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Abstract The synthesis and the characterisation of silicon
nanowires (SiNWs) have recently attracted great attention
due to their potential applications in electronics and photonics.
As yet, there are no practical uses of nanowires, except for
research purposes, but certain properties and characteristics of
nanowires look very promising for the future.
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1 Introduction

Semiconductor nanowires have attracted great attention owing
to their submicron ultimate feature size, to the expected original
electrical and optical properties and the potential applications in
the field of nanoelectronics, high-speed field effect transistors,
bio- and chemical sensors, and light-emitting devices with low
power consumption [1–8]. Silicon nanowires (SiNWs) are of
special interest, because silicon is the basic material in micro-
electronics. The big demand for building powerful devices and
the limits of the present approaches based on lithographic tech-
niques to achieve few nanometer size components require the
development of new methods. Control of the synthesis and the
surface properties of SiNWsmay open new opportunities in the

field of silicon nanoelectronics and use the SiNWs as
nanocomponents to build nano-circuits and nano-biosensors.
Thanks to their nanometric dimensions, and the possible quan-
tum confinement effect, the nanowires have interesting elec-
tronic, optical, chemical, and thermal properties.

The thermal stability of one-dimensional nanostructures has
a major importance to its use in electronic and protonic circuits.
It is well established that the melting point of a solid material
can be greatly reduced when the size is reduced to the nanome-
ter scale [4]. Yang and coworkers studied the melting and re-
crystallization of germanium nanowires encapsulated by a car-
bon film. Two important phenomena have been observed: the
first is the low value of the melting point, which is inversely
proportional to the diameter of the nanowire. The second phe-
nomenon concerns the large hysteresis associated with
recrystallization-fused ring [9]. Wang, Lee and colleagues
found that the silicon nanostructures of various morphologies
are formed at different temperatures after thermal evaporation
of a mixture Si / SiO2 [10]. In addition to silicon nanowires,
they observed several other silicon nanostructures with signifi-
cant returns. They also found that the formation and annealing
temperatures have played important roles in determining the
relative ratios of these nanostructures in the final mixture. It is
possible to achieve a good control over the morphology and
crystallinity of the silicon nanostructures simply by varying the
temperature. This result represents an important step towards
the design and controlled synthesis of nanostructures knowing
their thermal stability. The remarkable reduction of the melting
point associated with the diameter of the nanowires has several
implications. First, the annealing temperature necessary for the
synthesis of a nanowire without defects could be a small frac-
tion of the annealing temperature required for solid. It is thus
possible to perform refining of the nanowires at relatively low
temperatures. Second, reducing the melting point allows
connecting and disconnecting the nanowires at relatively low
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temperatures. These opportunities can provide a new tool to
integrate these dimensional nanostructures into devices and cir-
cuits. Finally, when the size of the nanowires is reduced, they
can become extremely sensitive to environmental change and in
particular to the fluctuation of temperature and the residual
variation of the mechanical stresses.

Unlike extensive studies on the transport of electrons, research
on phonon transport in one-dimensional nanostructures was
discussed only recently [11]. Phonons are the equivalent in quan-
tum mechanics of a particular category of vibratory movements
known as normal modes of vibration in classical mechanics.
Given that the size of a one-dimensional nanostructure is reduced
to the range of the phonon mean free paths, the thermal conduc-
tivity will be reduced, due to the dispersion caused by the defects.
Theoretical studies have suggested that in nanowires with a di-
ameter less than 20 nm, the phonon dispersion relation may be
changed (due to the confinement of phonons) such that the speed
of a group of phonons would very significantly well below their
speed in the bulk [11]. Molecular dynamic simulations have also
shown that the thermal conductivities of the silicon nanowires
may be two times smaller than those of a silicon substrate at
room temperature. The reduction in thermal conductivity is de-
sirable in certain applications such as cooling and thermoelectric
power generation, but are not preferred for other applications
such as electronics and photonics.

The quantum confinement plays an important role in deter-
mining the energy levels in nanowires once their diameter is
reduced below the critical value (i.e., the Bohr radius). One of
the most popular terms in the nano world is quantum confine-
ment effect which is essentially due to changes in the atomic
structure as a result of direct influence of ultra-small length
scale on the energy band structure. The length scale corre-
sponds to the regime of quantum confinement ranges from 1
to 25 nm for typical semiconductor groups of IV, III-V and II-
VI. In which the spatial extent of the electronic wave function is
comparable with the particle size. As a result of these
Bgeometrical^ constraints, electrons Bfeel^ the presence of the
particle boundaries and respond to changes in particle size by
adjusting their energy. This phenomenon is known as the
quantum-size effect. Quantization effects become most impor-
tant when the particle dimension of a semiconductor near to and
below the bulk semiconductor Bohr exciton radius which
makes materials properties size dependent.

Korgel and colleagues found that the absorption edge of
light silicon nanowires (synthesized in a supercritical fluid sol-
vent such as hexane) was significantly shifted from the Bindirect
gap^ of the silicon of about 1.1 eV [12]. The origin of this
photoluminescence produced by light excitation of some solid
pigments is probably due to the quantum confinement effect,
although the surface condition may also make additional con-
tributions [13]. It is important to note that the change in the
growth direction of the silicon nanowires leads to different op-
tical responses. For example, oriented nanowires {100} showed

a more intense luminescence than that observed with {110}
oriented nanowires. Furthermore, the excitement of {100} ori-
ented nanowires require more energy than that required for
{110} oriented nanowires.

2 Fabrication of nanowires

Due to the highly importance and a large utilization of silicon
nanowire we will focus on this type of nanowire. Several
methods of synthesis of silicon nanowires have been proposed
in the literature [14–16]. In this section, the most used
methods will be detailed.

