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In this review, we summarize the essential aspects of the syn-
thesis, properties, and applications of silicon nanowires. In
particular, important applications such as catalysis, Li ion

Introduction

Nanowires are an important class of one-dimensional
(1D) materials that have been attracting a great deal of
interest recently. 1D nanomaterials, especially of semi-
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batteries, solar cells, biological and chemical sensors are dis-
cussed.

conductors, usually exhibit unique and superior electronic,
optical, mechanical, thermal, and chemical properties, and
are actively investigated for basic science and for technolog-
ical applications ranging from chemical, biological and en-
vironmental sensors and field-effect transistors to logic cir-
cuits. Silicon nanowires (SiNWs) are one of the most im-
portant 1D semiconductors,[1,2] partly due to their ready
implementation in modern industry in established pro-
cesses. SiNWs are expected to play a key role in applications
such as solar cells, sensors, lithium batteries, and catalysts
with regard to their surface-dependent properties. In this
article, we review the current status of SiNWs research, es-
pecially the synthesis, properties, and applications of these
materials.
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1. Synthesis of SiNWs

A great deal of effort has been invested in preparing
SiNWs for various applications. Numerous ways have been
developed to synthesize SiNWs, including both the bottom-
up and the top-down approaches. Several commonly used
growth methods are described.

1.1. Vapor-Liquid-Solid (VLS) Growth

The classical chemical vapor deposition (CVD) method
by a metal-catalytic vapor-liquid-solid (MC-VLS) mecha-
nism is one of the most popular methods used to synthesize
SiNWs.[3] In the MC-VLS process, a volatile gaseous silicon
precursor, such as silane (SiH4) or silicon tetrachloride
(SiCl4), serves as the silicon source. A metal capable of
forming a low-temperature eutectic phase with Si is used as
a catalyst for the growth of SiNWs.[4] When the Si-contain-
ing vapor passes over the metal catalyst heated to a tem-
perature higher than the eutectic temperature of the metal–
silicon system (363 °C for Au/Si and 156.6 °C for In/Si),[5]

the vapor decomposes on the surface of the catalyst, and Si
diffuses into the metal, forming a liquid metal/Si alloy.
Upon reaching supersaturation, a SiNW then precipitates
from the melt, the liquid alloy droplet remaining at the tip
of the nanowire as it grows in length.[4,6]

CVD allows epitaxial growth of SiNWs, while the wire
diameter and growth rate are affected by the initial size of
the metal catalyst,[5,7] the growth temperature, and the type
of Si precursor used. Using gold colloid seeding in the VLS-
CVD method, Hochbaum et al. obtained SiNWs with some
control of the diameter and density of vertical wires in se-
lected regions.[8] To broaden the range of metal catalysts
and lower the substrate temperature, plasma-enhanced
CVD has been used for growing SiNWs.[9–12]

Gold is the most popular metallic catalyst used for grow-
ing SiNWs by the VLS mechanism. However, such CVD-
VLS growth results in gold contamination, which induces
deep-level electronic states in the band gap of Si and de-
grades the minority-carrier lifetime and diffusion length in
SiNWs. Moreover, gold or metallic catalysts are undesirable
for complementary metal oxide semiconductors (CMOSs).
Therefore, more benign metals, which are less detrimental
to the minority-carrier lifetime and more compatible with
CMOS, such as copper and aluminum, are preferred. In-
deed, metal catalysts, such as Cu,[13] Sn,[14] In,[14] Ga,[15]

and Al,[16] have been used in the VLS growth of SiNWs.
Generally speaking, MC-VLS as a bottom-up synthesis

method offers better control of wire diameter[5] and
patterning[17] of SiNWs, but affords a relatively low yield of
production.

1.2. Thermal Evaporation Oxide-Assisted Growth (OAG)

The synthesis of SiNWs by the disproportionation of
thermally evaporated SiO with or without the assistance of
catalyst is a simple, efficient, and large-scale fabrication
method.[18]
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The yield and growth rate of SiNWs by this method is
higher in a closed deposition system without circulation of
inert carrier gas, but decreases with increasing ambient gas
pressure. A lower pressure not only enhances the yield of
SiNWs, but also ensures a smooth surface of the SiNWs.[19]

The size, shape, and structure of SiNWs depend sensitively
on their composition, as well as the temperature and other
parameters of the synthetic process.[20]

Lee et al.[20,21] proposed an oxide-assisted mechanism for
this method (Figure 1). Different metal catalysts for this
growth method were studied.[22,23] SiNWs produced with-
out metal catalyst are quite uniform and have average core
diameters of about 20 nm.[2,24–28] Zeolite can be used as a
template/precursor to grow very fine and uniform SiNWs
by thermal evaporation. The wire diameter thus obtained
can be as small as 1–5 nm.[29,30]

Figure 1. (a) SiNWs covered mushroom-shaped SiO particles de-
posited at 1180 °C, (b) a mushroom-shaped particle, (c) SiNWs on
the smooth cone surface of a mushroom-shaped particle, and (d)
many straight and parallel SiNWs connecting a mushroom-shaped
particle and another particle nearby (possibly a piece broken off
from the former). Reprinted with permission from ref.[20]

For various applications, SiNWs of different morpho-
logies,[31] doped by nitrogen[18] and as yarns,[32] can be syn-
thesized by this method. The OAG method may be com-
bined with VLS to obtain SiNWs with oscillation in dia-
meter.[33]

1.3. Laser Ablation

The laser ablation technique at high temperature is an
earlier method used to synthesize SiNWs.[1,27,34] In this pro-
cess, a target made of (metal + Si) or (SiO2 + Si) is heated
in a furnace to about 1200 °C and then ablated by a laser
beam. Inert gas is used as a carrier gas, which transports
and cools the ablated products downstream where they are
deposited as nanowires.[20]

The advantage is that SiNWs can be synthesized in high
purity, high yield, and large quantity by this high-tempera-
ture laser evaporation method. The fast growth rate and
the uniformly smooth curving feature of the nanowires are
significantly different from the stiff whiskers grown from
the vapor-liquid-solid mechanism.[35] Yet, the need of low-
wavelength, high-energy, focused pulsed lasers prevents the
method from having wide application.
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The diameters of SiNWs synthesized by laser ablation

vary significantly in different ambient gases such as He, Ar
+ H2, and N2

[36] (Figure 2). The SiNWs synthesized in He
and Ar (5% H2) consist almost entirely of nanowires (Fig-
ure 2a and 2b), while some spherical particles composed of
a mixture of crystalline Si and amorphous Si oxide are
found to coexist with SiNWs grown in a N2 atmosphere.

