide-assisted [9.44]

InAs VLSd [9.45]
MgO VLSd [9.46]
Mo Step decoration, ECDb C redox [9.47]
Ni Template, ECDb [9.20, 48, 49]
Pb Liquid-phasef [9.50]
PbSe Liquid-phase [9.51]

Self-assembly of nanocrystalsg [9.52]
Pd Step decoration, ECDb [9.53]

Liquid-phase [9.54]
Se Liquid-phase, recrystallization [9.55]

Template, pressure injection [9.56]
Si VLSd [9.57]

Laser-ablation VLSd [9.58]
Oxide-assisted [9.59]
Low-T VLSd [9.60]
MACEh [9.61]

W Vapor transport [9.62]
Zn Template, vapor-phase [9.63]

Template, ECDb [9.64]
ZnO VLSd [9.65]

Template, ECDb [9.64, 66]

a Template synthesis, b Electrochemical deposition (ECD), c Chemical vapor deposition (CVD), d Vapor–liquid–solid (VLS) growth,
e Metalorganic chemical vapor deposition (MOCVD), f Liquid phase synthesis, g Self-assembly of nanocrystals (in liquid phase), h

Metal-assisted chemical etching
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a) b)
Fig. 9.1 (a) Scanning electron
microscope (SEM) images of the top
surfaces of porous anodic alumina
templates anodized with an average
pore diameter of 44 nm (after [9.75]).
(b) SEM image of the particle track-
etched polycarbonate membrane, with
a pore diameter of 1�m (after [9.80])

damage in the polymer. These areas are susceptible to
chemical etch and can be selectively removed to create
hollow channels [9.82]. This technique offers control
over pore size, pore aspect ratio, pore shape, and pore
density; however, the pores are randomly distributed.
Track-etched polycarbonate membranes (Fig. 9.1b) are
economical, easy to handle, and dissolve in organic
solvents [9.83, 84]. The track-etching technique can
be applied also to hard materials: irradiated single-
crystal mica films etched with hydrofluoric acid afford
nanochannels of diamond-shaped cross-section in a re-
fractory host material [9.48].

Other porous materials can be used as host tem-
plates for nanowire growth, as discussed byOzin [9.67].
Nanochannel glass (NCG), for example, contains a reg-
ular hexagonal array of glass capillaries similar to the
pore structure in anodic alumina with a packing den-
sity as high as 3�1010 pores=cm2 [9.68]. Porous Vycor
glass that contains an interconnected network of pores
less than 10 nmwas also employed for the early study of
nanostructures [9.85]. The nanochannel array template
with the smallest pore diameter may have been iden-
tified in mesoporous molecular sieves termed MCM-
41 [9.86] that possess hexagonally packed pores with
very small channel diameters, which can be varied be-
tween 2 and 10 nm. Conducting organic filaments have
been fabricated in the nanochannels of MCM-41 [9.87].

Templates for nanowire growth can be produced
also using diblock copolymers, polymers that consist of
two chain segments of different chemistries covalently
linked to each other. When the two components are im-
miscible in each other, phase segregation occurs, and
depending on their volume ratio, spheres, cylinders, or
lamellae may self-assemble. To form self-assembled ar-
rays of nanopores:

1. The block copolymer must adopt the cylinder mor-
phology.

2. The cylinders must be parallel and oriented perpen-
dicular to the surface.

3. The component in the cylinders must be etched
away selectively.

With polystyrene and polymethylmethacrylate
(PMMA) block copolymers (P(S-b-MMA)), by apply-
ing an electric field while the copolymer was heated
above the glass transition temperature of the two
constituent polymers, the self-assembled cylinders
of PMMA could be aligned with their main axis
perpendicular to the film [9.88]. Selective removal of
the PMMA component afforded the preparation of
14 nm-diameter ordered pore arrays with a packing
density of 1:9�1011 cm�3.

To conclude the list of templates used to fabricate
nanowires, we note efforts to utilize biology for the
task. Biological systems can produce high-aspect-ratio
structures with remarkably consistent dimensions and
in high volumes. Coating these filamentous structures
with inorganic materials results in useful nanowires.
But unlike with the porous templates described above,
the nanowire growth is not restricted in any direc-
tion; and diameter control is implemented through the
process conditions. Additionally, the organic material
remains trapped inside the nanowire. For example, the
DNA molecule has been used as a template for growing
nanometer-sized wires [9.7], as were M13 bacterio-
phages and the tobacco mosaic virus [9.89–92].

Nanowire Template-Assisted Growth
by Pressure Injection

The pressure injection technique can be employed for
fabricating highly crystalline nanowires from a low-
melting point material in porous templates with ro-
bust mechanical strength. In the high-pressure injection
method, the nanowires are formed by pressure-injecting
the desired material in liquid form into the evacuated
pores of the template. Due to the heating and pressur-
ization processes, the templates used for the pressure
injection method must be chemically stable and be able
to maintain their structural integrity at high tempera-
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tures and at high pressures. Anodic aluminum oxide
films and nanochannel glass are two typical materials
used as templates in conjunction with the pressure-
injection filling technique. Metal nanowires (Bi, In, Sn,
and Al) and semiconductor nanowires (Se, Te, GaSb,
and Bi2Te3) have been fabricated in anodic aluminum
oxide templates using this method [9.21, 56, 93].

The pressure P required to overcome the surface
tension for the liquid material to fill pores with a diam-
eter dW is determined by the Washburn equation [9.94]

dW D �4

 cos �

P
;

where 
 is the surface tension of the liquid, and �
is the contact angle between the liquid and the tem-
plate. To reduce the required pressure and to maximize
the filling factor, some surfactants are used to de-
crease the surface tension and the contact angle. For
example, the introduction of Cu into the Bi melt can
facilitate the filling of the pores in the anodic alumina
template with liquid Bi and can increase the number
of nanowires that are formed [9.22]. However, some
surfactants might cause contamination problems and
should therefore be avoided. Nanowires produced by
the pressure-injection technique usually possess high
crystallinity and a preferred crystal orientation along
the wire axis. For example, Fig. 9.2 shows the x-ray
diffraction (XRD) patterns of Bi nanowire arrays of
three different wire diameters with an injection pressure
of � 5000 psi [9.93], showing that the major (> 80%)
crystal orientation of the wire axis in the 95 and 40 nm
diameter Bi nanowire arrays are, respectively, normal
to the (202) and (012) lattice planes, which are de-
noted by Œ10N11� and Œ01N12� when using a hexagonal
unit cell, suggesting a wire diameter–dependent crys-
tal growth direction. On the other hand, 30 and 200 nm
Bi nanowires produced using a much higher pressure
of > 20 000 psi show a different crystal orientation of
(001) along the wire axis [9.23], indicating that the pre-
ferred crystal orientation may also depend on applied
pressure, with the most dense packing direction along
the wire axis for the highest applied pressure.

Electrochemical Deposition
The electrochemical deposition (ECD) technique has
attracted increasing attention as a versatile method
for fabricating nanowires in templates. Traditionally,
electrochemistry has been used to grow thin films on
conducting surfaces. Since electrochemical growth is
usually controllable in the direction normal to the sub-
strate surface, this method can be readily extended to
fabricate 1-D or 0-D nanostructures, if the deposition is
confined within the pores of an appropriate template. In

20 30 40 50 60
2θ (deg)

Intensity (arb. units)

(012)

(202)

(024)

a)

b)

c) (110)

Fig. 9.2a–c XRD patterns of bismuth/anodic alumina
nanocomposites with average bismuth wire diameters of
(a) 40 nm, (b) 52 nm, and (c) 95 nm [9.93]. The Miller in-
dices corresponding to the lattice planes of bulk Bi are
indicated above the individual peaks. The majority of the
Bi nanowires are oriented along the Œ10N11� and Œ01N12�
directions for dW 
 60 nm and dW � 50 nm respectively
(after [9.22, 93]). The existence of more than one dom-
inant orientation in the 52 nm Bi nanowires is attributed
to the transitional behavior of intermediate-diameter nano-
wires as the preferential growth orientation is shifted from
Œ10N11� to Œ01N12� with decreasing dW

the electrochemical methods, a thin conducting metal
film is first coated on one side of the porous mem-
brane to serve as the cathode for electroplating. The
length of the deposited nanowires can be controlled
by varying the duration of the electroplating process.
The ECD method has been used to synthesize a wide
variety of nanowires, such as metals (Bi [9.18, 84];
Co [9.95, 96]; Fe [9.34, 97]; Cu [9.83, 98]; Ni [9.48,
95]; Ag [9.99]; Au [9.12]); conducting polymers [9.18,
80]; superconductors (Pb [9.100]); compound semi-
conductors (CdS [9.28]; Bi2Te3 [9.25]); and even su-
perlattice nanowires with A/B constituents (such as
Cu/Co [9.83, 98]) (Table 9.1). The ECD method of-
fers a low-cost, low-temperature, and rapid approach to
template-assisted nanowire synthesis.

In the ECD process, the chosen template has to be
chemically stable in the electrolyte during the electro-
plating process. Cracks and defects in the templates
are detrimental to nanowire growth, because deposition
rates are higher in the more accessible cracks, leaving
most of the nanopores unfilled. Particle-track–etched
polymer membranes or mica films are typical templates
used in ECD employing a direct current (DC). To use
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a) b)

1 μm 100 nm

Fig. 9.3 (a) SEM image of a Bi2Te3
nanowire array in cross-section
showing a relatively high pore filling
factor. (b) SEM image of a Bi2Te3
nanowire array cross-sectioned along
the wire axis (after [9.25])

a) b)

0.1 μm 15 nm

Fig. 9.4 (a) TEM image of a single Co(10 nm)/Cu(10 nm)
multilayered nanowire. (b) A selected region of the sample
at high magnification (after [9.98])

anodic aluminum oxide films in DC ECD, the insulat-
ing barrier layer, separating the pores from the bottom
aluminum substrate, has to be removed and a metal
film is then evaporated onto the back of the template
membrane [9.101]. At the end of the ECD in anodic
alumina templates, the surfaces can be polished to even
out the variations in nanowire length and reveal the ends
of the nanowires. Figure 9.3 presents SEM images of
cross-sectional views of a Bi2Te3 nanowire array elec-
trodeposited in porous anodic alumina [9.25]. The light
areas are associated with Bi2Te3 nanowires, the dark
regions denote empty pores, and the surrounding gray
matrix is alumina. Optimization of the electrochemical
conditions and good laboratory practices result in high
pore filling factors of close to 100% for ECD methods.

It is possible to employ an alternating current (AC)
electrodeposition method in porous anodic alumina
templates without the removal of the barrier layer, by
utilizing the rectifying properties of the oxide barrier.

In AC electrochemical deposition, although the ap-
plied voltage is sinusoidal and symmetric, the current is
greater during the cathodic half-cycles (deposition cur-
rent) than in the anodic half-cycles (stripping current).
Since no current rectification occurs at defect sites lack-
ing the barrier layer, the deposition and stripping rates
are similar and material does not effectively deposit in
cracks in the template. In this fashion, metals such as
Co [9.96] and Fe [9.34, 97], and semiconductors such
as CdS [9.28], have been deposited into the pores of an-
odic aluminum oxide templates without removing the
barrier layer.

In contrast to nanowires synthesized by the pres-
sure injectionmethod, nanowires fabricated by the ECD
process are usually polycrystalline, with no preferred
crystal orientation, as observed by XRD studies. How-
ever, some exceptions exist. For example, anisotropy in
crystal growth rates may result in polycrystalline nano-
wires having a preferred wire growth orientation [9.28].
In addition, Xu et al. have prepared a number of single-
crystal II–VI semiconductor nanowire arrays, including
CdS, CdSe and CdTe, by DC ECD in anodic alu-
mina templates using nonaqueous electrolytes [9.27,
31]. Pulsed electrodeposition techniques can achieve or
improve single-crystal nanowire array growth and ori-
entation. The use of pulsed currents is believed to be
advantageous for the growth of crystalline wires be-
cause the concentration of ions in the electrolyte inside
the pores can recover in the period between the electri-
cal pulses and therefore uniform deposition conditions
can be produced for each deposition pulse. Single-
crystal Ag and Pb nanowires were fabricated by pulse
electrodeposition [9.8, 100].

One advantage of the ECD technique is the pos-
sibility of fabricating multilayered structures within
nanowires. With electrolytes that contain two or more
different metal ions, by varying the cathodic potential
with time, different metal layers can be controllably
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Fig. 9.5 Schematic diagram illustrat-
ing the growth of silicon nanowires by
the VLS mechanism

deposited in sequence. Co/Cu multilayered nanowires
have been synthesized in this way [9.83, 98]. Figure 9.4
shows transmission electron microscopy (TEM) images
of a single Co/Cu nanowire about 40 nm in diame-
ter [9.98]. The light bands correspond to Co-rich layers
and the dark bands correspond to Cu-rich layers. This
electrodeposition method provides a low-cost approach
to preparing multilayered 1-D nanostructures.

Vapor Deposition
Vapor deposition of nanowires includes physical va-
por deposition (PVD) [9.17], chemical vapor deposition
(CVD) [9.38], metalorganic chemical vapor deposi-
tion (MOCVD) [9.41] and atomic layer deposition
(ALD) [9.102]. Like electrochemical deposition, vapor
deposition is usually capable of preparing smaller-
diameter (� 20 nm) nanowires than pressure injection
methods, since surface tension is typically not a barrier
for inserting the material into the pores. The main chal-
lenge with these techniques is the deposition of material
on the surface of the template blocking the pore open-
ings before the pores are filled.

In the PVD process, the material for the nanowires
is first vaporized by heat or other means, and is then in-
troduced through the pores of the template and cooled
to solidify. Using a specially designed experimental
setup [9.17], nearly single-crystal Bi nanowires in an-
odic aluminum templates with pore diameters as small
as 7 nm have been synthesized, and these Bi nanowires
were found to possess a preferred crystal growth orien-
tation along the wire axis, similar to the Bi nanowires
prepared by pressure injection [9.17, 22].

In the CVD and ALD processes, reacting gas(es)
decompose on the surface of the template to form el-
emental or compound materials. The decomposition
is promoted by the CVD reactor temperature and/or
a catalyst on the surface. For example, single-crystal
GaN nanowires have been synthesized in anodic alu-
mina templates through a gas reaction of Ga2O vapor
with a flowing ammonia atmosphere [9.37, 38]. Tem-
plates were filled with TiO2 by ALD to produce an

array of nanowires [9.102], but with high-aspect-ratio
pores the ALD product is typically a conformal coating,
that is to say, an array of nanotubes [9.103, 104]. A hy-
brid liquid-/gas-phase CVD approach has been used to
prepare polycrystalline GaAs and InAs nanowires in
a nanochannel glass array [9.41]. In this method, the
nanochannels are filled with one liquid precursor (such
as Me3Ga or Et3In) via a capillary effect and the na-
nowires are formed within the template by reactions
between the liquid precursor and the other gas reactant
(such as AsH3).

9.1.2 VLS Method for Nanowire Synthesis

A significant number of notable modern syntheses of
semiconductor nanowires are based on the so-called
vapor–liquid–solid (VLS) mechanism of anisotropic
crystal growth. This mechanism was first proposed for
the growth of single-crystal silicon whiskers, 100 nm
to hundreds of micrometers in diameter [9.105]. The
proposed growth mechanism (Fig. 9.5) involves the ab-
sorption of source material from the gas phase into
a liquid droplet of catalyst (a molten particle of gold on
a silicon substrate in the original work [9.105]). Upon
supersaturation of the liquid alloy, a nucleation event
generates a solid precipitate of the source material. This
seed serves as a preferred site for further deposition of
material at the interface of the liquid droplet, promoting
the elongation of the seed into a nanowire or a whisker,
and suppressing further nucleation events on the same
catalyst. Since the liquid droplet catalyzes the incorpo-
ration of material from the gas source to the growing
crystal, the deposit grows anisotropically as a whisker
whose diameter is dictated by the diameter of the liquid
alloy droplet. The nanowires thus obtained are of high
purity, except for the end containing the solidified cata-
lyst as an alloy particle (Figs. 9.5 and 9.6a). Real-time
observations of the alloying, nucleation, and elongation
steps in the growth of germanium nanowires from gold
nanoclusters by the VLS method were recorded by in-
situ TEM [9.106].
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Fig. 9.6 (a) TEM images of Si nanowires produced after laser-ablating a Si0:9Fe0:1 target. The dark spheres with
a slightly larger diameter than the wires are solidified catalyst clusters (after [9.58]). (b) Diffraction contrast TEM image
of a Si nanowire. The crystalline Si core appears darker than the amorphous oxide surface layer. The inset shows the con-
vergent beam electron diffraction pattern recorded perpendicular to the wire axis, confirming the nanowire crystallinity
(after [9.58]). (c) Scanning transmission electron microscope (STEM) image of Si=Si1�xGex superlattice nanowires in
the bright field mode. The scale bar is 500 nm (after [9.107])

Reduction of the average wire diameter to the na-
nometer scale requires the generation of nanosized
catalyst droplets. However, due to the balance between
the liquid-vapor surface free energy and the free en-
ergy of condensation, the size of a liquid droplet, in
equilibrium with its vapor, is usually limited to the mi-
crometer range. This obstacle has been overcome by
several modern methodologies:

1. Advances in the synthesis of metal nanoclusters
have made monodispersed nanoparticles commer-
cially available. These can be dispersed on a solid
substrate in high dilution so that when the temper-
ature is raised above the melting point, the liquid
clusters do not aggregate [9.57].