2.1 Physical evaporation of a silicon powder

The first synthesis of silicon nanowires by evaporation tech-
niques was proposed by Yu and Co. [17]. The method includes
sublimating a mixture of Fe/Si at 1200 °C under an Ar pressure
of 100 torr. Using this simple method, silicon nanowires with a
diameter of about 15 nm and a length of between 10 and
100 μm were obtained. Figure 1a and b show images in trans-
mission electron microscopy (TEM) of nanowires obtained by
this method. Figure 1a shows silicon nanowires wrapped with
an oxide layer of about two nanometers. The diffraction pattern
shows the crystalline nature of the nanowires. This is similar to
that of a bulk silicon. The oxide layer may be chemically etched
in hydrofluoric acid (Fig. 1b). The size of silicon nanowires
increases with increasing pressure [18]. This technique allows,
moreover, carrying out localized growth of nanowires. Indeed,
iron deposition on a silicon substrate by lithography, followed
by a thermal evaporation leads to synthesis of the located sili-
con nanowires [19, 20]. The thermal evaporation of a mixture
of Si/SiO2 in the absence of a catalyst has also led to the pro-
duction of silicon nanowires [21]. The nanowires are made of a
crystalline core with a high density of defects surrounded by an
amorphous oxide matrix [22].

The nanowires prepared by this method are long and well
oriented [23]. The thermal evaporation of SiO2 powder pro-
duced long silicon nanowires without the use of catalyst.
Figure 2 corresponds to images, using scanning electron mi-
croscopy (SEM) of the resulting nanowires and shows the

Fig. 1 Transmission electron microscopy images of silicon nanowires of
(a) 15 nm and (b) 10 nm after dissolution of the oxide matrix in the HF
[22]
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nature of aligned nanowire lengths that vary between one and
a half and five millimeters.

2.2 The vapor liquid solid (VLS) process

Many of the SiNWs investigations regarding their synthesis
have employed the so-called Vapor-Liquid Solid (VLS) pro-
cess proposed by Wagner in 1960s during his studies of large
single crystalline whisker growth [11, 13]. The fundamental
process is based on metal catalyst directed chemical vapor
deposition of silicon. According to this mechanism showed
in Fig. 3, the anisotropic crystal growth is promoted by the
presence of liquid alloy/solid interface. This technique is car-
ried out in the presence of gold (Au) or other metal nanopar-
ticles catalysts at high temperature. Based on Si-Au binary
phase diagram, Si (from the decomposition of SiH4) and Au
form a liquid alloy when the temperature is higher than the
eutectic point (363 °C). The liquid surface has a large accom-
modation coefficient and is therefore a preferred deposition
site for incoming Si vapor. After the liquid alloy becomes
supersaturated with Si, Si nanowire growth occurs by precip-
itation at the solid-liquid interface. In principle, the diameter,
the length, the composition and the electronic properties of
SiNWs can be controlled during the synthesis.

The VLS technique was applied by several groups for the
synthesis of SiNWs in a controlled fashion [14–16]. In this
process, the diameter of the nanowires is determined by the
diameter of the catalyst particles and therefore, the method
provides an efficient means to obtain uniform-sized nano-
wires. SiNWs with narrow size distribution were obtained
by using well defined catalysts (e.g., gold nanoparticles). It
was possible to tune the electronic properties of the nanowires
by including doping precursors in the silane gas. Boron and
phosphorus-doped silicon nanowires were obtained this way
[17–19]. Controlling the growth orientation is important for
the applications of nanowires. Nanowires generally have pre-
ferred growth directions. For example, silicon nanowires grow
along the {111} direction when grown by the VLS process,
but can be made to grow along the {112} or the {110} direc-
tion by the oxide-assisted growth mechanism. These results
demonstrate a clear preference for growth along the {1 1 0}
direction in the smallest SiNWs and along the {1 1 1} direc-
tion in larger SiNWs [19]. Direct evidence for germanium
nanowire growth mechanism in a VLS process has unambig-
uously been confirmed by conducting real-time in situ TEM
studies at high temperature as shown in Fig. 4 [20]. The ex-
periment result shows clearly three growth stages: formation
of Au-Ge alloy, nucleation of Ge nanocrystal and elongation

Fig. 2 SEM images (a-d)
oriented silicon nanowire
obtained by evaporation a mixture
of Si/SiO2 [23]. The pictures are
taken with different resolutions

Fig. 3 Scheme illustrated the
vapor liquid solid mechanism
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of Ge nanowire. This observation demonstrates the validity of
the VLS mechanism for nanowire growth. The establishment
of VLS mechanism at the nanometer scale is very important
for the rational control of inorganic nanowires, since it pro-
vides the necessary underpinning for the prediction of metal
solvents and preparation conditions.

As shown in Fig. 4, metallic nanoparticles play an impor-
tant role in the growth of the nanowires via the VLS tech-
nique. They catalyze the growth and determine the diameter
of the resulting nanostructures. The physical and chemical
properties of metal particles largely determine the final prop-
erties of the nanowires. So it can be used as catalyst in the
growth, the active metal must be physically and chemically
stable. The choice of catalyst metal is made after examination
of the phase diagram for choosing materials that lead to the
formation of a liquid alloy with the desired nanowire material.