Figure 2. TEM micrographs of SINWs taken from typical samples
of laser ablated products using different carrying gases: (a) He, (b)
Ar (5% H2), and (c) N2. Reprinted with permission from ref.[36]

1.4. Chemical Etching

Chemical etching is a convenient technique for rapid fab-
rication of large-area, highly oriented SiNW arrays on Si
wafers by metal-induced chemical etching of silicon sub-
strates in HF solution near room temperature. The mor-
phologies of the obtained microstructures on the surface of
Si substrates are strongly affected by the parameters such
as the etching temperature, solution concentration,[37] im-
mersion time in the HF solution, the space between metal
particles,[38,39] and, especially, the metal species added into
the HF solution. The most widely used metals are Ag+ and
Au+. Fe3+ may also be employed in this method.[40] SiNWs
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with higher density may be produced in a two-step process:
that is, Ag deposition followed by etching in H2O2/HF.[41]

This etching method shows little dependence on the ori-
entation or doping type of the Si wafer[38] and has the ad-
vantages of simplicity, large scale production, and low cost.
However, it is hard to control the wire diameter and in-
terspacing because of the random distribution of metal par-
ticles formed by electroless deposition or vacuum thermal
evaporation. Peng et al. reported a simple extension of this
method for the fabrication of SiNWs aligned in order, with
desirable diameter, density, and doping characteristics, by
depositing metals onto colloidal crystal templates.[42] Hu-
ang et al. reported a catalytic templated etching process to
control the diameter, length, and density of SiNWs.[43] To
understand the mechanisms of metal-induced etching and
contamination, Peng et al. formulated an electrokinetic
model, which satisfactorily explains the microscopic dy-
namic origin of the motility of metal particles in Si.[44]

1.5. Solution-Phase Synthesis

Korgel et al. used solution-phase synthesis to fabricate
SiNWs in liquid media.[45] In this method, highly pressur-
ized supercritical organic fluids enriched with a liquid Si
precursor (such as diphenylsilane) and metal (Au or Ni)
catalyst particles were utilized to synthesize SiNWs at tem-
peratures above the metal-Si eutectic temperature. The Si
precursor decomposed, and Si formed an alloy with the
metal. Then a SiNW was precipitated from the alloy droplet
once the alloy became supersaturated with Si. This process
follows a supercritical-fluid-liquid-solid mechanism. De-
fect-free SiNWs with a nearly uniform diameter (as low as
4–5 nm) were fabricated by using this approach. Au,[45,46]

Cu,[47] and Ni[48] nanocrystal catalysts can be used as seeds
to direct 1D Si crystallization in a solvent heated and pres-
surized above its respective critical point. The orientation of
the SiNWs could be controlled by monitoring the reaction
pressure.[45] The wire growth kinetics influences nanowire
morphology significantly and can be controlled effectively
by using a supercritical fluid flow reactor.[46] Recently, Kor-
gel et al. reported a solution-liquid-solid colloidal synthetic
route carried out in an organic solvent (instead of a super-
critical liquid) at atmospheric pressure that yielded crystal-
line SiNWs in large quantities with inexpensive equip-
ment.[49]

1.6. Molecular Beam Epitaxy (MBE)

Synthesis of SiNWs by the MBE technique usually needs
a high-purity solid Si source heated and crystallized under
ultrahigh vacuum with Au as seed:[50–56] for example,
SiNWs were produced by MBE (111)-oriented on Si (111)
substrates. Similar to CVD, MBE was initially designed for
epitaxial layer-by-layer deposition.[57] Yet, metal contami-
nation was found to cause silicon wire growth in this case.
The growth behavior differs essentially from the classical
VLS mechanism for the growth of SiNWs by CVD. The
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difference lies in the role of the metal seed, the wire mor-
phology, and the aspect ratio. In particular, surface dif-
fusion, including the metal used as well as Si, strongly influ-
ences the growth process.[52] From a thermodynamic point
of view, the driving force for nanowire growth by MBE is
related to the supersaturation determined by relaxation of
elastic energy generated in the Si substrate due to Au in-
trusion.[54]

Although ordered arrays of vertically aligned SiNWs
have been synthesized by MBE using prepatterned arrays
of gold droplets (produced by nanosphere lithography) on
Si(111) substrates,[51] problems still remain. For example,
only nanowires with diameters greater than about 40 nm
can be obtained,[52] and the growth rate is slow.[55]

1.7. Kármán Vortex Street Assisted Patterning Growth

Kármán vortex street assisted patterning growth was re-
ported by Shao et al. to grow nanomaterial arrays as shown
in Figure 3. In this method, a Kármán vortex street was
employed to pattern catalysts and to grow nanomaterial ar-
rays, which were made of a disk-like superstructure built
of SiNWs. There were also nanowires connected with the
disks.[58]

Figure 3. Image of a Kármán vortex street: (a) schematic diagram
of a Kármán vortex street: there exists a wake between two adja-
cent vortices; (b) SEM image of a SiNW array with the form of a
Kármán vortex street in addition to the preplaced tin particles; (c,
d) single SiNW disks and SiNWs connected to the disks are clearly
seen. Reprinted with permission from ref.[58]

In addition to the above methods, less common tech-
niques have also been used to synthesize SiNWs, such as
annealing in a reactive atmosphere,[59] hydrothermal
growth,[60,61] and electric-field-assisted growth.[62]

Different synthetic methods yield SiNWs of different
characteristics. MC-VLS and OAG are two common meth-
ods widely used to fabricate SiNWs, with their respective
merits and shortcomings. The MC-VLS method provides
better control of diameter and patterning of SiNWs but rel-
atively low yield of production, and it uses difficult-to-han-
dle raw materials. The OAG method can produce SiNWs in
large quantities and without metal contamination, but with
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less control in wire pattern and diameter. The chemical
etching technique (top-down fabrication) can readily pro-
duce large-area, highly oriented SiNW arrays, although of
large size distribution, on Si wafers near room temperature.
Single-crystal SiNWs with controlled diameters can be pre-
pared by laser-assisted catalytic growth and molecular
beam epitaxy employing expensive equipment. The axial
orientation of SiNWs can be tuned by using the supercriti-
cal-fluid-liquid-solid method at mild temperature with the
help of catalysts. Kármán vortex street assisted patterning
growth might be employed in the research on transport
properties of SiNWs. For specific applications, selection of
the synthetic method needs to take into consideration the
desired characteristics of each method.