2. Alternatively, metal islands of nanoscale sizes can
self-form when a strained thin layer is grown or
heat-treated on a non-epitaxial substrate [9.43].

3. Laser-assisted catalytic VLS growth is a method
used to generate nanowires under non-equilibrium
conditions. Using laser ablation of a target con-
taining both the catalyst and the source materials,
a plasma is generated from which catalyst nano-
clusters nucleate as the plasma cools down. Single-
crystal nanowires grow as long as the particle re-
mains liquid [9.58].

4. Interestingly, by optimizing the material properties
of the catalyst-nanowire system, conditions can be
achieved for which nanocrystals nucleate in a liq-
uid catalyst pool supersaturated with the nanowire
material, migrate to the surface due to a large sur-

face tension, and continue growing as nanowires
perpendicular to the liquid surface [9.60]. In this
case, supersaturated nanodroplets are sustained on
the outer end of the nanowire due to the low solu-
bility of the nanowire material in the liquid [9.108].

A wide variety of elemental, binary, and compound
semiconductor nanowires have been synthesized via
the VLS method, and relatively good control over the
nanowire diameter and diameter distribution has been
achieved. The nanowires are often single crystals with
a preferred crystallographic orientation along the wire
axis, and may be oriented with respect to the sub-
strate by epitaxy relations [9.109, 110]. Researchers are
currently focusing their attention on the controlled vari-
ation of the material properties along the nanowire axis.
In this context, researchers have modified the VLS
synthesis apparatus to generate compositionally modu-
lated nanowires. GaAs/GaP–modulated nanowires have
been synthesized by alternately ablating targets of the
corresponding materials in the presence of gold na-
noparticles [9.111]. p-Si/n-Si nanowires were grown
by chemical vapor deposition from alternating gaseous
mixtures containing the appropriate dopant [9.111].
Si=Si1�xGex nanowires were grown by combining sil-
icon from a gaseous source with germanium from
a periodically ablated target (Fig. 9.6c) [9.107]. NiSi-
Si nanowires have been successfully synthesized that
directly incorporate a nanowire metal contact into ac-
tive nanowire devices [9.112]. Finally, using an ultra-
high vacuum chamber and molecular beams, InAs/InP
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nanowires with atomically sharp interfaces were ob-
tained [9.113]. These compositionally modulated na-
nowires are expected to exhibit exciting electronic,
photonic, and thermoelectric properties.

Interestingly, silicon and germanium nanowires
grown by the VLS method consist of a crystalline core
coated with a relatively thick amorphous oxide layer
(2�3 nm) (Fig. 9.6b). These layers are too thick to be
the result of ambient oxidation, and it has been shown
that these oxides play an important role in the nanowire
growth process [9.59, 114]. Silicon oxides were found
to serve as a special and highly selective catalyst that
significantly enhances the yield of Si nanowires with-
out the need for metal catalyst particles [9.59, 114, 115].
A similar yield enhancement was also found in the syn-
thesis of Ge nanowires from the laser ablation of Ge
powder mixed with GeO2 [9.44]. The Si and Ge nano-
wires produced from these metal-free targets generally
grow along the [112] crystal direction [9.116], and have
the benefit that no catalyst material is found on either
ends of the nanowires. Based on these observations and
other TEM studies [9.44, 114, 116], an oxide-enhanced
nanowire growth mechanism different from the clas-
sical VLS mechanism was proposed, where no metal
catalyst is required during the laser ablation-assisted
synthesis [9.114]. It is postulated that the nanowire
growth is dependent on the presence of SiO (or GeO)
vapor, which decomposes in the nanowire tip region
into both Si (or Ge), which is incorporated into the crys-
talline phase, and SiO2 (or GeO2), which contributes to
the outer coating. The initial nucleation events generate
oxide-coated spherical nanocrystals. The (112) crystal
faces have the fastest growth rate, and therefore the na-
nocrystals soon begin elongating in the perpendicular
direction to form one-dimensional structures. The SimO
or GemO (m> 1) layers on the nanowire tips may be
in or near their molten states, catalyzing the incorpora-
tion of gas molecules in a directional fashion [9.116].
Besides nanowires with smooth walls, a second mor-
phology of chains of unoriented nanocrystals linked
by oxide necks is frequently observed (indicated by
an arrow in Fig. 9.7). In addition, scanning tunneling
microscope (STM) studies revealed that about 1% of
the wires consist of a third morphology: zigzag nano-
wires 3 nm in diameter and microns in length [9.117].
The recurring structure of two alternating straight wire
segments, 10 and 5 nm in length respectively, whose
junctions form an angle of 30ı, is probably a result of
alternating growth along different crystallographic ori-
entations [9.117].

Other variations of the VLS mechanism of na-
nowire growth include synthesis at low temperatures
where the catalysts are solid nanoparticles (i. e., vapor-
solid-solid or VSS) [9.109, 118, 119] and synthesis in

100 nm

Fig. 9.7 TEM image
showing the two major
morphologies of Si
nanowires prepared by
the oxide-assisted growth
method (after [9.114]).
Notice the absence of
metal particles when
compared to Fig. 9.6a.
The arrow points at an
oxide-linked chain of Si
nanoparticles

a liquid phase where the catalyst is suspended in a liq-
uid solution in which the reactants are dissolved (i. e.,
solution–liquid–solid or SLS) [9.120].

9.1.3 Etching Methods

For applications that require uniform nanowires, spe-
cific crystallographic orientation, control of the na-
nowire array dimensions, and/or high-density vertical
nanowires, etching methods offer a practical top-down
alternative method to fabricate nanowire arrays. The
two most common methods of making etched nano-
wires are reactive ion etching (RIE) and metal-assisted
chemical etching (MACE). Both methods result in ver-
tically aligned nanowire arrays with high densities. In
addition, in versions of both methods, the diameter and
density of the nanowires can be controlled. Further-
more, MACE and RIE etched nanowires can result in
large arrays of nanowires with uniform heights. Sili-
con, due to its favorable properties for electronic and
photonic applications and its prevalence in the semicon-
ductor industry, is the dominant material used to make
etched nanowires.

Reactive ion etching is a vacuum technique used in
the semiconductor industry to etch silicon and III–V
semiconductors. Energetic charged particles bombard-
ing the substrate remove material by a combination of
sputtering and chemical attack. Process engineers have
long known that when process conditions are not set
a certain way unpatterned regions in the RIE-etched sil-
icon wafers will turn into black silicon [9.121]. The
black silicon is in fact a dense array of vertical nano-
wires, also known as silicon grass. An example of sili-
con grass is shown in Fig. 9.8. While unwanted by the
complementary metal-oxide-semiconductor (CMOS)
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Fig. 9.8 A SEM image of silicon grass formed by RIE.
©IOP Publishing. Reproduced with permission. All rights
reserved (after [9.121])

industry, black silicon has proven useful for making
and studying nanowire arrays. Ultimately, RIE methods
have been used to form patterned silicon nanowire ar-
rays in a controllable fashion. RIE and often deep RIE
(DRIE) are used in combination with a mask to pat-
tern where nanowires form [9.122]. The ordered arrays
of vertical nanowires shown in Fig. 9.9 are examples
of wire arrays formed by using e-beam lithography in
combination with deep RIE.

Metal-assisted chemical etching to make silicon
nanowire arrays is a well explored research topic.
The resulting silicon structure made from MACE is
often called black silicon, silicon whiskers, nanotex-
ture, porous silicon, or nanowires. Recently several

2 μm 5 μm

a) b)

Fig. 9.9 Examples of patterned RIE etched nanowires. In these examples the RIE was patterned by using e-beam lithog-
raphy. Copyright 2009, American Vacuum Society. Reprinted with permission from [9.122]

reviews have covered the process and the capabilities
of MACE [9.123–125]. In MACE a thin metal is de-
posited onto a silicon surface and then immersed into
an etch solution containing hydrofluoric acid and an ox-
idizer. The metal catalyzes the etching of silicon. Thus
silicon is etched where the metal is in contact with the
silicon and is not etched where the metal is absent. As
the etching progresses, the metal moves down the sili-
con with the etching front. In the case where the metal
is put down such that there are holes in the metal, nano-
wires form as the metal etches the silicon around the
nanowires. MACE results in very anisotropic etched
structures. See Fig. 9.10 for an example of a MACE-
etched array of nanowires. In this particular example,
the metal was masked using a silica colloidal crystal
template such that the metal was blocked from touch-
ing the silicon wherever a silica sphere was present, thus
forming a nanowire [9.61].

9.1.4 Other Synthesis Methods

In this section we review several other general pro-
cedures available for the synthesis of a variety of
nanowires. We focus on bottom-up approaches, which
afford many kinds of nanowires in large numbers, and
do not require highly sophisticated equipment (such as
scanning microscopy or lithography-based methods),
and exclude cases for which the nanowires are not self-
sustained (such as in the case of atomic rows on the
surface of crystals).

A solution-phase synthesis of nanowires with con-
trollable diameters has been demonstrated [9.55, 126],
without the use of templates, catalysts, or surfactants.
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5 μm2 μm

Fig. 9.10a,b MACE silicon nanowires formed by masking the metal with colloidal silica spheres. The silicon is etched
wherever the metal touches the silicon. The nanowires form where the metal is blocked from touching the silicon.
(a) Top view and (b) cross-section view of the array. The long nanowires bundle at the tips during drying, while short
nanowires (up to 1�m) retain the arrangement of the silica spheres (inset). (Reprinted from [9.61], with permission of
AIP Publishing)

Instead, Gates et al. make use of the anisotropy of the
crystal structure of trigonal selenium and tellurium,
which can be viewed as rows of 1-D helical atomic
chains. Their approach is based on the mass transfer
of atoms during an aging step from a high free-energy
solid phase (e.g., amorphous selenium) to a seed (e.g.,
trigonal selenium nanocrystal), which grows prefer-
entially along one crystallographic axis. The lateral
dimension of the seed, which dictates the diameter
of the nanowire, can be controlled by the temper-
ature of the nucleation step. Furthermore, Se/Te al-
loy nanowires were synthesized by this method, and
Ag2Se compound nanowires were obtained by treat-
ing selenium nanowires with AgNO3 [9.127–129].
In a separate work, tellurium nanowires were trans-
formed into Bi2Te3 nanowires by their reaction with
BiPh3 [9.130].

More often, however, the use of surfactants is
necessary to promote the anisotropic 1-D growth
of nanocrystals in solution. Solution-phase synthetic
routes have been optimized to produce monodispersed
quantum dots (zero-dimensional isotropic nanocrys-
tals) [9.131]. Surfactants are necessary in this case
to stabilize the interfaces of the nanoparticles and to
retard oxidation and aggregation processes. Detailed
studies on the effect of growth conditions revealed that
they can be manipulated to induce a directional growth
of the nanocrystals, usually generating nanorods (as-
pect ratio of � 10), and in favorable cases, nanowires
with high aspect ratios. Heath and LeGoues synthe-
sized germanium nanowires by reducing a mixture of

GeCl4 and phenyl-GeCl3 at high temperature and high
pressure. The phenyl ligand was essential for the forma-
tion of high-aspect-ratio nanowires [9.42]. In growing
CdSe nanorods [9.29], Alivisatos et al. used a mixture
of two surfactants, whose concentration ratio influ-
enced the shape of the nanocrystal. It is believed that
different surfactants have different affinities, and dif-
ferent absorption rates, for the different crystal faces
of CdSe, thereby regulating the growth rates of these
faces. In the liquid-phase synthesis of Bi nanowires,
the additive NaN.SiMe3/2 induces the growth of nano-
wires oriented along the [110] crystal direction from
small bismuth seed clusters, while water solely re-
tarded the growth along the [001] direction, inducing
the growth of hexagonal-plate particles [9.130]. A coor-
dinating alkyl-diamine solvent was used to grow poly-
crystalline PbSe nanowires at low temperatures [9.51].
Here, the surfactant-induced directional growth is be-
lieved to occur through the formation of organometallic
complexes in which the bidentate ligand assumes the
equatorial positions, thus hindering the ions from ap-
proaching each other in this plane. Additionally, the
alkyl-diamine molecules coat the external surface of
the wire, preventing lateral growth. The aspect ratio
of the wires increased as the temperature was low-
ered in the range 10 ıC < T < 117 ıC. Noble metal
nanowires were grown by the polyol-reduction method
utilizing polyvinylpyrrolidone as a surfactant [9.9–11,
54]. These nanowires have a pentagonal cross-section.
The 1-D growth is a consequence of extending the twin
boundaries in the dodecahedral seed nanoparticles that
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Graphite

Elektrodeposition
of MoO2 nanowires

Reduction to MoO in H2
at 500 °C for ≈ 1h

Cast poly(styrene) film

Lift-off of embedded
MoO nanowires

Poly(styrene)

Fig. 9.11 Schematic of the electrodeposition step edge
decoration of HOPG (highly oriented pyrolytic graphite)
for the synthesis of molybdenum nanowires (after [9.47,
132])

form upon nucleation and passivation of the (100) sur-
faces by the surfactant.

Stress-induced crystalline bismuth nanowires have
been grown from sputtered films of layers of Bi and
CrN. The nanowires presumably grow from defects and
cleavage fractures in the film, and are up to several mil-
limeters in length with diameters ranging from 30 to
200 nm [9.15]. Other elemental and metal chalcogenide
nanowires of soft, low-melting point metals (Bi, Pb, Ga)
have been observed to grow from polycrystalline films
under stress. This approach offers the benefits of being
low-cost and free of contaminants [9.16, 133, 134].

Selective electrodeposition along the step edges in
highly oriented pyrolytic graphite (HOPG) was used
to obtain MoO2 nanowires as shown in Fig. 9.11.
The site selectivity was achieved by applying a low
overpotential to the electrochemical cell in which the
HOPG served as cathode, thus minimizing the nucle-
ation events on less favorable sites (i. e., plateaus).
While these nanowires cannot be removed from the
substrate, they can be reduced to metallic molybdenum

Subphase

Hydrophobic
nanorods

100 nm

Fig. 9.12 A TEM image of a smectic phase of a BaCrO4

nanorod film (left inset) achieved by the Langmuir–
Blodgett technique, as depicted by the illustration (af-
ter [9.136])

nanowires, which can then be released as free-standing
nanowires. Other metallic nanowires were also obtained
by this method [9.47, 132]. In contrast to the template
synthesis approaches described above, in this method
the substrate only defines the position and orientation
of the nanowire, not its diameter. In this context, other
surface morphologies, such as self-assembled grooves
in etched crystal planes, have been used to gener-
ate nanowire arrays via gas-phase shadow deposition
(for example, Fe nanowires on (110)NaCl [9.36]). The
cross-section of artificially prepared superlattice struc-
tures has also been used for site-selective deposition
of parallel and closely spaced nanowires [9.135]. Na-
nowires prepared on the above-mentioned substrates
have semicircular, rectangular, or other unconventional
cross-sectional shapes.