In the VLS process, Gibbs-Thomson law sets a lower limit
on the diameter, which can be obtained under certain given
conditions. So E. I. Givargizov studied in detail this growth
technique in 1975 [24]. These studies revealed that the steady
state is given in the case of silicon by the equation

Δμnanowire ¼ Δμvolume−4Ωα
.
d

Δ μnanowire ¼ μvolume− μvapor
Δμnanowire ¼ μnanowire−μvapor

Where μnanowire, μvolume and μvapor are the effective chem-
ical potentials of the silicon nanowire, in the volume and in the
vapor phase, respectively; d is the diameter of the nanowire,Ω
is the atomic volume of silicon and α is the specific free
energy of the nanowire.

These equations show that there is a critical diameter, dc,
where growth stops completely and gives the following equa-
tion:

Δμvolume

kT
¼ 4Ωα

kT
1

dc

Where k, T and dc are Boltzmann’s constant operating
temperature and critical diameter.

This can be explained by the fact that for very small drop-
lets of catalyst, the effective chemical potential of silicon in
the wire becomes larger than in the vapor phase. Indeed, if the
diameter of the catalyst is too small, the effective difference
between the chemical potentials of the silicon in the wire
becomes more negative and effective chemical potential in
the vapor phase becomes larger. Therefore the solubility of
silicon becomes larger. Accordingly, there is reduction in the
saturation. For more alloy, the minimum critical radius of the
liquid droplet is around a few hundred nanometers.

Many experiments were carried out to estimate the energy
activation of the VLS growth and it relation with diameter.
Kikkawa and coworkers showed that the activation energy
of silicon nanowires with diameter in the range of 3 to
40 nm is 230 kJ / mol. The activation energy of silicon nano-
wires with diameters between 100 and 340 nm is in turn esti-
mated to be 92 kJ / mol by Lew et al. [25]. Boutsma et al. [26]
estimated this same activation energy of 49.8 kJ / mol for the
nanowires whose diameter varies between 0.5 and 1.5 μm. It
is important to note that these experiments were conducted
under different growth conditions but all drew the same con-
clusions: the greater the diameter is large over the activation
energy decreases.

To understand the VLS mechanism it’s important to study
the kinetics and the thermodynamic the nanowire growth pro-
cess. To understand the different kinetic aspects during nano-
wire growth by the VLS technique we consider the saturation
time (ts) of silicon atoms at the catalyst surface and the diffu-
sion time (td) of these atoms in the catalyst. When td is greater
than ts, the catalyst quickly becomes saturated with silicon
atoms located on its surface. The silicon atoms then diffuse
towards the bottom and create a nucleation adatoms on the
surface of the catalyst particle. This leads to growth of nano-
wires where the catalyst particle is at the bottom and not at the
end of the nanowire (Fig. 5)

Fig. 4 TEM images (a-f) real-
time observation by TEM of
growing a germanium nanowire
at high temperature by the VLS
technique [20]

J Electroceram (2016) 37:34–49 37



When td is smaller than ts atoms of silicon will penetrate
into the catalyst to reach the bottom (substrate) faster than the
saturation silicon adatoms on the surface of the catalyst parti-
cle. This then results in a precipitation of the silicon atoms at
the bottom of the catalyst particle and silicon nanowires with
catalyst particle after (Fig. 4).

From a thermodynamic point of view, the presence of the
catalyst at the end or base of the nanowire depend on the free
surface energy of Gibbs. Liu et al have undertaken theoretical
studies on the possibilities of having the catalyst at the end or at
the base of the nanowire [27]. Two cases can then be expected.
In the first case, the silicon atoms condense on the catalyst sur-
face and self-critical GibbsΔGs* surface energy will depend on
the contact angle (θ1) and the critical radius of nucleation
(Fig. 6a). In a second case, nucleation occurs between the cata-
lyst and the substrate and the critical free surface energy ofGibbs
GGT * is then a function of the two contact angles formed
between the catalyst and the ring formed by nucleation (θ1)
and between it and the substrate (θ2) and the critical radius of
nucleation (Fig. 6b).

Liu et al calculations have shown that if ΔGs * < ΔGT*
growth of nanowires on the surface of the catalyst is preferable
(case a) (the catalyst under the nanowire) and ifΔGs* >ΔGT*
growth will performing between the catalyst and the substrate
(case b) and the catalyst will be at the end of the nanowire.

2.3 Silicon nanowires growth by scanning tunneling
microscopy

Applying a voltage between a silicon substrate and a gold
STM tip leads to the formation of silicon nanowires [28].
Silicon atoms were deposited on the gold tip by evaporation.
The evaporation rate of silicon atoms was activated by heating
the substrate. The growth of the nanowire was performed on

the peak of gold at a temperature of 700 °C. The presence of
gold atoms is crucial for the growth of silicon. Figure 7 shows
a TEM image of raw nanowire on a STM tip

2.4 Silicon nanowire growth by laser ablation

This technique involves heating a target by a pulsed laser to
generate a gas containing the species to be deposited. This
technic consist on the beam of a pulsed laser focused on a
target located in the middle of a quartz tube. A cold tip is used
to collect the product entrained by the gas flow, which is
introduced through a flow controller and is evacuated by a
pumping system. By this method, high purity and crystalline
nanowires are obtained in a high yield [29]. Thus nanowires 3
to 43 nm in diameter and lengths up to hundreds of microns,
have been synthesized. Studies in transmission electron mi-
croscopy show that the resulting structures have a high density
of structural defects, which can play a role in the formation of
silicon nanowires and in determining the morphology [30].
Also different sizes silicon nanowires were obtained by
changing the pressure of the ambient gas [31]. Thus, silicon
nanowires with different diameters have been synthesized in
the presence of He, Ar (5 % H2) and N2.