2. Properties of SiNWs
In general, the properties of materials depend on their

intrinsic structure. However, due to their small size, proper-
ties of nanomaterials are dominated by their surface prop-
erties. Consequently, SiNWs possess various distinctive fea-
tures;[63] remarkably they can undergo n-i-p conduction
changes in transport characteristics upon exposure to envi-
ronments of different pH; such surface-dependent transport
properties are significant for nanodevice design.[63]

2.1. Surface-Dependent Transport Properties

The conductance of SiNWs fabricated by chemical etch-
ing of a p-type Si wafer is substantially different in air from
that of the original wafer, in that it increases with decreas-
ing wire diameter. Field-effect transistors (FETs) fabricated
from a SiNW show a hole concentration two orders of mag-
nitude higher than that of the original wafer[63] from which
the SiNW was etched. In vacuum, the conductivity of
SiNWs dramatically decreases, whereas the hole mobility
increases. Device performances are further improved by em-
bedding SiNW FETs in SiO2, which insulates the device
from the atmosphere and passivates the surface defects of
the NWs. Owing to the dominant surface effects, n-type
SiNWs can even change and start to exhibit p-type charac-
teristics. This phenomenon demonstrates that surface states
can dominate the transport properties of SiNWs and that
appropriate surface passivation can significantly improve
the performance of SiNW FETs[64] (Figure 4).

Figure 4. Schematic of band bending in SiNWs under n- and p-
type doping by electron transfer at the interface between the SiNW
and the wet layer. Reprinted with permission from ref.[64]
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The tunable and reversible transition of p+-p-i-n-n+ con-

ductance was demonstrated in nominally intrinsic SiNWs
by simply changing surface conditions. SiNWs may be de-
scribed as core-shell structures because of their large sur-
face-to-volume ratio, and controlling the surface or shell in
the core-shell model represents a universal way to tune the
properties of the nanostructures.[64]

First-principle calculations confirmed the doping effects
of SiNWs by surface passivation and adsorbates. The large
surface-to-volume ratio of SiNWs provides high-efficiency
surface modification. Surface effects allow effective doping
of SiNWs by electron transfer across the surface layer,
which provides a considerable concentration of majority
carriers in SiNWs with surface passivating agents such as
hydrogen.[65]

Surface-dominated properties, although observed in
SiNWs, are expected to be common to other nanostructures
of which the surface constitutes a significant portion. For
example, the conductivity of undoped Ge nanowires is
mainly due to surface state-induced hole accumulation.[66]

Significantly, it suggests that modification of surfaces can
potentially be a powerful approach to control the transport
properties of nanostructures.

2.2. Chemical Reactions and Biomodification

Hydrogen-terminated SiNWs reacted with organic sol-
vents, such as CHCl3, CH2Cl2, or CH3I, to produce hydro-
carbon nanotubes and hydrocarbon nano-onions by bath
sonication for 15 min under ambient conditions.[67,68] Hy-
drogen-terminated SiNWs were remarkably stable in air

Figure 5. (a) SEM image of SiNWs, (b) TEM image of a single
SiNW supported with Au–Pd nanoparticles and its EDX spectrum
(inset) revealing an Au/Pd atomic ratio of 1.29:11.39, and (c)
HRTEM image showing Si (111) and Au–Pd (200) crystal planes,
and SAED pattern (inset) indicating bright Si diffraction spots and
a weak Au–Pd diffraction ring.[72] Reprinted with permission from
ref.[72]
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with a stability better than that of a Si wafer.[69] However,
in protonated solution, H-SiNWs show moderate reactivity
and may reduce noble metal ions[70,71] or noble metal al-
loys[72,73] (Figure 5) such as Pd, Rh,[74] and Ag.[75] H-
SiNWs may reduce Hg2+ and react with 2,2,2-trifluoroethyl
acrylate by a coupling route.[73]

The band gap of SiNWs may be modified by the use
of different species for surface termination. The functional
group used to saturate the silicon surface can significantly
modify the band gap, resulting in corresponding energy
shifts.[76] Moreover, the electronic properties of SiNWs may
vary with molecular functional groups.[77] SiNWs function-
alized with alkyl chains by the chlorination/alkylation pro-
cess resisted oxidation with enhanced stability.[78–81]

Hydrosilylation is an important reaction to covalently
bond organic molecules to hydrogen-terminated SiNWs,
which can subsequently be used to immobilize biomateri-
als.[82,83] The hydrosilylated surface has fewer defects than
the H-terminated surfaces or surfaces covered with native
oxide.

SiNWs could be covalently modified with DNA oligonu-
cleotides.[84] The covalent photochemical functionalization
of hydrogen-terminated SiNWs grown on SiO2 substrates
enabled subsequent chemistry to form covalent adducts
with DNA. This method provides a pathway for preparing
functionalized SiNWs with well-defined chemical and bio-
molecular recognition properties. Subsequently, SiNWs
were chemically bonded with single-stranded DNA or pep-
tide nucleic acid probe molecules[85,86] (Figure 6).

Figure 6. Modification scheme of the SiNW surface for the DNA
detector: (1) self-assembly of 3-mercaptopropyltrimethoxysilane
(MPTMS) by gas-phase reaction in Ar for 4 h; (2) covalent immo-
bilization of DNA probes by exposing the previous surface to a
5 µ solution of oligonucleotide CCT AAT AAC AAT modified
with acrylic phosphoramidite at the 5�-end for 12 h; (3) DNA de-
tection based on hybridization between label-free complementary
DNA target GGA TTA TTG TTA and the immobilized DNA
probes on the SiNW surfaces. The inset is the surface photovoltage
signal on a p-type Si surface at different stages of the modification;
A, B, and C correspond to the schematic diagrams, D is with a
25 p solution of complementary DNA target exposed to the sur-
face C, and E is with 25 p solution of noncomplementary DNA
(GGA TCA TTG TTA) exposed to the surface C. Reprinted with
permission from ref.[86]
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2.3. Thermoelectricity and Giant Piezoresistance

The thermoelectric properties of SiNWs with different
shapes, sizes, and orientations have been theoretically inves-
tigated by using the sp3d5s tight-binding model coupled
with the ballistic transport approach. It was found that the
thermoelectric properties are significantly dependent on
nanowire geometry[87] (Figure 7).