9.1.5 Nanowire Alignment
and Superstructures of Nanowires

Controlling the position of a nanowire in the growth
process is important for preparing devices or test struc-
tures containing nanowires, especially when it involves
a large array of nanowires. Post-synthesis methods to
align and position nanowires include microfluidic chan-
nels [9.137], Langmuir–Blodgett assemblies [9.136],
and electric-field–assisted assembly [9.138]. The first
method involves the orientation of the nanowires by
the liquid flow direction when a nanowire solution is
injected into a microfluidic channel assembly and by
the interaction of the nanowires with the side walls of
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Fig. 9.13a–c SEM images of ZnO nanowire arrays grown on a sapphire substrate, where (a) shows patterned growth,
(b) shows a higher-resolution image of the parallel alignment of the nanowires, and (c) shows the faceted side-walls
and the hexagonal cross-section of the nanowires. For nanowire growth, the sapphire substrates were coated with
a 1:0�3:5 nm-thick patterned layer of Au as the catalyst, using a TEM grid as the shadow mask. These nanowires
have been used for nanowire laser applications (after [9.110])

the channel. The second method involves the alignment
of nanowires at a liquid-gas or liquid-liquid interface
by the application of compressive forces on the in-
terface (Fig. 9.12). The aligned nanowire films can
then be transferred onto a substrate and lithography
methods can be used to define interconnects. This al-
lows the nanowires to be organized with a controlled
alignment and spacing over large areas. Using this
method, centimeter-scale arrays containing thousands
of single silicon nanowire field-effect transistors with
high performance could be assembled to make large-
scale nanowire circuits and devices [9.139, 140]. The
third technique is based on dielectrophoretic forces that
pull polarizable nanowires toward regions of high field
strength [9.141, 142]. The nanowires align between
two isolated electrodes that are capacitively coupled
to a pair of buried electrodes biased with an AC volt-
age. Once a nanowire shorts the electrodes, the electric
field is eliminated, preventing more nanowires from
depositing. The above techniques have been success-
fully used to prepare electronic circuitry and optical
devices out of nanowires (Sects. 9.3.1 and 9.3.2). Al-
ternatively, alignment and positioning of the nanowires
can be specified and controlled during their growth by
the proper design of the synthesis method. For exam-
ple, ZnO nanowires prepared by the VLS method were
grown into an array in which both their position on
the substrate and their growth direction and orientation
were controlled [9.65]. The nanowire growth region
was defined by patterning the gold film, which serves

as a catalyst for the ZnO nanowire growth, employing
soft lithography, e-beam lithography, or photolithogra-
phy. The orientation of the nanowires was achieved by
selecting a substrate with a lattice structure matching
that of the nanowire material to facilitate the epi-
taxial growth. These conditions result in an array of
nanowire posts at predetermined positions, all verti-
cally aligned with the same crystal growth orientation
(Fig. 9.13). Similarly, GaN nanowire arrays have been
synthesized epitaxially on (100)LiAlO2 and (111)MgO
single-crystal substrates. The lattice matching condi-
tions enabled control over the crystallographic growth
directions of the nanowires. For example, GaN nano-
wires on (100)LiAlO2 substrates grow oriented along
the [110] direction, whereas (111)MgO substrates re-
sult in the growth of GaN nanowires with an [001]
orientation, due to the different lattice-matching con-
straints [9.143]. A similar structure could be obtained
by the template-mediated electrochemical synthesis of
nanowires (Sect. 9.1.1), particularly if anodic alumina
with its parallel and ordered channels is used. The
control over the location of the nucleation of nano-
wires in the electrochemical deposition is determined
by the pore positions and the back-electrode geom-
etry. The pore positions can be precisely controlled
by imprint lithography [9.78]. By growing the tem-
plate on a patterned conductive substrate that serves as
a back-electrode [9.144–146], different materials can be
deposited in the pores at different regions of the tem-
plate.
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9.2 Characterization and Physical Properties of Nanowires

In this section we review the structure and properties
of nanowires and their interrelationship. The discov-
ery and investigation of nanostructures were spurred
on by advances in various characterization and mi-
croscopy techniques that enabled material character-
ization to take place at smaller and smaller length
scales, reaching length scales down to individual atoms.
For applications, characterizing the structural properties
of nanowires is especially important, so that a repro-
ducible relationship between their desired functional-
ity and their geometrical and structural characteristics
can be established. Due to the enhanced surface-to-
volume ratio in nanowires, their properties may depend
sensitively on their surface conditions and geometri-
cal configurations. Even nanowires made of the same
material may possess dissimilar properties due to dif-
ferences in their crystal phase, crystalline size, surface
conditions, and aspect ratios, which depend on the
synthesis methods and conditions used in their prepa-
ration.

9.2.1 Structural Characterization

Structural and geometric factors play an important role
in determining the various attributes of nanowires, such
as their electrical, optical, and magnetic properties.
Therefore, various novel tools have been developed
and employed to obtain this important structural in-
formation at the nanoscale. At the micrometer scale,
optical techniques are extensively used for imaging

2 μm

Fig. 9.14 SEM image of GaN nanowires in a mat arrange-
ment synthesized by laser-assisted catalytic growth. The
nanowires have diameters and lengths on the order of
10 nm and 10�m respectively (after [9.39])

structural features. Since the sizes of nanowires are
usually comparable to or, in most cases, much smaller
than the wavelength of visible light, traditional opti-
cal microscopy techniques are usually limited when
characterizing the morphology and surface features of
nanowires. Therefore, electron microscopy techniques
play a more dominant role at the nanoscale. Since elec-
trons interact with matter more strongly than photons,
electron microscopy is particularly sensitive relative to
x-rays for the analysis of tiny samples.

In this section we review and give examples of
how scanning electron microscopy, transmission elec-
tron microscopy, scanning probe spectroscopies, and
diffraction techniques are used to characterize the struc-
ture of nanowires. To provide the necessary basis for
developing reliable structure-property relations, mul-
tiple characterization tools are applied to the same
samples.

Scanning Electron Microscopy
SEM usually produces images down to length scales
of � 10 nm and provides valuable information regard-
ing the structural arrangement, spatial distribution, wire
density, and geometrical features of the nanowires. The
examples of SEM micrographs shown in Figs. 9.1 and
9.3 indicate that structural features at the 10 nm to
10�m length scales can be probed, providing infor-
mation on the size, size distribution, shapes, spatial
distributions, density, alignment, fill-factors, granular-
ity, etc. As another example, Fig. 9.13a shows an SEM
image of ZnO nanowire arrays grown on a sapphire
substrate [9.110], which provides evidence for the non-
uniform spatial distribution of the nanowires on the
substrate, which was attained by patterning the cat-
alyst film to define high-density growth regions and
nanowire-free regions. Figure 9.13b, showing a higher
magnification of the same system, indicates that these
ZnO nanowires grow perpendicular to the substrate, are
well aligned with approximately equal wire lengths,
and have wire diameters in the range 20�150 nm. The
SEM micrograph in Fig. 9.13c provides further infor-
mation about the surface of the nanowires, showing
it to be well faceted, forming a hexagonal cross-
section, indicative of nanowire growth normal to the
(0001) plane. Both the uniformity of the nanowires’
size, their alignment perpendicular to the substrate,
and their uniform growth direction, as suggested by
the SEM data, are linked to the good epitaxial inter-
face between the (0001) plane of the ZnO nanowire
and the (110) plane of the sapphire substrate. (The
crystal structures of ZnO and sapphire are essentially
incommensurate, with the exception that the a-axis of
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Fig. 9.15a–d TEM morphologies of
four special forms of Si nanowires
synthesized by the laser ablation of
a Si powder target. (a)A spring-shaped
Si nanowire; (b) fishbone-shaped
(indicated by a black arrow) and
frogs’ egg-shaped (indicated by
a brown arrow) Si nanowires; and
(c) pearl-shaped nanowires. (d) shows
polysites for the nucleation of silicon
nanowires (indicated by arrows)
(after [9.147])

ZnO and the c-axis of sapphire are related almost ex-
actly by a factor of four, with a mismatch of less than
0:08% at room temperature [9.110].) The well-faceted
nature of these nanowires has important implications
for their lasing action (Sect. 9.3.2). The SEM image
of GaN nanowires synthesized by a laser-assisted cat-
alytic growth method [9.39] featured in Fig. 9.14 revals
that random spatial orientation of the nanowire axes
and a wide diameter distribution for these nanowires, in
contrast to the ZnO wires in Fig. 9.13 and to arrays of
well-aligned nanowires prepared by template-assisted
growth (Fig. 9.3).

Transmission Electron Microscopy
TEM and high-resolution transmission electron mi-
croscopy (HRTEM) are powerful imaging tools for
studying nanowires at the atomic scale, and they usu-
ally provide more detailed geometrical features than are
seen in SEM images (SAED). As an example, the TEM
images in Fig. 9.15a–c show four different morpholo-
gies for Si nanowires prepared by the laser ablation of
a Si target: spring-shaped, fishbone-shaped, frogs’ egg-
shaped, and pearl-shaped nanowires [9.147].

TEM studies also yield information regarding the
crystal structure, crystal quality, grain size, and crys-
tal orientation of the nanowire axis. The crystal quality
of nanowires is revealed from high-resolution TEM
images with atomic resolution, along with selected
area electron diffraction (SAED) patterns. For example,
Fig. 9.16 shows a TEM image of one of the GaN na-
nowires from Fig. 9.14, indicating single crystallinity
and showing (100) lattice planes, thus indicating the
growth direction of the nanowire. This information is
supplemented by the corresponding electron diffraction
pattern in the upper right. A more comprehensive re-
view of the application of TEM for growth orientation
indexing and crystal defect characterization in nano-
wires is available elsewhere [9.148].

The high resolution of the TEM also permits the sur-
face structures of the nanowires to be studied. In many
cases, the nanowires are sheathed with native oxides,
an amorphous oxide layer that forms during the growth
process. This can be seen in Fig. 9.6b for silicon nano-
wires and in Fig. 9.17 for germanium nanowires [9.44],
showing a mass-thickness contrast TEM image and
a selected area electron diffraction pattern of a Ge nano-
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Fig. 9.16 Lattice-resolved high-resolution TEM image of
one GaN nanowire (left) showing that (100) lattice planes
are visible perpendicular to the wire axis. The electron
diffraction pattern (top right) was recorded along the [001]
zone axis. A lattice-resolved TEM image (lower right)
highlights the continuity of the lattice up to the nanowire
edge, where a thin native oxide layer is found. The direc-
tions of various crystallographic planes are indicated in the
lower right figure (after [9.39])

wire. The main TEM image shows that these Ge nano-
wires possess an amorphous GeO2 sheath with a crys-
talline Ge core that is oriented in the [211] direction.

Dynamical processes of the surface layer of nano-
wires can be studied in situ using an environmental
TEM chamber, which allows TEM observations to be
made while different gases are introduced or as the sam-
ple is heat treated at various temperatures, as illustrated
in Fig. 9.18. The figure shows high-resolution TEM
images of a Bi nanowire before and after a dynamic
oxide removal process carried out within the environ-
mental chamber of the TEM [9.149]. The amorphous
bismuth-oxide layer coating the nanowire (Fig. 9.18a)
is removed by exposure to hydrogen gas within the
environmental chamber of the TEM, as indicated in
Fig. 9.18b.

By coupling the powerful imaging capabilities of
TEM with other characterization tools, such as an elec-
tron energy loss spectrometer (EELS) or an energy
dispersive x-ray spectrometer (EDS) within the TEM
instrument, additional properties of the nanowires can
be probed with high spatial resolution. With the EELS
technique, the energy and momentum of the incident
and scattered electrons are measured in an inelastic
electron scattering process to provide information on
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Fig. 9.17 A mass-thickness contrast TEM image of a Ge
nanowire taken along the (0N11) zone axis and a selected
area electron diffraction pattern (upper left inset) (af-
ter [9.44]). The Ge nanowires were synthesized by laser
ablation of a mixture of Ge and GeO2 powder. The core of
the Ge nanowire is crystalline, while the surface GeO2 is
amorphous

the energy and momentum of the excitations in the na-
nowire sample. Figure 9.19 shows the dependence on
nanowire diameter of the electron energy loss spectra
of Bi nanowires. The spectra were taken from the center
of the nanowire, and the shift in the energy of the peak
position (Fig. 9.19) indicates the effect of the nanowire
diameter on the plasmon frequency in the nanowires.
The results show that there are changes in the electronic
structure of the Bi nanowires as the wire diameter de-
creases [9.150]. Such changes in electronic structure
as a function of nanowire diameter are also observed
in their transport (Sect. 9.2.2) and optical (Sect. 9.2.3)
properties, and are related to quantum confinement ef-
fects.

EDS measures the energy and intensity distribu-
tion of x-rays generated by the impact of the electron
beam on the surface of the sample. The elemental com-
position within the probed area can be determined to
a high degree of precision. The technique was par-
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Fig. 9.18 High-resolution transmis-
sion electron microscope (HRTEM)
image of a Bi nanowire (a) before and
(b) after annealing in hydrogen gas at
130 ıC for 6 h within the environmen-
tal chamber of the HRTEM instrument
to remove the oxide surface layer
(after [9.149])
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Fig. 9.19 Electron energy loss spectra (EELS) taken from
the centers of bismuth nanowires with diameters of 35, 60
and 90 nm. The shift in the volume plasmon peaks is due
to the effect of wire diameter on the electronic structure
(after [9.150])

ticularly useful for the compositional characterization
of superlattice nanowires [9.107] and core-shell nano-
wires [9.151] (Sect. 9.1.2).

Scanning Probe Techniques
Several scanning probe techniques, such as scanning
tunneling microscopy (STM) [9.152], electric field gra-
dient microscopy (EFM) [9.22], magnetic force mi-
croscopy (MFM) [9.49], and scanning thermal mi-
croscopy (SThM) [9.153], combined with atomic force
microscopy (AFM), have been employed to study the
structural, electronic, magnetic, and thermal properties
of nanowires. A scanning tunneling microscope can be
employed to reveal both topographical structural infor-

mation, such as that illustrated in Fig. 9.20, as well as
information on the local electronic density of states of
a nanowire, when used in the STS (scanning tunnel-
ing spectroscopy) mode. Figure 9.20 shows STM height
images (taken in the constant-current STM mode) of
MoSe molecular wires deposited from a methanol or
acetonitrile solution of Li2Mo6Se6 onto Au substrates.
The STM image of a single MoSe wire (Fig. 9.20a)
exhibits a 0:45 nm lattice repeat distance in a MoSe
molecular wire. When both STM and STS measure-
ments are made on the same sample, the electronic and
structural properties can be correlated. For example,
joint STM/STS studies on Si nanowires [9.117] iden-
tified on single nanowires alternating segments grown
along the [110] and [112] directions, and different I–V
characteristics were measured for the [110] segments as
compared with the [112] segments.

Magnetic force microscopy (MFM) has been em-
ployed to study magnetic polarization of magnetic na-
nowires embedded in an insulating template, such as
an anodic alumina template. For example, Fig. 9.21a
shows the topographic image of an anodic alumina tem-
plate filled with Ni nanowires recorded in AFM mode,
and Fig. 9.21b demonstrates the corresponding mag-
netic polarization of each nanowire in the template. This
micrograph shows that an MFM probe can distinguish
between spin-up and spin-down nanowires in the nano-
wire array, thereby providing a method for measuring
magnetic dipolar interactions between wires [9.49].

X-ray Analysis
Other characterization techniques that are commonly
used to study the crystal structures and chemical com-
positions of nanowires include x-ray diffraction and
energy-dispersive x-ray spectroscopy (EDS). The peak
positions in the x-ray diffraction pattern can used to de-
termine the chemical composition and the crystal phase
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a) b)

Fig. 9.20a,b STM height images, obtained in the constant-current mode, of MoSe chains deposited on an Au(111)
substrate. (a) A single chain image, and (b) a MoSe wire bundle (after [9.152]). Scale bars: 1 nm
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Fig. 9.21 (a) Topographic image of
a highly ordered porous alumina
template with a period of 100 nm
filled with 35 nm-diameter nickel
nanowires. (b) The corresponding
MFM (magnetic force microscopy)
image of the nano-magnet array,
showing that the pillars are magnetized
alternately up (white) and down
(black) (after [9.49])
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Fig. 9.22 X-ray diffraction pattern of aligned ZnO nano-
wires (Fig. 9.13) grown on a sapphire substrate. Only (00`)
diffraction peaks are observed for the nanowires, owing to
their well-oriented growth orientation. Strong diffraction
peaks for the sapphire substrate are found (after [9.110])

structure of the nanowires. For example, Fig. 9.2 shows
that Bi nanowires have the same crystal structure and
lattice constants as bulk bismuth. Both the x-ray diffrac-

tion pattern (XRD) for an array of aligned Bi nanowires
(Fig. 9.2) and the SAED pattern for individual Bi nano-
wires [9.22] suggest that the nanowires have a common
crystallographic alignment.

As another example of an XRD pattern for an ar-
ray of aligned nanowires, Fig. 9.22 shows the x-ray
diffraction pattern of the ZnO nanowires that are dis-
played in Fig. 9.13. Only (00`) diffraction peaks are
observed for these aligned ZnO nanowires, indicating
that their preferred growth direction is [001] along the
wire axis. Similarly, XRD was used to confirm the
different growth directions of GaN nanowire arrays
grown epitaxially on (100)LiAlO2 and (111)MgO sub-
strates [9.143].

EDS has been used to determine the chemical com-
positions and stoichiometry of compound nanowires or
impurity contents in nanowires. However, the results
from EDS analysis should be interpreted carefully to
avoid systematic errors.

9.2.2 Mechanical Properties

Thermal Stability
Due to the large surface-to-volume ratio in nanowires
and other nanoparticles, the thermal stability of na-
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nowires is anticipated to differ significantly from that
of the bulk material. Theoretical studies of materials
in confined geometries show that the melting point of
the material is reduced in nanostructures, as is the la-
tent heat of fusion, and that large hysteresis can be
observed in melting-freezing cycles. These phenom-
ena have been studied experimentally in three types of
nanowire systems: porous matrices impregnated with
a plurality of nanowires, individual nanowires sheathed
by a thin coating, and individual nanowires.

The melting-freezing of matrix-supported nano-
wires can be studied by differential scanning calorime-
try (DSC), since large volumes of samples can thus
be produced. Huber et al. investigated the melting of
indium in porous silica glasses with mean pore diam-
eters ranging from 6 to 141 nm [9.154]. The melting
point of the pore-confined indium shows a linear de-
pendence on inverse pore diameter, with a maximum
melting point depression of 50K. A similar shift was
observed in the freezing temperature of pore-confined
indium. Themelting profile of the pore-confined indium
in these samples is broader in temperature than for bulk
indium, as expected for the heterogeneity in the pore di-
ameter and in the indium crystal size aspect ratio within
the samples.