Laser ablation was combined with the VLS technique to
synthesize semiconductor nanowires [32]. In this process, the
laser ablation is used to prepare the nanoparticles catalysts,
which define the size of the nanowires of Si or Ge produced
by the VLS technique. A model for growth of nanowires by
this technique is shown in Fig. 8a. The ablation laser with
energy hv of the Si1-xFex target creates a hot, dense vapor
made of atoms of iron and silicon. This results in the formation
of a Si-Fe alloy (step B). The furnace temperature is controlled
to maintain the Fe-Si alloy in a liquid state. The nanowire
growth starts after the liquid becomes saturated and silicon
continues as long as the alloy Si-Fe remains in a liquid state
and the silicon remains available (step C). Growth ends when
the nanowire exits the high temperature region (step D).

Figure 9a shows a silicon nanowires TEM image obtained
by ablating a target Si0.9Fe0.1 to 1200 °C, with diameters of
about 10 nm and lengths above 1 μm. The presence of the
catalyst particles at the ends of the nanowires shows that
growth takes place according to the VLS mechanism. The

ts< td

3

4

5ts > td

(a)

(b)

ts

td

AtomsSi Au 

Substrate

Substrate

Substrate

Fig. 5 Illustrative diagram of the
nanowire nucleation kinetics on
the surface of catalyst when ts< td,
and the catalyst / substrate
interface when ts >td

(a) (b)
θ1 Nucleation catalyst

Substrate

Nucleation

1 2
catalyst

Substrate

Fig. 6 Schematic illustration of the nucleating silicon atoms. (a)
Nucleation on the surface of the catalyst (b) nucleation of the catalyst
and the substrate
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TEM images also show that there is an amorphous oxide layer,
which surrounds the crystalline silicon core (Fig. 9b). High-
resolution TEM images (Fig. 9c) show that growth takes place
according to the orientation {111}.

The use of a silicon target mixed with a silicon oxide (SiO2)
increases the yield of silicon nanowires obtained [33, 34]. The
SiO2 plays a more important role than the metal in the synthe-
sis as it is consumed in the process. The formation of nano-
wires by laser ablation from silicon oxide is based on the
disproportionation reaction of an oxide quantity [35]. The
proposed mechanism is as follows:

SixO → Six−1 þ SiO x > 1ð Þ
2 SiO → S i þ S i O 2

In this growth process, an amorphous matrix is deposited
from an oxide vapor and the phase separation in the matrix
leads to silicon nanowire formation surrounded by an amor-
phous oxide layer. The following table summarizes the exper-
imental conditions and yields for the synthesis of silicon nano-
wires by laser ablation (Table 1).

2.5 Silicon nanowire growth by liquid solution solid
method

Buhro and colleagues proposed the liquid solution solid tech-
nique [36]. In this process, a metal with a relatively low melting
point is used as catalyst. The nanowire is obtained by chemical
decomposition of an organometallic (Fig. 10). The resulting
nanowires are typically crystalline with diameters ranging be-
tween 10 and 150 nm and lengths of several microns.

Korgel et al. have succeeded in synthesizing silicon nanowires
containing a low concentration of defects with uniform diameters
between 4 and 5 nm and lengths of several microns using a

supercritical fluid as solvent [12]. For this diphenylsilane
(Ph2SiH2) is decomposed in the presence of gold nanoparticles
to provide silicon will enter the growth of the silicon nanowire.
The disadvantage of this method is the possible presence of
hydrocarbons on the surface of the nanowire since the silicon
from the decomposition of an organosilicon compound
(diphenylsilane). On Fig. 11 we see GaAs nanowires
manufactured in the same way as silicon nanowires [37].

2.6 Growth of silicon nanowires by the method solid liquid
solid (SLS)

The solid liquid method (SLS) is almost similar to VLS meth-
od with the only difference between the two is that in the first
method, silicon comes from the substrate himself while in the
second silicon is produced following the decomposition of
silane,. In addition, the nanowires forming temperature by
the SLS technique is higher compared to the VLS technique.
The nanowires obtained are usually amorphous and composed
of SiO2. The images in Fig. 12 show the nanowires produced
by SLS, (a) with inset the EDX spectrum corresponding to
silicon and oxygen. The TEM image (b) shows that the nano-
wires are smooth and that their diameter is about 40 nm. The
inset diffraction pattern shows the amorphous nature of the
silicon nanowires obtained [38].

2.7 MCEE (Metal Catalyst Electroless Etching) of silicon

In 2002, Peng et al. produce easily Silicon nanowire at wafer-
scale via electroless their techniques consist of immersing
Silicon into HF-AgNO3 solution at room temperature [39].
They obtained, SiNWs and nanostructures with high orienta-
tion, also they produce porous Si and Si nanoholes by metal-
catalyzed electroless etching (MCEE) of Si wafers in an aque-
ous HF/ Fe (NO3)3 or H2O2 solution Fig. 13 [40–45]. The
mechanism proposed for the MCEE method was based on
metal-induced local oxidation and anisotropic dissolution of
Si substrates in aqueous oxidizing HF acid solution. They
observe that the metal move preferentially along the Si (100)
orientation, causing anisotropic etching. They also compare
MCEE to chemical vapor deposition and Reactive Ion

Fig. 7 TEM image of a silicon
nanowire grown on advanced
gold covered STM Tip. The
diameter and length of the
nanowire are respectively 20–
150 nm and 3 μm. A potential
was applied for 15min generating
a current of 10 nA. The substrate
was heated to 700 °C [28]

(a) (b) (c) (d)

Si       Fe 

h

Fe                         Si                Si             Fe                 Si 

Fe  Si 
Fe     Si 

Si  Fe                     Si                Fe 
S i 

L

Fig. 8 mechanism of silicon nanowire growth by laser ablation
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Etching; they conclude that MCEE is a simple, low-tempera-
ture, scalable, and speedy process. Otherwise, by using
MCEE they produce vertical SiNWs of 20–300 nm diameters
with desirable electrical properties and orientations from
mother Si wafers. Due for its flexibility in wafer scale produc-
tion and vertically aligned SiNW arrays, MCEE has consid-
ered as a cheaper alternative to common bottom-up fabrica-
tion, in the other hand, MCEE are uniform in terms of doping
profile, crystal orientation, density, size, and shape, which are
essential for applications.