Figure 7. (a, b) Seebeck coefficient as a function of carrier concen-
tration for n-type/p-type circle cross-section shape along the [100]
orientation for silicon nanowires with various diameters of 1, 2,
3, 5, and 8 nm. (c and d) Dependence of orientation on Seebeck
coefficient of circular nanowires with 2 nm diameter along the [100]
(solid), [110] (dotted), and [111] (dashed) directions for n-type and
p-types. Reprinted with permission from ref.[87]

Yang et al.[88] and Boukai et al.[89] reported that rough
SiNWs of 200–300 nm diameter have Seebeck coefficients
and electrical resistivity values that are the same as doped
bulk Si, but those with diameters of about 50 nm exhibit
a 100-fold reduction in thermal conductivity, yielding the
thermoelectric figure of merit ZT = 0.6 at room tempera-
ture. For such SiNWs, the lattice contribution to thermal
conductivity approaches the amorphous limit for Si, which
cannot be explained by current theories. Bulk Si, however,
has a high k (ca. 150 W m–1 K–1 at room tempera-
ture),[88,90–92] giving ZT � 0.01 at 300 K. They reported
that only chemically etched silicon showed interesting phys-
ical properties.

The main advantage of using SiNWs (p-type �100�-ori-
ented, nominally 10–20 Ωcm) for thermoelectric applica-
tions lies in the large difference in the mean free path
lengths of electrons and phonons at room temperature:
110 nm for electrons in highly doped samples and 300 nm
for phonons.[92]

Another possibility to increase the figure of merit, ZT, is
to functionalize the surface of SiNWs. Two examples of sur-
face decorations were studied to illustrate the underlying
ideas: nanotrees and alkyl-functionalized SiNWs. For both
systems, Markussen et al. found that: (i) the phonon con-
ductance is significantly reduced relative to the electronic
conductance, leading to high ZT, and (ii) for ultrathin wires,
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surface decoration leads to significantly better performance
than surface disorder.[93] Yang et al.[94] showed that SiNWs
also exhibited giant piezoresistance effects.

Surface-dependent transport properties of SiNWs are
important in their applications in field-effect transistors,
electrochemistry, batteries, and solar cells. Chemical reac-
tions and biomodification of SiNWs are important in cata-
lyst, drug delivery, bioimaging, templating and sensing ap-
plications. Thermoelectricity and giant piezoresistance
would find applications in energy recovery, micromachines,
micro energy sources. Nevertheless, much work is needed to
realize these potential applications.

3. Applications of SiNWs

Taking advantage of their surface-dependent physical
and chemical properties, SiNWs may be developed for vari-
ous applications in catalysis, devices, sensors, biosystems,
batteries, and solar cells. Some of those applications are
close to the market place.

3.1. Catalysis

It is well known that bulk Si has little or no catalytic
activity. Remarkably, H-SiNWs were found to exhibit excel-
lent photocatalytic activity in the degradation of rhodamine
B.[71] H-SiNWs showed even better photocatalytic activities
than Pd-, Au-, Rh-, or Ag-modified SiNWs, as shown in
Figure 8.

Figure 8. Degradation of rhodamine B vs. reaction times, under
metal-modified SiNW catalysts, revealing that Pt-modified SiNWs
have the best catalytic activity, followed by H-treated, Pd-modified,
Au-modified, Rh-modified, and Ag-modified SiNWs. Reprinted
with permission from ref.[71]

The catalytic activity may be attributed to the terminated
hydrogen atom acting as an electron sink, which accelerates
the separation of electron and hole, leading to increased
photocatalytic efficiency. This discovery is important in the
application of Si-related materials as they are normally em-
ployed as catalyst carriers or supports, taking advantage of
their vast surface area, numerous and diameter-controlled
voids, and acidic nature to balance the basicity of active
metal components. Notably, catalysts based on SiNWs may
be recycled and reused with little loss of catalytic ac-
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tivity.[95–98] Noble metal nanoparticles supported and an-
chored on SiNWs are prevented from aggregation and
growth in size, so that the catalysts would retain high effi-
ciency during reaction and after recycling.

Au-Pd nanoparticles grown on the surface of SiNWs ex-
hibited a mutual promotional effect in the degradation re-
action of p-nitroaniline. These SiNW-supported Au–Pd cat-
alysts provided higher catalytic activity than Pd/Si or Au/Si
catalysts alone. The synergistic effect was calculated to have
a factor of 2.35.[72] The excellent catalytic activity of Au-
Pd/Si catalysts originated from the synergistic effect with
Au, which acted as a promoter for the Pd/Si catalysts.

Tsang et al. reported that metal-modified (metal: Au, Cu)
SiNWs are superior catalysts for selective oxidation of hy-
drocarbons,[99] and SiNWs are a powerful substrate support
for nanocatalysts. AuNPs- and CuNPs-coated SiNWs cata-
lysts can enable high selectivity and high efficiency in the
oxidation of cis-cyclooctene to epoxycyclooctane (Fig-
ure 9). Significantly, oxidation by these catalysts using only
air as oxidant with no solvent is truly “green chemistry”.

Figure 9. Reaction profile of oxidation catalyzed by Au/SiNWs. Re-
printed with permission from ref.[99]

Chen et al. reported the degradation of environmentally
hazardous dyes using SiNWs.[100] Environmentally un-
friendly methyl red was degraded with the assistance of H-
terminated SiNWs under ultrasonic agitation. After the de-
gradation reaction, SiNWs can be regenerated by heating
to desorb the organic species followed by subsequent treat-
ment in hydrogen plasma to restore the hydrogen. It was
reported that degradation of the organic dye is based on
cleaving the N=N bonds through a reduction process by
H-SiNWs with the assistance of ultrasonic agitation. The
degradation rate of methyl red increases with the quantity
of H-SiNWs or the ultrasonic agitation power.

SiNW showed remarkable photocatalytic activity, and
SiNW-supported catalysts also revealed superior catalytic
activity, high selectivity, and reproducibility. However,
SiNW-based catalysts are not yet comparable to carbon-
supported or bulk Si-supported catalysts with respect to
catalytic activity, stability, and durability. More research on
SiNW or SiNW-supported catalysts is needed.

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 4264–42784270

3.2. Li Ion Batteries

SiNWs can improve the storage capacity for the lithium-
ion-battery anode, since storage of a lithium ion generally
needs six carbon atoms while four lithium ions can be
stored in one silicon atom. Thus a Si electrode is anticipated
to have a much higher storage capacity for Li than a carbon
electrode.