Sheathed nanowires provide an opportunity to study
the melting and recrystallization of individual nano-
wires. The shell layer surrounding the nanowire pro-
vides confinement to keep the liquid phase within the
inner cylindrical volume. However, the shell-nanowire
surface interaction should be taken into account when
analyzing the phase transition thermodynamics and ki-
netics. Wu and Yang produced germanium nanowires
coated with a thin (1�5 nm) graphite sheath, by py-
rolysis of organic molecules over VLS-grown nano-
wires, and followed the melting and recrystallization
of the germanium by variable-temperature TEM imag-
ing [9.155]. The melting of the nanowires was followed
by the disappearance of the electronic diffraction pat-
tern. It was found that the nanowires began melting
from their ends, with the melting front advancing to-
wards the center of the nanowire as the temperature
was increased. During the cool-down part of the cy-
cle, the recrystallization of the nanowire occurred in-
stantaneously following significant supercooling. The
authors report both the largest melting point suppres-
sion recorded thus far for germanium (� 300 ıC), and
a large melting-recrystallization hysteresis of up to �
300 ıC. Similarly, carbon nanotubes have been filled
with various low-temperature metals [9.156]. A nanoth-
ermometer has been demonstrated using a 10 nm liquid
gallium-filled carbon nanotube, showing an expansion
coefficient that is linear in temperature and identical to
the bulk value [9.157].

A different behavior was observed in free-standing
copper nanowires [9.158]. In this system, there is lit-
tle interaction between the nanowire surface and the
surroundings, and the nanowire is not confined in its
diameter, as in the case of the sheathed nanowires. Ther-
mal treatment of the free-standing nanowires leads to
their fragmentation into a linear array of metal spheres.
Thinner nanowires are more vulnerable than thicker na-
nowires to the thermal treatment, showing constrictions
and segmentation at lower temperatures. Analysis of the
temperature response of the nanowires indicates that the
nanowire segmentation is a result of the Rayleigh in-
stability, starting with oscillatory perturbations of the
nanowire diameter, leading to long cylindrical seg-
ments that become more separated and more spherical
at higher temperatures. These observations indicate that
annealing and melting are dominated by the surface dif-
fusion of atoms on the entire surface of the nanowire
(versus tip-initiated melting).

9.2.3 Transport Properties

The study of electrical transport properties of nanowires
is important for nanowire characterization, electronic
device applications, and the investigation of unusual
transport phenomena arising from one-dimensional
quantum effects. Important factors that determine the
transport properties of nanowires include the wire diam-
eter, material composition, surface conditions, crystal
quality, and the crystallographic orientation along the
wire axis for materials with anisotropic material pa-
rameters, such as the effective mass tensor, the Fermi
surface, or the carrier mobility.

Electronic transport phenomena in low-dimensional
systems can be roughly divided into two categories: bal-
listic transport and diffusive transport. Ballistic trans-
port phenomena occur when the electrons can travel
across the nanowire without any scattering. In this
case, the conduction is mainly determined by the con-
tacts between the nanowire and the external circuit,
and the conductance is quantized into an integral num-
ber of universal conductance units G0 D 2e2=h [9.160,
161]. Ballistic transport phenomena are usually ob-
served in very short quantum wires, such as those
produced using mechanically-controlled break junc-
tions (MCBJs) [9.162, 163] where the electron mean
free path is much longer than the wire length and the
conduction is a pure quantum phenomenon. To observe
ballistic transport, the thermal energy must also obey
the relation kBT 	 "j � "j�1, where "j � "j�1 is the en-
ergy separation between subband levels j and j� 1. On
the other hand, for nanowires with lengths much larger
than the carrier mean free path, the electrons (or holes)
undergo numerous scattering events when they travel
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Fig. 9.23 (a) Schematic representa-
tion of the last stages of the contact
breakage process (after [9.159]).
(b) Histogram of conductance val-
ues built with 18 000 gold contact
breakage experiments in air at room
temperature, showing conductance
peaks at integral values of G0. In
this experiment the gold electrodes
approach and separate at 89 000 Å=s
(after [9.159])

along the wire. In this case, the transport is in the
diffusive regime, and the conduction is dominated by
carrier scattering within the wires, due to phonons (lat-
tice vibrations), boundary scattering, lattice and other
structural defects, and impurity atoms.

Conductance Quantization
in Metallic Nanowires

The ballistic transport of 1-D systems has been exten-
sively studied since the discovery of quantized con-
ductance in 1-D systems in 1988 [9.160, 161]. The
phenomena of conductance quantization occurs when
the diameter of the nanowire is comparable to the elec-
tron Fermi wavelength, which is on the order of 0:5 nm
for most metals [9.164]. Most conductance quantiza-
tion experiments up to the present were performed by
bringing together and separating two metal electrodes.
As the two metal electrodes are slowly separated,
a nano-contact is formed before it breaks completely
(Fig. 9.23a), and conductance in integral multiple val-
ues of G0 is observed through these nano-contacts. Fig-
ure 9.23b shows the conductance histogram built with
18 000 contact breakage curves between two gold elec-
trodes at room temperature [9.159], with the electrode
separation up to � 1:8 nm. The conductance quantiza-
tion behavior is found to be independent of the contact
material, and has been observed in various metals, such
as Au [9.159], Ag, Na, Cu [9.165], and Hg [9.166].
For semimetals such as Bi, conductance quantization
has also been observed for electrode separations as
long as 100 nm at 4K because of the long Fermi
wavelength (� 26 nm) [9.164], indicating that the con-
ductance quantization may be due to the existence of
well-defined quantum states localized at a constric-
tion instead of resulting from the atom rearrangement
as the electrodes separate. Since conductance quanti-
zation is only observed in breaking contacts, or for
very narrow and very short nanowires, most nanowires
of practical interest (possessing lengths of several mi-

crometers) lie in the diffusive transport regime, where
the carrier scattering is significant and should be con-
sidered.

I–V Characterization
of Semiconducting Nanowires

The electronic transport behavior of nanowires may be
categorized based on the relative magnitudes of three
length scales: carrier mean free path `W, the de Broglie
wavelength of electrons �e, and the wire diameter dW.
For wire diameters much larger than the carrier mean
free path (dW � `W), the nanowires exhibit transport
properties similar to bulk materials, which are indepen-
dent of the wire diameter, since the scattering due to
the wire boundary is negligible compared to other scat-
tering mechanisms. For wire diameters comparable to
or smaller than the carrier mean free path (dW � `W
or dW < `W), but still much larger than the de Broglie
wavelength of the electrons (dW � �e), the transport in
nanowires is in the classical finite size regime, where
the band structure of the nanowire is still similar to that
of bulk, while the scattering events at the wire bound-
ary alter their transport behavior. For wire diameters
comparable to the electronic wavelength dW � �e, the
electronic density of states is altered dramatically and
discrete subbands are formed due to the quantum con-
finement effect at the wire boundary. In this regime, the
transport properties are further influenced by the change
in the band structure. Therefore, transport properties for
nanowires in the classical finite size and quantum size
regimes are highly diameter-dependent.

Researchers have investigated the transport prop-
erties of various semiconducting nanowires and have
demonstrated their potential for diverse electronic de-
vices, such as for p-n diodes [9.167, 168], field effect
transistors [9.167], memory cells, and switches [9.169]
(Sect. 9.3.1). So far, the nanowires studied in this
context have usually been made from conventional
semiconducting materials, such as group IV and III–V
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Fig. 9.24 I–V behavior for a 4(p) by 1(n) crossed p-Si/n-
GaN junction array shown in the inset. The four curves
represent the I–V response for each of the four junc-
tions, showing similar current rectifying characteristics in
each case. The length scale bar between the two middle
junctions is 2�m (after [9.167]). The p-Si and n-GaN na-
nowires are 10�25 and 10�30 nm in diameter respectively

compound semiconductors, via the VLS growth method
(Sect. 9.1.2), and their nanowire properties have been
compared to their well-established bulk properties. In-
terestingly, the physical principles for describing bulk
semiconductor devices also hold for devices based on
these semiconducting nanowires with wire diameters of
tens of nanometers. For example, Fig. 9.24 shows the
current-voltage (I–V) behavior of a four-by-one crossed
p-Si/n-GaN junction array at room temperature [9.167].
The long horizontal wire in the figure is a p-Si nano-
wire (10�25 nm in diameter) and the four short vertical
wires are n-GaN nanowires (10�30 nm in diameter).
Each of the four nanoscale cross-points independently
forms a p-n junction with current rectification behavior,
as shown by the I–V curves in Fig. 9.24. The junc-
tion behavior (for example, the turn-on voltage) can be
controlled by varying the oxide coating on these nano-
wires [9.167].

Huang et al. have demonstrated nanowire junction
diodes with a high turn-on voltage (� 5V) by in-
creasing the oxide thickness at the junctions. The high
turn-on voltage enables the use of the junction in
a nanoscale field-effect transistor (FET), as shown in
Fig. 9.25 [9.167] where I–V data for a p-Si nanowire are
presented, for which the n-GaN nanowire with a thick
oxide coating is used as a nanogate. By varying the
nanogate voltage, the conductance of the p-Si nanowire
can be changed by more than a factor of 105 (lower
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Fig. 9.25 Gate-dependent I–V characteristics of a crossed
nanowire field-effect transistor (FET). The n-GaN na-
nowire is used as the nanogate, with the gate voltage
indicated (0, 1, 2, and 3V). The inset shows the current ver-
sus Vgate for a nanowire gate (lower curve) and for a global
back-gate (top curve) when the bias voltage is set to 1V
(after [9.167])

curve in the inset), whereas the conductance changes by
only a factor of ten when a global back-gate is used (top
curve in the inset of Fig. 9.25). This behavior may be
due to the thin gate dielectric between the crossed nano-
wires and the better control of the local carrier density
through a nanogate. Based on the gate-dependent I–V
data from these p-Si nanowires, it is found that the mo-
bility of the holes in the p-Si nanowires may be higher
than that for bulk p-Si, although further investigation is
required for complete understanding.

Because of the enhanced surface-to-volume ratios
of nanowires, their transport behavior may be modi-
fied by changing their surface conditions. For example,
researchers have found that by coating n-InP nano-
wires with a layer of redox molecules, such as cobalt
phthalocyanine, the conductance of the InP nanowires
may change by orders of magnitude upon altering the
charge state of the redox molecules to provide bistable
nanoscale switches [9.169]. The resistance (or conduc-
tance) of some nanowires (such as Pd nanowires) is
also very sensitive to the presence of certain gases
(e.g., H2) [9.170, 171], and this property may be utilized
for sensor applications to provide improved sensitivity
compared to conventional sensors based on bulk mate-
rial (Sect. 9.3.4).

Although it remains unclear how the size effect
may influence the transport properties and device per-
formance of semiconducting nanowires, many of the
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Fig. 9.26 (a) Measured temperature dependence of the resistance R.T/ normalized to the room temperature (300K)
resistance for bismuth nanowire arrays of various wire diameters dW (after [9.17]). (b) R.T/=R.290K/ for bismuth wires
of larger dW and lower mobility (after [9.19]). (c) Calculated R.T/=R.300K/ of 36 and 70 nm bismuth nanowires. The
dashed curve refers to a 70 nm polycrystalline wire with increased boundary scattering (after [9.93])

larger-diameter semiconducting nanowires are expected
to be described by classical physics, since their quan-
tization energies ¯2=.2med2W) are usually smaller than
the thermal energy kBT . By comparing the quantization
energy with the thermal energy, the critical wire diame-
ter below which quantum confinement effects become
significant is estimated to be 1 nm for Si nanowires
at room temperature, which is much smaller than the
sizes of many of the semiconducting nanowires that
have been investigated so far. By using material sys-
tems with much smaller effective carrier masses me

(such as bismuth), the critical diameter for which such
quantum effects can be observed increases, thereby fa-
cilitating the study of quantum confinement effects. It
is for this reason that the bismuth nanowire system
has been studied so extensively. Furthermore, since the
crystal structure and lattice constants of bismuth nano-
wires are the same as for 3-D crystalline bismuth, it
is possible to carry out detailed model calculations to

guide and to interpret transport and optical experiments
on bismuth nanowires. For these reasons, bismuth can
be considered a model system for studying 1-D effects
in nanowires.

Temperature-Dependent Resistance
Measurements

Although nanowires with electronic properties similar
to their bulk counterparts are promising for construct-
ing nanodevices based on well-established knowledge
of their bulk counterparts, it is expected that quantum
size effects in nanowires will likely be utilized to gen-
erate new phenomena absent in bulk materials, and
thus provide enhanced performance and novel func-
tionality for certain applications. In this context, the
transport properties of bismuth (Bi) nanowires have
been extensively studied, both theoretically [9.172]
and experimentally [9.17, 19, 93, 173–175] because of
their promise for enhanced thermoelectric performance.
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Transport studies of ferromagnetic nanowire arrays,
such as Ni or Fe, have also received much attention
because of their potential for high-density magnetic
storage applications [9.176].

As mentioned in the previous section, the very small
electron effective mass components and the long carrier
mean free paths in Bi facilitate the study of quantum
size effects in the transport properties of nanowires.
Quantum size effects are expected to become signifi-
cant in bismuth nanowires with diameters smaller than
50 nm [9.172], and the fabrication of crystalline nano-
wires with this diameter range is relatively easy.

Figure 9.26a shows the T dependence of the re-
sistance R.T/ for Bi nanowires (7 nm � dW < 200 nm)
synthesized by vapor deposition and pressure in-
jection [9.17], illustrating quantum effects in their
temperature-dependent resistance. In Fig. 9.26a, the
R.T/ behavior of Bi nanowires is dramatically different
from that of bulk Bi, and is highly sensitive to the wire
diameter. Interestingly, the R.T/ curves in Fig. 9.26a
show a non-monotonic trend for large-diameter (70 and
200 nm) nanowires, although R.T/ becomes monotonic
with T for small-diameter (� 48 nm) nanowires. This
dramatic change in the behavior of R.T/ as a function of
dW is attributed to a unique semimetal-semiconductor
transition phenomena in Bi [9.93], induced by quantum
size effects. Bi is a semimetal in bulk form, in which
the T-point valence band overlaps with the L-point con-
duction band by 38meV at 77K. As the wire diameter
decreases, the lowest conduction subband increases in
energy and the highest valence subband decreases in
energy. Model calculations predict that the band over-
lap should vanish in Bi nanowires (with their wire axes
along the trigonal crystallographic direction) at a wire
diameter � 50 nm [9.172].

The resistance of Bi nanowires is determined by
two competing factors: the carrier density that in-
creases with T , and the carrier mobility that decreases
with T . The non-monotonic R.T/ for large-diameter
Bi nanowires is due to a smaller carrier concentration
variation at low temperature (� 100K) in semimet-
als, so that the electrical resistance is dominated by
the mobility factor in this temperature range. Based
on the semiclassical transport model and the estab-
lished band structure of Bi nanowires, the calculated
R.T/=R.300K/ for 36 and 70 nm Bi nanowires is
shown by the solid curves in Fig. 9.26c to illus-
trate different R.T/ trends for semiconducting and
semimetallic nanowires respectively [9.93]. The curves
in Fig. 9.26c exhibit trends consistent with experimental
results. The condition for the semimetal-semiconductor
transition in Bi nanowires can be experimentally de-
termined, as shown by the measured resistance ratio
R.10K/=R.100K/ of Bi nanowires as a function of
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Fig. 9.27 Measured resistance ratio R.10K/=R.100K/ of
a Bi nanowire array as a function of diameter. The peak
indicates the transition from a semimetallic phase to
a semiconducting phase as the wire diameter decreases (af-
ter [9.178])

wire diameter [9.177] in Fig. 9.27. The maximum in
the resistance ratio R.10K/=R.100K/ at dW � 48 nm
indicates the wire diameter for the transition of Bi na-
nowires from a semimetallic phase to a semiconducting
phase. The semimetal-semiconductor transition and the
semiconducting phase in Bi nanowires are examples of
new transport phenomena resulting from low dimen-
sionality that are absent in the bulk 3-D phase. These
phenomena further increase the possible benefits of
exploiting properties of nanowires for desired applica-
tions.

It should be noted that good crystal quality is essen-
tial for observing the quantum size effect in nanowires,
as shown by the R.T/ plots in Fig. 9.26a. Fig. 9.26b
shows the normalized R.T/ measurements of Bi na-
nowires with larger diameters (200 nm–2�m) prepared
by electrochemical deposition [9.19]. These nanowires
possess monotonic R.T/ behaviors, quite different from
those of the corresponding nanowire diameters shown
in Fig. 9.26a. The absence of the resistance maximum in
Fig. 9.26b is due to the lower crystalline quality for na-
nowires prepared by electrochemical deposition, which
tends to produce polycrystalline nanowires with a much
lower carrier mobility. This monotonic R.T/ curve for
semimetallic Bi nanowires with a higher defect level is
also confirmed by theoretical calculations, as shown by
the dashed curve in Fig. 9.26c for 70 nm wires with in-
creased grain boundary scattering [9.179].