3 Nanowires characterization

The geometrical and structural factor plays an important role
in determining the electrical and optical properties. A variety
of methods have been developed and employed for structural
information on the micrometer scale. Since the size of the
nanowires is usually comparable or in most cases, much
smaller than the wavelength of visible light, conventional op-
tical microscopy techniques are usually limited in the charac-
terization of morphology and the surface of nanowires.
Electron microscopy techniques play, therefore, a dominant
role in the characterization of nanoscale objects. The two most
used techniques are the scanning electron microscopy (SEM)

and transmission electron microscopy (TEM). Information on
the general structure of the nanowires, such as length, diame-
ter, and crystallinity, can be easily determined using the TEM.
The composition of the nanowires can be evaluated using
analysis of energy dispersion X-ray (EDX). A complete char-
acterization includes determining the direction of growth, the
cross section, the external morphology, dislocations and stack-
ing faults. The determination of the nanowire growth direction
and the cross section is important for understanding the sur-
face energy and crystal formation mechanisms using a catalyst
based synthesis process. Moreover, they provide important
information for understanding these material properties that
affect electronic or optical response of a device manufactured
by the nanowires.

4 Nanowires applications

Silicon nanowires have shown great potential for the realiza-
tion of new devices for electronics (field effect transistors),
diodes, displays, biofunctionalization (the nanowires used to
build sensors for direct detection) and sensitive ‘biomolecular
interactions. In this section, we will summarize the different
applications of nanowires reported so far.

4.1 The electronic

We have reviewed the different methods of synthesis of nano-
wires and characterization techniques, the ability to control the
size, chemical composition, physical and electronic properties
of nanowires. This opens up opportunities for electronic, op-
toelectronic and photonic applications. Among the electronic
applications we will cover the field-effect transistors, pn di-
odes with crossed nanowires, bipolar transistors and field ef-
fect transistors with nanowires.

Fig. 9 TEM image (a) of silicon
nanowires produced by laser
ablation of Si0.9Fe0.1 (b) a
crystalline silicon nanowire
surrounded by an amorphous
oxide shell (c) Image HRTEM
showing the growth direction and
both crystalline and amorphous
phases of the nanowire [32]

Table 1 Summary of experimental conditions for the synthesis of
silicon nanowires by laser ablation [33]

Target Temperature (°C) Yield (mg)

Si 11%Fe or 1%Ni 1200 ~0.1

Si 11%Co 1200 ~0.1

Si 10.5%Co10.5%Ni 1200 ~0.1

Si 1200 ~little

Si powder 1200 ~little

Si + 5%SiO2 1200 ~0.3

Si +10%SiO2 1200 ~0.5

Si 130%SiO2 1200 ~2.5

Si + 50%SiO2 1200 ~3.0

Si + 70%SiO2 1200 ~1.5

Si + 90%SiO2 1200 ~0.5

SiO2 800–1200 ~0.0

M,E 

R3M +EH3

3RH 

Solution Liquid Solid

Nanowire

Fig. 10 The Solution Liquid Solid mechanism R: organic radical, M:
particle metal, E: semiconductor, for example silicon
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4.1.1 The field effect transistors (Nanowires Field Effect
Transistors (NWFET))

The fundamental mechanism of nanowire based sensors is the
field effect. In physics, the field effect refers to the modulation
of the electrical conductivity of a material by the application of
an external electric field.

In a metal the electron density that responds to applied fields
is so large that an external electric field can penetrate only a
very short distance into the material. However, in a semicon-
ductor the lower density of electrons (and possibly holes) that
can respond to an applied field is sufficiently small that the field
can penetrate quite far into the material. This field penetration
alters the conductivity of the semiconductor near its surface,
and is called the field effect. The field effect underlies the op-
eration of the Schottky diode and of field-effect transistors,
notably the metal–oxide–semiconductor field-effect transistor
(MOSFET), the junction gate field-effect transistor (JFET)
and the metal–semiconductor field-effect transistor (MESFET).

One of the applications of such sensors is the detection of
species in liquid solutions. In 2001, Lieber and his colleagues

studied the concentration of hydrogen ions [46]. The FET base
structure made of semiconductor nanowires is shown in
Fig. 14a [47].

The field-effect transistor (FET) is constituted by a thin semi-
conductor doped n-type (n-channel) or p-type (p channel), and
the conductance of which is modulated with an electric field
transverse. If this transverse electric field has the effect of in-
creasing the number of majority carriers of the semiconductor
channel, the FEToperates by enrichment. If this transverse elec-
tric field has the effect of reducing the number of majority car-
riers of the semiconductor channel, then the FET works by de-
pleting. The curve of current versus potential between two elec-
trodes connected by the nanowire allows the characterization of
NW FETelectrical properties. The curve of Fig. 14 b shows the
current (I) versus the potential of the transistor. The numbers on
the curves indicate the transistors of the gate potential (Vg) and
the small picture inset shows a current curve (I) versus a poten-
tial Vg (source-drain) Vsd equal to 1 V. From this curve the total
electric charge of the nanowire can be estimated and themobility
of the charge carriers of the NW-FETs, dI / dVg=μ (C/L2) Vsd,
where μ is the mobility of the charge carriers. In the case of a
silicon nanowire, the dI/dVg curve versus Vsd is linear, giving a
hole mobility between 50 and 800 cm2/V s. Table 2 summarizes
the mobility of charge carriers in the nanowires compared to
mobility in the bulk of the same semiconductor.