Indeed, SiNW arrays were shown to be promising scal-
able anode materials for rechargeable lithium batteries.[101]

In addition to being low-cost, large-area, and easy to pre-
pare, the electroless-etched SiNWs have good conductivity,
nanometer-scale rough surfaces, larger charge capacity, and
longer cycling stability. These features facilitate charge
transport and insertion/extraction of Li ions. The excellent
performance of electroless-etched SiNWs for anode materi-
als for lithium-ion batteries was demonstrated. Neverthe-
less, much work is needed to further improve SiNW-based
anode batteries.

3.3. Templates

SiNWs can be employed as templates to prepare gold
nanowires (AuNWs): when SiNWs coated with Au were
furnace-annealed at approximately 880 °C at 10–2 Torr, uni-
form AuNWs were formed in the cores of SiNWs.[102] The
formation of AuNWs is due to softening of the SiNWs
upon oxidation and enhanced Au diffusion at elevated tem-
peratures. The SiOx shell of AuNWs can be removed by HF
etching to expose the AuNWs.

Moreover, quasi-1D Ni nanostructures were synthesized
by SiNW templating.[103] Ni ions were reduced to nano-
particles at 190 °C for approximately 1 h. Ni particles were
assembled in a quasi-1D structure, which exhibited en-
hanced coercivity reaching 315.2 Oe at room temperature,
much higher relative to 0.7 Oe for bulk Ni. SiNWs were
also employed as templates to grow silica nanotubes,[104]

and high-purity, single-crystalline beta-Si3N4 nanowires
with diameters of 30 nm by a CVD process.[105]

3.4. Solar Cells

The key steps involved in solar cells are photon absorp-
tion, exciton transport, exciton dissociation/charge separa-
tion, and charge collection. From the material and device
structure standpoint, high-aspect-ratio nanowires are
promising candidates to convert photons to charges ef-
ficiently.[106–108] Therefore, a great deal of effort has been
devoted to prepare various Si nanostructures for their po-
tential applications in Si-based optoelectronic devices.

It has been shown that a solar cell based on SiNWs can
achieve efficient absorption of sunlight by using only 1% of
the active material required in a conventional solar cell.[109]

The energy conversion efficiency of an optimal SiNW-based
solar cell may reach 12%.[110]
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3.4.1. Photon Absorption

The reduction of optical loss is an important consider-
ation in obtaining high-efficiency Si solar cells. Peng et al.
investigated the reflectance behavior of SiNW arrays and
showed that, due to the ultrahigh surface area, the sub-
wavelength-structured (SWS) surface, and the resemblance
to a multi-antireflection coating, large-surface-area SiNW
arrays exhibited remarkable antireflection ability.[111]

Stelzner and co-workers also reported the significant re-
duction of reflectance and strong light trapping of
nanowires.[112] Due to the high refractive index of a-Si:H, a
large portion of incident light is reflected back from the
surface of a-Si:H and a-Si:H nanostructures. The measured
absorption of the nanowire arrays (85 %) presents a signifi-
cant advantage over the thin film counterpart (75%). Com-
pared with flat thin films, nanowire arrays provided excel-
lent impedance matching between a-Si: H and air through
a gradual reduction of the effective refractive index away
from the surface and therefore exhibited enhanced absorp-
tion due to large antireflection over a wide range of wave-
lengths and angles of incidence.[113] Also, the broadband
optical absorption properties of SiNW films fabricated by
wet etching and CVD are found to be higher than those of
solid Si films of equivalent thickness, which is of interest in
optoelectronic device applications.[114]

3.4.2. Charge Separation

Grossman and co-workers[115] presented a technique by
morphology control at the nanoscale for the separation of
charge carriers in SiNW solar cells that would eliminate the
need for p-n doping, possibly allowing the use of substan-
tially lower-quality Si without degrading the conversion
efficiency, while concomitantly permitting simple, scalable
changes in the manufacturing process. The technique may
employ axial strain by breaking translational symmetry,
such as functionalizing SiNWs with different chemical
groups at their end surfaces, which attract each other and
form longer chains to locate the HOMO and LUMO states
separately in the building blocks with different functional
groups. The results indicate that solar cells could be de-
signed to separate charge carriers by morphology control in
a nanomaterial, wherein thermalization of the photoexcited
carriers would serve the beneficial purpose of driving elec-
trons and holes to different spatial locations, as opposed to
typical carrier diffusion in the p-n junctions of conventional
solar cells.[115]

Another method to achieve efficient charge separation is
by doping or blending with other materials. Peng et al. re-
ported that coating of PtNPs on SiNW sidewalls yielded
a substantial enhancement in a conformal radial charge-
separating junction and an energy conversion efficiency of
up to 8.14%[116] (Figure 10). Kalita et al. reported the fabri-
cation of vertically aligned n-SiNW arrays and poly(3-octyl-
thiophene) hybrid solar cells incorporating carbon nano-
tubes (CNTs).[117]
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Figure 10. (a, c) Schematic of an n-SiNW array and a PtNP-decor-
ated n-SiNW array prepared by chemical etching of a silicon wafer
followed by electroless metal deposition. (b) Cross-sectional SEM
image of as-prepared Si nanowire array; dendritic Ag can be ob-
served inside the SiNW array. (d) Low-magnification TEM image
of PtNP-decorated n-SiNWs showing PtNPs on the wire surface.
(e) High-resolution TEM image of PtNP-decorated SiNW, reveal-
ing PtNP diameters of approximately 5 nm. (f) In addition to excel-
lent light absorption and efficient radial charge-carrier collection,
SiNWs have direct 1D electronic pathways allowing for efficient
1D charge-carrier transport along the length of every wire. The red
dots denote PtNPs on n-SiNW surfaces and the green layer the
space charge layer formed owing to the conformal contact between
silicon and electrolyte. Reprinted with permission from ref.[116]

Lu and co-workers used the high-mobility inorganic
quantum dots (QDs) and SiNWs as the charge transport
channels to efficiently transfer electrons and holes, ex-
pecting to form a new solar cell paradigm.[118]