The theoretical model developed for Bi nanowires
not only provides good agreement with experimental re-
sults, but it also plays an essential role in understanding
the influence of the quantum size effect, the bound-
ary scattering, and the crystal quality on their electrical
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properties. While the electronic density of states may
be significantly altered due to quantum confinement
effects, various scattering mechanisms related to the
transport properties of nanowires can be accounted
for by Matthiessen’s rule. Furthermore, the transport
model has also been generalized to predict the transport
properties of Te-doped Bi nanowires [9.93], Sb nano-
wires [9.180], and BiSb alloy nanowires [9.181], and
good agreement between experiment and theory has
also been obtained for these cases.

For nanowires with diameters comparable to the
phase-breaking length, their transport properties may
be further influenced by localization effects. It has
been predicted that in disordered systems, the extended
electronic wavefunctions become localized near defect
sites, resulting in the trapping of carriers and giving
rise to different transport behavior. Localization effects
are also expected to be more pronounced as the di-
mensionality and sample size are reduced. Localization
effects on the transport properties of nanowire sys-
tems have been studied on Bi nanowires [9.182] and
Zn nanowires [9.63]. Figure 9.28 shows the measured
R.T/=R.300K/ of Zn nanowires fabricated by vapor
deposition in porous silica or alumina [9.63]. While
15 nm Zn nanowires exhibit an R.T/ behavior with a T1

dependence as expected for a metallic wire, the R.T/ of
4 nm Zn nanowires exhibits a temperature dependence
of T�1=2 at low temperatures, consistent with 1-D local-
ization theory. Thus, due to this localization effect, the
use of nanowires with very small diameters for trans-
port applications may be limited.

Magnetoresistance
Magnetoresistance (MR) measurements for character-
izing nanowires yield a great deal of information about
the effects of wire boundary, doping and annealing on
electron scattering, and about localization effects in na-
nowires [9.175]. For example, at low fields the MR data
show a quadratic dependence on the B field from which
carrier mobility estimates can be made (Fig. 9.29 at low
B field).

Figure 9.29 shows the longitudinal magnetoresis-
tance (B parallel to the wire axis) for 65 and 109 nm
Bi nanowire samples (before thermal annealing) at 2K.
The MR maxima in Fig. 9.29a are due to the classi-
cal size effect, where the wire boundary scattering is
reduced as the cyclotron radius becomes smaller than
the wire radius in the high field limit, resulting in a de-
crease in resistivity. This behavior is typical for the
longitudinal MR of Bi nanowires in the diameter range
of 45�200 nm [9.17, 174, 175, 183], and the peak po-
sition Bm moves to lower B field values as the wire
diameter increases, as shown in Fig. 9.29c [9.183],
where Bm varies linearly with 1=dW. The condition
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Fig. 9.28 Temperature dependence of the resistance of
Zn nanowires synthesized by vapor deposition in vari-
ous porous templates (after [9.63]). The data are given as
points, the full lines are fits to a T1 law for 15 nm diameter
Zn nanowires in an SiO2 template, denoted by Zn/SiO2.
Fits to a combined T1 and T�1=2 law were made for the
smaller nanowire diameter composite samples denoted by
Zn (9 nm)/Al2O3 and Zn 4 nm/Vycor glass

for the occurrence of Bm is approximately given by
Bm � 2c¯kF=.edW/, where kF is the wave vector at
the Fermi energy. The peak position Bm is found to
increase linearly with increasing temperature in the
range of 2�100K, as shown in Fig. 9.29b [9.183].
As T is increased, phonon scattering becomes increas-
ingly important, and therefore a higher magnetic field is
required to reduce the resistivity associated with bound-
ary scattering sufficiently to change the sign of the MR.
Likewise, increasing the grain boundary scattering is
also expected to increase the value of Bm at a given T
and wire diameter.

The presence of the peak in the longitudinal MR of
nanowires requires a high crystal quality with long car-
rier mean free paths along the nanowire axis, so that
most scattering events occur at the wire boundary in-
stead of at a grain boundary, at impurity sites, or at
defect sites within the nanowire. Liu et al. have inves-
tigated the MR of 400 nm Bi nanowires synthesized by
electrochemical deposition [9.84], and no peak in the
longitudinal MR is observed. The absence of a magne-
toresistance peak may be attributed to a higher defect
level in the nanowires produced electrochemically and
to a large wire diameter, much longer than the carrier
mean free path. The negative MR observed for the Bi
nanowire arrays above Bm (Fig. 9.29) shows that wire
boundary scattering is a dominant scattering process
for the longitudinal magnetoresistance, thereby estab-
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lishing that the mean free path is larger than the wire
diameter.

In addition to the longitudinal magnetoresistance
measurements, transverse magnetoresistance measure-
ments (B perpendicular to the wire axis) have also
been performed on Bi nanowire array samples [9.17,
175, 183], where a monotonically increasing B2 depen-
dence over the entire range 0 T � B � 5:5 T is found
for all Bi nanowires studied. This is expected, since the
wire boundary scattering cannot be reduced by a mag-
netic field perpendicular to the wire axis. The transverse
magnetoresistance is also found to be always larger than
the longitudinal magnetoresistance in nanowire arrays.

The Shubnikov–de Haas (SdH) quantum oscillatory
effect, which results from the passage of the quan-
tized Landau levels through the Fermi energy as the
field strength varies, should, in principle, provide the
most direct measurement of the Fermi energy and
carrier density. For example, Heremans and Thrush
have demonstrated that SdH oscillations can be ob-
served in Bi nanowire samples with diameters down
to 200 nm [9.184], and they have demonstrated that
Te doping can be used to raise the Fermi energy in
Bi nanowires. Such information on the Fermi energy
is important because, for certain applications based on
nanowires, it is necessary to place the Fermi energy
near a subband edge where the density of states has
a sharp feature. However, due to the unusual 1-D ge-

ometry of nanowires, other characterization techniques
that are commonly used in bulk materials to determine
the Fermi energy and the carrier concentration (such as
Hall effect measurement) cannot be applied to nanowire
systems.

Thermal Conductivity of Nanowires
The thermal conductivity in nanowires can be sig-
nificantly reduced as the dimensions of the nanowire
become comparable to the phonon mean free path and
the phonon wavelength [9.185]. The confinement in the
nanowire may modify the phononphonon density of
states, while defects in the nanowire enhance scattering.
The most dominant suppression of thermal conduc-
tivity is achieved when multiple mechanisms operate
to impede phonon transport at various length scales:
atomic point-defects scatter high-frequency phonons,
and interfaces and grain boundaries scatter primarily
low-to-mid frequency phonons. Silicon nanowires with
smooth and rough surfaces [9.186–188], segmented
Si/SiGe nanowires [9.189], and indium gallium zinc ox-
ide nanowires [9.190] have been selected as testbeds for
fundamental studies. The enhancement of a new mech-
anism of phonon scattering in nanowires is evident by
the lower thermal conductivity and by the change in its
temperature dependence [9.185].

Measurements of the thermal conductivity of nano-
wires have been carried out on nanowire arrays embed-
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ded in a matrix and individual free-standing nanowires.
The former provides data of relevance to device perfor-
mance, while only the latter can provide reliable data
that are not distorted by thermal transport via the ma-
trix or substrate and by sample polydispersity. Single-
nanowire thermal measurements are very challenging
and are now possible thanks to technological develop-
ments in the micro- and nanofabrication of miniature
thermal sensors [9.191], and the use of nanometer-size
thermal scanning probes [9.153, 192, 193]. In a typi-
cal fabricated device, shown in Fig. 9.30, a nanowire
is suspended across a gap between two SiNx mem-
branes supported by long beams. On the membranes,
metal lines form heating elements, resistive tempera-
ture sensors, and electrodes. Using a heat flow model,
the thermal conductivity �.T/ of the individual sus-
pended nanowires can be extracted from the sensor
data [9.194].

The experiments show that the thermal conduc-
tivity of small-diameter homogeneous nanowires may
be more than one order of magnitude smaller than in
the bulk, mainly due to the effect of strong phonon
boundary scattering [9.195]. Phonon confinement ef-
fects may eventually become important in nanowires
with even smaller diameters. The most extensive exper-
imental thermal conductivity measurements have been
done on Si nanowires [9.186], where �.T/ measure-
ments have been made on nanowires in the diameter
range of 22�115 nm. As dW decreases a large de-
crease is observed in the peak of �.T/, associated with
Umklapp processes, indicating a growing importance
of boundary scattering and a corresponding decreasing
importance of phonon-phonon scattering (Fig. 9.31).
At the smallest wire diameter of 22 nm, a linear �.T/
dependence is found experimentally, consistent with
a linear T dependence of the specific heat for a 1-D
system, and a temperature-independent mean free path
and sound velocity. Introduction of scattering elements
through alloying and composition modulation, such as
in Si/SiGe superlattice nanowires, pushed the thermal
conductivity values further down [9.189]. Remarkably,
surface roughness, observed in some Si nanowires fab-
ricated by the MACEmethod (Sect. 9.1.3), also reduces
�.T/ by an order of magnitude, such that 50 nm diame-
ter rough Si nanowires have thermal conductivity values
lower than 2Wm�1K�1 at room temperature [9.188].

Model calculations for �.T/ based on a radiative
heat transfer model have been carried out for Si na-
nowires [9.196–198]. These results show that the pre-
dicted �.T/ behavior for Si nanowires is similar to
that observed experimentally in the range of 37 nm �
dW � 115 nm regarding both the functional form of
�.T/ and the magnitude of the relative decrease in
the maximum thermal conductivity as a function of
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b)

1

2

3

4

Fig. 9.30a,b Microfabricated device for the measurement
of the thermal conductivity and thermoelectric properties
of individual nanowires. (a) Low magnification view of the
full length of the microscale device. (b)High magnification
view of the probed nanowire and metalization lines on the
membranes. IOP Publishing. Reproduced with permission.
All right reserved (after [9.191])

dW. However, the model calculations often overestimate
�max, with agreement improved by using the full phonon
dispersion relations. Furthermore, the model calcula-
tions (Fig. 9.31) do not reproduce the experimentally
observed linear T dependence for the 22 nm nanowires,
but rather predict a 3-D behavior for both the density of
states and the specific heat in 22 nm nanowires [9.196,
199]. Kazan et al. resolved the discrepancies by consid-
ering also optical phonon decay and an angle-dependent
specularity function for the boundary scattering, and
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they were able to model both the diameter and surface
roughness effects [9.200].

Thermal conductance measurements on GaAs na-
nowires below 6K show a power law dependence, but
the T dependence becomes somewhat less pronounced
below � 2:5K [9.192]. This deviation from the power
law temperature dependence led to a more detailed
study of the quantum limit for the thermal conductance.
To carry out more detailed experiments, a mesoscopic
phonon resonator and waveguide device were con-
structed that included four � 200 nm wide and 60 nm
thick silicon nitride nanowire-like nano-constrictions
(Fig. 9.32a), and this was used to establish the quan-
tized thermal conductance limit of g0 D  2k2BT=.3h/
(Fig. 9.32b) for ballistic phonon transport [9.201, 202].
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Fig. 9.32 (a) Suspended mesoscopic phonon device used to measure ballistic phonon transport. The device consists of a
4�4�m2 phonon cavity (center) connected to four Si3N4 beams, 60 nm thick and less than 200 nm wide at the narrowest
point. The two bright C-shaped objects on the phonon cavity are thin-film heating and sensing Cr/Au resistors, whereas
the dark regions are empty space. (b) Log–log plot of the temperature dependence of the thermal conductance G0 of the
structure in (a) normalized to 16g0 (see text) (after [9.201])

For temperatures above 0:8K, the thermal conductance
in Fig. 9.32b follows a T3 law, but as T is further
reduced, a transition to a linear T dependence is ob-
served, consistent with a phonon mean free path of
� 1�m, and a thermal conductance value approach-
ing 16g0, corresponding to four massless phononmodes
per channel and four channels in their phonon wave-
guide structure (Fig. 9.32a). Ballistic phonon transport
occurs when the thermal phonon wavelength (380 nm
for the experimental structure) is somewhat greater than
the width of the phonon waveguide at the waveguide
constriction.

Thermoelectric Properties
Nanowires are predicted to hold great promise for ther-
moelectric applications [9.172, 203], due to their unique
band structure compared to their bulk counterparts and
the expected reduction in thermal conductivity associ-
ated with enhanced boundary scattering (see Sect. 9.2.3,
Thermal Conductivity of Nanowires above). Due to
the sharp density of states function at the 1-D sub-
band edges (where the van Hove singularities occur),
nanowires are expected to exhibit enhanced Seebeck
coefficients compared to their bulk counterparts. Since
the Seebeck coefficient measurement is intrinsically
independent of the number of nanowires contributing
to the signal, the measurements on nanowire arrays
of uniform wire diameter are, in principle, as accu-
rate as single-wire measurements. Individual nanowire
measurements, on the other hand, allow for the si-
multaneous determination of the Seebeck coefficient
S, the thermal conductivity �, and the electrical con-
ductivity � (and thus, the power factor S2� and the
figure-of-merit ZT D S2�T��1), as well as electrostatic
gating of semiconductor nanowires for detailed stud-



Part
B
|9.2

276 Part B Nanomaterial and Nanostructures

ies of carrier concentration effects on thermoelectric
properties.

Many nanowire systems have demonstrated en-
hanced Seebeck coefficient values as the diameter of
the nanowire is reduced. Measured Seebeck coefficients
S.T/ may also display a temperature dependence dif-
ferent than the bulk, indicative of carrier localization,
enhanced scattering, or quantum confinement effects.
In the well-known Bi1�xSbx thermoelectric material
systems, S.T/ values are enhanced in arrays of nano-
wires with diameters of 40 and 65 nm (but not 200 nm),
and by alloying with isoelectronic Sb [9.179]. Ther-
mopower enhancement is attributed to the semimetal-
semiconductor transition induced by quantum confine-
ment and to Sb alloying effects in Bi1�xSbx nano-
wires [9.204]. Heremans et al. have observed a substan-
tial increase in the thermopower of Bi in tiny nanowires
in Bi(15 nm)/silica and Bi(9 nm)/alumina disordered
nanocomposites [9.63]. The enhancement is due to the
sharp density of states near the Fermi energy in a 1-D
system. Measurements on individual or a small num-
ber of Si nanowires also showed dramatic enhancement
of the Seebeck coefficient near and below room tem-
perature, showing that non-traditional thermoelectric
materials can become technologically relevant in nano-
wire form [9.187, 188]. This is particularly important in
light of the poor mechanical properties, low abundance,
and toxicity of some of the materials traditionally used
for thermoelectrics. Since the Seebeck coefficient is
a function of the carrier density, modulation of S.T;VG/
is observed in individual electrostatically-gated nano-
wires (Sb2Te3 [9.205]; PbSe [9.206]; InAs [9.207,
208]), offering an additional strategy for tuning the
thermoelectric properties. At cryogenic temperatures,
the S.VG/ function shows distinct peaks. The inter-
pretation of these peaks is still under debate; the fea-
tures may originate from the quantization in the band
structure (subband formation) or from nanowire non-
uniformities.

For applications in cooling and power generation,
enhancing only the thermopower is not sufficient. In
fact, in all the nanowire examples quoted above, the en-
hanced thermopower is accompanied by a significant
reduction of the electrical conductivity, detrimental to
the power factor S2� . Theoretical work demonstrates
that quantum confinement in nanowires effectively re-
duces that density-of-states for electrons and holes in
two-band semiconductors. As a result, as the nanowire
diameter decreases, a decrease in the power factor is
expected (Fig. 9.33) [9.209, 210]. This trend is reversed
in small-diameter nanowires where electrons in the sin-
gle lowest subband dominate transport (d < 37 nm for
InSb, see Fig. 9.33). At this strongly confined regime,
the power factor goes as d�2; however, electron scat-
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Fig. 9.33 Calculated thermoelectric power factor for n-
type InSb nanowires (solid line). The power factor sur-
passes the bulk value (dashed line) only for very narrow
nanowires, where electrons in one subband dominate trans-
port. The dash-dotted line illustrates the size dependence
of the power factor in a model considering just one sub-
band (adapted from [9.209])

tering and localization effects put a cap on the benefits
of size reduction. The notable breakthroughs in low-
dimensional systems for thermoelectric applications are
related to the high figure-of-merit values that were
achieved by drastically reducing the thermal conduc-
tivity while maintaining the power factor only slightly
below bulk values. In smooth- and rough-edge silicon
nanowires, reduction of the thermal conductivity by two
orders of magnitude led to ZT values of up to 0.6 at
300K (compare to 0.01 for bulk silicon) [9.187, 188].
Further improvements will likely involve materials with
more complex band structures [9.204, 211] and more
complex geometries [9.212].

In 3-D systems, the electronic contribution to � is
proportional to � in accordance with the Wiedemann–
Franz law, and normally materials with high S have
a low � . Hence an increase in the electrical conduc-
tivity (for example by electron donor doping) results
in an adverse variation in both the Seebeck coefficient
(decreasing) and the thermal conductivity (increasing).
These two trade-offs set the upper limit for increasing
ZT in bulk materials, with the maximum ZT remain-
ing � 1 at room temperature for the 1960–1995 time
frame.