4.1.2 P-n diodes with crossed nanowires

The character n or p nanowires is well defined. This feature
was used to create complex functional devices by forming
connections between two or more wires and study the behav-
ior of transport junctions nn, pp, pn and formed by crossing
two types of nanowires p, n-type and n-type p-type, respec-
tively as depicted in Fig. 15. Figure 14a shows a SEM image
of a device consisting of two crossed nanowires 29 and 40 nm
in diameter. Figure 15b, c and d show the I-V curves plotted
for nn, pp and np junctions respectively.

Fig. 11 SEM image of GaAs nanowires obtained by the mechanism
Solution Liquid Solid [37]

Fig. 12 SEM and TEM images
Silicon oxide nanowires produced
by the SLS technique. [38]
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I-Vof individual nanowires (n and p-type) are indicated in
Fig. 15, while the I-V curves of the junctions are indicated by
nn, pp and np respectively [48].

4.2 Biological and chemical detection

The large surface area of the nanowires was exploited to de-
velop sensing devices of biological and chemical species with
high sensitivity. The development of new devices for direct
analysis, sensitive and fast will have a great impact onmedical
research. The diameters of the nanowires are comparable with
the dimensions of biological species. They thus represent in-
tuitively excellent primary sensors to produce signals that can
be detected by macroscopic instruments. Inorganic nanowires
have electrical properties [49, 50] and optic [51, 52] unique
that can be exploited as sensitive probes.

4.2.1 pH probes

A pH sensor was fabricated by a covalent grafting of an amine
on the surface of a silicon nanowire. The pH change of the
survey solution causes protonation and deprotonation of -NH2

and Si-OH on the surface of the nanowire [53]. The change in
charge density on the surface controls the conductance of the
nanowire. As the silicon nanowire was p-type, the conduc-
tance increases with the addition of negative charges at the
surface of the nanowire. The combined behavior of acid and
base Si-OH and NH2 on the surface results in approximately a

Fig. 13 a Schematic diagram of
the realization of silicon
nanowires by chemical etching
HF / AgNO3. b Cross sectional
image and c top view of silicon
nanowires produced by MCEE.
[40–42]

Fig. 14 a) Scheme of a field effect transistor device and SEM image of a
nanowire connected to two electrodes (source - drain), b), c) curve I = f
(Vsd, g) of a NW FET [47]
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linear dependence of the conductivity at pH in a pH range
between 2 and 9. Figure 16 shows a NWFET used for pH
variation detection. The NH2 terminus is obtained by chemical
reaction of the oxidized surface of the nanowire with
aminopropyltriethoxysilane (APTES). The reaction of
protonation/deprotonation of the nanowire leads to a charge
change of its surface as a function of pH. On Fig. 16b, we see
changes in conductance as a function of pH of the solution
probed. An almost linear increase in the conductance as a
function of the pH is observed, this change results from the
presence of two distinct receptor groups, which undergo
protonation/deprotonation at different pH. Figure 16d shows
a silicon nanowire unmodified with an amine function. The
reaction of protonation / deprotonation of nanowires which
generates the change of the charge of the wire surface depend-
ing on the pH in this case only the Si-OH groups can act as a
hydrogen receptor. Figure 16d corresponds to the conductance
of an unmodified silicon nanowire as a function of pH (solid
line) and charge density on the surface of the nanowire. In the
second case there are two response regimes, one relatively low
between 2 and 6 and the other most important is almost com-
parable to the first case for pH between 6 and 9.

4.2.2 Detection of proteins

Biological macromolecules such as proteins and nucleic acids
are typically charged in aqueous solution, which can detect
easily by NWFET probes. The first example to detect biomo-
lecular interactions between proteins (biotin/streptavidin) in

solution was demonstrated by Lieber’s group [54]. In this
device, the biotin molecule has been grafted onto the surface
of p-type silicon nanowire oxidized and exposed to a solution
containing streptavidin. This device has high sensitivity and
can detect the attachment of a streptavidin with concentration
less than 10 pico molar (10−12 moles). Figure 17a illustrates
the principle of operation and detection of the biotin /
streptavidin interaction. Figure 17b shows the curve of the
conductance as a function of the modified silicon nanowire
time. Regions 1, 2 and 3 respectively correspond to the expo-
sure of the surface to a buffer solution, a solution of
streptavidin (250 nmolar) and a buffer solution (rinse).
When a solution of streptavidin is brought to the nanowires
biotin modified, it is seen that the conductance increased rap-
idly until it reaches a constant value. This result is explained
by the negative charge contributed by streptavidin, (due to the
pH of the medium in which the experiment was performed)
thereby inducing a charge carrier accumulation in the nano-
wire (p-type). Figure 17c shows a conductance curve in func-
tion of time of a silicon nanowire by unmodified biotin mol-
ecules. Regions 1 and 2 are the same as in curve B. No change
in conductance was observed. This result demonstrates the
specificity of the biotin / streptavidin interaction. More recent-
ly Hsiao-Kang el Al has detect the SARS virus N-protein by
using In2O3 based nanowire biosensor. They found that anti-
body mimic protein (AMPs) can be used as capture agent in
nanobisensors. By modifying the In2O3 nanowire by
fibronectin-based binding agent they detect the SARS bio-
marker N protein selectively. They detect the N protein at a
sensitivity similar to the exisiting detection methods, but with-
in shorter time and without the labeled reagent [55].