3.4.3. Charge Collection

Wang et al. reported that, since charge separation and
collection only occur in the space-charge region, nanowires
should not be significantly wider than the space-charge re-
gion. Maximum charge collection efficiency is therefore ex-
pected for moderately doped nanowires with optimum dia-
meters of 200–300 nm and lengths of 10–30 mm.[119] Wang
et al. used a double-wall nanotube film as the counterelec-
trode favorable for charge collection and transport with the
redox electrolyte (HBr and Br2). At a SiNW density of
0.150, this hybrid solar cell shows a conversion efficiency of
1.29%.[120] To improve contact and decrease resistance loss,
Zhu et al. deposited continuous Ti/Pd/Ag electrode film on
aligned SiNW arrays with a certain inclination, leading to
improved current collection efficiency.[121] To mitigate the
surface recombination issue, Gunawan et al. reported the
application of a conformal Al2O3 film grown by atomic
layer deposition to serve as an effective passivation
layer,[122] yielding clear improvements of short-circuit cur-
rent and open-circuit voltage.
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SiNWs absorb light in the longitudinal (or axial) direc-

tion (�1 mm), and separate and collect charges in the
transverse (or radial) direction (ca. 100 nm), thus easily cir-
cumventing the conflicting requirements described above.
Lieber et al. reported p-type/intrinsic/n-type (p-i-n) coaxial
SiNW solar cells, which integrated the key advantages of
the core/shell architecture: that is, carrier separation takes
place in the radial rather than the longer axial direction,
and a radial carrier collection distance smaller than or com-
parable to the minority-carrier diffusion length.[107] The
polycrystalline p-core could enhance light absorption and
significantly reduce the recombination processes by im-
proving the crystalline structure of the shells and/or passiv-
ating the surface and grain boundaries[123] of the nanowires.

The effects of several important parameters of
nanowires, including length, diameter, and doping level,
have been comprehensively studied and experimentally op-
timized to achieve high-efficiency solar cells. Initial efforts
to study these parameters have been devoted primarily to
individual nanowires[124] and a large number of nanowires
in arrays (� 106 mm–2).

3.5. Biological Applications

Nanotechnology has received increased attention in bio-
logical research.[125,126] SiNWs have emerged as promising
materials for biological applications such as tissue engineer-
ing, biosensors, and drug delivery.[127,128] SiNWs (d = 1–
100 nm) are a few orders of magnitude smaller in diameter
than mammalian cells (dcell is approximately of the order of
10 µm) yet comparable to the sizes of various intracellular
biomolecules. The nanowires have high aspect ratio (� 103)
and yet are sufficiently rigid to sustain ready mechanical
manipulation. The nanometer-scale diameter and the high
aspect ratio of SiNWs make them readily accessible to the
interiors of living cells, which may facilitate the study of the
complex regulatory and signaling patterns at the molecular
level.[129]

3.5.1. Cell Assay

For biomedical applications, compatibility in cellular as-
says is an important consideration. Fibroblasts are a preva-
lent cell line common to numerous connective tissue sites in
vivo, and can serve as a useful starting point for all in vitro
screening of the utility of these materials. Coffer et al.
showed that the proliferation of fibroblast cells is not ad-
versely affected by the presence of SiNWs.[130] They ob-
served that the rate of growth of fibroblast cells in the pres-
ence of SiNWs is nearly the same as that of the growth of
cells in the absence of nanowires.[130] These results indicated
SiNWs are noncytotoxic towards fibroblast cells, and that
they are promising and useful for future biomedical appli-
cations.

Yang et al.[131] reported a direct interface of SiNWs with
mammalian cells, such as mouse embryonic stem (mES)
cells and human embryonic kidney (HEK 293T) cells, with-
out any external force. The cells were cultured on a Si sub-
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strate with a vertically aligned SiNW array (Figure 11). The
penetration of the SiNW array into individual cells oc-
curred naturally during cell incubation. The cells survived
up to several days on the nanowire substrates, and their
longevity was highly dependent on the diameter of SiNWs.

Figure 11. (a) A confocal microscopy image of mouse embryonic
stem (mES) cells penetrated with SiNWs. (b) SEM image of mES
cells on a nanowire array substrate. (c, d) SEM images of individual
mES cells penetrated with SiNWs. Reprinted with permission from
ref.[131]

3.5.2. Biorelevant Calcification

Interfacial effects can play a significant role in the bio-
logical activity of a biomaterial. The ability to tune the sur-
face properties either by chemical or electrical variations at
an implant surface adds useful functionality. There has
been considerable interest in the field of tissue engineering
to incorporate some sort of electroactive material in im-
plants to modulate tissue regeneration by electrical bias.
The ability to manipulate the surface of SiNWs by chemical
modifications and electrical stimuli makes them interesting
candidates for various biomedical applications. The extent
of calcium phosphate formation on a biomaterial can be
used as one criterion to evaluate its suitability for orthope-
dic applications. One convenient method to assess this bio-
activity in vitro is to expose the material to a cellular simu-
lated body fluid (SBF) that has ion concentrations nearly
equal to those in human plasma.[132] Coffer et al.[130] pre-
sented a cathodic bias experiment performed in an electro-
chemical cell, in which the Si wafer with attached SiNWs
was the working electrode, platinum foil the counterelec-
trode, and SBF solution the electrolyte. The results revealed
the ability to control the extent of calcium phosphate for-
mation on SiNWs through interfacial chemistry and associ-
ated electrochemical processes.

3.5.3. Gene Delivery

Yang et al.[131] reported preliminary results of gene deliv-
ery using a SiNW array. The HEK 293T cell line was cul-
tured on SiNW substrates with DNA that was electrostati-
cally deposited. Interestingly, the HEK cells did not adhere
to flat silicon substrates under the same culturing condi-
tions. This indicates that the penetration of SiNWs pro-
motes the retention of cells on substrates and therefore gene
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delivery. The low efficiency of transfection might be due to
the difficulty of releasing the electrostatically bound DNA
and can be improved with more sophisticated conjugation
and release schemes.