The high electronic density of states in quantum-
confined structures is proposed as a promising possibil-
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ity to bypass the Seebeck/electrical conductivity trade-
off and to control each thermoelectric-related variable
independently, thereby allowing for increased electri-
cal conductivity, relatively low thermal conductivity,
and a large Seebeck coefficient simultaneously [9.213].
The quantum size effect in nanowires can be combined
with other parameters to tailor the band structure and
electronic transport behavior (for instance, Sb alloying
in Bi) to further optimize ZT . For example, Fig. 9.34
shows the predicted ZT for p-type Bi1�xSbx alloy na-
nowires as a function of wire diameter and Sb content
x [9.204]. The occurrence of a local ZT maximum in the
vicinity of x � 0:13 and dW � 45 nm is due to the coa-
lescence of the energies of ten valence bandextrema in
the nanowire and the resulting unusually high density of
states for holes, which is a phenomenon absent in bulk
Bi1�xSbx alloys. For nanowires with very small diame-
ters, it is speculated that localization effects will eventu-
ally limit the enhancement of ZT . However, in bismuth
nanowires, localization effects are not significant for
wires with diameters larger than 9 nm [9.63]. In addi-
tion to 1-D nanowires, ZT values as high as � 2 have
also been experimentally demonstrated in macroscopic
samples containing PbSe quantum dots (0-D) [9.214]
and stacked two-dimensional (2-D) films [9.195].

Quantum Wire Superlattices
The studies on superlattice nanowires, which possess
a periodic modulation in their material composition
along the wire axis, have attracted much attention re-
cently because of their promise in various applications,
such as thermoelectrics [9.107, 215], nanobarcodes
(Sect. 9.3.2) [9.216], nanolasers (Sect. 9.3.2) [9.111],
one-dimensional waveguides, and resonant tunneling
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Fig. 9.34 Contour plot of optimal ZT values calculated for
p-type Bi1�xSbx nanowires versus wire diameter and anti-
mony concentration calculated at 77K (after [9.204])

diodes [9.113, 217]. Figure 9.35a shows a schematic
structure of a superlattice nanowire consisting of in-
terlaced quantum dots of two different materials, as
denoted by A and B. Various techniques have been
developed to synthesize superlattice nanowire struc-
tures with different interface conditions, as mentioned
in Sects. 9.1.1 and 9.1.2.

In this superlattice nanowire structure, the elec-
tronic transport along the wire axis is made possible
by the tunneling between adjacent quantum dots, while
the uniqueness of each quantum dot and its 0-D charac-
teristic behavior is maintained by the energy difference
of the conduction or valence bands between quantum
dots of different materials (Fig. 9.35b), which provides
some amount of quantum confinement.Björk et al. have
observed interesting nonlinear I–V characteristics with
a negative differential resistance in one-dimensional
heterogeneous structures made of InAs and InP, where
InP serves as the potential barrier [9.113, 217]. The
nonlinear I–V behavior is associated with the double
barrier resonant tunneling process in one-dimensional
structures, demonstrating that transport phenomena oc-
cur in superlattice nanowires via tunneling, and the
possibility of controlling the electronic band structure
of the superlattice nanowires by carefully selecting the
constituent materials. These structures are especially
attractive for thermoelectric applications, because the
interfaces between the nanodots can reduce the lattice
thermal conductivity by blocking the phonon conduc-
tion along the wire axis, while electrical conduction
may be sustained and even benefit from the unusual
electronic band structures due to the periodic potential
perturbation.

9.2.4 Optical Properties

Optical methods provide a convenient tool for measur-
ing the electronic structures of nanowires, since optical
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Fig. 9.35 (a) Schematic diagram of superlattice (seg-
mented) nanowires consisting of interlaced nanodots A and
B of the indicated length and wire diameter. (b) Schematic
potential profile of the subbands in the superlattice nano-
wire (after [9.215])
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measurements require minimal sample preparation (for
example, contacts are not required) and are sensitive to
quantum effects. A variety of optical techniques have
shown that the properties of nanowires are different
from those of their bulk counterparts. For example, op-
tical spectra of 1-D systems often show intense features
at specific energies near singularities in the joint density
of states that are formed under strong quantum confine-
ment conditions.

Although optical methods are an extremely impor-
tant tool for characterizing nanowires, the interpretation
of these measurements for nanowires is not always
straightforward. The wavelength of light used to probe
the sample is usually smaller than the wire length,
but larger than the wire diameter. Hence, the probe
light used in an optical measurement cannot be focused
solely onto the wire, and the wire and the substrate on
which the wire rests (or host material, if the wires are
embedded in a template) are probed simultaneously.

In this section we discuss the determination of the
dielectric function for nanowires from optical measure-
ments. We then discuss various optical techniques with
appropriate examples that sensitively differentiate na-
nowire properties from those also found in the parent
bulk material. Finally, phonon confinement effects are
reviewed.

The Dielectric Function
The observable optical properties of materials can be re-
lated to their complex dielectric function [9.218, 219].
Since nanowire diameters are typically smaller than
the wavelength of light, photons at visible or infrared
wavelengths see a dielectric function for the composite
nanowire array/substrate system that is different from
that of the nanowire itself. Effective medium theo-
ries [9.220, 221] can be applied to model the nanowire
and substrate as one continuous composite with a sin-
gle complex dielectric function (�1 C i�2), where the
real and imaginary parts of the dielectric function �1
and �2 are related to the index of refraction (n) and
the absorption coefficient (K) by the relation �1 C i�2 D
.nC iK/2. One commonly observed consequence of ef-
fective medium theory is the lower (higher) energy
of the plasma frequency (when �1.!/ becomes zero),
when the magnitude of the dielectric function of the
host materials is larger (smaller) than that of the nano-
wire [9.222].

The dielectric function of the nanowires and the
substrate can be separated out by using effective
medium theory in reverse. Since the dielectric function
of the host material is often known, and the dielectric
function of the composite material can be measured
(using reflection and transmission measurements in
combination with either the Kramer–Kronig relations

or Maxwell’s equations), the complex dielectric func-
tion of the nanowires can be deduced. As an example,
this technique was used to determine the frequency
dependence of the real and imaginary parts of the di-
electric function �1.!/ and �2.!/ for an array of parallel
bismuth nanowires filling the pores of an alumina tem-
plate [9.223].

If both the dielectric permittivity and the mag-
netic permeability are negative, the material will display
a negative index of refraction. A material with a nega-
tive index of refraction has interesting physics and can
be used to make a lens that is not limited by the diffrac-
tion limit [9.224]. Such materials are artificially de-
signed composites with components of subwavelength
dimensions, often metallic and magnetic (nano)wires.
Negative refraction is also observed in hyperbolic meta-
materials, where the permeability is positive and the
permittivity tensor has both positive and negative com-
ponents. Parallel metallic nanowires in a dielectric ma-
trix satisfy this condition [9.225]. Negative refraction
at visible light was first realized using a silver nanowire
array in porous anodic alumina [9.226].

Characteristic Optical Properties of Nanowires
Reflection and transmission measurements are of-
ten used for nanowire characterization. Infrared spec-
troscopy, for example, can be used to determine the
plasma frequency, free carrier density, and donor im-
purity concentration as a function of temperature. This
is especially useful for nanowire research, since Hall
effect measurements cannot be made on nanowires.
For example, the bandgap of gallium nitride and its
temperature dependence were determined by infrared
spectroscopy in nanowires in the 10�50 nm range in
comparison to bulk values [9.227].

Another common method used to study nanowires
is photoluminescence spectrum (PL) or fluorescence
spectroscopy. PL has been used to study many prop-
erties of nanowires, such as the optical gap behavior,
oxygen vacancies in ZnO nanowires [9.66], strain in
Si nanowires [9.229], and quantum confinement ef-
fects in InP and Si nanowires [9.228, 230]. Figure 9.36
shows the photoluminescence spectrum of InP nano-
wires as a function of wire diameter, thereby providing
direct information on the effective bandgap. As the
wire diameter of an InP nanowire is decreased so that
it becomes smaller than the bulk exciton diameter of
19 nm, quantum confinement effects set in, and the
bandgap is increased. This results in an increase in
the PL peak energy. The smaller the effective mass,
the larger the quantum confinement effects. When the
shift in the peak energy as a function of nanowire
diameter (Fig. 9.36) is analyzed using an effective
mass model, the reduced effective mass of the ex-



Nanowires 9.2 Characterization and Physical Properties of Nanowires 279
Part

B
|9.2

Intensity (arb. units)

1.3 1.5 1.7 1.4 1.5 1.6

10 30 50

1.6

1.5

1.4

1.55

1.5

1.45

Energy (eV)Energy (eV)

Diameter (nm)
10 30 50

Diameter (nm)

P.L. max (eV)

10 nm

15 nm

20 nm

50 nm

10 nm

15 nm

20 nm

50 nm

RT 7 K

a) b)

c) d)

RT 7 K

Fig. 9.36 Photoluminescence of InP
nanowires of varying diameters at
7K (b,d) and room temperature (a,c)
showing quantum confinement effects
of the exciton for wire diameters of
less than 20 nm (after [9.228])

citon is deduced to be 0:052m0, which agrees quite
well with the literature value of 0:065m0 for bulk InP.
Although the line widths of the PL peak for the small-
diameter nanowires (10 nm) are smaller at low temper-
ature (7K), strong quantum confinement and bandgap
tunability effects persist at room temperature and thus
are significant for photonics applications of nanowires
(Sect. 9.3.2).

The resolution of photoluminescence (PL) optical
imaging of a nanowire is, in general, limited by the
wavelength of light. However, when a sample is placed
very close to the detector, the light is not given a chance
to diffract, and so samples much smaller than the wave-
length of light can be resolved. This technique is known
as near-field scanning optical microscopy (NSOM) and
has been used to successfully image nanowires [9.231].
For example, Fig. 9.37 shows the topographical (a) and
(b) NSOM PL images of a single ZnO nanowire.

Magneto-optics can be used to measure the elec-
tronic band structure of nanowires. For example,
magneto-optics in conjunction with photoconductance
has been proposed as a tool to determine band param-

eters of nanowires, such as the Fermi energy, electron
effective mass, and the number of subbands to be
considered [9.232]. Since different nanowire subbands
have different electrical transmission properties, the
electrical conductivity changes when light is used to
excite electrons to higher subbands, thereby providing
a method for studying the electronic structure of na-
nowires optically. Magneto-optics can also be used to
study the magnetic properties of nanowires in relation
to bulk properties [9.36, 233]. For example, the surface
magneto-optical Kerr effect has been used to measure
the dependence of the magnetic ordering temperature
of Fe-Co alloy nanowires on the relative concentra-
tion of Fe and Co [9.233], and it was used to find
that, unlike in the case of bulk Fe-Co alloys, cobalt
in nanowires inhibits magnetic ordering. Nickel nano-
wires were found to have a strong increase in their
magneto-optical activity with respect to bulk nickel.
This increase is attributed to the plasmon resonance in
the wires [9.234].

Nonlinear optical properties of nanowires have re-
ceived particular attention since the nonlinear behavior
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a) b)
Fig. 9.37 (a) Topographical and
(b) photoluminescence (PL) near-field
scanning optical microscopy (NSOM)
images of a single ZnO nanowire
waveguide (after [9.231])

is often enhanced compared to bulk materials and
the nonlinear effects can be utilized for a number of
applications. One such study measured the second har-
monic generation (SHG) and third harmonic generation
(THG) in a single nanowire using near-field optical mi-
croscopy [9.235]. ZnO nanowires were shown to have
strong SHG and THG effects that are highly polar-
ization sensitive, and this polarization sensitivity can
be explained on the basis of optical and geometrical
considerations. Some components of the second har-
monic polarization tensor are found to be enhanced
in nanowires while others are suppressed as the wire
diameter is decreased, and such effects could be of in-
terest for device applications. It was also shown that
the second-order nonlinearities are mostly wavelength-
independent for � < 400 nm, which is in the transparent
regime for ZnO, below the onset of bandgap absorption,
and this observation is also of interest for device appli-
cations.

Reflectivity and transmission measurements have
also been used to study the effects of quantum con-
finement and surface effects on the low-energy indirect
transition in bismuth nanowires [9.236]. Black et al.
investigated an intense and sharp absorption peak in
bismuth nanowires, which is not observed in bulk bis-
muth. The energy position Ep of this strong absorption
peak increases with decreasing diameter. However, the
rate of increase in energy with decreasing diameter
j@Ep=@dWj is an order of magnitude less than that pre-
dicted for either a direct interband transition or for
intersubband transitions in bismuth nanowires. On the
other hand, the magnitude of j@Ep=@dWj agrees well
with that predicted for an indirect L-point valence to T-
point valence band transition (Fig. 9.38). Since both the
initial and final states for the indirect L–T point valence
band transition downshift in energy as the wire diam-
eter dW is decreased, the shift in the absorption peak
results from a difference between the effective masses
and not from the actual value of either of the masses.
Hence the diameter dependence of the absorption peak
energy is an order of magnitude less for a valence-

to-valence band indirect transition than for a direct
interband L-point transition. Furthermore, the band-
tracking effect for the indirect transition gives rise to
a large value for the joint density of states, thus account-
ing for the high intensity of this feature. Figure 9.38
shows the experimentally observed transmission spec-
trum in bismuth nanowires of � 45 nm diameter (a),
and the simulated optical transmission from an indirect
transition in bismuth nanowires of � 45 nm diameter
is also shown for comparison in (b). The indirect L–
T point valence band transition mechanism [9.237] is
also consistent with observations of the effect on the
optical spectra of a decrease in the nanowire diame-
ter and of n-type doping of bismuth nanowires with
Te.

Phonon Confinement Effects
Phonons in nanowires are spatially confined by the
nanowire cross-sectional area, crystalline boundaries,
and surface disorder. These finite size effects give rise
to phonon confinement, causing an uncertainty in the
phonon wavevector, which typically gives rise to a fre-
quency shift and lineshape broadening. Since zone
center phonons tend to correspond to maxima in the
phonon dispersion curves, the inclusion of contribu-
tions from a broader range of phonon wave vectors
results in both a downshift in frequency and an asym-
metric broadening of the Raman line, which develops
a low-frequency tail. These phonon confinement ef-
fects have been theoretically predicted [9.238, 239] and
experimentally observed in GaN [9.240], as shown in
Fig. 9.39 for GaN nanowires with diameters in the
range 10�50 nm. The application of these theoreti-
cal models indicates that broadening effects should be
noticeable as the wire diameter in GaN nanowires de-
creases to � 20 nm. When the wire diameter decreases
further to � 10 nm, the frequency downshift and asym-
metric Raman line broadening effects should become
observable in the Raman spectra for the GaN nano-
wires but are not found in the corresponding spectra for
bulk GaN.
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Fig. 9.38 (a) The measured optical transmission spectra as a function of wavenumber (1=�) of a � 45 nm diameter
bismuth nanowire array. (b) The simulated optical transmission spectrum resulting from an indirect transition of an L-
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conservation of energy in a Stokes process (after [9.237])

The experimental spectra in Fig. 9.39 show the
four A1 CE1 C 2E2 modes expected from symmetry
considerations for bulk GaN crystals. Two types of
quantum confinement effects are observed. The first
type is the observation of the downshift and the asym-
metric broadening effects discussed above. Observa-
tions of such downshifts and asymmetric broadening
have also been reported in 7 nm-diameter Si nano-
wires [9.241]. A second type of confinement effect
found in Fig. 9.39 for GaN nanowires is the appear-
ance of additional Raman features not found in the
corresponding bulk spectra and associated with com-
bination modes, and a zone boundary mode. Resonant
enhancement effects were also observed for the A1(LO)
phonon at 728 cm�1 at higher laser excitation ener-
gies [9.240].

Fig. 9.39 Room-temperature Raman scattering spectra of
GaN nanowires and of a 5�m-thick GaN epilayer film
with green (514:5 nm) laser excitation. The Raman scatter-
ing response was obtained by dividing the measured spec-
tra by the Bose–Einstein thermal factor (after [9.240]) I
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9.3 Applications

In the preceding sections we have reviewed many of
the central characteristics that make nanowires in some
cases similar to and in some cases very different from
their parent materials. We have also shown that some
properties are diameter dependent, and these properties
are therefore tunable during synthesis. Thus, nanowires
offer a new toolbox of materials for engineers to de-
sign systems that could benefit in unprecedented ways
from both the unique and tunable properties of na-
nowires and the small sizes of these nanostructures.
As the synthetic methods for the production of nano-
wires continue to mature (Sect. 9.1) and nanowires are
made in reproducible and cost-effective ways, the num-
ber of applications utilizing nanowires will continue
to expand. This is a timely development, as the semi-
conductor industry will soon be reaching what seems
to be its limit in feature size reduction, and approach-
ing a classical-to-quantum size transition. At the same
time, the field of biotechnology is expanding through
the availability of tremendous genome information and
innovative screening assays. Since nanowires are simi-
lar in size to the shrinking electronic components and
to cellular biomolecules, it is only natural for nano-
wires to be good candidates for applications in these
fields. Commercialization of nanowire devices, how-
ever, will require reliable mass production, effective
assembly techniques, and quality control methods.