4.2.3 Detection of DNA

Recently, silicon nanowire-based field-effect devices were
prepared for the detection of single-stranded DNA molecules
[56]. The detection principle is based on the change in con-
ductance induced by DNA charged molecules interact with
probe molecules immobilized on the surface of the nanowire.
To make this device, PNA molecules (peptide nucleic acid) is
immobilized on the surface of the nanowire (PNA molecules
have been used for their high affinity and stability) and ex-
posed to a solution containing single-stranded DNA mole-
cules [57, 58]. Figure 18d shows a silicon nanowire modified
with PNA molecules before and after interaction with DNA
molecules. Figure 18e shows the change in conductance as a
function of time before and after the DNA binding by the

Table 2 Comparison between
the carrier mobility of
semiconductor nanowires and in
the bulk [47]

Material p-Si n-InP n-GaN n-CdS

Carrier mobility cm2/V s nanowire 40–300 400–4000 150–650 100–400

Bulk 10–400 1000–3000 100–300 ~200

Fig. 15 Junction by two crossed nanowires, I-V curves of three types of
n-n junction, p-p and p-n [48]
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peptide, changing the conductance is due to the increase in
negative charge of the surface due to the attachment of the
DNA. The small arrow is the addition of 60 fM of a solution
of DNA. Figure 18f shows the conductance versus DNA con-
centration. The curves with red and blue dots are made by two
different devices. It is clear from this curve that the conduc-
tance increased significantly with the concentration of DNA,
and that detection is possible at concentrations below 10 fM.

4.2.4 Virus detection

Progress in the biofonctionalisation of nanowires are
well illustrated by the recent extension of the devices
BnanobiochemsFET^ to more complex biological entities such

as viruses. Lieber and his team have demonstrated the real-time
detection of influenza virus A on NWFET. Figure 19
corresponds to a silicon nanowire 20 nm in diameter and
2 μm in length, not modified receptor antibody. The specific
linkage of a single virus of the nanowire leads to a change in
conductance. When detaching virus surface conductance
returns to the initial state. Right, the combination with confo-
cal imaging to track a series of six events each relating to
different positions opposite the nanowire virus. The virus

Fig. 16 Device for pH probes.
[53]

Fig. 17 Detection device based on a silicon nanowire bio-molecular
interaction biotin/streptavidin [54]

Fig. 18 DNA detection process by a probe made of a silicon nanowire
modified with a peptide [58]
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appears as a red dot and white arrows in picture one shows the
initial position of the virus and the nanowire. The images
correspond to a field of 8×8 μm2 and viral concentration is
100 particles per microliter [59].

4.3 Nanowires for photovoltaic application

The use of nanowires for photovoltaic applications constitutes
a promising approach thanks to their high aspect–ratio.
Densely packed vertical wires can improve light absorption
thanks to their anti–reflective and light trapping properties.
However, what is even more interesting is that they offer the
advantage of decoupling light absorption and carrier collec-
tion into orthogonal directions by using a radial junction:
while photogenerated minority carriers are collected in the
radial direction, incident light is absorbed axially. Nanowires
can be as long as needed to absorb all the light and thinner
than the minority–carrier diffusion length. This carry the pos-
sibility of optimizing both absorption and carrier collection
while using low–quality materials as active PV components
[60, 61]. It was Kayes et al. in 2005 who first gave a boost to
the field demonstrating theoretically the benefits of using this
configuration. Large efficiency gains (from 1.5 to 11 %) were
predicted for silicon nanowires [60]. However, was not before
2007, when the group of Lieber reported about single p–i–n
nanowires, that the firs experiment was demonstrated [62].
The same group compared, later on, the response of optimized
p–i–n nanowires in axial and coaxial geometries [63]. The first
attempt on contacting vertical arrays of nanowires in parallel
were published by Tsakalakos et al. [64]. P–core silicon wires

grow n by means of a VLS process coated with a conformal
Plasma–Enhanced Chemical Vapor Deposited n–doped a–
Si:H shell on stainless steel substrate were fabricated
Fig. 20a. Although the results were low (Voc ~ 0.13 V,
FF~0.28 and η~0.1 %) they constituted the proof–of–con-
cept of using such nanostructures on large area devices
Fig. 20b.

Those results were later on improved by other groups
[65–68]. For instance, the group of Atwater fabricated verti-
cally aligned arrays of crystalline p–n junction Si microwires
grown by a vapor–liquid–solid (VLS) process, exhibiting
3.81 % conversion of simulated AM 1.5G solar illumination
to electrical energy [69]. This performance was improved up
to 5.64 % by introducing Al2O3 particles in between the wires
to scatter incident light and the best response was obtained by
adding a passivation a–SiNx:H layer, a Ag back reflector and
Al2O3 scattering particles. This device produced a Voc of
0.5 V, a Jsc of 24.3 mA/cm2, a FF of 0.65 and an efficiency
of 7.92 %. But the best results on nanowire–based solar cells
published up to now were obtained by the group of Borgström
[70]. They succeeded in fabricating axial p–i–n InP nanowires
arrays on p–doped InP substrate with efficiences up to 13.8%.
They identified two key elements to optimize the cell perfor-
mance: the nanowire diameter and the length of the top n–part.
Moreover, even if InP has a direct and optimal band gap
(1.34 eV) for single junction devices, they understood that
light absorption in nanowires does not follow the ray optics
law. Actually, many works have also been focused on improv-
ing the optical absorption. Zhu et al. proposed the use of
nanocones and nanodomes to gradually reduce the effective

Fig. 19 Virus detection by a
modified silicon nanowire [59]
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refractive index [71, 72]. Such structures led to a 30 % in-
crease with respect to a planar film.