3.5.4. Drug Delivery

The lack of proper control over a drug release rate and
target delivery area is a serious disadvantage for conven-
tional drug tablets. Biomaterials with nanoscale features
have become increasingly popular as controlled release res-
ervoirs for drug delivery.[133] Nanoscale drug delivery sys-
tems can be devised to tune the release kinetics, regulate
biodistribution, adjust bioavailability over time, and mini-
mize toxic side effects, thus enhancing the therapeutic index
of a given drug. Biocompatible porous Si is an attractive
material for controlled drug delivery applications for many
reasons,[134–136] including the versatility and capability of
tailoring the pore sizes (from micrometers to nanometers)
and volume of the reservoir. There are numerous existing
and convenient chemistries for surface modifications and
surface reactions, by which SiNWs can be used as a tem-
plate for designing polymeric nanostructures for unique op-
tical properties and exceptional biosensing potential.[136]

Jin et al.[137] reported the drug release behavior of a dif-
ferent nanostructured porous Si template, namely, SiNW
arrays with a high porosity and surface reactivity and a
relatively large reservoir volume (Figure 12). They showed
that SiNW carriers can maintain a drug release level and
longevity for 42 days. The same study also reported the
interesting behavior of SiNWs in preventing cell/protein ad-
hesion.

Figure 12. Cell spreading assay. (a) High-magnification SEM
micrographs showing cell spreading on control Si and SiNW sur-
faces after 24 h of incubation. The cells on the SiNW surface are
unable to spread and seemingly adhere to each other rather than
to the surface. (b) Quantitative graph depicting the spreading area
of cells by using the Image J software on the Si vs. SiNW surfaces.
Cells simply do not spread on SiNW surfaces. Reprinted with per-
mission from ref.[137]

3.5.5. Cell Adhesion and Spreading Behavior

Cell adhesion is the first step in the interaction of mate-
rial with cells and is of fundamental importance in the de-
velopment and maintenance of tissues. Yang et al.[138] have
studied the interactions between biological cells and SiNW
arrays and how SiNW arrays affect cellular behavior such
as cell adhesion and spreading. They observed that no cell
was attached to the side of a SiNW or to the bottom of the
wire array. The spreading profile of the cells on the SiNW
array was different from that on the flat Si wafer. The cells
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on the SiNW array did not stretch out as freely as those on
a flat Si wafer, therefore resulting in relatively smaller cell
sizes. The viability of cells incubated on the SiNW array
was evaluated by using an Alamar Blue assay. The results
indicated that the SiNW array showed biocompatibility
similar to that of other nanowire structures. The SiNW ar-
rays influenced cell adhesion and spreading in two aspects:
enhancing the cell–substrate focal adhesion force and re-
stricting cell spreading.

3.5.6. In Vivo and In Vitro Imaging of SiNWs

SiNWs have unparalleled dimension-control properties
with variation in diameters ranging from 3 to 100 nm and
lengths from a few hundred nanometers to tens of microme-
ters. Yang et al.[139] reported strong and stable third-order
nonlinear optical (NLO) signals, including four-wave mix-
ing (FWM) and third-harmonic generation (THG), from
SiNWs of diameters as small as 5 nm. They further em-
ployed such signals to monitor SiNWs circulating in the
peripheral blood of a live mouse and to map the organ dis-
tribution of systematically administered SiNWs.

These properties suggest exciting opportunities for the
use of SiNWs as a novel in vivo imaging agent offering
intrinsic 3D spatial resolution, high photostability, and ori-
entational information. With the advantages of highly con-
trollable dimensions, versatile surface chemistry, and inten-
sive intrinsic NLO signals, SiNWs provide a promising
nanobiological system for investigating cellular interactions
with 1D nanomaterials.

3.6. Sensors

SiNWs may serve as excellent candidates for sensors,
partly because they are environmentally friendly, biolo-
gically compatible, easy to prepare, and convenient to mod-
ify. SiNW-based sensors are mostly based on the transistor
principle, especially field-effect transistors. SiNW-based
sensors based on other working principles have also been
fabricated. Noble metals (silver or gold) were readily re-
duced and coated on the surface of H-terminated SiNWs,
which can serve as substrates in surface-enhanced Raman
scattering (SERS) or fluorescence detection. High SERS
sensitivities are obtained as a result of the strong surface
plasmon resonance between the noble metal nanoparticles.
Electrochemical sensors based on SiNWs were also re-
ported to have wide linearity, good repeatability, and long
shelf life.

3.6.1. Surface-Enhanced Raman Scattering (SERS) and
Surface-Enhanced Fluorescence

SiNWs coated with metal nanoparticles, such as Ag, Cu,
Pd, Co, Au, and Pt, were employed as substrates for SERS
analysis. An extremely strong Raman signal was observed
with a detection limit of about 600 molecules.[140]

SiNWs modified with gold nanoparticles were used to
improve electrochemical sensors based on acetyl cholines-
terase for pesticide detection, enabling the detection of di-
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chlorvos at a low concentration of 8 ng/L.[141] Gold nano-
particles were deposited by chemical vapor deposition on
SiNWs, and they were capable of enhancing Raman signals
based on SERS effect. In the same experiment, gold may
be replaced with silver to yield Raman signals that are even
more enhanced.[142]

Substrates based on SiNWs coated with Ag nanopar-
ticles and used to detect rhodamine 6G, crystal violet, nico-
tine, and calf thymus DNA (CT DNA) yielded ultrahigh
SERS sensitivity[143] (Figure 13). Moreover, they exhibited
great potential for ultrasensitive molecular sensing in SERS
detection of Bacillus anthracis spores, achieving a limit of
detection of approximately 4� 10–6  calcium dipicolinate,
a biomarker for anthrax.[144] They were used as substrates
for SERS and hyper-Raman spectroscopy to examine Rho-
damine 6G, crystal violet, a cyanine dye, and a cationic do-
nor/acceptor-substituted stilbene.[145] Furthermore, SiNWs
were coated with silver nanoparticles by in situ electroless
metal deposition.[146] They showed large Raman scattering
enhancement for rhodamine 6G with a detection limit of
10–14 .