In this section, applications of nanowires to electron-
ics (Sect. 9.3.1), optics (Sect. 9.3.2), energy (Sect. 9.3.3),
chemical and biochemical sensing (Sect. 9.3.4), and
magnetic media (Sect. 9.3.5) are discussed.

9.3.1 Electrical Applications

Nanowires are uniquely suited for some electrical ap-
plications. They are nano-sized in two dimensions and
have one dimension that is not confined, providing
a path for electrical conduction without the need for
tunneling or carrier hopping. The microelectronics in-
dustry continues to face technological and economic
challenges as the device feature size is decreased,
especially below 20 nm. The self-assembly of nano-
wires might present a way to construct unconventional
devices that do not rely on improvements in pho-
tolithography and, therefore, do not necessarily imply
increasing fabrication costs. In addition, unlike tradi-
tional silicon processing, different semiconductors can
be used simultaneously in nanowire devices to produce
diverse functionalities. Not only can wires of differ-
ent materials be combined, but a single wire can be
made of different materials. For example, junctions of
GaAs and GaP nanowire segments show rectifying be-

havior [9.111], thus demonstrating that good electronic
interfaces between two different semiconductors can be
achieved in the synthesis of multicomponent nanowires.

Electronic devices made from nanowires could also
hold advantages due to their unique morphology. For
example, in bulk field-effect transistors (FETs), the de-
pletion layer formed below the source and drain region
results in a source-drain capacitance that limits the
operation speed. However, in nanowires, the source-
drain contact can be wrapped around the semiconductor
wire and thus the depletion layer can be limited to
the nanowire volume inside the contact. Thus, depend-
ing on the device design, the source-drain capacitance
in nanowires could be greatly minimized and possibly
eliminated.

Device functionalities common in conventional
semiconductor technologies, such as p-n junction
diodes [9.167], field-effect transistors [9.169], logic
gates [9.167], and light-emitting diodes [9.111, 242],
have been demonstrated in nanowires, showing their
promise as building blocks that could be used to
construct complex integrated circuits by employing
the bottom-up paradigm. In fact, as of June 2017
there are over 8000 US patent and patent applications
containing the words nanowire and transistor. Several
approaches have been investigated to form nanowire
diodes (Sect. 9.2.2). For example, Schottky diodes
can be formed by contacting a GaN nanowire with Al
electrodes [9.168]. Furthermore, p-n junction diodes
can be formed at the crossing of two nanowires, such as
the crossing of n- and p-type InP nanowires doped by
Te and Zn respectively [9.242], or Si nanowires doped
by phosphorus (n-type) and boron (p-type) [9.243]. In
addition to the crossing of two distinctive nanowires,
heterogeneous junctions have also been constructed
inside a single wire, either along the wire axis in the
form of a nanowire superlattice [9.111], or perpendicu-
lar to the wire axis by forming a core-shell structure of
silicon and germanium [9.151]. These various nanowire
junctions not only possess current rectifying properties
(Fig. 9.24) expected of bulk semiconductor devices,
but they also exhibit electroluminescence (EL) that
may be useful for optoelectronic applications, as shown
in Fig. 9.40 for the electroluminescence of a crossed
junction of n- and p-type InP nanowires [9.242] (see
also Sect. 9.3.2).

The conductance of a semiconductor nanowire can
be significantly modified by applying voltage at a third
gate terminal, implying the utilization of nanowires
in field-effect transistors (FETs). This gate terminal
can either be the substrate [9.39, 244–247], a separate
metal contact located close to the nanowire [9.248],
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or another nanowire with a thick oxide coating in the
crossed nanowire junction configuration [9.167]. Vari-
ous logic devices performing basic logic functions have
been demonstrated using nanowire junctions [9.167], as
shown in Fig. 9.41 for the OR and AND logic gates con-
structed from two-by-one and one-by-three nanowire p-
n junctions respectively. By functionalizing nanowires
with redox-active molecules to store charge, nanowire
FETs were demonstrated with two-level [9.169] and
with eight-level [9.249] memory effects, which may
be used for non-volatile memory or as switches. In
another advance, In2O3 nanowire FETs with high-k di-
electric materials were demonstrated, and substantially
enhanced performance was obtained due to the highly
efficient coupling of the gate [9.250]. A vertical FET
with a surrounding gate geometry has also been demon-
strated, which has the potential for high-density nano-
scale memory and logic devices [9.251]. In addition,
nanowire transistors were made without conventional
doping [9.252, 253]. In these devices the gate surrounds
the nanowire and fully or partially depletes the nano-
wire, thus controlling the carrier transport between the
source and drain. These nanowire transistors were used
in field-programmable logic arrays (FPGA), using an
order of magnitude less area and operating power com-
pared to conventional CMOS designs [9.252].

One challenge in making wrap-around transistors is
finding a low-cost way to make the gate contact. For the
application of tactile imaging, Wu et al. demonstrated
the use of piezotronic ZnO nanowires that do not re-
quire a wrap-around gate [9.254]. The pressure applied
to a ZnO nanowire in an array leads to a change in
the polarization of immobile ions in the crystal that are
present at the interface of the metal contact and the na-
nowire. This allows pressure to be sensed electrically
without needing a gate terminal in each device.

Nanowires have also been proposed for applica-
tions associated with electron field emission [9.255,
256], such as flat panel displays, because of their small
diameter and large curvature at the nanowire tip, which
may reduce the threshold voltage for electron emis-
sion [9.257]. In this regard, the demonstration of very
high field emission currents from the sharp tip (�
10 nm radius) of a Si cone [9.255], from carbon na-
notubes [9.258], from Si nanowires inside a carbon
nanotube [9.259], and from Co nanowires [9.260], has
stimulated interest in this potential area of application
for nanowires.

Although the application of nanowires to thermo-
electrics appears very promising, these materials are
still in the research phase of the development cycle and
are far from being commercialized. One challenge for
thermoelectric devices based on nanowires lies in find-
ing a suitable host material that will not reduce ZT too
much due to the unwanted heat conduction through the
host material. Therefore, the host material should have
a low thermal conductivity and occupy a volume frac-
tion in the composite material that is as low as possible,
while still providing the quantum confinement and the
support for the nanowires. In addition, the technology
to scale up the sequential bonding of individual nano-
wires by dopant type (p-type to n-type to p-type, and so
on) still needs to be developed.

Meshes of nanowires in the percolation limit have
a combination of mechanical, electrical, and optical
properties that make them useful for displays and tac-
tile devices. Silver nanowire meshes, in particular, are
being tested as transparent conduction films since their
properties were shown to be similar to those of state-of-
the-art indium tin oxide (ITO) [9.261]. These films are
prepared from Ag nanowire suspensions, allowing for
inkjet printing and low-temperature processing.
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Fig. 9.41 Nanowire logic gates:
(a) Schematic of logic OR gate
constructed from a two (p-Si) by one
(n-GaN) crossed nanowire junction.
The inset shows the SEM image (scale
bar: 1�m) of an assembled OR gate
and the symbolic electronic circuit.
(b) The output voltage of the circuit
in (a) versus the four possible logic
address level inputs: (0,0); (0,1);
(1,0); (1,1), where logic 0 input is 0V
and logic 1 is 5V (same for below).
(c) Schematic of logic AND gate
constructed from a one (p-Si) by three
(n-GaN) crossed nanowire junction.
The inset shows the SEM image (scale
bar: 1�m) of an assembled AND gate
and the symbolic electronic circuit.
(d) The output voltage of the circuit
in (c) versus the four possible logic
address level inputs (after [9.167])

9.3.2 Optical Applications

Nanowires also hold promise for optical applications.
One-dimensional systems exhibit a singularity in their
joint density of states, allowing quantum effects in na-
nowires to be optically observable, sometimes even at
room temperature. Since the density of states of a na-
nowire in the quantum limit (small wire diameter) is
highly localized in energy, the available states quickly
fill up with electrons as the intensity of the incident
light is increased. This filling up of the subbands, as
well as other effects that are unique to low-dimensional
materials, lead to strong optical nonlinearities in quan-
tum wires. Quantum wires may thus yield optical
switches with a lower switching energy and increased
switching speed compared to currently available opti-
cal switches.

Light-emitting diodes (LEDs) have been achieved
in junctions between a p-type and an n-type nanowire
(Fig. 9.40) [9.242] and in superlattice nanowires with
p-type and n-type segments [9.111]. The light emission
was localized to the junction area, and was polarized in
the superlattice nanowire. An electrically driven laser
was fabricated from CdS nanowires. The devices were
fabricated by patterning a metal contact onto an n-type
CdS nanowire, which resided on a pC silicon wafer.
The cleaved ends of the wire formed the laser cavity,
so that in forward bias, the light characteristic of lasing
was observed at the end of the wire [9.262]. LEDs have
also been achieved with core-shell structured nanowires
made of n-GaN/InGaN/p-GaN [9.263].

Light emission from quantum wire p-n junctions
is especially interesting for laser applications, because
quantum wires can form lasers with lower excitation
thresholds than their bulk counterparts and they also
exhibit decreased sensitivity of performance to tem-
perature [9.264]. Furthermore, the emission wavelength
can be tuned for a given material composition by simply
altering the geometry of the wire.

Lasing action has been reported in ZnO nanowires
with wire diameters that are much smaller than the
wavelength of the light emitted (� D 385 nm) [9.110]
(Fig. 9.42). Since the edges and lateral surfaces of ZnO
nanowires are faceted (Sect. 9.2.1), they form optical
cavities that sustain desired cavity modes. Compared
to conventional semiconductor lasers, the exciton laser
action employed in zinc oxide nanowire lasers exhibits
a lower lasing threshold (� 40 kW=cm2) than their 3-D
counterparts (� 300 kW=cm2). In order to utilize exci-
ton confinement effects in the lasing action, the exciton
binding energy (� 60meV in ZnO) must be greater
than the thermal energy (� 26meV at 300K). Decreas-
ing the wire diameter increases the excitation binding
energy and lowers the threshold for lasing. PL NSOM
imaging confirmed the waveguiding properties of the
anisotropic and the well-faceted structure of ZnO na-
nowires, limiting the emission to the tips of the ZnO
nanowires [9.231]. Time-resolved studies have illumi-
nated the dynamics of the emission process [9.265].

Lasing nanowires were also obtained with other
materials systems, such as ZnS nanowires in anodic
aluminum oxide templates [9.266], GaN nanowires
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[9.267], and a low-lasing-threshold, self-organized
GaN(core)/AlGaN(shell) structure [9.268].

Nanowires have also been demonstrated to have
good waveguiding properties. Quantitative studies of
cadmium sulfide (CdS) nanowire structures show that
light propagation takes place with only moderate losses
through sharp and even acute angle bends. In addition,
active devices made with nanowires have shown that
efficient injection into and modulation of light through
nanowire waveguides can be achieved [9.269]. By link-
ing ZnO nanowire light sources to SnO2 waveguides,
the possibility of optical integrated circuitry is intro-
duced [9.270].

Nanowire photodetectors were also proposed. ZnO
nanowires were found to display a strong photocurrent
response to ultraviolet (UV) light irradiation [9.271].
The conductivity of the nanowire increased by four
orders of magnitude compared to the dark state. The

response of the nanowire was reversible, and selective
to photon energies above the bandgap, suggesting that
ZnO nanowires could be good candidates for optoelec-
tronic switches.

Nanowires have been also proposed for another type
of optical switching. Light with its electric field nor-
mal to the wire axis excites a transverse free carrier
resonance inside the wire, while light with its elec-
tric field parallel to the wire axis excites a longitudinal
free carrier resonance inside the wire. Since nanowires
are highly anisotropic, these two resonances occur at
two different wavelengths and thus result in absorp-
tion peaks at two different energies. Gold nanowires
dispersed in an aqueous solution align along the elec-
tric field when a DC voltage is applied. The energy of
the absorption peak can be toggled between the trans-
verse and longitudinal resonance energies by changing
the alignment of the nanowires under polarized light
illumination using an electric field [9.272, 273]. Thus,
electro-optical modulation is achieved.

Nanowires may also be used as barcode tags for op-
tical readout. Nanowires containing gold, silver, nickel,
palladium, and platinum were fabricated [9.216] by
electrochemical filling of porous anodic alumina, so
that each nanowire consisted of segments of various
metal constituents. Thus many types of nanowires can
be made from a handful of materials, and identified
by the order of the metal segments along their main
axis, and the length of each segment. Barcode read-
out is possible by reflectance optical microscopy. The
segment length is limited by the Rayleigh diffraction
limit, and not by synthesis limitations, and thus can be
as small as 145 nm. Figure 9.43a shows an optical im-
age of many Au-Ag-Au-Ag barcoded wires, where the
silver segments show higher reflectivity. Figure 9.43b
is a backscattering mode field electron SEM (FE-SEM)
image of a single nanowire, highlighting the composi-
tion and segment length variations along the nanowire.

Nanowires have found applications in solar cells
or photovoltaics. Both the large surface area and the
high conductivity along the length of nanowires are
favorable for their use in photovoltaics. An early ex-
ample involved n-type nanorods for inorganic-organic
solar cells [9.274], which offer promise from a man-
ufacturing and cost-effectiveness standpoint. In a hy-
brid nanocrystal-organic solar cell, the incident light
forms bound electron-hole pairs (excitons) in both
the inorganic nanocrystal and in the surrounding or-
ganic medium. These excitons diffuse to the inorganic-
organic interface and disassociate to form an electron
and a hole. Since conjugated polymers usually have
poor electron mobilities, the inorganic phase is cho-
sen to have a higher electron affinity than the organic
phase so that the organic phase carries the holes and the
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semiconductor carries the electrons. The separated elec-
trons and holes drift to the external electrodes through
the inorganic and organic materials respectively. How-
ever, only those excitons formed within an exciton
diffusion length from an interface can dissociate be-
fore recombining, and therefore the distance between
the dissociation sites limits the efficiency of a solar
cell. A solar cell prepared from a composite of CdSe
nanorods inside poly(3-ethylthiophene) [9.274] yielded
monochromatic power efficiencies of 6:9% and power
conversion efficiencies of 1:7% under air mass AM1.5
(AM) illumination. The nanorods provide a large sur-
face area with good chemical bonding to the polymer
for efficient charge transfer and exciton dissociation.
Furthermore, they provide a good conduction path for
the electrons to reach the electrode. Their enhanced ab-
sorption coefficient and their tunable bandgap are also
characteristics that can be used to enhance the energy
conversion efficiency of solar cells.

Inorganic solar cells have the highest efficiencies to
date, and nanowire photovoltaics can be an avenue for
reduced cost and improved efficiency, by reducing ma-
terial usage, increasing light absorption, and reducing
recombination. Sol Voltaics AB is working to commer-
cialize nanowire solar cells using a low-cost process
based on VLS-grown vertical nanowire arrays with
built-in axial p-n junctions [9.275, 276]. Devices of InP
nanowires and GaAs nanowires achieved 13:8% and
15:3% efficiencies respectively. Silicon nanowires have
also been used to make high-efficiency solar cells. Ver-
tically aligned silicon nanowire arrays for solar cells
are often made by either MACE or RIE (Sect. 9.1.3).
Many studies on silicon nanowires put the p-n junction
radially inside the wires [9.277]. These nanowire solar
cells may be able to circumvent the Shockley–Queisser
limit [9.278]. In radially doped nanowires, the solar-cell
junction runs down the nanowire axis, and due to their
small diameter, photocarriers are always generated near

the junction. Thus in radially doped nanowires, hot car-
riers can be extracted out of the cell before they relax to
the band edge.

Solar cells with silicon nanowire arrays on bulk sil-
icon and the junction inside the bulk silicon are being
commercialized by Advanced Silicon Group [9.279].
This cell design combines some of the advantages of
nanowire cells with traditional silicon photovoltaics. In
particular, these nanowire cells (sometimes called black
silicon cells) have very low reflection and efficiently
trap light inside the solar cell, with both effects leading
to improved efficiency. Since the nanowires are smaller
than the wavelength of light, the incident light sees an
effective medium (Sect. 9.2.4) [9.280]. By tapering the
wires, the index of refraction can be graded leading to
a very low reflection of light. In black silicon cells, the
junction is placed below the nanowires. It is formed
by standard doping in the bulk single-crystal silicon
substrate. Such pristine junctions are critical for low
carrier recombination, low dark current, and thus high-
efficiency cells. Pristine junctions are more challenging
to create in the radial nanowire cell design.

9.3.3 Energy Applications

Energy Storage
Nanowires have been researched for energy applica-
tion. Electrochemical and photoelectrochemical sys-
tems benefit from the nanowire array high surface
area and one-dimensional conductivity. Individual na-
nowires can be used as in-situ electrochemical probes
to explore intrinsic electrochemical processes and be-
haviors at the nanoscale.