4.4 Silicon nanowires for the energy storage

Recently nanowire are attracted a much interest in energy
storage, we will give some examples bellow

4.4.1 Anodes of Li-ion batteries

Silicon is a very promising material for the fabrication of
anode (negative electrode) of the Li-ion batteries. Its theoret-
ical charge capacity is about 4200 mAh.g−1 (ten times more

than the graphite-372 mAh.g−1). This corresponds to a Li22Si5
alloy is 4.4 lithium atoms per one silicon atom. The insertion
of lithium results in an increase in volume (about 400 times).
The stresses exerted by these volume changes during insertion
and removal of lithium cause the cracking of the silicon film
and thus a loss of contact with the collector. The formation of
stable and dense stable solid- electrolyte interphase (SEI) over
the Si surface, is also affected by the large volume change.
This (SEI) act as an ionic conducting and electronic insulation
passivation layer to impede side chemical reactions to occur
[73]. Thus the Si based anode suffer greatly from reduced
stability and a large irreversible capacity. The capacity of the
electrode therefore fall after a few cycles only [74, 75]. These

Fig. 21 Left (a-b) Schematic of morphological changes that occur in Si
during electrochemical cycling. Right c) XRD patterns of Si NWs before
electrochemical cycling (initial),at different potentials during the first

charge, and after five cycles. d–g), TEM data for Si NWs at different
stages of the first charge [77]

Fig. 20 a) silicon nanowire
based solar cells, b) optical
characteristic of the nanowire
solar cells [64]
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volume changes are better amortized when silicon is nano-
structured. These nanostructures can be nanowires [76–78],
porous nanowires [79–81], silicon nanotubes saddled [82] or
not [83, 84], Si nanowires with a crystal core and amorphous
shell [85], Si nanowires associated with another material SnO2

[86] and Carbon (Fig. 21). The presence of a large side surface
allows efficient stress relaxation and allows nanowires to bet-
ter accommodate the mechanical stresses of incorporation cy-
cles and extraction of lithium. Reported for the first time in
2008 by Cui et al. [77], this topic continues to attract much
attention and several articles are published. Recently, Cui et al,
have managed to get an even better stability by covering the
nanostructures with PEDOT [87]. Recently Toan et Al has
used highly doped silicon nanowire produced by Al-
catalyzed plasma-enhanced chemical vapor deposition, as
lithium-ion battery anodes, they show a good cycling behavior
during the first 65 charge-discharge cycles, the electrode ca-
pacity was still 1400 mAh.g−1 after 150 cycles at 0.1 °C. They
attribute this degradation to the delamination of the SiNWs
from the stainless steel substrate on which they were grown
[88].

4.4.2 Dielectric capacitor

Silicon oxide is used in the fabrication of dielectric capacitors.
The amount of charge (capacity) stored in such device is pro-
portional to the developed surface to the electrodes. It can
therefore be increased via nanostructured electrodes. A capac-
itor dielectric silicon based nanowire was produced by T.
Baron et al. They were able to reach a capacity of
18 μF.cm−2 Fig. 22) [89].

4.4.3 Thermoelectricity

The silicon nanowires can also be integrated into thermoelec-
tric devices [90–92]. This application, suggested in 2008 by
Hochbaum at is based on the idea of decoupling between
phonons and electrons in the particular geometry of the nano-
wires [90]. Indeed, a good thermoelectric material is to be a
poor conductor of phonon (heat exchange network vibration)
and a good electrical conductor. A phonon designates a quan-
tum in a crystalline solid, ie Ban elementary packet vibration^

or Ba packet elementary sound.^ Phonons play an important
role in a large number of physical properties of solids
including:

– The electrical conductivity or ability to conduct electrical
current (interaction electron / phonon)

– The ability to spread its
– Thermal conductivity or ability to conduct heat.
– The heat capacity or the ability to exchange heat or dis-

sipate heat.

In silicon, the heat transport is assisted only by phonons
and not by electrons and phonons as in other materials.

In this way the thermalization is achieved mainly by a flow
of electrons and generating an electric current. In conventional
materials, changes in phonons and electrons are linked, which
limits the application of the above principle, the best compro-
mise between bad and good conduction of phonons conduc-
tion electrons. For nanowires, variations are decoupled and
some parameters such as surface roughness, are perceived
differently by phonons or electrons.

5 Conclusion

In this review, we have an update on the various techniques of
synthesis of semiconductor nanowires with special attention
given to silicon nanowires. The flap on the different tech-
niques of characterization of the nanowires and the potential
applications of nanowires was also discussed. Several
methods are explained to fabricate the semiconductor nano-
wires and particularly the silicon nanowires. The technique
VLS (Vapor Liquid Solid) proves to be the most used tech-
nique and adapted for the synthesis of nanowires with high
efficiency. Silicon nanowires have shown great potential for
the realization of new devices for electronics (field effect tran-
sistors), diodes, displays, photovoltaic, energy storage,
biofunctionalization (the nanowires used to build sensors for
direct detection) and sensitive ‘biomolecular interactions.

Acknowledgments The authors are thankful to Center of Research
Excellence in Renewable Energy (CoRERE), King Fahd University of
Petroleum and Minerals for the support in this work.

Fig. 22 SEM images of
nanowire devices. (a) SEM image
at 90° nanowires after growth on
TiN and (inset) view of the
complete device with the
connection pad on the left (scale
bar= 75 μm) and (b) in sectional
SEM image of a nanowire after
the alumina and TiN deposits [89]
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