Figure 13. Raman spectra obtained from Ag-modified SiNWs
coated with 25 µL of (a) 1�10–16 R6G solution, (b) 1 �10–16
crystal violet solution, (c) 1�10–14 nicotine solution, and (d)
1�10–8 mg/mL CT DNA solution in water. Curves (a) in (a) and
(d) are the Raman spectra collected from R6G powder and solid
CT DNA, respectively. Reprinted with permission from ref.[143]

Zhang et al. reported the fabrication of SERS substrates
based on SiNW arrays by etching Si wafer to form uniform
SiNWs followed by coating with Ag nanoparticles by elec-
troless deposition. Such SERS substrates can enable the de-
tection of trace amounts of immunoglobulin and monitor
immunoreactions.[147] The 3D arrangement of Ag nanopar-
ticles@SiNW arrays offered significant advantages over
long interaction distances. The same substrate offered a
SERS enhancement factor of 8–10 orders in the detection
of Sudan dye molecules.[148] The substrate was also used to
quantitatively detect the pesticide carbaryl at concentra-
tions down to 10–7 .[149]

A microchannel composed of a SiNW array and Ag
nanoparticles was fabricated on a Si wafer by using wet
etching, and it served to improve the detection sensitivity
of bovine serum albumin by SERS with a concentration as
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low as 1 p.[150] Gold droplets on SiNWs can act as ef-
ficient probes for SERS and tip-enhanced Raman spec-
troscopy to detect malachite green,[151] DNA, and bacte-
ria.[152]

SiNWs coated with Ag nanoparticles show excellent sur-
face-enhanced fluorescence of lanthanide ions, such as Pr3+,
Nd3+, Ho3+, and Er3+, with a markedly enhanced factor of
hundreds of times (Figure 14). These results may be ex-
plained by the local field overlap arising from the closed
and fixed silver nanoparticles on SiNWs.[153]

Figure 14. Fluorescence spectra at different Pr3+ concentrations
with the addition of Ag/Si nanomaterials. Concentration of Pr3+

(a) 0.01 , (b) 0.03 , (c) 0.05 ; and (d) fluorescence spectra at
different concentrations of Pr3+ without Ag/Si nanomaterials. Re-
printed with permission from ref.[153]

3.6.2. Electrochemistry

SiNWs were modified with gold nanoparticles and em-
ployed to fabricate working electrodes for the detection of
bovine serum albumin[154] and glutathione by cyclic voltam-
metry,[155] which showed high sensitivity, wide linear con-
centration range, and fast response (Figure 15).

Figure 15. Real-time current response of Pd-coated SiNWs in 5%
H2. Reprinted with permission from ref.[160]
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Wan et al. used Pd-Ni co-deposited SiNWs as the work-
ing electrode to detect ethanol by cyclic voltammetry and
fixed potential amperometry techniques with a sensitivity
of 0.76 mAm–1 cm–2 and a detection limit of 10 µ.[156]

SiNWs were used as pH sensors[34,157] and for glucose
detection.[158] SiNWs modified with boron and magnesium
were employed as sensors to detect glucose and hydrogen
peroxide, respectively. These sensors exhibited a wide linear
concentration detection range, high sensitivity, good repro-
ducibility, and long-term stability.[159] Pd-modified SiNWs
were used as H2 gas sensors,[160] which showed high sensi-
tivity and fast response (Figure 15). SiNWs, upon exposure
to ammonia gas and water vapor, were found to dramati-
cally decrease in electrical resistance at room temperature.
The detection showed fast response, high sensitivity, and
reversibility.[161]

3.6.3. Field-Effect Transistors (FET)

Among biosensors of various types, SiNW field-effect
transistors are among the most sensitive and powerful de-
vices for biological applications.

A single SiNW was modified with 3-mercaptopropyltrie-
thoxysilane and fabricated as a field-effect transistor, which
showed high sensitivity in the detection of heavy metal ions
Hg2+ and Cd2+ at concentrations down to 10–7 and 10–4 ,
respectively.[162] A SiNW field-effect transistor was used to
detect deoxyribonucleic acid with a detection limit in the
sub-femtomolar level. Mismatched DNA sequences, includ-
ing one- and five-base-mismatched DNA strands, could be
distinguished from a complementary DNA gene by this
label-free nanowire FET sensor.[163]

Fluorescent SiNWs were covalently modified with a
fluorescent ligand, N-(quinoline-8-yl)-2-(3-triethoxysilyl-
propylamino)acetamide, and employed to detect Cu2+ at a
low concentration of 10–8  (Figure 16). This fluorescence
sensor exhibited excellent sensitivity, selectivity, and revers-
ibility.[164]

The functionalized polycrystalline SiNW field-effect
transistor was demonstrated to achieve specific and ultra-
sensitive (at f level) detection of the highly pathogenic
strain (H5 and H7) virus DNA of avian influenza. This
FET was modified with a complementary captured DNA
probe and target DNA (H5) in the f to p range.[165] Spe-
cific electric changes were observed for streptavidin and avi-
din sensing in the sub-p to n range.[166]

The SiNW FET, placed in a microfluidic channel, exhib-
ited change in linear conductance with changes in the ionic
strength and composition of the electrolyte solution.[167]

Delta (5)-3-ketosteroid isomerase was chemically modified
with SiNW and served as a steroid acceptor with ensitivity
at femtomolar level.[168]

SiNWs were covalently modified with crown ethers ter-
minated with amine groups to recognize Na+ and K+,
achieving an ultralow detection limit down to 50 n.[83]

They were also modified with a biologically relevant amino
acid, phosphotyrosine, and fabricated into a FET to detect
calcium up to 10 µ.[169]
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Figure 16. Fluorescence spectra (A) and titration curve (B) of
QlOEt-modified SiNWs (68 µg/mL: 9 �10–6  QlOEt) with CuII.
EtOH/water solution (30%) of 0.05  HEPES buffer (pH 7.0). λex

= 324 nm, λem = 490 nm. Reprinted with permission from ref.[164]

A SiNW-based FET was biofunctionalized with peptide
nucleic acid by using 3-maleimidopropionic acid N-hy-
droxysuccinimide ester and it was employed successfully for
label-free DNA/PNA hybridization detection.[170] SiNW
FET was used to detect target DNA.[128,171]

3.6.4. Logic Gates
A SiNW-based three-input (pH Hg2+ and Cl–), chemi-

cally controlled logic gate, which combines the YES and
INH operations, was realized by surface modification of
SiNWs (Figure 17). A schematic representation of the logic

Figure 17. Fluorescence spectra of 1 (48 mgmL–1) with increasing
concentration of HgII ions in aqueous solution containing 4%
CH3CN (λex = 330 nm). Reprinted with permission from ref.[172]
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gates combining the YES and INH operations is given in
the upper part of Figure 17. The fluorescence intensity was
monitored as the output.[172]

4. Conclusions

SiNWs hold high promise for wide-ranging applications,
partly due to their compatibility with conventional Si
microtechnology. Furthermore, they show unique and un-
paralleled catalytic, optical, sensing, thermoelectrics, and
piezoresistance properties. To achieve the full application
potential of SiNWs, control and manipulation of their
properties, size, and shape are essential. While great pro-
gress has been made in recent years, many challenges re-
main, and further research efforts are warranted.
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