Silicon has the highest lithium-ion absorption ca-
pacity of any known anode material for lithium ion
batteries, but it expands and contracts by four times its
volume when charged and discharged. This extensive
expansion leads to pulverization of the electrode mate-
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rial and the capacity of the anode quickly degrades with
cycling. Nanowires allow for expansion and contraction
during lithiation and delithiation in the radial direc-
tion while maintaining the structural integrity of the
anode. In addition, compared to silicon nanoparticles,
nanowires allow for conduction down the nanowire
axis [9.281]. Mai et al. reported the characterization
of single nanowire anode capacity fading in Li ion–
based energy storage devices [9.282], while Oleshko
et al. incorporated all the battery components in a single
heterostructure nanowire for a detailed structural and
electrochemical performance study using in-situ multi-
mode analytical STEM imaging [9.283]. Several com-
panies are commercializing silicon nanowire anodes
including Nexeon, Advanced Silicon Group, Silexta,
and Amprius [9.284–286]. Complete nanowire nano-
battery arrays embedded in porous anodic alumina were
demonstrated; however, these employed vanadium ox-
ide chemistry [9.287].

Qui and coauthors used TiO2 passivated InP na-
nowire arrays to create a photocatalytic system that
reduces CO2 with water to produce methanol [9.288].
More recently, the importance of uniformity of the na-
nowires in photocatalytic reactions was demonstrated
with individual Si nanowire devices [9.289].

Nanowire-based capacitors can be readily produced
as arrays in templates, for example by ALD [9.290].
Synthesis of individual nanowire capacitors as coax-
ial heterostructures by CVD offers extensive mate-
rial flexibility. Following this approach, Ajayan et al.
demonstrated the fabrication of single-nanowire ca-
pacitors made of a Cu-Cu2O-C nanowire with ca-
pacitance values up to 140�F=cm2, well above the
values reported for metal-insulator-metal micro-/nano-
capacitors [9.291].

Piezoelectric Generators
Mechanical energy is abundant in the environment
and in industrial processes but such energy is usu-
ally wasted, be it in the form of mechanical vibration,
hydraulic pressure, or air flow, among others. One
way to harvest these forms of energy is through the
piezoelectric effect, which converts mechanical ener-
gies into electricity. This effect is well known at the
macroscale in bulk materials such as lead zirconate ti-
tanate (PZT) and lead magnesium niobate-lead titanate
(PMN–PT). The development of energy nanogenera-
tors, which convert mechanical energy into electricity
using one-dimensional piezoelectric materials, now en-
ables the harvesting of small-scale mechanical energy,
which can, in turn, be used to charge electrochem-
ical systems or to power low-consumption microde-
vices [9.292, 293]. Wang and Song reported the first
piezoelectric nanogenerators in 2006. In this seminal

work, an output voltage pulse of several millivolts
was obtained after bending a ZnO nanowire with an
AFM tip [9.294]. With the ultimate objective of im-
proving energy conversion efficiency and output power
for practical applications, much research in optimiz-
ing materials [9.295–297] and system design [9.298,
299] continues to be performed in the field of nanowire-
based technology [9.300, 301].

The major types of piezoelectric nanogenerator
structures include the vertically aligned nanowire net-
works, the laterally aligned nanowire arrays, and
the nanowire-based nanocomposites. The fundamental
working principle applicable to the various realizations
of vertically aligned nanowire arrays, hinges on the
electromechanical coupling of the semiconductor be-
havior and the piezoelectric property of the piezoelec-
tric nanowire. In this case, the application of external
stress induces the appearance of a piezoelectric poten-
tial along the nanowire, which affects the details of the
Schottky barrier at the interface between the nanowire
and metallic pads. This, in turn, accounts for the flow of
electrons between the metallic electrodes, through the
closed circuit, to ensure thermodynamic equilibrium.
In addition to the original ZnO-based device, AFM tip-
induced lateral bending was also demonstrated for na-
nowires with other chemical compositions such as GaN,
CdS, InN, and ZnS [9.302–306]. To avoid the use of an
AFM tip, simplify the fabrication process, and improve
the device stability, Xu and coworkers proposed a ver-
tical nanowire array integrated nanogenerator (VING),
which is created by packaging an array of vertically
aligned ZnO nanowires with polymethyl methacrylate
(PMMA) and by connecting the nanowire with top and
bottom flat electrodes [9.307]. ZnO VINGs are cur-
rently among the most popular nanogenerators. Moving
beyond ZnO (which has a relatively low piezoelectric
constant and therefore yields low-performance nano-
generators), researchers are also exploring more effi-
cient nanowire perovskite piezoelectric materials such
as Pb.Zr;Ti/O3 (PZT) [9.308]. This path is promising
but suffers from a number of difficulties that are absent
in ZnO-based VINGs, namely a more difficult synthe-
sis process and the limited flexibility of the substrate
typically used for materials growth.

The first lateral type of piezoelectric nanogenera-
tor (where deformation is always induced by laterally
bending the nanowires via the substrate or by apply-
ing a pressure in the radial nanowire direction) was
demonstrated by Wang et al. in 2007 [9.309]. This de-
vice is based on the voltage generation of an individual
BaTiO3 nanowire under periodic tensile mechanical
load. The nanofabrication process of the flexural stage
involves complex and expensive steps due to the need to
manipulate materials of extremely small sizes. In con-
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trast, laterally integrated nanogenerators (LINGs) using
a flexible polymer substrate are not only easier to fab-
ricate but also feature improved performance [9.310].
In addition to ZnO, LINGs were made using other na-
nowire materials, such as potassium sodium niobate,
which have the advantage of displaying a much higher
piezoelectric constant and a lower free charge carrier
density (which reduces stray screening responsible for
lower piezoelectric response), and of being biocompat-
ible [9.311]. The field of LINGs is still fairly recent
and much effort is being made to simplify the fabrica-
tion processes, including the development of a scalable
sweeping-printing method for fabricating flexible de-
vices with ZnO nanowire arrays [9.312], or a one-step
fabrication of ZnO nanowire networks [9.307]. Notably,
the development of electrospinning techniques has en-
abled the use of ultralong piezoelectric nanofibers and
large-scale LING fabrication [9.313, 314].

A novel type of piezoelectric nanogenerator based
on nanowire-polymer composites has been explored
to simplify the fabrication process compared to that
of VINGs and LINGs. In this case, the nanogenera-
tor assembly consists of four functional layers: top and
bottom electrodes, flexible substrate, and a nanowire-
composite layer. This multilayer structure is reminis-
cent of that of conventional piezoelectric ceramics.
While the composite may feature piezoelectric proper-
ties inferior to those of ceramics, the presence of the
polymer matrix significantly enhances the flexibility of
the device. Compared to VINGs and LINGs, where the
device fabrication is largely dictated by the assembly
process of the nanowire arrays, the nanowire-composite
design can be easily obtained by directly mixing as-
synthesized nanowires with the polymer matrix such as
polydimethylsiloxane (PDMS). Hu et al. realized large
output nanogenerators by rational unipolar assembly of
conical ZnO nanowires [9.315] and similar structures
were also reported for composites of NaNbO3 or GaN
nanowires mixed with PDMS [9.296, 316].

Althoughmuch effort has already been made in pro-
moting the practical application of piezoelectric nano-
generators, a number of critical issues remain to be fully
resolved. This includes issues related to the integration
of nanogenerators for high-output power sources, the
structural design for increasing the energy harvesting
efficiency in different practical conditions, and the need
for improved stability and reliability [9.300].

9.3.4 Chemical and Biochemical Sensing
Devices

Sensors for chemical and biochemical substances with
nanowires as the sensing probe are a very attractive
application area for nanowires based on a variety of ma-

terials and specific applications. Nanowire sensors will
potentially be smaller and more sensitive, demand less
power, and react faster than their macroscopic counter-
parts. Arrays of nanowire sensors could, in principle,
achieve nanometer-scale spatial resolution and there-
fore provide accurate real-time information regarding
not only the concentration of a specific analyte but also
its spatial distribution. Such arrays could be very use-
ful, for example, for dynamic studies on the effects of
chemical gradients on biological cells.

The operation of many sensors made with nano-
wires, nanotubes, or nano-contacts is based on the
reversible change in the conductance of the nanostruc-
ture upon absorption of the agent to be detected. The
increased sensitivity and faster response time of nano-
wires are a result of the large surface-to-volume ratio
and the small cross-section available for conduction
channels, thus increasing the interaction between stray
fields and the charge carriers. In the bulk, on the other
hand, the abundance of charges can effectively shield
external fields, and the volume of material can af-
ford many alternative conduction channels. Therefore,
a stronger chemical stimulus and longer response time
are necessary to observe changes in the physical prop-
erties of a 3-D sensor in comparison to a nanowire.

It is often necessary to modify the surface of the na-
nowires to achieve a strong interaction with the analytes
that need to be detected. Surface modifications utilize
the self-assembly, chemisorption, or chemical reactiv-
ity of selected organic molecules and polymers towards
metal and oxide surfaces. Examples include thiols on
gold, isocyanides on platinum, and siloxanes on silica.
These surface coatings regulate the binding and chem-
ical reactivity of other molecules towards the nanowire
in a predictable manner [9.317].

Cui et al. placed silicon nanowires made by the VLS
method (Sect. 9.1.2) between two metal electrodes and
modified the silicon oxide coating of the wire through
the addition of molecules that are sensitive to the ana-
lyte to be detected [9.318]. For example, a pH sensor
was made by covalently linking an amine-containing
silane to the surface of the nanowire. Variations in the
pH of the solution into which the nanowire was im-
mersed caused protonation and deprotonation of the
�NH2 and the �SiOH groups on the surface of the
nanowire. The variation in surface charge density reg-
ulates the conductance of the nanowire; due to the
p-type characteristics of a silicon wire, the conduc-
tance increases with the addition of negative surface
charge. The combined acid and base behavior of the
surface groups results in an approximately linear de-
pendence of the conductance on pH in the pH range
2�9, thus leading to a direct-readout pH meter. This
same type of approach was used for the detection of
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the binding of biomolecules, such as streptavidin using
biotin-modified nanowires (Fig. 9.44). This nanowire-
based device has high sensitivity and could detect
streptavidin binding down to a concentration of 10 pM
(10�12 mol). Subsequent results demonstrated the capa-
bilities of these functionalized Si nanowire sensors as
DNA sensors down to the femtomolar range [9.319].

A similar approach was used by Favier et al., who
made a nanosensor for the detection of hydrogen from
of an array of palladium nanowires between two metal
contacts [9.53]. They demonstrated that nanogaps were
present in their nanowire structure, and upon absorption
of H2 and formation of Pd hydride, the nanogap struc-
ture would close and improve the electrical contact,
thereby increasing the conductance of the nanowire ar-
ray. The response time of these sensors was 75ms, and
they could operate in the range 0:5�5% H2 before sat-
uration occurred.

A mechanical sensing paradigm typically employs
the nanowires as oscillating cantilevers and detects
shifts in their mechanical resonance frequency (related
to changes in cantilever mass) upon chemical bind-
ing events. As above, molecular binding specificity is
achieved through functionalization of the nanowire sur-
face. Using a 103�m-long ZnO nanowire, Wang et al.
measured a 26 pg weight with � 10% error and 1:2 pg
sensitivity [9.320]. These conditions allow for the de-
tection of small nanoparticles (e.g., in aerosols). Single-
macromolecule detection was demonstrated through
a multimode frequency analysis in a sophisticated dou-
bly clamped nanoelectromechanical resonator [9.321,
322].

Nanowires can act as waveguides to deliver opti-
cal signals in the near field and improve signal-to-noise
ratio and spatial resolution in spectroscopic measure-
ments [9.323]. Yang et al. utilized a tin oxide nanowire
to guide the optical signal from a laser passing through
the sample. Light scattered by the end of the nano-
wire was detected in the far field to obtain the PL or
Raman spectrum of the analyte. Tin oxide nanowires
were further used as a probe to poke through a cell’s
membrane and collect PL light from the cytoplasm,
demonstrating a nanoscale endoscope [9.324]. The de-
vice sensed the position of luminescent quantum dots
artificially positioned in the cell. Waveguiding in sil-
ver nanowires through excitation of surface plasmon
polaritons has also been employed to sense molecules
through surface-enhanced Raman scattering and other
plasmonic effects [9.325].

9.3.5 Magnetic Applications

It has been demonstrated that arrays of single-domain
magnetic nanowires can be prepared with controlled na-
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Fig. 9.44 (a) Streptavidin molecules bind to a silicon nanowire
functionalized with biotin. The binding of streptavidin to biotin
causes the nanowire to change its electrical resistance. (b) The elec-
trical conductance of a biotin-modified silicon nanowire exposed to
streptavidin in a buffer solution (regions 1 and 3) and with the in-
troduction of a solution of antibiotin monoclonal antibody (region
2) (after [9.318])

nowire diameter and length, aligned along a common
direction and arranged in a close-packed ordered array
(Sect. 9.1), and that the magnetic properties (coercivity,
remanence, and dipolar magnetic interwire interaction)
can be controlled to achieve a variety of magnetic ap-
plications [9.49, 88].

The most interesting of these applications is for
magnetic storage, where the large nanowire aspect ra-
tio (length/diameter) is advantageous for preventing
the onset of the superparamagnetic limit at which the
magnetization direction in the magnetic grains can be
reversed by the thermal energy kBT , thereby result-
ing in loss of recorded data in the magnetic record-
ing medium. The magnetic energy in a grain can be
increased by increasing either the volume or the an-
isotropy of the grain. If the volume is increased, the
particle size increases, so the resolution is decreased.
For spherical magnetized grains, the superparamagnetic
limit at room temperature is reached at 70Gbit=in2.
In nanowires, the anisotropy is very large and yet the
wire diameters are small, so that the magnetostatic
switching energy can easily be above the thermal en-
ergy while the spatial resolution is large. For magnetic
data storage applications, a large aspect ratio is needed
for the nanowires in order to maintain a high coerciv-
ity, and a sufficient separation between nanowires is
needed to suppress interwire magnetic dipolar coupling.
Thus nanowires can form stable and highly dense mag-
netic memory arrays with packing densities in excess of
1011 wires=cm2.

Developments in the controlled movement of do-
main walls in magnetic nanowires by short pulses
of spin-polarized current show the possibility of non-
volatile memory devices with performance and relia-
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bility comparable to conventional solid-state memory
but at the affordability of conventional magnetic stor-
age [9.326]. For instance, the racetrack memory design
is a device made up of an array of horizontally or verti-
cally oriented magnetic nanowires arranged on a silicon
chip where individual spintronic read/write processes
can operate on a train of tens of domain walls, thereby
storing a series of data bits in each nanowire.

Moving beyond information storage, magnetic logic
architectures, known as domain-wall logic, have the
advantage of not requiring the use of transistors and
therefore do not show significant heating associated
with data switching [9.327]. A domain wall is a mo-
bile interface between regions of magnetization aligned
in opposite directions. In particular, a submicrometer
planar nanowire made from a soft magnetic material
such as Permalloy has been demonstrated as an excel-
lent system featuring domain walls [9.328–330]. The
large shape anisotropy of a nanowire provides a pre-

ferred magnetization alignment along the axis of the
nanowires, leading to a robust binary information en-
coding. The role of the magnetic domain wall is to
provide a transition edge in a changing signal. A log-
ical 1 is defined as the magnetization pointing in the
direction of propagation of domain walls and a logical
0 as the magnetization in the opposite direction. It was
shown that cusp-shaped planar nanowires can be used
to reverse the direction of magnetization, thereby pro-
viding the basis for the logical NOT operation [9.331].
Other basic logic functions, especially those with two-
input functions, such as AND or OR, are also possible
and are necessary elementary operations for computa-
tional applications. More complex logic circuits also
require functions such as a fan-out structure, which
creates two identical copies of an input signal and
a cross-over structure, which makes it possible for
two signals to pass over each other without interfer-
ence [9.332].

9.4 Concluding Remarks
In this chapter, we reviewed the synthesis, character-
ization, and physical properties of nanowires, placing
particular emphasis on nanowire properties that differ
from those of their bulk counterparts and potential ap-
plications that might result from the special structures
and properties of nanowires.

We have shown that the field of nanowire re-
search continues to develop very rapidly year after
year, driven by the development of a variety of com-
plementary nanowire synthesis methods and effective
tools for measuring nanowire structures and properties
(Sects. 9.1 and 9.2). At present, much of the progress
is at the demonstration-of-concept level, with many
gaps in knowledge remaining to be elucidated, the-
oretical models to be developed, and new nanowire
systems to be explored. Having demonstrated that many
of the most interesting discoveries to date relate to
nanowire properties not present in their bulk material
counterparts, we can expect future research emphasis
to be increasingly focused on smaller-diameter na-

nowires, where new unexplored physical phenomena
related to quantum confinement effects are more likely
to be found. We can also expect the development of
applications to follow, some coming sooner and oth-
ers later. Many promising applications are now at the
early demonstration stage (Sect. 9.3), but are mov-
ing ahead rapidly because of their promise of new
functionality not previously available in the fields of
electronics, optoelectronics, biotechnology, magnetics,
and energy conversion and generation, among others.
Many exciting challenges remain in advancing both the
nanoscience and the nanotechnological promise already
demonstrated by the nanowire research described in this
review.
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